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ABSTRACT
Language constructs for definition and use of abstract data rypes ease the
design and maintenance of large programs. This paper describes the C class con-
cept, an extension to the C language providing such constructs. A class is defined
using standard C data types and functions, and it can itself be used as a building
block for new classes. A class provides a way of restricting access to a data struc-
P ture to a specific set of functions associated with it, without incurring significant
overheads at compile time or at run time.
The C class concept is introduced by small examples of its use, and familiarity
with the C language ' is assumed. Appendix A is a complete small C program
" using classes. The C pre-processor implementing the concept is described very
briefly in appendix B.
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MEMORANDUM FOR FILE

Introduction

It is common practice to provide non-trivial data structures with a set of access functions.
This practice helps preserve the consistency of the data and also aids programmers in the task of
writing and modifying large programs. Classes have been added to the C language to allow func-
tions to be explicitly associated with data, and to protect the data against “‘irregular” access from
other functions.

A simple example is a stack where only the functions push and pop are presented to the user.
The exact representation of the stack, that is the type of data structure used and its initialization, is
hidden from the user. In C the declaration of a stack might look like this:

class stack {
char s(SIZE];
char * min, * top, * max;
new( );
public:
pushi();
char pop();
1 K] '

A class declaration can be seen as a struct declaration to which functions have been added. Like a
structure declaration, a class declaration allocates no storage; it merely describes a template for
objects of that class. Names of members of a class are private, that is they can only be used by the
implementor of the class in functions from that class, unless they appear in the public part of the
declaration. Names in the public part, that is appearing after the keyword public, provide the inter-
face to users. The functions named in the class declaration must themselves be declared for the
declaration to become meaningful, for example the two public functions:

stack.push(c) char c;

{ if (max <= top) error("stack overflow");
*top++ = C;

}

char stack.pop()

{ if (top <= min) error("stack underflow");
return *(--top)s

}

The class name srack is used as a prefix to the function names in these declarations to indicate that
the function is the one named in the class declaration and that it should be compiled in the context
of that class. For example, min in stack.pop is the name of the member of class stack, and not an
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undefined exzern. This makes it possible to use the same name to denote different functions in dif-
ferent classes and to have class functions with the same name as a extern function.

The function name new has a special meaning in a class declaration. If present, the new func-
tion is guaranteed to be executed immediately after an object of the class has been created. This
can be used to provide initialization:

stack.new()
{ top = min = &s(0];
max &s[SIZE-1];

nn

}

Given the declaration of class stack, objects of that class can be declared. For example the
declaration

class stack si, s2;

creates two objects of class stack named s/ and s2, respectively. The public functions of class stack
can now be used on these objects of class stack

sl.push(’h’);

sl.push(‘o’};

c = sl.pop();
The notation is the usual object.member notation from C structures. Pointers can be defined, initial-
ized, and used in the usual way: :

class stack * p = &s2;

p->push(’s‘);
c = s2.pop();

would be a way of assigning ’s’ to ¢.

The Basic Class Concept

The example above presents the idea of a facility providing an abstract data type based on C
data types and functions. This idea must be developed into a proper language facility. In this task
the designer was guided, not only by the obvious desire for generality, but also by a wish to provide
a simple facility which causes only low overheads in compiler complexity and run time support.

Some of the facilities arising from this balancing effort can be presented through a further ela-
boration of the stack example. All stacks created using the definition above have the size SIZE.
This is not ideal, so let us try again:

class stack (size) short size;

{ char * s;
char * min, * top, * max;
new();
delete(
public:
pushi );

char pop();
b3

This class stack declaration does not specify the amount of store to be allocated for the stack
itself. Instead it is specified that an argument of type shorr must be provided when an object of
class stack is declared. For example:

class stack s1(100), s2(200);
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Such arguments are passed to new, and the declaration of this function provides the interpreta-
tion of them. In this case:

stack.new()

{ s = alloc(size);
top = min = s;
max = s+size-1;

}

The new function can be declared without any specification of its argument list because that list has
already been provided in the class declaration.

