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Preface

Object-oriented computing is a style of computing in which data and associated procedures are encap-
sulated to form an object. An object is a useful computing entity existing at a higher level than procedures
or data structures.

Object-oriented computing has gained considerable interest in the last few years. This interest is being
fanned by the U. S. Department of Defense’s push of Ada, a common (partially) object-oriented language.

This tutorial should be of interest to that group of computer professionals who have heard the term
““object-oriented,”” know it is important, and want to obtain a more substantial understanding of the concept.
This group includes:

e software engineers,
Al professionals,
professors and students of programming language and computer architecture courses,
those who are building or proposing new computer languages or architectures.

@ @ @°

Most of the papers are at the level of the practicing computer engineer. Some papers, especially those
in Chapters I and II of Volume 1, are accessible to the computer-knowledgeable layman.

All aspects of object-oriented computing are considered, including object-oriented languages, object-
oriented design and development, examples of object-oriented programming, object-oriented databases, and
object-oriented computer architectures.

Volume 1 presents the basic concepts of object-oriented programming and describes several object-
oriented languages.

An overview of the fundamental ideas of object-oriented programming is given in Chapter 1.

Smalltalk is a language based entirely on the use of objects. Everything in the language, including integers,
is an object. A great deal of knowledge about object-oriented computing can be obtained by studying Smalltalk.
Chapter 2 is devoted exclusively to this language.

Other languages are supportive of the object philosophy. These languages include Ada, in which objects
can be created as packages; Modula-2, in which objects are created as modules; and some dialects of Lisp.
The manner in which the object-oriented philosophy can be incorporated in these languages is considered
in Chapters 3 and 4.

Volume 2 is devoted to the manner in which programs are implemented using object-oriented methods,
and the manner in which object-oriented languages are themselves implemented.

It has been found that many problems decompose naturally into objects and messages that pass between
them. Object-oriented development is the process of decomposing a problem into objects and messages and
maintaining these structures in the implementation. Object-oriented development techniques and examples
of their use are presented in Chapter 1.

Much insight into the nature of object-oriented programming can be obtained by studying examples
where it was successfully put to use. Several examples of object-oriented programming are considered in
Chapter 2.

The biggest problem with languages that fully support the object-oriented philosophy is efficient
implementation. On a dedicated processor costing in the neighborhood of $100K, Smalltalk runs satisfac-
torily. On less expensive machines, however, Smalltalk implementations have been too slow to be practical
for large programs. Chapter 3 contains many ideas about how to overcome this problem.

Several important concepts and issues that did not fit in other chapters are considered in Chapter 4.

Object-oriented computer architectures have also been studied and implemented in recent years. Chapter
5 describes principles, such as capability-based addressing, which have guided these implementations. Several
examples of object-based architectures are described in Chapter 6. These include the Intel iAPX 432 and
the IBM System/38.

Gerald E. Peterson
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Chapter 1: Introduction to Object-Oriented Computing

An object is a computer structure similar to a procedure or
a data structure. In fact, objects normally contain both data
and related procedures. Therefore, objects provide a coarser
level of granularity for program decomposition than is avail-
able by using data or procedures.

Using objects for decomposition is usually more natural
than using data or function. The idea of using objects has
come from many years of experience in attempting to find
a natural high-level structuring device. The key concept is
that a collection of data and the operations that are normally
performed on that data are very closely related and should
be treated as a single entity rather than as separate things.

For example, stacks, queues, file interfaces, sensor inter-
faces, numbers, character strings, robot interfaces, com-
pilers, and operating systems are naturally occurring
programming structures that can be considered to be objects.

Objects are often referred to as computer abstractions, To
understand the nature of an object better, it is helpful to con-
sider first the nature of an abstraction. To do so, consider
the purposes of some real world structures such as houses,
automobiles, or chests of drawers:

e Some are structured so that the commonly used things
(like water faucets) will be conveniently available, but
those not frequently needed (like plumbing pipes) are
hidden.

¢ They protect so that the rain and wind and other people
will not harm the things enclosed.

Computer structures are built for the same reasons.

Examples of computer structures that have these purposes
are variables, data structures, and procedures. These kinds
of structures are called abstractions. This means that the
structuring is done so that the most useful features are
abstracted (made conveniently available) while the features
that are not ofter needed or are conceptually unnecessary are
deliberately hidden.

The idea of abstraction is an extremely important one not
only in computer science but in all of life. Progress is made
by concentrating on the important and ignoring the rest.

Objects are natural abstractions that may exist at a higher
level than procedures or data. Most objects contain data and
procedures that are naturally associated together. However,
objects that consist of data alone or procedures alone are also
possible.

There are simple and complex objects. There are also hier-
archies of objects.

EH0257-6/87/0000/0001301.00 © 1987 IEEE

A tree together with the operations of adding an element,
deleting an element, locating an element, and outputting the
elements in preorder would constitute one example of an
object. This example would normally be abbreviated and
referred to simply as a tree.

An object simpler than a tree is a single integer together
with the operations of addition, subtraction, multiplication,
and division.

A more complex object is a dictionary organized as a
binary tree. The dictionary operations could be creare, look-
up, add, and delete.

There could be many trees in a single program, each with
the same capabilities. A description of the capabilities of an
object is called an object rype or class. Each tree object is
an instance of the tree class.

There can be literally hundreds of objects in large pro-
grams. For example, in a program that controls a missile,
some naturally occurring objects are the sensor interfaces,
the files and their interfaces, the interface to the data bus,
the direction cosine matrix and associated operations, and
the collection of standardized earth data.

The papers in this chapter were chosen to help the reader
obtain a basic understanding of object-oriented computing.

““Object-Oriented Software Systems,”” by David Rob-
son is an excellent introduction to the subject. It is some-
what specific to the Smalltalk system in its definitions, but
the major ideas of object-oriented computing are carefully
and clearly presented. This article should be accessible to
anyone who has picked up this tutorial, even for browsing.

The key ideas are as follows:

Traditional software development takes the point of view
that there are procedures and there are data structures, and
these are treated as independent entities. An object-oriented
system has a single type of entity, the object, that represents
both.

Unlike data, an object can act. It can determine what
to do when a message is received. The same message when
received by different objects can cause completely different
actions.

Many different objects are nearly identical in their capa-
bilities. These objects can be collectively defined by defin-
ing a class (i.e. a description of similar objects.)

In Smalltalk, even a class is an object. When a class
receives the message ‘‘new,”’ a new object with the capa-
bilities described in the class is created.




Classes are organized into a tree structure, with the par-
ent of each class called its superclass, When an instance of
a class Is created with the “‘new’” method, the ohject created
inherits from the superclass (and all ancestors of the super-
class) each of its methods unless there is a method of the
same name in the class.

The paper by B. J. MacLennan, “‘Values and Objects in
Programming Languages,”” presents a philosophical discus-
* gion pertaining to the difference between value and object,
Values are timeless abstractions: They do not exist in time
and therefore can be neither created nor destroyed. An exam-
ple is the number 2. 1t always exists. Objects, on the other
‘hand, exist in me and can be ¢reated and destroyed. An
" example is the representation of the number 2 in the storage
of a computer. Mathematics deals with values; computer
science with objects. This may be a fundamental distinction
between the two disciplines. This paper presents an extremely
interesting and very valuable point of view that helps to posi-
tien object-oriented computing in its proper relation with
other scientific disciplines.

Geoffrey A. Pascoe, in “Elements of Object-Oriented
Programming,”” describes the distinguishing features of lan-
guages that fully support the object-oriented philosophy.
- These features are informarion hiding, data abstraction,
dynamic binding, and inheritance. Ada and Modula-2 pos-
sess the first two of these features but lack the other two.
Smalltalk incorporates all four, Pascoe also discusses the
advantages and disadvantages of using an object-oriented lan-
~ guage. The primary advantage is that the inheritance mech-

anism of object-oriented languages allow code to be reused
in a convenient manner, and this can improve programmer
productivity. The primary disadvantage is the run-time cost
of using object-oriented languages. However, it is argued
that this run-time increase in cost is not very significant, and
there may even be a decrease in cost for large applications.
Pascoe’s paper leads to the question of whether or not one
should use the term object-oriented when considering lan-

- puages such as Ada and Modula-2 that do not fully support
the object-oriented philosophy. In this torial, Ada and

Modula-2 are considered to be object-oriented mainly

because there are structures in these languages (packages in

Ada, modules im Modula-2) that can be thought of as ohjects,
. even though they do not possess all the properties of objects
in Smallalk. These structures do allow some of the object-
oriented technology to be incorporated in Ada or Modufa-2
programs.

‘Tim Rentsch’s paper, *‘Object Oriented Programiming, ™

- comtaing the following remarkable forward-looking quota-
tion: “*Object-oriented programming will be in the 1980°s
what structured programming was in the 197(¢s, Everyons
will be in favor of it, Every manufacturer will promote his
- “products as supporting it. Every manager will pay lip serv-

ice to i, Every programmer will practice it (differently). And
no one will know just what it is.”’

This prediction is being fulfilled, except that we can and
should know what object-oriented programming is.

Rentsch presents a characterization of object-oriented sys-
tems similar to the other papers presented in this chapter,
and then he compares various obijeci-oriented systems
(Smalltalk, Sketchpad, Simula, Lisp frames, Alphard, Ada,
and CLUY that were avatlable in 1982, The language CLU
comes out as the most object-oriented next to Smalltalk.

In **Software-1Cs,”” by Lamar Ledbetter and Brad Cox,
obiect-oriented programming is compared to the building of
hardware by using integrated circuits (1Cs). Obiects in sofi-
ware correspond to ICs in hardware. These software ICs are
the key to creating truly reusable software. To achieve the
goal of reusability, languages must support the concept of
inheritance, and standards for software ICs must be devel-
oped. A market for software ICs that can be “plugged”” into
existing sofiware systems to provide added functionality is
beginning to emerge. Actual customer experience with
Olective-C have resulted in code bulk reductions of between
2.5-1 and 5-1. The coming widespread use of software ICs
should improve software productivity much as the use of
hardware ICs did in the hardware world.

Additional References

These are primarily books and collections that pertain to
object-oriented programming in general,

B.1. Cox, Object-Oriented Programming: An Evolutionary
Appraach, Addison-Wesley, Reading, Massachusetts, 1986,

Cox carcefully explains the reasons for object-oriented
programming. The basic concepts are explained along with
comparisons of various languages that support objects. Com-
mon classes such as Collection and Array are described. A
substantial exarmple is preseated in the latter part of the book.
Probably the best single reference for object-oriented
computing.

Byte, Volume 11, Number 8, August 1986.
Special issue on object-oriented programming.
Object-Oriented Programming Workshop, June 9-13, 19886, -

SIGPLAN Notices, ACM, Inc., New York, New York,
Volume 21, Number 10, October 1986,

Nineteen papers about object-oriented computing.

QOPSLA88: Conference on Object-Oriented Programming
Systems, Languages and Applications, SIGPLAN Notices,
ACM, Inc., New York, New York, Volume 21, Number
11, November 1986.




Fifty technical papers on topics related to object-oriented
computing.

B.J. MacLennan, “*Abstraction in the Intel iAPX-432 Pro-
totype Systems Implementation Language,”” SIGPLAN

Notices, ACM, Inc., New York, New York, Volume 18,
Number 12, December 1983, pages 86-95.

Describes a language that embodies some of MacLennan’s
ideas from his paper included here.

D.T. Ross, “*“Toward Foundations for the Understanding of

Type,”” SIGPLAN Notices, ACM, Inc., New York, New
York, Volume 11, 1976 Special Issue, pages 63-65.

An early reference to the compound word object-oriented,
perhaps the earliest. The term object was used much earlier.
Paper presented at the Conference on Data: Abstraction,
Definition and Structure, Salt Lake City, Utah, March 22-24,
1976.

