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Programming languages don’t appear by spontaneous
generation. Instead, people develop them because they
have new ways of thinking about the process of program-
ming and have new types of problems to solve. When we
generalize and codify these thought processes, they
achieve the status of paradigms, and new languages are
created to support those paradigms. The language
enables programmers to use the paradigm’s power to
deliver software of improved quality and lower life-cycle
cost. This paper shows how AT&T’s C++ language sup-
ports several modern programming paradigms to
improve software quality and boost productivity. The
language is more expressive than C, leads to more main-
tainable programs, and employs constructs that
encourage software reuse and software architecture
techniques that deal with complexity in large systems.

Background .

Programming languages are produced by shifts both in the way
people think about the programming process and in the types of prob-
lems they attempt to solve. Generalized and codified, these thought
processes achieve the status of paradigms,* and new languages are cre-
ated to support them. This is the case with C++, a language that was
developed at AT&T and is being widely used both inside and outside
AT&T today.? In this paper, we examine how C++ provides linguistic
support for the data-abstraction® and object-oriented* programming par-
adigms, in the context of the properties for which they were developed:
expressiveness, evolution, reuse, and dealing with complexity.

When a programming language effectively supports a given
problem area or paradigm, we can justify labeling it an X-language,
where X is the problem domain or paradigm in question. So we say that
COBOL is business-oriented, that Fortran deals with formulas for
numeric calculations, and that the Smalltalk-80™ language! is object ori-
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ented. (Smalltalk is a trademark of Xerox Corporation.
Panel 1 defines acronyms used in this paper.) We are not
saying that one cannot use the object paradigm with
COBOL nor write business-related programs in Fortran.
But such programs would not have easy, natural represen-
tations in those languages. One can argue that these
languages do not prevent an object-oriented style, but can-
not argue that they support it—and some languages make it
downright difficult.

C++ supports object-oriented programming. But
it also is a multiparadigm language that contributes to qual-
ity software and increased productivity for general-
purpose applications. As a system programming language
in the heritage of C, it applies to a broad spectrum of appli-
cation domains and can be used to complement application-
oriented languages (AOLs) or even to create the building
blocks for an AOL environment.® Because it provides
effective support for the use and melding of several mod-
ern programming paradigms described here, C++ extends
the use of C into the future.

The next section looks at data abstraction as one
important paradigm that underlies C++. Next, we look at a
simple, but typical, software exercise (a string package) to
show some commonly encountered programming pitfalls,
and highlight opportunities for improving software quality.
Then we show how to use C++ features for strings to
address those problems. Finally, we introduce object-
oriented programming and look at the application of C++
to increase productivity in large-scale developments.

Data Abstraction

An abstract data type is described completely by an
explicit, user-defined set of operations. This user-defined
data type is abstract in that irrelevant details of its imple-
mentation are abstracted away, and—as far as its users are
concerned—its public interface entirely represents its
properties.

This approach to software design reduces com-
plexity, a major advantage. Only the provider can access
the data type’s implementation, so it can be changed with-
out affecting client code. Because the public interface
completely describes the data type’s semantics, users of
the type can ignore irrelevant complexities of its hidden
implementation. This increases modularity and reduces

AT&T TECHNICAL JOURNAL « JULY/AUGUST 1988

Panel 1. Terms in This Paper

AOL application-oriented language
COBOL common business-oriented language
Fortran formula translator (language)
ISDN Integrated Services Digital Network

malloc C library routine to allocate memory
| printf C library routine for printing messages
| PODS plain ordinary data service
| POTS plain old telephone service
RD read
RDWR read and write
Snobol string-oriented symbolic language
strcat C library routine to catenate to end of |
a string
stremp C library routine to compare two
strings
strcpy C library routine to copy a string
strlen C library routine to find a string’s

length

total program complexity.