This example assumes that alloc(n) returns a pointer to a vector of n characters from the free
store. This, however, creates a new problem. Because we cannot assume that a garbage collector is
available, we must clean up after ourselves. That is, in this case we must deallocate the vector
pointed to by s when an object of class stack is deleted. This is done by defining a parameteriess
function called delete.

stack.delete()
{ free(s);
}

If a function of this name is mentioned in the class declaration it is guaranteed to be the last func-
tion accessing an object of that class before it is deleted. A delete function cannot return a value.
Furthermore, it cannot be explicitly called. and it is illegal to declare it public. The same restric-
tions apply to the new function.

Class objects can be declared in two ways. A normal C style declaration can be used to create
class objects with their scope determined in the same way as other C variables. For example:

class stack s1(SIZE), s2(SIZE+100);

will allocate space for sl and s2 on the stack if executed in a function. The vector denoted by s. will
however always be allocated on the free store by class stack’s new function®.

This style of declaration can also be used to declare sratic and extern class objects from classes
without a new function. The declaration of extern or static objects of a class with a new function is
illegal.

Alternatively, class objects can be generated on the free store by the new operator. For exam-
ple:

class stack * p = new class stack (SIZE);

Here the new function’s argument list is placed after the specification of the type of object to be
created in the same way as it was placed after the object name in the standard C style declaration.

Three kinds of storage can be used in a C program:

[1]  Automatic storage is allocated on the stack on entry into a function and deallocated on the return from it.
Variables. for example class objects, declared in a function use this kind of store unless one of the other kinds
is explicitly specified.

2] Static storage is allocated at compile time and never deallocated during the lifetime of the program. Variables
that are not declared in a function or are explicitly declared satic or extern use this kind of store.

[3]  Free storage is explicitly allocated using the new operator, and can only be deallocated using the delete opera-
tor. The new operator can be used 1o generate objects of all simple types, structures, and class objects. It can
also generate vectors of such objects. For example:

char * p = new char [161;
int * ip = new int;

To obtain more store new may need help from the operating system. For example, on a Unix system new will typically
use the C library function malloc which in tum may use the Unix system call sbrk .
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The new operator first allocates space from the free store and then calls the appropriate new func-
tion, if any. Class objects generated using new do not have a name, only an address.

The only way of destroying an object generated by new is to apply its inverse operator delete
to a pointer to that object. The delete operator first executes the appropriate delete function, if any,
and then returns the space occupied by that object to the free store. For example:

delete p;

will free the store occupied by the stack generated above after having executed stack.delete for it.

If a new function does not need arguments the argument list need not be present, or it can be
empty. For example:

class foo x;
and
class foo x();

are both valid, and their meanings identical®.

One pointer is always implicitly defined in a class function. It is the ‘pointer this, that denotes
the associated class object. That is, in a class function

this-s>name
is equivalent to
name

for all names of members of that class. The this pointer is particularly useful for linked list manipu-
lation. For example: , :

class link ’
/* link objects can form a doubly linked list
p->put(q) adds link q to the left of link p.
q = p->get() removes the link to the right
of p from the list and assigns it to q
*/
{ new();
public:
class link * left, *right;
put();
class link * get();
b3

link.new()
{ left = right
}

this;

declares a type of doubly linked list where an element is always initialized in a way appropriate for,

circular lists.
The implied declaration for this in each function in a class X is:

class X * this = & this_object_of_class_X;

To ensure that this always has its defined meaning it is illegal to assign a value to it.

* To aveid confusion berween declarations of class pointers and objects and declarations of functions returning
values of these types the class pre-processor insists on the use of the keyword extern in extern declarations of func-
tions. This is sufficient to make the syntax unambiguous.
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In the declaration of a class function a member of that class need not be qualified by the class
name, but such qualification is not illegal. For example, /ink.new can be declared like this:

link.new()
{ link.left = link.right = this;
}

without any change of meaning, should the programmer prefer the redundant complete qualification
of class member names.

A private name from a class can only be used in the declaration of a function from that class.
So, when compiling a source file in which a class is declared, but no function from that class is
declared, the private names from that class need not be remembered by the compiler. On the other
hand, where a class function is declared the class declaration must appear before the function
declaration. This implies that a one pass compiler cannot, when reading the class declaration, know
whether it needs to remember the private names. In the interest of efficient compiling you are
therefore requested to specify in advance that you want to declare a function from a class. For
example:”

classdef x;
#include "x.h"

x.f()
{

}

using the new kéyword classdef for this purpose. Here, the the declaration of class x itself is placed
in the “‘header file”" x.A.