K.J. Schmucker, Object-Oriented Programming for the
Macintosh, Hayden, Hasbrouck Heights, New Jersey, 1987.
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' ':M_a:*%y people who have no idea how a computer works
- find the idea of object-oriented systems guite natural, In

~contrast, many people who have experience with com-
“puters initially think there is something strange about
“-object-oriented systems. (I dont mean to imply - that
- computer-naive users can create complex systems in an
‘object-oriented environment -more easily than experi-

" enced programimers can. Creating complex systems in-

_ volves many techniques more familiar to the programmer
--than the novice, regardless of whether or not an object-

- -oriented environmerit is ‘used. But the basic idea about

how to create :a software system in an object-oriented

- fashion comes more naturally to those without a
" preconception about the nature of software systems.) I

" hdd had some programming experience when I first en-.

. -countered an object-oriented systemn and the idea cer-
" tainly seemed strange to me. ] am assuming that most of

“you also have some experience with software systems and

o - their creation. So instead of introducing the object-

oriented point.of vew as if it were completely natural, 1T

_ Ly to explain what makes it seem strange compared to
C the point of view found i other programming systems,

~ Software Systems
A software system is a tool for manipulating informa-

" Bugust 1981°© BYTE Publications Tric .

tion. For the purposes of this article; I'ni using a very

broad definition of information,

CInformation: A -representaﬁbﬁ of description of -
-something.

There are many types of information that describe dif- :_

ferent things in different. ways. One of the great insights .
| in computer science was the fact that information can. .

(among other thirigs) describe the manipulation of mfor—"_

_mation. This type of information is called software.

- Software: Iﬁfo‘%‘rﬁ;’zfioﬁ"descr‘fﬁiﬂg.@?he mdﬁi;mla-
tion of information.
' Software has the interesting recursive property of
describing how to manipulate things like-itself. Software

is used to describe a particular type of information-

manipulation tool called a software sysz‘em

Software systemi An mfohmetabﬂ-%hamp'uiaimn' :
fool in which the manzpuiatwn is described by

software.

“ A distinction is -made in information-manipulation
tools between hardware systerns and soffware systems, A

- hardware system is a physical device like a typewriter,

pen, copier, or television set. The type of manipulation
performed by a hardware systern is built-in and can only

‘be changed by physical modification. The type of
manipulation performed by a software system isnot built -~
© in--it is determined hy mformatwn which can be

manipulated,

The virtue of software systems is that the mechanism
developed for manipulating information can be used to
manipulate the mechanism itself. Software systems that

- actually manipulate other software systems are called

programming environments.

- Programming environment: A software system -

~ that manipulates software systems. An environ-
ment for the design, production, and use of soft

Cware systems.




" Thus, a programming environment is also recursive: it
is what it manipulates. The fact that software systems can
be manipulated is both good news and bad news. Since a
text editor is a software system, it is not “cast in concrete”

‘and you can change it to conform to your style of
“interactissg with text more closely than it does now {using

a programming environment). However, you also may
reduce it to the proverbial “pile of bits” {not a text editor
at all).

- Data/Procedure-Oriented Software

The traditional view of software systems is that they
are compased of a collection of data that represents some

- information and a set of procedures that manipulates the

data.

Data: The information manipulated by software.

Procedure: A unit of soffware,

Thing.s happen in the system by invoking a procedure

“and giving it some data to manipulate,

. As an example of 2 software system, consider a system
For managing windows that occupy rectangular areas on
‘a display screen. The windows contain text and have
titles. They can be moved around the screen, sometimes
overlapping each other, {The details of this system are
-not important, Its main purpose is to point out the dif-

 ferences between the structure of a data/procedure

‘system and an object-oriented system.)
A window-management systemn implemented as a

“data/procedure system would include data representing

the location, size, text contents, and title of each window

 on the screern. It would alse include procedures that move
a window, create a window, tell whether a window

overlaps another window, replace the text or title of a
window, and perform other manipulations of windows
on a display. To move a window, a programmer would

. call the procedure that moves windows and pass to it the
- data representing the window and its new location.

A problem with the data/procedure point of view is
that data and procedures are treated as if they were in-
dependent when, in fact, they are not. All procedures
make assumptions about the form of the data they
manipulate, The procedure to move 2 window should be
presented with data representing a window to be moved

‘and its new location, If the procedure were presented

with data representing the text contents of a window, the
systern would behave strangely.

In a properly functioning system, the appropriate
choice of procedure and data is always made. However,
in an improperly functioning systemn (eg: one in the pro-

tess of being developed or encountering an untested

situation), the data being manipulated by a procedure

August 1981 © BYTE Publications Inc

may be of an entirely different form from that expected,
Even in a properly functioning system, the choice of the
appropriate procedure and data must always be made by
the programmer.

These two problems have been addressed in the context
of the data/procedure point of view by adding several
features to programming systems. Data typing has been
added to languages to let the programmer know that the
appropriate choice of data has been made for a particular
procedure, In a typed system, the programmer is notified
when a procedure call is written using the wrong type of
data. Variant records allow the system to choose the
appropriate procedure and data in some situations.

Object-Oriented Software

Instead of two tvpes of entity that represent informia-
tion and its manipulation independently, an object-
orientad system has a single type of entity, the object,
that represents both, Like pieces of data, objects can be
manipulated. However, like procedures, objects describe
manipulation as well, Information is manipulated by
sending a message to the object representing the informa-
tion,

Object: A package of information and descrip-
tions of its manipulation.

Message: A specification of one of an abject’s
manipulations.

When an object receives a message, it determines how
to manipulate itself. The object to be manipulated is
called the recefver of the message. A message includes a
symbolic name that describes the type of manipulation
desired. This name is called the message selector. The
crucial feature of messages is that the selector is only a
name for the desired manipulation; it describes what the
programmer wants to happen, not Aow it should happen.
The message receiver contains the description of how the
actual manipulation should be performed. The program-
mer of an object-oriented system sends a message to in-
voke a manipulation, instead of calling a procedure. A
mriessage names the manipulation; a procedure describes
the details of the manipulation,

Of course, procedures have names as well, and their
names are used in procedure calls. However, there s only
one procedure for a name, so a procedure name sperifies
the exact procedure to be called and exactly what should
happen. A message, however, may be interpreted in dif-
ferent ways by different receivers, So, a message does not
determine exactly what will happen; the receiver of the
message does.

it the earlier example of the window-management
systern were implemented as an object-oriented system, it




'_-'-:_woum contam a set of objects . representing wmdnws

: Each object would describe a window on the screen, Each'
" object would also describe the manipulations of the win-
- dow it represents—for example, how to move it, how to

- determine whether it overlaps another window, or how

“to-display it. Each of these manipulations would corre-

. spond to a selectér of a message. The sélectors could in-

- clude move; overlap, display, delete, width, or height. {In

~ “this article, an alternate typeface is used for words that
" refer to specific elements in example systems.)

. In-addition to a selector, a message may contain other

' ﬂbjecis that take part in the manipulation, These are
- «alled the message arguments. For example, to move 2

window, the programmer might send the object repre-
-genting the window a message with the selector move,

- “Thé message would also contain an argument represent-

ing the new location. Since this is an object-oriented
system, the selector and argument are objects: the selec-
" tor representing a symbolic name and the argument
©representing a location or point.
" The description of a single type of manipulation of an
-'_ob]ects information (the response to.a single type of
U message) is a procedure-like entity called 2 method., A
-~ method, like a procedure, is the description of a sequence

. of actions to be performed by a processor. However,
"~ unlike a procedure, a method cannot directly call another

method. Instead, it must send a message. The important
thing is that methods cannot be separated from objects.
"When a message is sent, the receiver determines the
- method tor execute on the basis of the message selector, A
different kind of window could be added to the system

. with a differenit representation arid different methods to

respond to the messages move, overlap, dispiay, delete,
~width, afid height. Places where messages are sent to
- windows do not have to be changed in order to refer to
*the new kind of window; whichever window receives the

mriessage will use the method appropriate to its represen-

. tahon

" Objects look différent from the outside than they do
from the inside. By the outside of an object, I mean what
-it looks like to other objects with which it interacts (eg:
_what rectangles look like to other rectangles or to win-
dows). From the outside, you can only ask an object to
~do something (send it a message). By the inside of an ob-

= ject, T.mean what it looks like to the programmer im-
" plementing its behavior. From the inside, you can tell an -

_ object how to do something (in a method). For example,

- a window can respond to messages having the selectors

move, overlap, -display, delete, width, or height,
-However, nothing is known outside the window about
" how it responds to these messages. (It is known that a

‘window will move when asked to, but it is not known
how it accomplishes the move.)

* The set of messages an object can respond to is called
its protocol, The external view of an object is nothing -

‘miore than its protocol; the internal view of an object is

something like a data/procedure system. An object has'a
set of variables that refers to other objects. These are
called its private variables, It also has a set of methods
that describes what to do when a message is received, The -

values of the private variables play the role of data and -~ .

the methods play the role of procedures. This distinction
between data and procedures is strictly localized to the
inside of the object. _

Methods, like other pmcedures must know about the

form of the data they directly manipulate; Part of the
data a method can manipulate are the values of its . -

object’s private variables, For example, we might imagine

“three ways that a window represents its location and size -

(internally). The private variables mlgiﬂt contain:

®four numibers represen{:mg ‘the x ‘and y location of the :
center, the width, and the height

- #two points representing opposite corners of the window

®a sirigle reéctangle whose locatmn and size are the same -

a5 the window's

The ‘method that moves a wm{imw {the response to
messages with the selector move) assumes that a par-

ticular representation is used. If the representation were - o
changed, -the method would also have to be changed. = -7

Only ‘the methods in the object ‘whose repregentation -

changed need be changed. All other methods mmst -

‘manipulate the window by sending it messages.

A message must be sent to an -object to find out

anything. about it (ie: .our concept of manipulation in-
cludes inquiiring about information, as well as changing -
information). This is needed because we don't want the

form of an oh]ects inside known outside of it. The

response to a message may return a value. For example, 2

window’s response to the message width returns an object -

that represents its width-oni the display {a number). The -
method for determining what to returri depends or.the
form of the window's private variables. If they are
represented cas the first alternative listed above (four
numbers), the response would simply return the value of -

the appropriate private variable, If the second alternative . .

is used (two points), the method would have to determing
the width from the x .coordinates of the two corners, If
the third alternative is used (one rectangle),
message would simply be passed on to the rectangle and
the rectangle’s response - would bemme the window's
response.

Classes and instances

- Most oblect-oriented systeins make a dlShI‘lCi‘lOn be-

tween the description of an -object and the object itself. =
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Many similar objects can be described by the same
general description. The description of an object is called
a class since the class can describe a whole set of related
" objects. Each object described by a class is called an in-
stance of that class,

Class: A description of one or more similar
objects.

Instance: An object described by a particular
class,

Every object is an instance of a class. The class
-describes all the similarities of its instances. Each instance
contains the information that distinguishes it from the
other instances. This information is a subset of its private
variables called instance variables. All instances of a class
have the same number of instance variables. The values
.of the instance variables are different from instance to in-
stance, An object’s software (le: the methods that
describe its response to messages) is found in its class. All
“instances of a class use the same method to respond to a
“particular type of message {ie: a message with a particular
selector). The difference in response by two different in-
stances is a result of their different instance variables. The
- methods in a class use a set of names to refer to the set of
- instance variables. When a message is sent, those names
in the invoked method refer to the instance variables of
- the message receiver. Some of an object's private
" variables are shared by all other instances of its class.
These variables are called class variables and are part of
the class.
 The programmer developing a new system creates the
classes that deseribe the objects that make up the system.
‘'The programmer of the window-management system
would create a class that contained methods correspond-
. ing to the message selectors move, display, delete, width,
and height. This class would also include the names of
the instance variables referred to in those methods. These
names might be frame, text, and title, where:

frame is a rectangle defining the area on the
sCTeen,
-+ text is the string of characters displayed in the
- window, and
title is the string of characters representing the
window's name

‘The  classes representing rectangles and strings of
characters are included in most systems, so they dont
need to be defined.

In a system that is uniformly object-oriented, a class is
an object itself. A class serves several purposes, In a run-
ning system, it provides the description of how objects
behave in response to messages., The processor running

~an object-oriented systemn looks at the receiver’s class
when a message is sent {0 determine the appropriate
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method to execute. For this use of classes, it is not
necessary that they be represented as objects since the
processor does not interact with them through messages
{preventing a nasty recursion). In a system under
development, a class provides an interface for the pro-
grammer to interact with the definition of objects. For

this use of classes, it is extremely useful for them to be ob-

jects, so they can be manipulated in the same way as all
other descriptions. Classes also are the source of new ob-
jects in a running system, Here again, it is useful for the
class to be an object, so object creation can be
accomplished with a simple message. For example, the

‘message Nevw might be sent to a class to create a new in-

stance.