Equally important, however, is the use of abstract
data types to bring programming language closer to the
specific problem domain. For example, writing compact,
clear string-manipulation programs in Snobol is easy,
because of its significant linguistic support for string mani-
pulation.® The ability to define an abstract string data type
would confer similar advantages without requiring a built-in
string type in a language.

In addition, it is not practical or possible to prede-
fine all data types of interest for any general-purpose
programming language. For example, a telephone data type
has great applicability to switching applications but would
be of little interest to most other users of a language. If
users can define abstract data types effectively, they can
customize the base language to support programming in a
particular area when the expense of producing an applica-
tion-oriented language cannot be justified.

Why Is C Programming So Hard?
When programming in C, much time and effort
goes into dealing with little details and getting them right.
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As a hypothetical—but plausible—example, consider a
code fragment to solve this simple problem.

Suppose we have two variables, machine and
service, that contain the name of a destination (such as
nj/murray/hill) and a network service (such as
mail), respectively. (In our example, the destination is a
machine name. It tells where the machine is located—the-
state, and the site and node, if the site has several nodes—
and its UNIX® system name.) We want to set a variable,
dialstring, to a single string that represents the full
name of the network-service destination to call (in this
example, nj/murray/hill.mail). Conceptually, this
is a trivial problem—the kind surely solved thousands of
times in thousands of programs. Let’s look at one such
solution (Panel 2).

In release 1, the developer took a straightforward
approach (see A in Panel 2). Just as this problem is typical
of those that occur routinely in writing C programs, so is
this solution typical of those seen in actual use. And just as
typically, it doesn't work. The program crashed when a
user supplied a machine name that was longer than 32
characters.

To fix that bug, our developer increased
dialstring’s length from 32 to 100 characters, and
put in a check to ensure that the value wasn'’t too long.
That change went out in release 2 (see B in Panel 2). But
the developer thought that no machine name would ever
exceed 100 characters, which proved just as wrong as the
original thought that no name would ever exceed 32 char-
acters. The resulting error was as devastating as a crash,
but easier to find.

The developer wisely decided to avoid merely
increasing the length again. Instead, the code in release 3
allocated memory dynamically to hold dialstring (see
C in Panel 2). Now the amount of memory allocated was
the length of machine, plus the length of service,
plus one extra byte for the period that separates them.

Unfortunately, the developer forgot to allocate a
byte for the null character that C puts at the end of the
string. (More about that character later.) So release 3 clob-
bered one byte of dynamic memory when the dialing
string’s length was one less than a multiple of the mach-
ine’s word size. (Lest you think this example too
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contrived, the mail command in UNIX System III once
had exactly this bug. It took 16 hours to find.) Because of
the problem’s apparently random nature, it made it past
system test to provoke random errors in the field.

It took a long, arduous debugging effort to locate
this problem. No one noticed that it had existed in release
2 as well. There, it would have turned up only if
dialstring’s value had been exactly-100 characters
long. Once found, the problem was easily fixed for release
4 (see D in Panel 2).

With this one-character change, our program
made it through system test and into the field again—
where it still crashed. Because real applications use more
memory than the test cases, our program occasionally ran
out of memory. The malloc program (a C-library routine
that allocates memory) failed gracefully enough; it -
returned a NULL pointer. But the pointer wasn’t checked,
so strcpy (which copies strings) caused mayhem by
trying to copy characters into memory location zero. So
release 5 incorporated an error check (see E in Panel 2).

Finally this program fragment no longer crashed
(but it still fails). As the application program became more
reliable, it started running for longer periods between
crashes. It was now discovered that the program was grad-
ually eating up memory—dialstring was never being
freed. This was easy to fix in release 6 (see F in Panel 2).

Look what has happened so far. A simple code
fragment took six tries to get right. If we account for cal-
endar time spent to distribute releases, process bug
reports, and so on, it is realistic to expect this entire proc-
ess to take months or years to complete. And if we account
for required changes in functionality, it never ends.

Consider the expense and wasted time in all this, -
and then consider that our developer, if programming in
C++ with a good string package, would have had a hard
time not doing it right the first time (see G in Panel 2).