Derived Classes

An existing class, for example the class link defined above, often provides an abstraction that
nearly, but not completely, fulfills the demands of a particular application. For example, one could
wish to manipulate circular doubly linked lists where each element in a list held a word in the form
of a string of characters. Class link provides a known and well tested representation of doubly
linked circular lists, but provides no facility for associating information with a link. In other words,
one would like a “tailor made™ version of the ‘‘standard” class for a particular application without
having to know the details of the implementation of that class, or have to design and test a com-
pletely new class. :

This can be done in C by “deriving” a new class from an existing base class. For example:
class wordlink: link

{ public:
char word[SIZE];
clear();
link.put;
link.get;

b3

wordlink.clear()
{ short i;
for (i=0; i<SIZE; i++) word[i] = O;
}s '
declares a class named wordlink that is a link, and in addition to the data and functions of a link has
a vector of characters called word, and a function called clear. The declarations:
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class wordlink wl, * wp = new class wordlink;

will create two objects of class wordlink and initialize them correctly using link.new, so that the fol-
lowing expressions are meaningful:

wl.put(pp); /* chain the two wordlinks together */
wl.word[i]) = ‘c’;

pp->clear():

¢ = ((class wordlink *) wl.get())->word[i];

The colon after the class name. wordlink, in the class declaration indicates that it is to be a
derived class. The name of the base class. /ink. then follows.

Functions from a derived class have no special access to the private data of its base class. Like
other functions they can use the public names only. Public names from the base class are treated as
private in the derived class, unless they are explicitly declared to be public there also. That is, state-
ments like

wl.put(ppi;

are only legal because the qualified name link.pur was mentioned in the public part of the declara-
tion of class wordlink. To make a public name from a base class a legal public name for a derived
class, leaving its meaning unchanged. its fully qualified name should be quoted, but no type infor-
mation can be supplied.

It is often useful to have all public names from the base class be legal public names for a
derived class. This is achieved by preceding the name of the base class with the keyword public. For
example:

class wordlink: public link

{ public:
char word[SIZE];
clear();

b

When a derived class is declared then two new functions can exist, one for the base and one
for the derived class. and each must be executed to ensure the proper initialization of an object of
the derived class. First the new for the base class is executed, and then the new from the derived
class. The delete functions are executed in the reverse order; that is, derived class before base.

Arguments are supplied to the derived new in the usual way, and base.new's argument list, if
any, is specified in the declaration of the derived class. For example, using the declaration of class
stack from the previous section, we can write:

class mystack(size) short size;

¢ public stack(size+10)

{

13
which specifies that objects of class mystack need the argument size. and that it will pass the value
of the expression size+ 10 to stack.new.

)
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The expressions in the argument list for a base class need not be expressed exclusively in terms
of the derived class’s formal parameters. For example:

class base(a,b,c); int a,b,c;
{
}s

class derived(a,b,c) int a,b,c;
: base(a,f(b),2);

{

13

To ensure proper initialization of an object of class derived base.new is executed as if it had been
the first executable statement in derived.new:

derived.new(a,b,c) int a,b,c;
{ base.new(a,f(b),2);

{the actual body of derived.new
, }

So, as a resuit of the declaration
class derived x(1,2+3,4);

derived.new is called with the argument list (/,.2+3.4), but before the first of its statements is exe-
cuted base.new is called with the argument list (/ ,£{5).2).

Any class can be used as a base class, in particular, a derived class can be used as a base.

The first obvious use of the derived class concept is to provide libraries of useful base classes
for general use. An example of such a library is the classes for linked list manipulation and co-
routine style programming that are described in Reference 3. For many programmers such libraries
will be the only use of derived classes, they need never write a class intended to be used as a base
class or worry about the finer details of the derived class concept. It is, however, only through the
use of derived classes that the class concept can significantly affect the logic of programs written in
C. The following sections will examine derived classes in greater detail.