Inheritance

Another mechanism used for imphicit sharing in object-

oriented systems is called inheritance. One object inherits
the attributes of another object, changing any attributes
that distinguish the two. Some object-oriented systems
provide for inheritance between all objects, but most pro-
vide it only between classes. A class may be modified to
create another class. In such a relationship, the first class
is called the superclass and the second is called the
subclass, A subclass inherits everything about its
superclass, The following modifications can bemade to a
subclass:

oadding instance variables

sproviding new methods for some of the messages
understood by the superclass

sproviding methods for new messages (messages not
understood by the superclass)

s adding class variables

As an example, the window-management systern might
contain windows that have a minimum size, These would
be instances of a subclass of the ordinary class of win-
dows that added an instance variable to represent the
minimum size and provided a new method for the
message that changes a window's size,

Conclusion

The realization that information can describe the
manipulation of information is largely responsible for the
great utility of computers today. However, that
discovery is also partially responsible for the failure of
computers te reach the utility of some predictions made
in earlier times. On the one hand, it can be seen as a
unification between the manipulator and the
manipulated. However, in practice, it has been seen as a
distinction between software and the information it
manipulates. For small systems, this distinction is
harmiess, But for large systems, the distinction becomes a
major source of complexity. The object-oriented point of
view is a way to reduce the complexity of large systems
without placing additional overhead on the construction
of small systems. B
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1. INTRODUCTION
The ferms value-oriented and objechoriented are used to -describe both programwmiing languages and
" programming styles. This paper attempts to elucidate the differences between values and objects and
'~ argues that their proper discrimination can be a valuable aid to conguering program complexity. The
“first settion shows that values amount to timeless abstractions for which the concepts of updating, shar-
‘ing and instantiation have no meaning. The second section shows that objests exist in time and, hence,
“can be created. destroyed, copled, shared and updated. The third section argues that proper discrimina-
“tion of these concepts in programming languages will clarify problems such as the role of state in func~

tional programming. The paper concludes by discussing the use of the value /object distinction as & tool
for program organizaticn.

T OVALUES

Values are applicative:” The term value-orwented 1 mosc olten used wn conjunction with applicative pro-

“gramming. That is, with programming with pure expressions and without the use of assignment or ..

" other émperative facilities. Another way to put this is that value-oriented programiming is programming -
in the absence of side-effects. This stvle of programming is important because it has many of the
advantages of simple algebraic expressions, véz. that an expression can be understood by understanding
ite constituents, that the meaning of the subexpressions is independent of their context, and that there
are simple interfaces between the parts of the expression that are obvious from “the -syntax of the
expression. That is, cach part of an.expression invelving values is independent of all the others. One

reason for this is that values are read-onfy, 1.e., it is not possible to update their components, Since o

they are unchangeable, it is always safe te share values for efficiency. That is, they exhibit referential
iransparenicy: there is never any danger of one expression altering something which is used by another
expression. Any sharing that takes place is hidden from the programmer and is dome by the system for
more efficient storage utilization. Avoiding updating eliminates dangling reference - problems and
sim plifies deallocation |3].

What are values? We have discussed a number of properties of values. What exactly are they? The -
best examples of values are mathematical entities, such as integer, real and complex numbers, hence . -
we can understand values better by understanding these better. :

One characteristic of mathematical entities is that*they are alesporal, in the literal sense of béing -
tmeless. To put it another way, the concepl of time or duration does not apply to fathematical enti-
ties any more than the concept color applies to them; they are neither created nor destroved. When we
write 23 there is no implication that & has just come into existence and that 2 and 3 have been con-
sumed. What is it about numbers thal give them this property?

_ Values are abstractions. The fundamental Tact that gives mathematical entities and othér values their
properties is that they are abstractions. {universals or concepts}. Although a full exphcation of
mathematical entities is beyond the scope of this paper it should be fairly clear that the number 2 is an
abstraction that subsumes all particular pairs. This universal nature of abstractions makes them atem-
poral, or timeless. The number 2 can neither be created nor destroyed because its existence is not tied
1o the creation or destruction of particular pairs. Indeed. the concept of existence, in its usual sense, is-
notl applicable to the number 2. It is the same with all values, ‘because all values correspond lo abstrac-
tions: they can neither be created nor destreyed.

The work reported herein was supported by the Foundation Résvarch Prograin of the Naval Posigraduate Sehoo! with Tunds
provided by the Chief of Maval Research. This paper is a rondensaiion and revision of [6], to which the reader is referred
~ for further information.

- Reprinted with gcrrﬁission fram SIGELAN Notices, Volume 17, Nurmber 12,
" December 1982, pages 70-79. Copyright © 1982 by B.2. MacLennan. 9




It is also the case that abstractions, and hence values, are immutlable. Although values can be
operated on, in the sense of relating values to other values, they cannot be altered. That is, 241 = 3
states a relation among values; it does not alter thertn. When in a programming language we assign 7
the value 2, # := 2, and later add one to z, z := z+1, haven't we changed a number, which is & value?
No, we haven’t; the number 2 has remained the same. What we have changed is the number that the
name ‘z’ denotes. We can give names to values and we can change the names that we give to values,
~ but this doesn’t change the values. The naming of values and the changing of names is discussed in a
later section.

Values cannot be counted. A corollary of the above is that there is not such a thing as ““copies” of a
value. This should be clear frem mathematics: it is not meaningful to speak of this 2 or that 2; there is
just 2. That is, the number 2 is uniquely determined by its value. This is because an abstraction is
uniquely determined by the things which it subsumes, hence, anything which subsumes all possible
pairs is the abstraction 2. Therefore, the concept ‘number’ is not even applicable to abstractions; it
makes no sense to ask how many 2’s there are. In a programming language, it is pointless to make
another copy of a value; there is no such thing. There is also no reason to make such a copy since
values are immutable. (It is, of course, possible to make copies of a representation of a value; this is
- discussed later.)

It is also meaningless to talk abont the sharing of valies. Since values are immutable, cannot be
counted. and cannot be copled. it is irrelevant whether different program segments share the same
value or different “‘copies’’ of the value. Of course. there might be implementation differences. If a
leng string value 15 assigned to a variable it will make 2 big difference whether a fresh copy must be
made or whether a pointer to the ariginal copy can be stored, While this is an important implementa-

-Hon concern, it is rrelevant to the semantics of values.

Values are used to medel ahstractions. We have discussed a number of the characteristics of values
but have not discussed whether values should be included in programming languages, or, if they are,
what they should be used for. The answer to this question les in the relation we have shown between
values and abstractions: values are the programming language equivalent of abstractions. Thus, values
~will be most effective when they are used to model abstractions in the problem to be solved. This is in
fact their usual use, since integer and real data values are used to model quantities represented by
integer and real numbers. Similarly. the abstraction ‘coler’ might be modeled by values of a Pascal or
Ada enumeration type, {RED. BLUE, GREEN}., On the other hand, it is not common to treat com-
pound date values, such as complex numbers or sequences, as values. If done, this would eliminate
one source of errors, namely. updating a data structure that is unknowingly shared 13, Value-oriented
languages, such as the languages for data-flow machines and functional programming, have only values.
Is there any need for objects at all? This is answered in the following seciions.

3. OBJECTS

Computing can be viewed as simuletion. It has been said that computing can be viewed as simulation
[4]. This is certainly obvious in the case of programs that explicitly simulate or model some physical
sitnation. The metaphor can be extended to many other situations. Consider an emplovee data base-
each record in the data base corresponds to an employee. The data base can be said 1o be a simulation,
cor model, of some aspects of the corporation. Similarly, the data structures in an operating system
often reflect the status of some objects in the real world. For instance, they might reflect the fact that a
‘tape drive is rewinding or in a parity-error status. The data structures can also reflect logical situations,
such as the fact that a tape drive is assigned to a particular job in the system.

A data structure % needed for cach entity. Simulation iz simplified if there is a data structure
corresponding to each entity to be simulated, since this factors and encapsulates related information.
This is exactly the approach that has been taker in object-oriented programming languages, such as
Smalltalk {4,7;. The usual way to structure a program in such a language is to ¢reate an object for each
entity in the system being modeled. These entities might be realworld objects or objects that are only
real to the application, such as figures on a display screen. The messages these objects respond to are
just the relevant manipulations that can be performed on the corresponding real entities. Given this
relationship between programming language objects and real world objects. we will try to clarify the
notion of an object.




What is an object? In our programming environment we have whjects and in the real world we have
objects. Just what is an object” Wher we attempt to answer this guestion we immediately find our-

" selves irimersed in age-old philosophical problems. In particular, what makes one object different from

- another? One philosophical answer to this question is to say that while the two objects have the same
" form, they have different substance. To put this is more concrete terms, we could say that the iwo
objects are alike in every way except that they occupy different regions of space.

. -+ We find exactly the same situation arising - in programming languages.  We might have two array
“viriables thal contain exactly the same values, yet they are two . different variables. What makes them

different? They occupy different locations. So by analogy, the form of the array variable is the order .-

and value of its elements while its substance is the region of memory it occupies.

Objects can be instantiated. There is also a less philosophical way in which we diéi.inguish' real world
objects: we give them proper names. We find an exactly analogous situation in programming languages.
Programming objects, such as the array variables already: mentioned, generally have a unigue name:
" the. reference to the object. This is generslly closely related to the region of storage the object occupies.
Phis is notb necessary, however, as we can see by considering a file system. Tt is easy to see that files
are ohjects: it is guite mormal to have two different files with the same contents. (O course, H the files
Tare to be distinguished. then they must have distinel names For cur purposes. we will not be too con-
“eerned about what indwiduating element is used 10 distingiish objects: whether it is seme form of
" wnique identification (such as a capability), or whether 1t 1s ymplicit in the region of storage occupied;
“we will assume that each object is different from every other obijeet even if they contain. the same data
values. In general, we can say that the uniqueness of an object is determined by its external relations
and is independent of its infernal relations and properiies. Fhis is opposed to a value, which is com-
pletely determined by its internal relations and properties (e.g., a set is completely determined by its
elements). Thus there might be any number of instances of otherwise identical objects. This leads to &
number of further consequences.

Objecti can be changed. We have said that the identity of an object is independent of any of its
internal properties or attributes. For instance, even if all of the - elements of -an -array variable are
‘changed, it is still the same variable {because it occupies the same region of storage). -This is of course
‘like real world objects, for they too can change and retain théir identity. Values, on the other hand can.
“never change. For instance, if we add 5 to 124, we don’v change 127, we compute a-different value,
- 6+2:. This changeability, this fact that an object might have one set of properties at ope time and a
 different set at another time, is a distinctive feature of objects {and of programs}.

Objects have state. This changeability of objects leads to the idea of the state of an object: the sum
‘yotal of the internal properties and attributes of an object at a given point in time.- Thus, we can say
that the state of an-object can be-changed in time. State is-of course a central idea in computer scilence,
s0 it is not surprising to find that objects are at the heart of computer science. Since the state of an
‘ohject can change in time, it is certainly the case that objects exist ‘in time,”’ Lel, they are not atem-
“poral like values. '

. Objects ean be created and destroyed. . The fact that objects are 1ot atemporal leads to the conclusion : '

‘that they can be both created and destroyed. This is familiar in programming languages where, for
instance, a variable might be created every time a certain block is entered and destroyved every time it is
exited. - Msany languages also provide explicit means for creating and destroying ohjects {e.g., Pascal’s

“new’ and ‘dispose’). Since values are atemporal, it is meaningless to speak of their being either
created or destroyed.

Obgects can be shared. Since there ¢an be any number of instances of otherwise identical objects and
since objects can change their properties in time, it is a crucial question whether an object is shared or
not. This is hecause a change made to the object by one sharer will be visible to the other sharer.
Such side-effects are common in programming and are often used by programmers as a way of com-
‘municating. People also frequently use shared objects as means of communication. For instance, two
" persons might communicate by altering the state of a blackboard. '




~Recall that in our discussion of values we found that the issue of sharing didn’t apply. Whether &
particular implementation chooses to share copies of values or not is irrelevant to the semantics of the
‘program; it is strictly an issue of efficiency. Sharing is a crucial issue where ohjects are concerned.