Defining the Semantics of an Abstract Type

Being able to define a String class that is as
easy to use as if it were built into the language is a pow-
erful thing. But it is far from obvious how a language -
might allow itself to be extended that way. To see how to
do it, first let’s examine how C programs typically handle



character strings.

C has no direct support for character strings; its
closest notion is that of an array of characters. By conven-
tion, C programmers normally represent a string as such
an array of characters, with a null character (represented
in C programs as ' \0') after the last character. To sup-
port this convention, when a programmer writes some
sequence of characters enclosed in double quotes, C lan-
guage automatically adds a null character at the end of the
sequence. Thus, a C programmer can write

printf("Hello world\n");
/* \n is newline character */

instead of
printf("Hello world\n\0O");

In both examples, the printf function sees a pointer to
the string’s initial character. The act of passing a string to
a function does not copy the string’s characters; only the
string’s starting address is passed.

In C, there is no built-in way to copy a string! For
instance, if we say

char *p;

char *q;

p="hello";

q9=P;
then p and q refer to the same memory. So if we change a
character of p, we also change that character of q. In fact,
C does not offer a type S that allows a programmer to say

S foo;
foo="Hello world\n";

and have the value of the variable foo be a copy of the
string. Instead, a programmer has several choices.

One possibility is the strcpy function from the
C library:

char hellol131;
strcpy (hello, "Hello world\n'");

This simple function copies characters from memory
addressed by its second argument into memory addressed
by its first argument until it has copied a null character. It

is the programmer’s responsibility to ensure that enough
memory exists to receive a copy of the value.

In this example, we counted the characters and
allocated just the right amount of memory. (The count is
13 instead of 12 because the null character takes up room,
too.) Many programmers do just this. They allocate some
arbitrary amount of memory and hope it’s enough.

A cleaner way to do it is to use malloc, the C
library routine for memory allocation:

char ~hello;
hello=malloc(strlen("Hello world\n")
+1);

strcpy(hello, "Hello world\n") +1);

Besides the obvious inconvenience of writing all that code

and the danger of changing one copy of the string but not

the other, this practice places two more burdens on a

programmer:

= Check malloc’s result to ensure that memory has not
been exhausted.

= Free the memory after it is no longer needed. Other-
wise, a program that runs long enough will eventually
consume all available memory.

Thus, a programmer who wants to write a C pro-
gram using character strings must remember several
conventions:

1. Assigning a “string” variable to another one does not
copy the characters of the string.

2. Before copying a string or creating a new string, allo-

cate enough memory to hold it.

When allocating memory for a string, don’t forget to

count the null character at the end.

Check for unsuccessful memory allocation.

Free the memory that a string uses when done with it.

C does not help programmers remember these

things. The price of failing to remember one of these con-

ventions is a program that fails wildly and unpredictably.

Strings in C++. We can greatly simplify string mani-
pulation in C++ by incorporating these conventions into a
program. Although this program will be more complicated
than the C library’s corresponding string-manipulation
functions, it need only be written once and is easier and
safer to use.

r;~ W
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Panel 3. A Class Declaration
| class String {
public:

String();
String(char+);

// default constructor
// constructor to make a String froma char-*

String(String&);// constructor for copying Strings (automat-
// ically called for argument passing etc.)

-String();

String& operator=(String&);

// destructor tocleanup a String

// handles String assignment

* relational operators: not part of the class per se;
defined elsewhere, but declared as friends here so

« they have complete access to String internals. They each
*+ take a pair of references to Strings as arquments.

friend int operator==(String&, String&);
friend int operator!=(String&, String&);
friend int operator<(String&, Stringé&);

. friend int operator>(String&, Stringé&);

I friend int operator<=(String&, String&);

friend int operator>=(String&, String&);

operator char «(); // for conversion (casting) back to

// aCstring |

| private:

// internal stuff private to String |

We will create a class as the framework for man-
aging strings in C++. A C++ class is a user-defined type
whose representation and behavior can be defined com-
pletely by a programmer. To follow the convention of many
C++ programmers, we will start the name of our string
class with an upper case letter and callit a String. For
illustration, we will define a class that is much simpler than
one might want in practice. Nevertheless, it is rich enough
to use.