Call and Return Functions

A base class can be seen as providing a special environment for the derived class to work in.
In general such an environment cannot be represented statically, but aspects of it have to be set up |
each time a function from the derived class is entered. For example, a base class may be used in a ‘
multi-process system to ensure that only one process at a time can execute functions from classes - ™
derived from it:

class monitor

{ short count;
st;uct queue q;
sleep_on_queue( );
wake_from_queue();
call(); g
return(); a

b3

monitor.call()
{ 1if (count++) sleep_on_queue( );
}

monitor.return( )
{ if (--count) wake_from_queue();
}

If all functions from a derived class call monitor.call as their first statement, and monitor.return as

their last statement, then an appropriate interlock is maintained by monitor. Explicit calls to these

functions are, however, not necessary because the function names call and return are treated spe- -~
cially in a class declaration. If a function named call exists in a base class, then it is guaranteed to '

be the first statement executed in every function of a derived class. Similarly, rerurn will be the last,

so the interlock in the class monitor example above will be correctly maintained without any effort

from the writer of a class derived from class monitor. For example:

class indivisible: monitor
{ int data;
public:
read();
write();
}

is a way of providing an interlocked data structure.

Like delete. call and return functions take no arguments, return no value, and cannot be ,.-..;
called explicitly. '

If you derive a class containing a call or a return function from a base class which has one or
both of these functions declared then everything will still work fine. For example, a call function
from a derived class will simply execute the call function from the base class, if any, as its first
statement just like any other function.

In principle the writer of a derived class does not need to know if call or return functions are
declared for the base class. An example of the use of a call is to produce a trace of all calls to
derived classes.

()

)



P

Name Clashes in Derived Classes

Sometimes it is useful to provide a derived class with a member name identical to a name in
the base class. One reason for this would be to provide a different service with an identical inter-
face. For example:

class unsafe /* assume responsible user */
{ int data;
public:
int pub;
update( ) ;
bi

class safe: unsafe /* validate request before
using ‘‘unsafe’’
*/
{ public:
int pub;
update();
}s

A program using safe can now be identical to one using unsafe once the declarations have been
taken care of. To access the clashing names from wnsafe functions from safe must use fully quali-
fied member names. For example:

safe.update()

{
unsafe.pub = 1;
unsafe.update();

Generic Functions
The use of derived classes introduces a form of generic functions that can be used without
violating typing requirements. If f is a function from class x then
p->£(); A

will be legal both if p is a pointer to class x, and if it is a pointer to a class denved from class x
where f has been made public.

In a similar way a function declared

fip) class x * p;
{

t

will accept a pointer to a class derived from class x as argument, provided all names from class x
have been made public in that derived class.

Another form of generic function can be obtained by declaring functions with the same name
in several classes derived from a common base class. For example:
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class matrix
{ public:

short type;
}s

class sparse : public matrix
{ public:

multiply();
}s '

class dense : public matrix

{ public: '
multiply();

}s

If now both multiply functions are declared to accept a pointer to an object of class matrix, rather
than to a specific type of matrix. Then the expressions

p->multiply(q);
qg->multiply(p);

are legal if only p and ¢ are pointers to objects of the derived classes sparse and dense.

Derived Classes and Unions

Derived classes can sometimes be used as an alternative to unions when defining data struc-

tures. For example:

could be written as

struct common
{ int a;
union {
int b;
struct {
int x;
int y;
} sval;
} uval;

class cc

{ public:
int a;

b

class cb: public cc
{ public:

int b;
}s

class cx: public cc

{ public:
int x;
int y;
}s

This use of classes enables the compiler to allocate the minimum amount of store in all cases,

()
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whereas for unions it must always allocate enough store to hold the largest alternative. Furthermore,
members can be accessed more simply:

class cb c1;
class cx ¢2;

cl.b
c2.x

33
instead of

struct common sl, s2;

sl.uval.b = 2;
s2.uval.sval.x = 3;

Both styles of declaration look overelaborate. The public keyword in the class declaration is an
eyesore, but necessary in those cases (hopefully the majority) where not all member names are pub-
lic.
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Appendix A: A C Program

The following program is a small test program for the use of derived classes. It consists of

e three files:
a [1) queue.h provides the declarations for two classes, /ink and queue,
[2] queue.x provides the functions for these classes, and
[3] myqueue.x gives the program using these classes and containing the main() function.