Computer soience as objectified mathermatics. We can see now an important difflerence between the
~domain of mathematics and the domain of computer science. Mathematics deals with things such as
numbers, functions, vectors, groups, ete. These are all abstractions, Le., values. It has been said that
the theorems of mathematics are timeless, and this is literally true. Since mathematics deals with the
relations among values and since values are atemporal, the resulting relations {which are themselves
abstractions and values) are atemporal. Conversely, much of computer science deals with objects and
with the way they change in time. State is a central idea. It might nol be unreasonable to call coms
puter science objectified mathematics, or object-oriented mathe matics.

It has frequently been observed that the advantage of applicative programming is that it is more
_miathermnatical and eliminates the idea of state from programming. We can see that this means that
applicative programming deals only with values (indeed, several languages for apphcative programming
are called “value-oriented” languages). Really, applicative programming is just mathematics.

These ideas can be summarized in two observations:

¢ FProgramming is object-oriented mathematics.

= Mathematics is value-oriented programming.

These two principles show the unity between the two fields and isolate their differences.

4. VALUES AND OBIECTS IN PROGCRAMMING LANGCUAGES

Most longuages confuse them. Both values and objects are accommodated in most progmmmmg
languages, although usually in a very asymmetric and ad hoe way. For example, a language such as
FORTRAN supports values of several types, including integers, reals, complex numbers and ogzcal
values. These are all treated as mathematical values: for example, it is not possible to “‘update’ the
real part of a complex number separately from the imaginary part. Of course, it is possible (o store all
of these values in variables, but that is a different issue, as we will see later. (}n the other hand, FOR-_
TRAN provides objects in the form of updatable, sharabie arrays. This pattern has beer followed with:
few variations in meost other languages. All of these languages unnecessarily tie the value or obje{:t'
nature of a thing to its type, usually by treating the atomic data types as values and the compound dat,a,
‘types as objects. We will argue below. that this confusion complicates programming.

Programming: languages are most often deficient in their treatment of compound values; in particu~
lar, they rarely provide recursive data types as Hoare deascribed them 3. They tend to confuse the log-
1cal issue of whether a thing should be an object {i.c., it is shared, updatable, destroyable, ete.) with the:
implementation issue of whether it should be shared for efficiency. We will see how this can be solved:
later, ;

Muthemautics deals poorly with objects. We have said that mathematics is value- oriented; that is, it
deals with timeless relations and operations on abstractions. Concepts that are central to ohjects (and:
computer science), such as state, updating and sharing, are alien to mathematics. This 15 not to say that:
1t is impossible to deal with objects in mathematics; it is done every day, only indirectly. For instance,
it is common to deal in physics with systems that change in time; they are represented mathematicaliy’
by functions of an independent variable representing time. The relationships between objects can be;
represented as differential equations {or difference equations if state changes are quantized). Similarly,
mathematics can distinguish instances of an object by altaching a unique name (generally a natural
number) to each instance of a value. These techniques work but are awkward. A more fully developed:
attemnpt to apply the concepts of mathematics to the description of objects can be seen in denotational’
semantics. Here the state 1s explicitly passed from [lunction to Funcijon to represent its alleration in
time.

ot

Fen theory deals poorly with values. In our fen theory 5 we aitempted o deal with ohijects more
directly by developing an axiomatic theory of objects. This was done in two ways: (1) we discarded the
axiom of set theory that forces two sets with the same values to be identical. This permitted multiple




" instances of the same set. (2) ‘An axiom was inseried that required there to be at east a countable
infinity of instances of each set. The result was an object-oriented theory of sets and relations. This
worked well for describing many of the properties of objects and for defining the semantics of those
programming language constructs thal are object- ~oriented.. L‘nformnately, it suffered from the dual
“problérn of mathematics: it was awkward to deal with values. What is 27 Is-it the name of some dis-
tingnished object that we have chosen to represent 2 or does it denote any object with a certain struc-

* ture? There are related problems with operations on values. For instance, which 5 does 2+3 return?

" These are all problems of attempting to deal with values in an object-oriented system. Values are
inherently ertensional while fen theory is inherently intensional (see 2], p. 109}, The solution adopted

in fen theory was to treat values as equivalence classes of objects in the supporting logic. This was pos-

* . sible because that logic was extensional (i.e., value-oriented).

Computers use objects 10 represent values. These are exactly the issues that must be faced in dealing
‘with values on a computer. Abstractions are not physical objects {except so far as they exist in our
'brams), so to deal with them they must be represented or encoded into objects, We do this when we
“represent the number 2 by the numeral ‘2’ or the word ‘two’ on a piece of paper. Onee a value has
" ‘been r{ﬁpresented as an object it acquires some of the attributes of objects. Clearly, whenever a valae is
- to be manipulated in.a computer it must be represented as the state of some physical object. Typically,
{here will be many such represeniing objects in a computer al a time.. For instance, 2 can be
represented by a bil pattern in a register and in several memory locations. Thereflore, c‘vmwhmg
a compnuter is an object; there are no values in computers. This does not imply, however, that va,lue&a
- should be discarded from programming languages.

Prograrmers need values. Most conventional languages have both values and objecls, although a
purely objeci-oriented programming language could be designed. This could be done by storing every-
thing in- memory and then only dealing with the addresses of these things. It would be like having 2
pointer to every object. It would then be necessary for the programmer to keep frack of the different
instances of what were intuitively the same value so that he wouldn't accidently update a shared value
_or miss considering as equal twe instances of the same value. Some languages actually come close to
this, such as Smalltalk. Unless such a language were carefully designed, it would be almost impossible
to deal with values such as numbers in the usual way.

 Programmers need objects. Conversely, programmers need objects in their programm'ing" {anguages. .
There have, for sure, been completely value-oriented programming languages. These inclade the FP
and FFP systems of Rackus 11, It is interesting to note, however, that Backus went on to define the
AST system. which inciudes the notion of state - (and implicitly, of objects). - Applicative languages were
originally developed in reaction to what was surely an overuse of objects and imperative features in pro-
gramming. Yet, it seems clear that we cannot eliminate them from programming without detrimental

" effect. For example, it is not uncommon to see applicative programs pass large data structures, which
- represent the state of the computation, frem one function to the next. The result in sich a case is not
greater clarity, but less. We should not be surprised to have to deal with objects in Programming; as we
" argued before, this is a natural outgrowth of the fact that we are frequently modeling real world objects.
A better solution than banning objects is to determine their proper application and discipline their use.

We should use appropriate modeling tools. This suggests that programmers should be clear about what
they are trying to model and then use the appropriate constructs. If they are modeling an abstraction,
such a5 a number, then they sheuld use values; if they are modeling an entity or thing that exists in

time, then they should use an object. This implies that languages should support both values and
objects and the means to use them in these ways. To put it another way, we must develop an appropri-
~ate diseipline for using values and objects and linguistic means for supporting that discipline.

Narnes should be fited. How can we arrive at such a discipline? How can"we tame the state? One - '
of the motivations for value-orienied programming is the incredible complexity that can result from a
state composed of hundreds or thousands of individual variables, all capable of being changed (the Von
Neumann bottleneck}. We can see a possible solution to this problem by looking at natural languages.
_“Generally, 2 word has a fixed meaning within a given context. This holds whether the word 1s a com-
mon noul or a proper name. We do not use a word to refer to one abstraction one méoment and
another the next, or to refer 1o one object one moment and another the next. Yet this is exactly what




we do with variables in programming languages. To the extent that we need temporary identifiers,
natural languages provide pronouns. These are automatically bound and have a very limited scope
(generally a sentence or two).

Can these ideas be applied to programming languages? It would seem so; let’s consider the conse-
quences. Suppose that names in programming languages were always bound to a fixed value or object
within a context; effectively all names would be constants. Similarly, whenever an object was created it
could be given a name that would refer to that object until it was destroyed. There would be no ““vari-
ables’’ that can be rebound from moment to moment by an assignment statement. Variables in the
usual sense would only be allowed as compcnents of the state of an object and the only allowable
assignments would be to these components.

Would it be possible to program in such a language, or would it be too inconvenient? Without actu-
ally designing it is difficult to tell. We can only point to the fact that a considerable amount of good
mathematics has been done without the aid of variables, not to mention a considerable amount dealing
with real world objects. Such a language could provide, as does mathematics, mechanisms for declaring
constants of very local scope. Some languages do provide these mechanisms already (e.g., ‘let
t=(a+b)/2in .0, or ‘sin(t)+cos(t) where t = _.."). As suggested by natural languages, it might be
possible to provide some sort of pronoun facility. Hence. what we are describing is a programming
language that 1s variable-free. but does not do away with objects. values. or names.

5. CONCLUSIONS

In this paper we have distinguished the two concepts ‘value’ and ‘object’. We have shown that
values are abstractions, and hence atemporal, unchangeable and non-instantiated. We have shown that
objects correspond to real world entities, and hence exist in time, are changeable, have state, are instan-
tiated, and can be created, destroyed, and shared. These concepts are implicit in most programming
languages, but are not well delimited.

We claim that programs can be made more manageable by recognizing explicitly the value/object
distinction. This can be done by incorporating facilities for handling values and objects in programming
languages.
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BY GEOFFREY A. PASCOE

 What features must a laﬁguagéhave'-
 to be considered an object-oriented language?

" 'THERE ARE AS many different views -

of what obiectoriented programming
is as there are computer scientists and
- programmers. Because the term was
- first used to-describe the Smalltaik

- programming environment developed
~Tat Xerox PARC (see references 1-3),

- this article will present object-oriented

' programming concepts, terminology,.

- and characteristics from that pérspec-

“tive. [ wili stress the differerices be-
- tween . an object-oriented program-
" ming style and the more cofvertional

i procedure-oriented style. 1 hope to

~show that & language must have four

© - glements to support object-criented

programming:  information  hiding,
. “'data abstraction, dynamic binding,
- and inheritance. {Some languages that -

~have one or two of these elements

- have been impropetly called object-
orented) 7 will follow this with a

. discussion of the advantages and dis-

advantages -of object-oriented pro-
“gramming languages.

- DATA PROCEDURES V8.

L OBJECT MESSAGES

Most programming languages sup-

-7 “port the “data-procedure” paradigm. -

Active procedures act on the passive
-data that is passed to them, A typical

example might be a square root func-

tion, sqrt(x), that takes a number and
returns its sguare root, o

In & strongly typed language such
as Pascal, it would be typical to have

~a different version of -sart() for each

data type of x, usually returnihg a
floating-point Testlt. - A late-binding

‘language such as LISP detects x's data

type af run time and performs the ap-

" propriate operations for that . data

type, Such generic operations are

generally primitives restricted to a

small class of data types such as

numbers, or they are functions de- -

finec in terms of such primitives.-

Object-oriented languages emgloy -

a data or objectcentered approach 1o
programming. Instead of passing data
1o procedures, you ask obiects (data)
to perform operations on themselves,

To emphasize this difference T will use

an obiect-oriented expression syntax

of my own invention. The object name
-is followed by :operation, followed by -

any - further arguments, -and ter-
minated by a period (in some ways

the syntax is similar to that of Small-

13

..té]k—&d, though simpler]. For éxample,

an expression 1o take the square root -

~of x will look like this:
X st .
The impiicaiian'_is' that'x is asked to -~
perform the st operation on itself,

You -say that ¥ i the receiver of the

wiessage sart.

- A more complicated example would

“be the dorproduct operation, The
“dotproduct of two one-dimensional
wvectors, X and y. is computed, produc
~ing & scalar result;

X :dot v,

Here, x is told to perform a dot-
product operation with itself and the

argument y. You could take the

sguare root’ of the dot product of X
and .y and assign the result to the

“variable z in the following manner

z + (% :dot y}':sq-r%'. -

Gepffr&y A’ Pascoe i 1027 Scituate Harbor
Pasadena, MD 21122) is a researcher i the
Department of Defense's Computing Systerms

" Research Division and <omoderator of the

Smalltalf conferénte ow BIX.
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using parentheses to indicate the
order of evaluation, although the
parentheses are really not needed
here, assuming left-to-right evaluation.