Classes in C++. We first define the interface to our
String class. Clearly, we must be able to create a
String, perhaps giving it an initial value from a C
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“string.” We must be able to pass a String as an argu-
ment to a function and assign one String to another. We
would also like to be able to compare two Strings and to
convert a String back to a C “string” for output
purposes.

This leads us to the class declaration in Panel 3.
The String class members declared there parallel the C
routines discussed above. The first three are constructors,
they say how to build a String. Next is a destructor,
which tells how to clean up a String, and so on. C++
arranges to call the appropriate constructor every time a
String is created and to call the destructor when the



Panel 4. Defining Constructors

/+ body of default constructor for String +/

String::String()

s = new charl[1];
// array of sizel
.5 I\\DI:

// dynamically allocate char

» body of constructor tobuild a String from a

* Ccharacter vector
String::String(char *p)

s = new charlstrlen(p) +11];
strcpy(s., p);

* body of constructor to build one String from an

» existing one,

* Called automatically when a String is passed as a
+ parameter, returned as a value from a function, etc. 95

2V

String::String(Stringé& str)
s = new charlstrlen(str.s) +11;
strcpy(s, str.s);

String is destroyed. The relational operators are defined
as friends because they need to access “private” data;
a friend has all the privileges of members but is not a
member. Because all these declarations appear after a
public label, they represent the public members or inter-
face to the String class. In general, the keyword
operator and the operator symbol (e.g., ==) that fol-
lows it represent the name of a function that will be called
whenever the operator symbol is used. Thus, if s and t
are Strings, then s==t will call operator==.
Implementing a String. We are now ready to decide
how to represent a String. For this example, we do it
about the simplest way possible: as a pointer to a dynami-
cally allocated array that contains the characters that form

the String followed by a null character to mark the end.
This pointer is part of the implementation of the
String class. We do not want users getting at the
pointer, because we might want to use a different repre-
sentation later. So, we make it part of the private data of
the String class by putting it after the private label:

class String{
private:
char *s;
1
For convenience and safety, we will adopt the convention
that every String has a value. If a String is not other-
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Panel 5. Assigning a String Value

Stringé&
String::operator=(String& x)

char *save 55
new charlstrlen(x.s) +11];
Strcpy(s8, 280
delete save;
return *this;

wise initialized, it will have a null value.

Defining operations. We are now ready to start defin-
ing the String operations. The constructors are pretty
trivial (see Panel 4). In each case, to make room for the
null character at the end, we allocated one more character
than we needed for the data. Thus, an uninitialized
String’s constructor allocates a single character of
memory and puts a null character there, and the other two
constructors allocate enough to hold a copy of the data
being used for initialization.

The destructor is similarly simple:

String::~String()
{
delete s; // delete frees memory
/lallocated by new

}

Because an object cannot be destroyed without having first
been constructed, we know that it is safe to delete s.
Besides, every String constructor stores the address of
allocated memory in s!

Assigning one String to another is a little tricky
(see Panel 5). The obvious thing to do is to free the mem-
ory that corresponds to the old value, allocate memory for
a copy of the new value, and copy the old value into that
memory. However, that will fail if the user assignsa
String toitself. To forestall that, we save a pointer to
the old value, and free it only after we have copied the new
value. The statement “return «this;"” is a common
C++ idiom. It means: the value of this operator is the
object being operated on [e.g., so a = (b = ¢ )works].
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The relational operators are straightforward but
somewhat tedious because there are six of them. We show
only the == operator; the other five are analogous: -

int
operator==(String& p, String& q)
{

}

return stremp(p.s, q.s)==0;

Converting a String. Finally, we must decide how to
convert a String back toa char+: Do we just return a
pointer to the actual data and trust the user? Or, do we
return a pointer to a copy of the data and make the user
responsible for freeing the copy? Here, we do the latter:

Stringl: :operator char () .