VA
file queue.h
*/
Af-\ -class link {
' public:
class link * suc;
s
class queue {
/%
a one way circular linked list,
each link points to its successor,
the tail element points to the head element
*/ .
class link * tail;
short n;
o~ void new();
void delete();
public:
class link * get();
void put();
void put_head();
short elements();
|
void is a keyword recently introduced into C. Placed as the type specifier for a function it
indicates that the function cannot return a value. This allows for better type checking, and - in the
C pre-processor - marginally better code generation.
This header file is then shared between gueue.x and myqueue .x.
-~
-
P
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/*
file queue.x
*/

classdef link;
classdef queue;

#include "queue.h"

void error(s) {
printf ("**xx* error: %s0,s);

13

void queue.new()
{ .
tail = 0;
n = 0;
b3

void queue.delete() {
if (n) error("nonempty queue deleted");

};

short queue.elements() {
return n;
b3

class link * queue.get() {
class link * p;

if (n--) {
p = tail->suc;
tail->suc = p->suc;
return p;

else {
n = 03
return 0;
b3
}s

void queue.put(p) class link * p;

{
p->suc = (n++) ? tail-»suc : p;
tail = p;

} /7* put */

void queue.put_head(p) class link * p;

{ .
p->suc = (n++) ? tail->suc : p;
tail->suc = p;

} 7* put_head */
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File myqueue.x has a structure which should be similar to that of quite a few user programs
using standard classes.

/*
file myqueue.x
*/

#include <stdio.h>
#include "queue.h"

classdef info;

class info : public link {
int type;
void new();
void delete();

bs

info.new() {
printf("new info ");
}s

info.delete{() {
printf(“delete info ");
bs

main() {
class queue q;
class queue * qq = &qQ;
class info * pi; '
short i,]j;
for (i=03; i<10; i++) {
for (j=0; j<i; j++) {
pi = new class info;
q.put(piy;
b3
for (j=0; Jj<i; Jj++) {
pi = (class info *) q.get();
delete pi;
}s
bs
} /* main */
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Appendix B: Implementation of Classes

The initial implementation of C classes is a pre-processor that translates a C program with
classes into an equivalent C program without classes. This “‘intermediate representation” relies
heavily on structures and casts. A class is translated into a struct plus a set of extern functions
operating on it.

Because the pre-processor is a lot simpler than a complete compiler implementing classes
would be you will find some restrictions on the use of classes. The most basic restrictions - the ones
that are least likely to be removed soon - are listed below:

[1] Class objects can only be declared as auro variables in the outermost biock of a function.
[2] Only objects of classes without a new function can be declared static or extern.

[3] Class objects cannot be members of structures or classes. Use pointers or derived
classes.

[4] Declarations of classes, of extern class objects, and of class pointers cannot be placed
inside function declarations.

[5S] Assignment is not defined for class objects, and a function cannot return a class. Use
pointers.

[6] The syntax for class member declarations is restricted. For example, no unions and no
struct declarations.

[7] If a name from a base class is made valid for the derived class using a
class_name . member_name
specification, then - as a side effect - all public names from the base class becomes valid
in the derived class. '

[8] The handling of class member references is not fully general. For example, a long chain
of references ‘‘a->b->c->d->¢’’ can be too complicated for the pre-processor. Simi-
larly, an expression yielding a class pointer **(f)->v/x])->s"" can be too complicated.
The pre-processor will detect such problems and issue appropriate error messages. Use
simpler expressions if this happens.

[9] The pre-processor cannot resolve the types involved in a class reference expression to the
satisfaction of /int in all cases. Use unique names if this annoys you.

[10] Typedef cannot be used for classes.

[11] Vectors of class objects cannot be declared.

The following new keywords are used:

call class classdef delete public new

The following names are generated by the preprocessor:

_this - the ‘‘this’’ pointer.
_return a label denoting the end of a function.
_result a variable for holding the wvalue
to be returned by a function
_private -~ a vector of characters occupying the spaced used by
a class objects private data.
the data structure for a base class.

_base

In addition to this the pre-processor generates a name for each public class function. This
name is a combination of the class name and the member name prefixed by the character '_’. These
names are hoped to be unique using only their first 6 characters. Complaints from cc or the loader
referring to strange names of the form *‘_ab_cd_efghijki" will originate from this combination of
two names into one.

A C compiler which includes the class preprocessor can be found in /usr/bin/class. For further
documentation sec the manual page for class.
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