SOME TERMINOLOGY
The basic terminclogy of object
oriented programming is iHlustrated in
the text box "Data Structures” on
page 142, The object that [ have been
referring to (ie. x, in the sqrt exam-
" pie) is an instance of a cdass. The class
provides all the information necessary
te construct and use objects of a par-
ticular kind, its instances. (For this
reason, a class is sometimes called a
factory.} Each instance has one class:
_a class may have multiple instances.

The class also provides storage for
methods. Methods are simply pro-
cedures that are invoked by sending
selectors to a class's instances {also

- called sending messages). The
methads reside in the class to save
‘storage, since all instances of a class
have an identical set of methods.
Methods may allocate temporary vari-
ables for use during the execution of
the method, These temporary vari-
ables are much like local variables in
Pascal procedures in that their value
ts lost when you leave the method.

#ach instance has storage allocated
for maintaining its individual state.
The state is referenced by instance vari-
ables. Instance variables may be primi-

- tive data types such as integers, other
objects, or both, depending on the
language. Each object has its own set
of instance variables. Both temporary
_ and instance variables may be freely
referenced within the scope of an ob-
ject's methad, but unlike temporary
variables the value of instance vari-
“ ables is not lost when you leave the
object’s method.

Computation is performed by send-
ing messages 1o objects, which in-
vokes a method in the object's class,
Typically, a method sends messages
o other objects, which invokes other
methods, etc., until you reach the
point where a primitive method is in-
voked. Here ends the cham of mes-
sage-sends. Each message-send even-
tually returns a result to the sender

~{eg., ¥ sqr returning the square root
of x). The end result of all these mes-
sage-sends is usually the changing of
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the state of one or more obijects.
Sometimes, however, a message is
sent simply to invoke some primitive
having a side effect external to the
world of objects, for example. access-
ing an external file system or control
ling hardware.

To futly support object-ariented pro-
gramming a language must exhibit
four characteristics: information
hiding, data abstraction, dynamic
binding, and inheritance. I will exam-
ine two languages, Ada and Modula-2,
that have been mistakenly called
obtect-oriented in order to illustrate
why all four characteristics are neces-
sary and why conventional procedire-
oriented languages cannot adequalely
support object-oriented programming.

INFORMATION HIDING
Information hiding is important for en-
suring reliability and maodifiability of
software systems by reducing interde-
pendencies between software come
penents. The state of a software
module is contained in private vari-
ables, visible only from within the
scope of the module. Only a iocalized
set of procedures directly manip-
uiates the data. In addition. since the
internal state variables of a module
are not directly accessed from with-
out, a carefully designed module in-
terface may permit the internal data
structures and procedures to bhe
changed without affecting the imple-
mentation of other software modules,
Most modern languages, even FOR-
TRAN. to some degree, support infor-
mation hiding. 150 {standard) Pascal
i$ one notable exception, since it pro-
vides no way to declare static vari-
ables within the scope of a procedure.

DATA ABSTRACTION

Data abstraction could be considered
a way of using information hiding. A
programmer defines an abstract data
type consisting of an internal repre-
sentation plus a set of procedures
used 1o access and manipulate the
data. Modula-2 provides excellent
data abstraction mechanisms, Listing
L5 a fragment of Modula-2 module
that implements a stack as an abstract
data type (called an epague type in
Modula-2 terminology. See reference
0). Variables of type Stack may be

declared and manipulated in other
program units.

Modula-2's data abstraction mech-
anism provides a certain degree of
protection since no direct access 10
the internal state of a stack is pro-
vided. The stack is manipulated
through the module’s processing and
query procedures. But there are a
couple of problems with the Modula-2
solution. One is that the procedures
used by a module must have either
unique or gqualified names. For exam-
ple. if a module uses (imports) twe dif-
ferent abstract data types, Stack and
Queue, and variables of these types
must be initialized, then the initializa-
tion procedures defined for these
rypes must have different names, such
as InitializeStack and initlalizeCQueue,
or their usage must be qualified, as
in Stack.Inftialize and Queue Initialize.
This makes the resulting program less
versatite. But more important than the
need for unique identifiers is the
drawback that Modula-2 abstract data
types can operate on only one type
of data. Stack, therefore, can store
only integers.

Ada partially solves both these
problems through two language fea-
tures: operater overloading and
generic program units (see reference
71. Operator overloading permits a
program to use multiple operators
with the same name. The distinction
between operators can be deter-
rined at compile time by examining
the types and number of parameters,
just as + can be used to add either
integer or real numbers in most
modern languages. Generic program
upits permit the definition of a
module to be used with different data
types. The generic program unit is a
procedural template that can be
parameterized with actual types dur-
ing compilation of programs using its
capabilities.

A problem still exists if you wish to
use the stack to store heterogeneous
elements. Neither compile-time solu-
tion. operator overloading or generic
program units, is sufficient, The solu-
tion is dynamic binding.

DyNAMIC BINDING

Dynamic binding is needed to make -

Full use of this code for stacking other




- types of data. Consider the addition
of a procedure, Print, to the Stack

"Handler module that prints the con-

“tents of a stack. Il you use the stack
~for “storing  integers, foating-point
- numbers, . character strings. etc, a
traditional “procedure-oriented  ap-
Pproach dictates that you include a

an element’s type is used. Trying to
print- an integer with a procedure
desighed to print character strings is

potentially disastrous. The resulting

problem js that every time you add

“a new type of data to the software sys-

Stack. - _

TYPE - .
Stack; . (# Opaque type )
StuckType = INTEGER;

PROCEDURE

Push{s: Stack;

PROGEDURE
. 2 voaiue:

Pop{s: Stack:
VAR value:

PROCEDURE
PROCEDURE
PROCEDURE

PROCEDURE

Listing 17 Definition and implementation modles fér the abstract data type

DEFINTTION MODULE StackHand ler;

Initialize(¥AR s7 Stack): BOOLEAN; -
StackType): BOOLEAN: ) )
.S%cékType)f_EOOLEﬁN;'
IsEmpty(s: Stack): BOODLEAN;

IsEmpiy(s: Stack): BOOLEAN;
IsFull{s: Stack):BOOLEAN;

END StackHandler .

| CONST
wEufferSiie'=-1®B@;

TYPE

BEGTN:(* StackHandler )

END StackHandler.

IMPLEMENTATION MODULE StackHandler; .
FROM SYSTEM IMPORT TSIZE;

FROM storage IMPORT Allocate, Available;

IndexRange = [0 .BufferSize]; -
‘§taskRecord =
RECORD
- index: IndexRoange; P
- buffer: ARRAY [1..BufferSize] of SteckType
END: .

Stack = POINTER TO StackRecord:

{# code for implementation part of Initiclize,
Push, Pop, IsEmpty, and IsFull goes here *)

(# No Initialization Regquired *}I_

- case statement to check at run time-
that the correct printing procedure for




“tem, you must modify all such case
statements and recompile—a time-
consuming and errorprone  pro-
cedure. 1deally, additions should re-
guire only additions, not modifica-
tions.

" The obiect-oriented approach
pushes the responsibility for printing
elements onto the obiects them-
selves. Each object is sent the exact
‘same message selector, Print, so that
it will print itself in the proper way.
This is known as polymorphism, since
the same message can elict & diF
ferent response depending on the
receiver. Operator overioading in Ada
does not exhibit this form of dynamic
volymorphism since the address of
the procedure invoked is fixed at com-
" pile time.

This model of object-oriented pro-
gramming can be improved. As pre-
senied thus far, the addition of a new
type of obiect reguires writing entirely
new procedures for common opera-
tions such as Print. What's worse is
that there will be a great deal of
similarity between different Print
methods, requiring continual rewrites
" of methods that differ slightly or not
-at all. This burden is likely to be s0
great that programmers would avoid

the creation of new object types, sig-
nificantly reducing the practical
‘usefulness of objectoriented pro-
gramming systems. Inheritance is a
mechanism that largely relieves pro-
- grammers of this burden.

INHERITANCE
Inheritance enables programmers to
create classes and, therefore, chiects
that are specializations of other ob-
jects. For example, you might create
an object, Trumpet, that is a spe-
cialization of a Brasslnstrument,
which is a specialization of a Wind-
Instrument, which is a specialization
- of Musicailngtrument, etc. A Trumpet
inherits behavior that is appropriate
for Brassinstruments, Windinstru-
“menis, and Musicalinstruments.
Creating a specialization of an exist-
ing class is called sublassing. The new
class is a subdlass of the existing class,
and the existing class is the superclass
of the new class. The subclass inherits
. instance variables, class variables, and
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methods from its superclass, The sub-

class may add instance variables, class
variables, and methods that are ap-
propriate to more specialized obiects.
In addition, a subclass may override
or provide additional behavior to
methods of a superciass. Methods are
overridden when you provide a new
method for an old method's selector.

The mechanism to add new be-
havior to an existing method tends to
be language-dependent. In those lan-
guages most closely modeled after
Smalitalk. this is accomplished by
embedding & message-send 0 the
pseudovariable super in the new defini-
tion of a method (see the text box
“Pseudovariables” on page 144). For
example suppose you have an initiali-
zation method, initialize, defined in a
superclass. If a subclass adds some in-
stance variables, x and vy, that must
also be initialized o zero, then both
initialization behaviors will be ex-
hibited by the following method:
initialize

super initialize.
X &y « ()

The initialization in the superclass
is performed, followed by the added
initialization behavior. Depending on
the placement of the message-send
to super, the new behavior may
precede, follow, or surround the exist-
ing behavior.

Inheritance énables programmers
to create new classes of objects by
specifying the differences hetween a
new class and an existing class in-
stead of starting from scratch each
time. A large amount of code can be
reused this way.

ADVANTAGES

Object-oriented languages have many
advaniages over more traditional
procedure-oriented languages. infor-
mation hiding and data absiraction in-
crease reliability and help decouple
procedural and representational spec-
ification from implementation.
Dynamic binding increases flexibility
by permitting the addition of new
classes of objects (data types) without
having to modify existing code. In-
heritance coupled with dynamic bind-
ing permits code 10 be reused. This

DATA
STRUCTURES

he class data structure in figure A

contains information needed to
construct and use object instances. The
first and second fields indicate the
nurmber of instance variables and their
names, respectively. The names are
needed so that when methods are
compiled. the instance variable names
can be identified as referring 1o in-
stance variables.

The third field of the class data struc-
ture is a Aag that indicates whether an
instance contains a variable number of
indexable instance variables. Arrays are
examples of objects that may have a
variable number of instance variables,
The instance variables of an array are
accessed by indexing instead of by
names. Since arrays of different sizes
will respond to the same protocot (the
set of messages to which an object
responds), it does not make sense to
have differant classes for each array
size.

The class variable field contains
storage for variables shared by all in-
stances. Class variable names are also
stored here Class variables can be con-
venient for storing information that
should be common to all instances of
the class. Not only does this save stor-
age, but it greatly simplifies changing
shared information. Otherwise, all in-
stances of a class would have o be
located to change an instance variable,

The method dictionary contains pairs
of selectors and methods. When a mes-
sage Is sent to an object, the class’s
method dictionary is searched for a
method to execute

The superclass field points o the
superciass of this class. The superclass
is another class data structure that has
all the same fields as this class. Other
instance variables, class variables, and
methods may be defined in the super-
class.

If during a message-send a method
is not found in the instance's immediate
class, the superclass method dictionary
is searched, H it Is not found there, the
superclass's superclass method dic-
tionary is searched, and so on, until the
class at the root of the hierarchy (most
often called Object) is searched and
found not to have a matching selector.
In this case an error is returned.