{ .
char »r =new charlstrlen(s) +11];
strcpy(r, s);
returnr;

}

Advantages of Using C++ . We have seen how a small
amount of programming in C++ can greatly simplify a
common, error-prone task in a way that would have been
completely impossible in C. Several aspects of C++ com-
bine to make this possible.

First is the ability to define a class with public and
private data. The class definition limits the operations that
can be performed on a class. When the structure of the
string is defined as private data, programs that use strings
are protected from damage if the implementation changes.

Next are the notions of a constructor and destruc-
tor. Together, they make it possible to guarantee that an
object will always have a meaningful value and that the
memory this value occupies will always be released when

-the object is freed.

Finally, the C++ programmer can explicitly
define the semantics of assignment and argument passing.
This makes it possible to ensure that the implementor can
control every reference to an object.

In fact, our example’s only trouble spot is in con-
vertinga String to a C “string,” and that trouble stems
unavoidably from the C notion of strings.



Objects, Inheritance, and Object-Oriented Programming

In the string example above, for the most part,
friend functions provide the public interface to the
String type. These functions have special access per-
mission to the implementation parts of the type. In effect,
the union of these functions with the private representa-
tion is what makes up the abstract data type.

To make this binding of data and operations even
more explicit, one can use functions that are members of
the type. For example, an abstract data type that repre-
sents a telephone could define its public interface as a set
of these member functions. Because functions that define
the type’s external properties are also part of the type and
not merely functions with special access permission, we
can say that instances of the type define their own behav-
ior. Instance variables that are created using a class type
as a template are called objects. They are autonomous units
that have a state (data) and behavior (as defined by func-
tions and operators).

Data abstraction is a useful mechanism when one
can identify a single, clearly-defined concept, such as the
String type of the previous section. However, many
problem domains are not easily modeled as distinct types.
Instead, they are more naturally represented as collections
of related types, or modifications to or combinations of
existing types. For example, a switching application may
have to deal with several kinds of telephones. These tele-
phones will share a common core of properties (the
properties that make them telephones), but each kind of
telephone will have additional properties that distinguish it
from the others. When only data abstraction is used to
represent all the telephone types, one has the choice of
creating either a single, general type that incorporates the
complexities of all the others, or a set of distinct types that

Figure 1. A simple taxonomy of class inheritance. In general,
each class has its own properties but some “borrow” other
properties. (a) Derivation; here, the subclass borrows gen-
eral behavior from its parent. (b) Multiple derivations; a
family of subclasses shares general behaviors from a com-
mon parent. (¢) Data abstraction—specifically, multiple
inheritance; a subclass borrows its general behavior from
several parent classes.

class String {
1 3

class PathName : private String {

(a)

class Shape {

ik

class Triangle : public Shape |
Je

class Circle : public Shape {

b

(b)

class Shape |

|
i

class ListElement {
b .

class ShapeForListPackage :
public Shape, public ListElement |

(e)
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does not reflect their commonality.
A better approach is to extend the data abstrac-
tion paradigm with the concept of fype inheritance. (Type
inheritance goes by different names in various program-
ming languages. In the Simula67™ and Smalltalk
languages, it is called “subclassing”; in C++, it is called
“class derivation.” Simula is a trademark of Norwegian
Computing Center.)
What is the idea of inheritance? When a new type is
created from an existing type, it inherits all the properties of
the existing type and new properties are added or the inher-
ited ones are altered. So in our switching application, we can
define a generic Telephone abstract data type that
encapsulates properties common to all telephones, and use
inheritance to create a family of specialized telephone types.
Because they inherit the properties of the generic tele-
phone, each of the new types remains a telephone in addition
to being a more specialized type.
Besides providing collections of related types,
inheritance has other uses. Figure 1 shows three basic
ways to use inheritance:
= To customize an existing abstract data type for a partic-
ular application, as in Figure 1a. Here, a pathname in
the UNIX operating system is a String with certain
additional properties. One can use an arbitrarily long
chain of derivations to create increasingly particular
refinements, each class borrowing general behaviors
from its parent but defining specific behaviors of its
own.

= For multiple derivations (Figure 1b), a family of sub-
classes shares a common parent. None of the subclasses
defines a subset of the behaviors or implementations of
any of the others, but all the subclasses share some
behaviors in common. The parent class contains the
implementations common to all the subclasses.

= To merge two or more existing types by inheriting from
all of them. For example, a list of shapes can be created
from a list-element type and the Shape type, as in Fig-
ure 1c.

Another important effect of C++ type inheritance

“is that it permits efficient dynamic binding. That is,

generic code can be written for a group of types that are
related by inheritance. At run time, the object’s type
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determines what operations are to be performed, as we
show in the next section.

This ability to express commonality has obvious
benefits. It helps a system designer abstract a problem and
encourages code sharing. (We discuss these benefits in the
next section.) Another benefit of C++ dynamic binding is
its negligible run-time cost. Code that the compiler gener-
ates automatically is about as efficient as a programmer’s
code.

The use of objects with inheritance and dynamic
binding forms the basis of the object paradigm, and is
called object-oriented programming.”

C++ and Productivity in Large-Scale Development

Problems of cost and maintainability loom dispro-
portionately large on large projects. When a system grows
larger than a small group of people can grasp, traditional
abstraction mechanisms break down in architecture and
design, as does the way the development is organized. Our
experience with C++ verifies that it offers a rich set of
notations and conventions (or paradigms) that work well to
nurture large projects.

To handle complexity—especially the high level
found in large, highly reliable, real-time systems—system
architects and designers use several paradigms, most of
which are forms of abstraction. Abstraction helps in two
ways:
= It hides complexity that really is there.
= [t reduces artificial complexity that might arise from the

application of a less well-suited approach.

" We want the solution’s total complexity to fit the problem’s

complexity. And, where appropriate, we want to push
details into “black boxes,” so they aren't visible on the
surface.

With C++ , architects and programmers have
much latitude in choosing paradigms to fit their own style
and the project’s needs. Many methodologies that accom-
panied the rise of structured programming in the 1970s
tended to be dogmatic and exclusionary. “Top-down” advo-
cates showed disdain for “bottom-up” programming, and
vice versa. In the same vein, some contemporary lan-
guages limit the architect to constructs that are all high
level, all low level, or just for specific custom applications.



Panel 6. A Program Fragment

This is part of a function for copying an existing file into

d temporary one:

char *mktmp(String original_file) {
char ~tmp tmpnam( NULL );

FILE «to_fp = open(tmp, O_RDWR) ;
FILE +from_fp = open(original_file,
O_RD) ;

C++ does not fall into these traps. It is not only a general-
purpose language, but also supports a range of paradigms.
These paradigms can be used either separately on sepa-
rate projects or to complement each other within a single
development. For example, C++ does not dictate bottom-
up or top-down programming, but allows either and sug-
gests an approach that combines both.

Much of C++’s architectural support results
from the object paradigm, and C++ is often used in a
way suggested by Booch® and others. It supports separa-
tion of concerns; implementors need to worry about the
innards of only the classes that they modify. It allows
architect and coder to work separately or together, or
even be the same person. In any case, the class inter-
face can serve as a behavioral specification to be handed
off from architecture into development. Because C++
does not limit low-level access, programmers can write
code close to the machine level for high-performance
algorithms, custom-device control, context-switching
management, etc. Also, such low-level data structures
and functions can easily be hidden inside a high-level lan-
guage envelope like a class.