Note that each instance contains a

.1
%
!
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i
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To Superclass _ Method Dictionary
Selector . Method- . e Ob;e}:t Code
41 S . - . '.#i L i . 12 .
_ N - Method #1. .
. Selector Method '
" #2T #2
Selector Method - Ob;e?;;;ode "
#3 T #3 _ :
- Method #2
Class Datd Structure Object Code
: . . s for _
~Mumber of Instance R T Method #3
Variables (2}
Instance Variable Namés :
Mon-Indexable
Class Variables and -
Mames
Method Dictionary
Superclass
£ & 2 .
:
Class _ Class _ ' . Class -
Length 2) ' Length (1) b tength (@
Instance - Instance . g ‘ [nstance
Variable #1 .. . Variable #1 - . Nariable #1
Instance - Instance " dnstance
Variable #2 _ Variable #2 _ : - Variable #2
Instance A . instance B ' Instance €
From - '
" Subdlass

-Figure A: Data structures illustrating concepts related to object-oriented programming. Arrows indicate p@:‘ntér’s.

pointer to its class and a field in- the class, and therefore an objects length information iy the instance aids
" dicating the length of the instance. The methods. may be easily located when  “the storage manager and is useful |

pointer to the class is needed so that the instance is sent a message. Storing when dealing with indexable instances. '_
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has the attendant ddvantage of reduc-
ing overall code bulk and increasing
programmer productivity, since you
have to write less original code; In-
heritance enhances code “factoring”
{see references | and 7}, Code factor
" ing means that code 1o perform a par-
ticular task is found in only one place,
and this eases the task of software
maintenance,

THSADVANTAGES
Object-oriented languages have a few
characteristics that are considered
disadvantages by some. The one most
~often debated is the run-time cost of
the dynamic binding mechanism. A
message-send takes more time than
a straight function call. Some studies
have shown that with a well-
implementad messager this overhead
is approximately 1.75 times a stan-
dard function call (see references &
and 9). Actual differences in execution
speed between traditional languages
- and their object-oriented counter-
parts, however, do not prove to be
very significant. This is most likely due
o the fact that the overhead applies
only to message-sends and that
message-sends accomplish more than
a function call, Often, some of the
work done automatically by a
“message-send must be done by the
programmer anyway using code sur-
" rounding function calls or even multi-
‘ple function calls. In fact. a case can
be made that in large applications the
ability to standardize and fine-tune

the functionality supplied with the
message-sends can make the applica-
tion run faster than a traditional
counterpart. The primary reason is
that messaging obviates much of the
variability in function setup code that
results from different programming
styles and skill levels. Messaging also
eliminates the complex code often
needed when traditional programs
have to simulate dynamic binding.

Anocther disadvantage often cited is
that implementation of object
oriented languages is more complex
than comparable procedure-criented
languages, since the semantic gap be-
tween these languages and typical
hardware rnachines is greater. There-
fore more software simulation is re-
quired. Fortunately, you pay the cost
of implementation oniy once for a
given machine,

Another potential problem is that a
programmer must learn an often ex-
tensive class ibrary before becoming
proficient in an object-otiented lan-
guage. As a result, obiect-oriented lan-
guages are more dependent on good
documentation and development
tools such as Smalltalk-80 browsers
isee references 2 and 4).

CONCLUSION

There are other important concepts
in object-oriented programming that
I haven't covered because they either
do not fit well into the Smalltalk
model or are not central to object-
oriented programming. Two that re-

S yntactically, pseudovariables are
treated the same as normal vari-
ables. Their semantics, however, are
differant since they cannot be assigned
a new value during any particular in-
vocation of 2 method,

Two important pseudaovariables in
Smailtalk are self and super. Both self
and super refer 1o the object that
received the message currently being
processed. For example, if there hap-
pen to be 22 different rectangle ob-
fects currently axisting and one of
them is sent the center message, then
the systemn will set both the pseudo-
variables self and super to refer o
that rectangle. The difference hetween

PSEUDOVARIABLES

these two pseudovariables lies in the
way that the message lookup is per-
formed.

When gelf is sent a message. the
message lookup algorithm is identical
to the way a lookup is performed when
the message is sent externally, starting
in the object's direct class.

When super is sent a message, the
lockup is performed starting in the
superclass of the class in which the
methad that is currently executing is
found. Note that this is not necessari-
Iy the superciass of the object’s class.
This pseudovariable mechanism gives
objects a controlled way of accessing

superclass methods,
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quire at least abbreviated mention are
multiple inheritance and automatic
storage management,

Mudtiple inferitance allows a class 1o
have more than one superciass. The
potential for code sharing is greater,
but the possibility of conflicts be-
tween multiple superclasses increases
the complexity of such systems. Cer-
tain flavors of LISP get a great deal of
power by using multiple inheritance.

Automaiic slorage management, though
not necessary, is so useful that it
almost qualifies as a fifth major ele-
ment, Automatic storage manage-
ment techniques such as reference
counting and garbage collection per-
mit programmers to ignore details
concerning the release of an cbiect's
storage. Application code becomes
cleaner, and the overall system be-
comes more refiable.

Objectoriented programming pro-
vides major advantages in the pro-
duction and maintenance of software:
shorter development times. a high
degree of code sharing (good factor-
ing). and malleability. These advan-
tages make object-oriented program-
ming an important technology for
huilding complex software systems
now and in the future @
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Recently I had the opportunity to read the Intel marnual intreducing the iAPX 432 architecture.-

The manual is an amalgam of an informal overview of the hardware, a guick tutorial review of

- computer architectures in general, an introduction to the advanced concepts of the 432 in particular,
- and marketing hype proclaiming the advantages of the 432 over its competition. . The 4327
architecture has many interesting, unusual characteristics, and Intel is wise to introduce them in a
form which is quickly assimilable. What most caught my mtete*at is the claim that the 432 supporis

. the “object oriented design methodology.”

- What is object oriented programming? My guess is that (}b}ect oriented program mmg will be in
the 1980°s what struetured programming was in the 19705, Everyone will be in favor of it, Every

~manufacturer will promote his products as supporting it Every manager will pay lip service to it.
Every programmer will practice it (differently}. And no one will know just what it is. .

Surely there’s a better way. [ hope this paper will clarify object oriented programming by
characterizing its more important aspects. These characterizations, while not a deflinition per se,
should at {east provide a better understanding, and ideally a commonly hel d one. Thus [ hope we can
avoid the deplorable and ¢confusing situation just described.

Hlstory

"The 1mmedlate ancestor of Gbgect oriented programiming is-the prz}gmmmmg l(mguage Simula.
The Smalltalk programming system carried the object oriented paradigm 6 a smoother medel
~Although -other systems have definitely shown some object oriented tendencies, the explicit
awareness of theidea - including the term “object oriented” ~ came from the Smalltaik effort.
-Furthermore, Smalitalk is still the strongest representative of object oriented programming in the
~sense of being the most unified under a single {object oriented) paradigm. Commenis on some related
efforts will be given in a'iater section. For now it is enough to note that object oriented programming
“.arose when Smalitalk was developed and therefore the history of Smalltalk serves as the history of
~object oriented programming.

Smalltalk is the software half of an ambitious project known as the Dynabook. The Dyndbonk isa

sort of computer holy grail, with the goal of being a truly personal computer.. The Dynabook
~ultimately is expected to handle with equal {acility any and all kinds of information management,
and to be all {computer type) things to all people. Accordingly Smalitalk has to carry quite a burden
of expressiveness and convenience,

Alan Kay is the man chiefly responsible for the vision of the Dynaboek. In the late 19807 he did

- work on a preliminary version, known in that incarnation as the Flex machine. Then in the early
1870’s he went te the Xerox Palo Alto Research Center and there formed the Learning Research
Group. Alan’s goal was still a truly useful personal computer, with the Xerox Alto being the interim
hardware for the Dynabook, and with LRG doing Smalltalk as the software.

Smalltalk drew heavily {rom Flex, which in turn was-an “Eulerized” version of Simula, While a
-LISP influence is clearly evidenced in the deeper structure of Smalltalk, the class notion from Simula
dominated the design. The language became completely hased on the notion of a class as the sole
structural unit, with instances of classes, or objects, being the concrete units which inhabit the world
of the Smalitalk system. Smalltalk did not completely give up its LISP heritage; rather that heritage

' isfelt more as a flavor of the system than as specific ideas of the programming language. -

. Reprintéd with pcﬁﬁissi(m fron SIGPLAN Na‘!f&e.v, Volune ]7 MNurnber 9,
Beptember 1982, pages 51-57, Copyright © 1992 by Tim Rentsch. 2




Relationship of Smalltalk to Object Oriented Programming

More than a programming language, Smalltalk is a complete programming environment, all of
which reflects the object oriented philosophy. Object oriented programming is so much a part of
Smalltalk that it is difficult to tell where one leaves off and the other begins. While the entire
Smalltalk systern is worthy of investigation in its own right, we are now concerned only with object
oriented programming, which is just a part of the Smalltalk system. A brief discussion will make
clear the distinction and remove confusion about which term means what.

Note: this paper is not a tutorial on the Smalltalk langnage. 1 wili discuss the internals and specifics of Smalltatk
only insofar as they relate to the topic at hand. Readers unfamiliar with Smalltalk may wish to read the references
first, altheugh I have tried to make this unnecessary. I suggest to the confused reader that he finish reading this

.- - paper, then consult the references to clear up any confusion, then {optionallyiread this paper again.

Smalltalk may be thought of as comprised of four pieces, viz,, 4 programming language kernel, a
programming paradigm, a programming system, and a user interface model. These pieces are fuzzily

- defined and not explicit within the actual Smalitalk system. They are basically hierarchical, though
* there is overlap and some convolution. Thus the user interface is built on the programming system,
which is built following the programming paradigm and using the programming language kernel.

The programming language kernel is the syntax and semantics as determined by the Smalltalk
compiler. The programming paradigm is the style of use of the kernel, a sort of world view or
“meaning” attached to the entities in the kernel. The programming system is the set of system objects
and classes that provides the framework for exercising the programming paradigm and language
kernel, the things necessary to make programming possible and convenient. The user interface model
is the use and usage of the systems building materials in order o present the system to the user —in
other words, the given user interface plus the user interface "flavor.” The combination of these lour
" pieces is the Smalltalk system.

Althaugh I have represented the pieces as separate and independent, they are not, really. Infact they are inseparable
and very interdependent. Not only couid each piece itseif not exist in a vacunm, the design for each piece inflaenced
_%;he design for all the other pieces, i.e., each design could not exist in & vacuum. A more faithful representation would
be a3 interrelated aspects of the Smatltalk system, Following the nete, however, I shall continue to consider them as
“pieces” rather than "aspects,”

Using this view of the Smalltalk world, imagine a line drawn within the programming system

piece such that the objects and classes relating to the user interface model are on one side and the
- objects and classes relating to the programming paradigm and language kernel are on the other. We
now find Smalltalk divided naturally into two parts: a user interface part, and another part. This
other part is the object oriented programming aspeet of Smalltalk. With the understanding that by
Smalltalk” T mean only as mueh of Smalltalk as is below the line of the user interface part, I shall
henceforth use the terms "Smallialk” and “object oriented programming” interchangeably.

Characterizing Object Oriented Systems

Object oriented programming is not programming using a Simula-like class concept, just as
structured programming is not GOTO-less programming. Most of the definitions of structured
programming fail to impart any real understanding of the term. We can do better by characterizing
object oriented pregramming rather than giving a formal definition.

No explanation of object oriented programming could get off the ground without a discussion of
. objects. In eharacterizing such systems we are interested not in what an object is but in how an object
appears. In what follows an object is always viewed [rom outside (the characterization of objects), not
frem inside (what objects "are”).

y 1t is no accident that in explaining object oriented programming objects are viewed from outside.

The shift of viewpoint from inside to cutside is itself an essential part of object oriented programming.
In my experience this shift occurs as a quantum leap, the "ahal” that accompanies a flash of insight.
In spite of this, I am convinced that the view from outside is the natural one — only my years of
training and experience as a programmer conditioned me to “normally” view objects from inside.
Probably due to the influence of formal mathematics, programmatic behavior was originally thought
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oof as extrmsm For understandmg e{)mplex systems, however, intrinsic behavior provldes a betier
metaphor, because people think that way (for example, children learn Smalltalk very guickly)) As
. Dijkstra cautions, we must be careful not te think something is convenient. just because it is
“eonventional.  The first prineiple of ob ect -oriented -programming might be called intelligence
- encaps&i‘atwn view ohjects from outside to provide a natural metaphor of intrinsic behavior.