The original programming abstraction was the
function or procedure, and C functions can still be used in
C++. But in addition, name overloading adds more
abstraction power. (Name overloading is using the same
name to mean different things in different contexts.) Con-
sider the program fragment in Panel 6, part of a function
used to copy an existing file into a temporary file. Notice
that the programmer can freely use the function open to
deal with any of the string representations that might be in

the system. This function is an abstraction mechanism that
hides implementation differences in different parts of the
whole system. Operators such as the arithmetic + or -,
and even operators such as —>, can be similarly over-
loaded to abstract nuances of behavior.
A system designer can use these abstraction tools
along with other C++ abstractions, such as data aggrega-
tion (similar to C structures). These serve primarily as
conveniences to system coders, and can contribute to pro-
ductivity gains on small projects. But on large projects, the
focus for productivity gains is in architecture and design,
because coding is a small fraction of life-cycle cost.
(Although the actual cost may show up in testing, the fix is
in architecture and design; see Reference 9.)
The real power of C++ is its ability to express
abstractions that map onto things that are found in the
problem domain, bringing together a resource’s behavior
and representation into a single abstract data type, or
class. The architect can create new classes that capture
the behavior of real-world resources, and that also hide the
details of their representation and implementation. This
achieves two ends for the system implementor:
= |t encodes architectural components as building blocks
that have full first-class standing as programming lan-
guage types.

= ]t allows the implementor to work in terms of the behav-
iors of system components—not their
implementations—something the implementor already
understands. In other words, it accurately mirrors the
application’s complexity in the architecture—no more,
no less—while encapsulating the lowest levels of com-
plexity so they are not globally visible.

This approach can apply to abstractions as simple as

strings or as involved as telephones (see Panel 7). The

object paradigm has recently received much well-deserved

attention as a way to create architectures,

" Inheritance. A large system may have thousands of
classes, so classes alone are not enough to reduce com-
plexity to manageable proportions. The architect needs to
be able to group classes into families whose members
exhihit similar behavior, perhaps even allowing shared
implementations among such classes.

Inheritance can be used to group like classes of
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things into conceptual trees—just as phyla and their sub-
trees, down to genuses and species, are organized—from
the root of the tree as the most general class, to the leaves
as the most detailed identifiable entities. But inheritance is
not stepwise refinement, where the collection of units at
one level of abstraction composes an element at the next
higher level. With inheritance, each level increases in spe-
cialization and detail, but each level is itself a completely
defined and operational entity. As Figure 1 shows, we can
think about inheritance in three ways: derivation, multiple
derivations, and multiple inheritance.

The style of inheritance depicted in Figure 1a is
called derivation. A newly formed type is based on the
functionality of another but builds on it, modifies it, and
augments it to make a more refined or specialized class.
As class PathName can be derived from String in Fig-
ure la, so any derived class reuses the implementation of
its base class.

In both Figures 1a and 1b, the architect can
choose to arrange for powerful dynamic run-time behavior.
Let’s say that a programmer is writing some telephony
code, and the code has been passed a pointer (a memory
address) to an object that controls a telephone. The
pointer may be a reference to any kind of telephone
object—one that controls an analog phone, a digital one, or
perhaps a video phone. Our programmer wants to make
some general requests of the object. The requests are
common to all telephones but might be implemented differ-
ently for each kind (e.g., to ask if a telephone is hung up
or not).

Suppose the programmer knows that all these
objects come from classes that form a family that has
Telephone as a parent class in common. Then, he or
she can write the code as though dealing only with the
parent class Telephone. To make this work, our pro-
grammer declares the parent’s member functions to be
virtual. That is, they serve as placeholders for the func-
tions that are associated with the subclasses and are
identified and selected at run time.

This is a very powerful abstraction mechanism.
Whole families of classes can be treated as if they have the
behavior of one class, the family’s parent. Also, a member
of a family of types need only be concerned with the spe-
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Panel 7. A C++ Description of a Telephone

class Telephone {
public:
void ring();
void lightMessageLamp();
void enableTalking();
void disableTalking();
Boolean isBusy();
private:
int extension;
int lastNumberDialed;
Boolean forwardingOn;

int forwardTo:

cific behaviors of its ancestors, never with its descendants
or cousins, For example, all Shapes in Figure 1 can be
treated as if they were of type Shape. An object that
manipulates shapes in some generic way does not need to
know what shape it is handling.

Similarly, one might declare both ISDNPhone
(Integrated Services Digital Network) and POTSPhone
(plain old telephone service) to be subclasses of
Telephone. The implementor of ISDNPhone can
reuse all existing code in Telephone that implements
the generic “phoneness” of all telephones.

For example, suppose someone wants to write a
function that takes an array of pointers to different kinds of
phones and rings each phone. That function doesn’t have to
worry about what kinds of phones are configured, because
the right “ring” function is selected at run time (Figure 2).
Furthermore, someone can still add a new class
PODSPhone (plain ordinary data service) without chang-
ing any existing code in Telephone, in any other related
classes, or in classes that use general Telephone-class
operations. Adding such a new class can not only leave
existing source code unmodified, but also does not require
regenerating any existing object code. Productivity is
enhanced through reuse and the resulting ease of
evolution.

Data abstraction is the creation of a type—a kind
of abstraction—from data and procedures. In Figure 1c,



Objects created from
subclasses of Phone

35 144+)
- ring();

for (1=0; 1i-
alternates|i] -

Phone *alternates|4];

Figure 2. Automatic selection of right ring operator at run
time. The function at the left uses the pointers in the array to
identify the telephone to ring.

the behaviors of several existing classes are abstracted
into a single class that has first-class standing as a C++
type; this is called multiple inheritance. Multiple inherit-
ance is a higher order abstraction: the creation of a type
from other types. It is sometimes needed to reflect accu-
rately the semantics of the problem domain (as with
Figure 1c). In any case, multiple inheritance is a powerful
software-reuse mechanism that makes it easier to combine
the behaviors of multiple parent classes.

Other Advantages. In addition, our own experience
at AT&T with C++ in large systems bears out other
advantages. Perhaps most striking is that its use, com-
pared to conventional approaches, greatly reduced soft-
ware integration times. This results in part from C++’s
static type checking, and partly because, from the begin-
ning, the project worked with a “common ground” of C++
class specifications to build against. It reduces the need for
communication among implementors late in the project and
throughout the maintenance phase. (Such communication
is greatest early in development, when interfaces are being
specified and coded.) This is partly because the object par-
adigm is used, but is motivated by the language itself,
which supports and encourages the use of the abstractions

POTSPhone::ring()
POTSPhone::ring()
ISDNPhone::ring() |

it supports at the language level. However, this increased
startup cost pays off in an overall productivity increase and
lower life-cycle cost.

Another major lesson was: After programmers
cultivated an understanding of the object paradigm and of
how to use C++ features to complement each other, no
code efficiency was lost while they took advantage of the
language’s power to increase productivity. While the C++
language constructs gave them a more expressive and
higher level programming interface than C, they produced
code as efficient, and almost as compact, as the corre-
sponding C code would have been. Code that used only the
C subset of C++ produced the same code as an ordinary
C compiler would have, preserving the programmer’s abil-
ity to get close to the machine to write real-time code.

31

Conclusion

C++ provides a solid foundation for software
reuse by facilitating safe and convenient software packag-
ing that can be used to build libraries of programming
services. These services may be simple and common, like

~ strings, or internally complex and application-specific, like

a telephone object.

To reuse an existing module’s design and imple-
mentation, one can derive a new module from it,
customizing and elaborating where necessary. Powerful
run-time type support and storage management make
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designers and programmers more productive by eliminat-
ing or hiding details that are not directly relevant to the

task. Furthermore, this flexibility comes at negligible cost

in program performance and code size.

C++ leaves the architect and designer free to
choose among procedural programming, data abstraction,
and object-oriented programming to create the abstrac-
tions that will best serve as system building blocks. It is a
language that will take C into the future.
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