. ijecfs - _ _

The Smalltalk world is populated by items seen uniformly to be “ohjects.” These “ohjects” are the
© sole inhabitants of an otherwise empty universe. This i not just a trick of nomenclatiure: the items
are uniform in a number of ways, that uniformity producing the items’ “oi};ecthty " En what ways
- are objects uniform?

Objects are uniform in that all items are objects. An ;tem found ﬂ{)&tmg in‘the veid of ‘?malltdlk s
universe is certain to be an amorphous bleb, The blob has the properties of ohjectness: inherent
. processing ability, message communication, and uniformity of dppearance, status, and reference. The

item being amorphous means that no other properties are evident. The-object may possess properties
outside objectness, but these are made available by the whim of the object — any such properties are
not visibleto an outside observer.

. Ubjects are uniform in that all objects are equally objectlike. What this means is thdt all objects

communicate using the same metaphor, namely message passing. - Objects send m%sages to
" communicate with objects. (Message sending is discussed later in the paper.)
. Objeets are uniform in that no object is given ahy particular.status. Thus; prm‘sltwe objects,

-guch as integers, are objects just like any other. Also, “system” objects, such as class Class, are objects
just like any other. Finally, user defined objects are- ijects just like any other. There are no "second
clags eitizens,” '

- HMotonly are ﬂi};ects themselves uniform, the means of referrmg to Ob}ﬁ{:t‘% is amform An abject s -

‘always dealt with as a whole, by using its (system internal) name; a given name may name any
- object, since all objects have the same kind of names. it follows that theére-is no way of opening up an
object and looking at its insides, or updating ("smashing”) its state. . What is more 1mp0rtan‘t is that
the concept of opening up an object does not exist in the language. (This is like zrymg tod Imagme that
' something is true that can’t be thought of in the first place.}-

Of course it is possible for the object itself to act as if it could be opened up. W1th smt;abie methods
~an object can choose to provide behavior that duplicates, say, a Pascal record. Pascal. records. can
-eertainly have their insides looked at, or their state updated (or smashed). The distinction is that the
-~ object itself has chosen to provide this behavior - it is not part of the lingusge. Furthermore, most
- objects do not normally provide such behavior. In a true object oriented system; this is as true. oi the

system philosophy as of the actual mechanisms. :

Procéssing, Communication, and Message Sending _ _ _
For a processing system to be a useful one, pmcessihg'aétivity must take place. In Smalltalk, the
processing activity takes place inside objects. An object, far from being inert matter, is an active,
alive, intelligent entity, and is responsible for providing its own computational behaviér. Thus -

- - processing capability is net only inside the object, it is everpresent within and inseparable from: the

- -ohject.

The- other property essential to a programming system is communication.  An ebject iny process
may at times be entirely self sufficient, but when it is not it must have soie way of interacting with
objects outside of itself. Also, the user wants processing done o bring about his wishes. B{}th of these .
are needs of communication, and both are served by the mechanisn of message passing. ' _

Objects process and send messages to effect the user’s desires as well as their own. A user asks an
. object to carry out some processing activity by sending to the object a message. Theobject may in turn

-ask other objects for information, or for some cemputatmnai work to-be done,. by sending them

T messages, and $o om.

Message sending serves as the uniform metaphor for aommumcamen in é:he same way that ob_}ects .
serve as the -uniform metaphor for processing capability and synthesis. . This uniformity is an




important part of Smalltalk. In what ways is message sending uniform?

Message sending is uniform in that all processing is accomplished by message sending. The same
mechanism serves to do addition, compute arctanh, request the mosi complicated file service
operation, or provide whatever behavior is available from a user defined object. Mo other mechanism
— guch as “operating on data” — is available.

Message sending is uniform in that one message is just like another. By this I do not mean that
all messages are identical, or that all messages have the same format, but that messages are sent the
‘same way irrespective of the recipient, An example should clarify this: the message “+” to an
integer, denoting addition, is sent the same way as the message "+" to a dictionary, (possibly)
" denoting adding an entry.

The distinction between communicating and accomplishing processing is a fine one in Smalltalk.
Ohjects react to messages sent to accomplish processing by sending messages to accomplish
processing. The buck has to stop somewhere {(and indeed it does), but it seems as if it could be passed
" on indefinitely. A corollary of messages all being sent the same way is that each object potentially

can respond to any message by sending other messages in turn. The principle as 1{ applies to object
" oriented programming is: any object can accomplish processing requested by any message by
directing message [Tow to other objects.

Messages

As the sending of a message is the only way of communicating, the message itsell must be the
information to be communicated. Conceptually a message 1s the text of the message-request.
“Additionally a message may be parameterized by sending along with the text one or more object
" names. The object name parameters are part of the language of discourse and are different from the
text in that the text is constant whereas the parameters may vary. An object responds to 2 message
with a reply, which is an object name.

A message serves Lo initiate processing and request information. The text of the message informs
_the object what is requested. The parameters supply any additional necessary information or
computational ability. The reply confirms activity completed and returns the information requested.

_ There is a subtle but important distinetion between a conventional procedure call, which denotes
7 an action, and sending a message, which makes a request. In a typical procedural programming
- language it is hard to give up the notion that the caller of a procedure is somehow "in cantrol.” The
caller and callee share a language, a set of procedural interfaces, by which the caller directs the eallee
to perform actions. In Smalitalk, on the other hand, a message is a request of what the sender wants
with ne hint or concern as to what the receiver should do to accomodate the sender’s wishes. The
“sender, presuming all objects to be quite intelligent, trusts the receiver to do “the right thing” without

' “worrying about exactly what the right thing is. Thus assured, the sender relinquishes control

~ philosophically as well as actually, so that the interpretation of the message is left entirely up to its
recipient. This notion, a sort of call by desire, is central to the object oriented philosophy.

Sharing

In order to meet the goals of the Dynabook project, Smalltalk must do more than provide
computational activity in sifu. A successful personal computer system will be understandable,
usable, modifiable, and adaptable. All of these requirements can be met by a facility for sharing.

Sharing allows understanding because it is a good match to the way people think. For example,
the earth and a basketball are different, yet each has the property round. There isn’t one "round”
_that belongs o the earth and ancther that belongs te the basketball; the common atiribute round is
shared. People model the universe by collecting together archetypal attributes and allowing them to
be shared by the things to which they are common.

Sharing makes for a usable system by facilitating facioring, the property of one thing being in
only one place. Successful facloring produces brevity, clarity, modularity, concinnity, and
synchronieity, which in turn provide manageability in complex systems. In a project as ambitious as
- ‘the Dynabook, manageability is essential to usability.

Sharing increases the ease of making modifieations. This may sound paradoxical, since changing
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- ‘shared parts increases the chance of producing unforéseen consequences. The paradex disappears on

realizing that sharing iz not a binary decision but a spectrum from  totally shared to totally
- individual. One ean choose an appropriate place for a modification by moving around inthe sharing
. spectrum, whereupon consequently the level of detail is neither too great nor toe trivial. To put this
another way, you can concentrate on what must be changed, not what must be left alone. This is
ade possible by an explicit framework providing a spectrum of sharing.
- Sharing provides for adapt&tum by being variable along another dimersion, the dlmi,t’t‘-sli)ﬂ of
. mdzmduaht» What this means is that attributes can be shared by a group while allowing for
o individuals mthm the group to reinterpret some “shared” behavior as it applies to the individuals
- themselves. The previous sharing spectrum varies as to which objects share which collections of
- -attributes; ‘the dimension of individuality determines to what extent individuals within a given
“collection actually share thie "common” attributes.. The result of allowing individual variability is
that, given something close to what you want, it is easy to produce exactly what you want by

loverriding shared behdvior with individual behavior - to adapt. This situation of T want something

Just like that, exeept ... invariably arises in real use, Adaptation is supported by sharing inthis form

and i referred Lo as dszereniaalpmgmmmmg
Smalltallc meets the goals of sharing by providing- i fmnwwark of classing, subcla%;ng, and
superclassing, collectively referred to as inkeritance. In relation to:object oriented programming

© what is important is not the mechanism of classing and sub-superclassing but the provision for the

~merits of sharing. Inheritance is alse an excellent paradigm = probably any particular framework

would be « for elucidation, providing as it does a sort of road map for the system universe. The.
“conclusion: object oriented systems provide an explicit framework for sh'zrmg so as tolaccrue the
-attendant advantages,

'-_'NOtes on Related Systems

- Smalltalk rémains the model object oriented system. But no programming language is an isiand,
and a mention of other systems is clearly called for. Following is a capsule summary of relevant
-+ gystems. The point here is to view the work as it relates to ohject oriented pmgmmmm g, nol to
- appraise the merits of the various systems.
< Agroup of installations with Burroughs B220°s used a clever scheme to insure porsability of files

- from one instailation to another, in order to get around the difficulty of not having operating systems.
- Mfile was arranged as a transfer vector with relative pointers, followed by actual B220 code, followed _
by data. Although the code and representation of data varied from installation to installation, the

desired effect could be obtained by reading the file into a staridard memory location and branching
indirectly through the appropriate location in the transfer vector. This idea was later carried over
_into the operating system of the B5000. Indeed, the entire architectural concept of the B5000 pointed
- in this direction, offering the first hardware implementation of what are now known as capabilities.

- Unfortunately, the B5000 is almost legendary for being ahead of its time, unappreciated, and

- misunderstood, and so the impact of the earliest object oriented ideas was hardly felt. |
_ The Sketchpad system of the early 1960’s is an object oriented system that apparently was
programmed using an object oriented style. But Sketchpad is a graphical interaction system, not a

0 _':.prc}grarrlming system. While Sketchpad was one of the earliest object oriented systems, its
- -application to programming systems was not widely appreciated, perhaps because the object ariented

philosophy was not explicit enough.

- The programming language Simula is an ALGOL based simulation’ iangu'ﬂ.ge ‘which first
~introduced the class concept. Simula certainly can be used with a style which is highly object
coriented.  But old ideas die hard, and Simula’s extensions over ALGOL were used in support of
- simulation features with traditional ALGOL style programming taking up the slack. In practice,

~‘Sirmula falls short of realizing object oriented programming for several reasons. One, primitive data

types, system data types, and user data types do not all have equal status. Two, the extensions to
- ALGOL, while including the class conwept, also included many “features” such as.INSPECT and IN,
which are contrary to the object oriented philosophy. Three, the object oriented metaphor has not
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really caught on in the Simula community, dae to the roots of the language in ALGOL. Four, the
typing mechanism in Simula often makes it difficult to realize the free-spiritedness of object oriented
- programming. If Sketchpad is an object oriented system without the language, Simula is an object
oriented language which is rarely used in an object oriented fashion.

The LISP-AI notion of frames captures well the idea that behavior rides along with the thing
whose behavior is being described. Also, the resemblance of the common/default mechanism of
frames to the inheritance mechanism of Smalltalk is striking. I think of frames as an object oriented
‘extension to LISP. Similar to Simula, however, the problem with frames is that the LISP notion very
strongly remains, so that the inclination towards the object oriented philosophy is not nearly so
“strong, nor as clearly defined, as in a completely object oriented system.

The programming language Alphard is related but still in a rather uncertain state. After more
use the character of Alphard will be clearer, but generally speaking Alphard centers on abstraction,
which is roughly evenly divided between data encapsulation and abstract data types. If anything
Alphard leans to the abstract data types side, though not so far as, for example, algebraic axiomatic
specification. One clear oversight is that Alphard does not use inheritance in any strong fashion.

The programming language ADA, though still in the implementation stages, is clearly centered
and focused on data encapsulation. The sense of operating on data is very strong in ADA, from syntax
to operator overloading to separation of types from modules. Generic procedures capture some, but
not nearly all, of the polymorphism inkherent in object oriented programming, and ADA’s facility for
inheritance is weak at best. ADA has followed traditional (ie, ALGOL style) language design
principles so that the issues of implementation and usage would be clear at the outset. ADA is one of
the few languages that was designed with extensive, specific requirements definitely given a priori;
none of these requirements mentions ebject oriented programming.

The programming language CLU makes a serious effort in the object oriented direction. The
sense of unification of reference mode is very strong in CLU, narrowing the distinction between
- different object categories. CLU falls a little short on the syntax side, which is still a cenventional
 funetional (i.e., data oriented) format. Also, the typing mechanism of CLU doesn't give a sense of

“freedom to the “receiver” of a message, since the particular response mechanism is specilied by the
- type, which is known and explicit in the source at the call site. This restriction shifts the sense of
control from the receiver {object oriented) to the sender {data oriented). Furthermore, CLU resembles
Alphard and ADA in lacking a good inheritance mechanism. As with Alphard, CLU tries to halance
_abstract data types with data encapsulation by centering on abstraction, but CLU leans to the data
encapsulation side more than Alphard does. Even so, CLU remains as the strongest "traditional”
contender for supporting object oriented programming.

Conclusions

1t is usual to understand new ideas in terms of familiar ones. Object oriented programming might
be (and probably already has been) likened to abstract data types, data encapsulation, information
hiding, and medularization. This may be more palatable to some audiences, but it ducks the issue.
These comparisons neither do justice to, nor capture the essence of, the object oriented methodology.
To guote Alan Kay:

“Though Smalltallk’s structure allows the techniques now known as data abstraction
to be easily (and more generally) employed, the entire thrust of its design has been to
supercede the concept of data and procedures entirely; to replace these with the more
generally useful netions of activity, communication, and inheritance.”

Ohbject oriented programming holds great promise, but is not yet widely understood. In spite of
‘phjeet oriented programming just now becoming popular, the term of its use is already in danger of
being overworked and misunderstood. My goal has been to argue for an understanding of object
_oriented programming, not just a dogmatic definition. Let us hope that we have learned our lesson
© from structured programming and find out what the term means before we start using it.
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BY LAMAR LEDBETT

A plan for building

ER AND BrRAD COX

reusable software components

THE SOFTWARE WORLD has run

" headlong into the Software Crisis—

ambitious software projects are hard
- to manage. to¢ expensive, of medio-

cre quality, and hard to schedule

reliably. Moreover, all too often, soft-

ware delivers a solution that doesn't
“‘mest the customers needs. After
delivery, if not before, changing re-
guirements mean that systems must
be modified.

We must build systems in a radical-
ly different way if we are going to
- satisiy tomorTow's quantity and quali-
ty demands. We must learn to build
systems that can withstand change.

Some system developers are al-
ready building software much faster
and of better quality than last year.
Mot only that, the systems are much
mare tolerant of change than ever
. before, as a result of an old tech-
_nology called messagelobject pro-
gramming. This technology, made
commercially viable because of the
cost/performance trends in hardware,
cholds the key to a long-awaited
dream-software reusability. A new in-
dustry is developing to support the
design, development,  distribution,
and support of reusable Software-1Cs
{integrated circuits). A forthcoming

series in UNIXWorld will address mes-
sagefobject programming.

MESSAGE/QBIECT PROGRAMMING
AND SOFTWARE-ICS

In this article we'll look at the con-
cepts of messageiobject programming
and how they support the building of
“Software4Cs” as we call them, by
satisfying the requirements for re-
usability.

A Software-IC is a reusable software
component. It is a software packag-
ing concept that combines aspects of
subroutine libraries and UNIX filter
programs. A Software-IC is a standard
binary file produced by compiling a
C program generated by Objective-C.

The notion of objects that communi-
cate by messages is the foundation of
messagefobject  programming  and
fundamental to Software-1Cs. An ob-
ject includes data, a collection of pro-
cedures (methods) that can access that
data directly, and a selection mecha-
nism whereby a message is translated
into a call to ane of these procedures.
You can request objects to do things
by sending them a message.

Sending a message o an object i3
exactly lke calling a function to
operate on a data structure, with one
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crucial difference: Function calls
specify not what should be accom-
plished but fow. The function name
identifies specific code 1o be ex-
ecuted, Messages, by contrast, specify
what you want an object to do and
leave it up to the object to decide
how.

REQUIREMENTS FOR REUSABILITY
Only a few years ago, hardware de-
signers built hardware much as we
build software today. They assembled
custom circuits from individual elec-
trical components (transistors. re-
sistors, capacitors, and so on), just as
we build functions out of low-level
components of programming lan-
guages (assignment statemnents, con-
ditional statements, function calls, and
so onl. Massive reusability of hard-
ware designs wasn't possible until a
packaging technology evolved that
could make the hardware environ-
ment of a chip (the circuit board and
adjoining electrical components) rela-

Lamar Ledbetier is director of special profects
and Brad Cax is vice president of Productiv-
ity Products nternational (27 Glen Rd.
Sandy Hook. CT 06482). which produces
Objective-C,

JUNE 1985 « BYTE



- tively independent of the detafled
~workings of that chip. The IC quickly
developed o the point that multiple
chip vendors now vie o sell their
hardware design effort in a market for
reusable hardware designs,

One  concept that stands out In
-hardware systems is that many of the
‘components perform unique servicas.
“Bervices are provided upon request,

and the reguester need not be con-
cerned with the internal methods or
 data used, only the result. The equiv-

- alent software concent. encapsulation. is

fundamental to success in software

- reusability. Encapsulation defines a
- data structure and a group of pro-

‘cedures for accessing it. Users access
the data structure only through a set

. SOFTWARE-ICs

“of carefully documented, controlled,

and standardized interfaces.

The concept of messaging is -also
prevalent in the hardware world. It is
through messaging that the loose
coupting of components is achieved
and the division of responsibility be-
tween the user and the supplier is
defined and enforced.

The hardware industry has also
achieved a high degree of reusability
through the development of stan-
dards. There are standards for inter-
connection, power, and processing,
for example. In contrast, in the soft-
ware world standards for the syntax
and semantics of only & few lan-
guages have been defined and
adhered to across a range of hard-

MAILBOX DEVELORER'S
RESPONSIBILITY

theMailbox

FORMS DEVELOPER'S
RESPONSIGILITY

i EXPENSE }

Mailbox Implementotion

selectitemForRending
Jx gelect item %/

switch [item ).
cuse MEMO;

"TYPE
CONTENTS . | _
{ displayMemn
N Bubroutine
EXPENSE TYPE K
CONTENTS

cose EXPENSE;

__f displayExpense

Subroutine

- Figure1: Mailbox using the operatorlioperand wodel. The Mailbox developer
st specify how o display the form by checking the form type and calling the .

L ccorrect subrouting. As a resull, every form fype must be enumerated and the

o implementalion changed as form types arve added or deleted.
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-waré. There have alsd been many un-

successful attempts to define stan-

dards for the implementation of soft-

ware algorithms and applications
{such as GUIO-less programming, no
global data, loose coupling, tight
binding, and data hidirg, among
others). Stressing strict static “type
checking” as a standard halps solve
the problems of integration and de-
bugging but does not change the
basic operatorfoperand concept em-
bodied in most languages; it only
moves it to.a higher level of abstrac-

Jtion, To reuse -modules developed

using the operatorfoperand concent,
vou have to hope that the output of -
one module is compatible with the
“type” of the input of the receiver,
redefine the type of the operands in
gither the receiver or sender, or trans-
form the operands. Because of the
complexity. there has been little prog-
ress in the definition of standards for
reusability in.the operatorioperand
model In contrast, -useful standards
for reusability are in use or being
developed in organizations that have
embraced the message/object para-
digm. . _

In the hardware world, the functions
of standard components are well de-
fined and identifiable. Given a knowl-
edge of the functions available and a
high level of standardization, hard-
ware designers routinely integrate re-
usable hardware components into
new systems.-Standard funciions are
easy 1o identify because they map
into the real-world medel of hardware
systems. [n the software world. the

~definition of standard, identifiable

functions is still a dream, even with

cour “standard” utility libraries, If soft-
ware reusability is to become a reali- -
ty, languages must support & more -

direct mapping from the model of the -
real-world functions to the implemen-
tation.

Hardware components are deliv-
ered in an unmodifiable form. That
means that standatd functions .are
oratected. I Software-ICs are 1o
become a reality: the languages and
standards must support the delivery
of components that operate as adver-

“tised and are immune to modification




by the system builder. If the system
builder wants different functions, he
must go back to a Software-1C “foun-
“dry” for a new component.
~ Reusability can have several mean-
~ings in both the hardware and soft-
ware worlds. A hardware designer
would never think (as we do in soft-
“ware) of starting the design of a
modification with a blank piece of
paper or by looking at the design of
all of the connecting components. A
designer also doesn't worry about
needing to modify the interfaces or
components not affected by the
change, Modified compenents “in-
herit” most of the previous implemen-
tation and contain only the changes
necessary to provide the required
new behavior, The inheritance of
alreadyworking methods by a new
Software-1C has tremendous produce
tivity implications.

- Way DIDN'T SOFTWARE-ICS

- EXIST BEFORE?

One of the main reasons Software-[Cs
didn't exist before is that the cost per-
formance of hardware did not suppart
the requirement that computer cycles
must be used {“wasted’) o enhance
software reusability. The cycles were
too expensive, and performance op-
timization was necessarily a primary
goal. Strict implementations such as
- Smalltalk-80 consume orders of
© magnitude in performance. Less rev-
olutionary implementations of the
message/object paradigm, such as
Obiective-C, while paving some per-
" formance price, are viable for com-
mercial systems and are in use today
in companies building major software
systems.

Most of us have been taught to
think within the conceptual framework
of operators and operands. That
framewcrk has led many to conclude
that the complexity involved in re-
using a software component far ex-

~reeds the possible benefits.

[n order for Software-1Cs to work,
the manner in which systems evolve
has to be fundamentally different. The
concept of inferitance, discussed in
detail later, is that fundamental dif-
ference, The concept of Software-Cs

SOFTWARE-ICs

Encapsulation
is fundamental
fo stccess

in software reusability.

also demands a level of standardiza-
ticn in system implementation that
has not been feasible until recently.
Finally, the market for Software-1Cs is
a recent reality created by the recog-
nition that what [ call the Scftware
Crisis can be solved only by fun-
damental changes in the way we build
systems. It is no longer competitively
viable to ignore the products of pre-
vious development efforts if there is
any way o reuse or reapply those
products.

OBIECTS, MESSAGES, AND
ENCAPSULATION

The distinction between specifying
what should be done as opposed to
how it showld be done is subtle and
often misunderstooed. It is, however, a
crucial one because as has been
demonstrated in the hardware world,
it is central to reusability,

By way of example, imagine a pro-
grammer building an electronic mail-
box in an electronic office system, and
focus on the mailbox developer's role
as a user of services provided by his
supplier, the developer of the forms
being mailed, The mailocx developer
must provide a way to implement the
intention to display the selected item.
If he does this using the conventional
operatoroperand model and specify-
ing how not what, as depicted in
fipure 1, the code given in listing la
results.

Motice the separation of responsi-
biitties. Because the mailbox devel-
aper is responsibie for deciding how
to implement the function that is
called selectltemForReading, the
code must enumerate every data type
the forms developers might provide.
This results in code that is inherently
nonreusable: the case labels explicitly
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state that this mailbox is useless
except for memo and expense
CONtENtS.

Now notice what happens in the re-
written code (listing 1b) using mes-
sages and objects as depicted in
figure 2. The message expression,
itern display, commands the object,
item. to display itself, thus specifying
only what the oblect is to do. How the
object is to do it is decided by the
forms developers so the mailbox
code becomes independent of iis
contents,

The technical term for this is dynamic
binding. Dynamic binding and encap-
sulation are at the root of the re-
usability provided by this variety of
messagelbiect programming.

Some modern programming lan-
guages (Ada, Modula-2, and CLY, for
exarnple) provide a different form of
encapsulation by binding statically at
compile time. While this certainly is
an improvement over traditional lan-
guages like C and Pascal, it provides
no new help in solving the reusabili-
ty problem. The mailbox example
coded in any of these languages
would still need the switch statement.

The notion of a Scftware-lC in
which reusable code is built and
tested by a supplier and then
delivered to consumers in binary
form, is not possible without dynamic
binding.

UsSiNG SOFTWARE-ILCS

We will demonstrate the use of Soft-
ware-ICs by building a simple pro-
gram that counts the unigue words in
a file. For the sake of comparison, we
will discuss two different solutions
hased on reuse of existing software
and then turn our attention to the
Software-iC solution.

The subroutine-library sclution
would reuse library functions for
managing files printing results, and
comparing strings. Custom software
would be required for the word
parser, hash function, hash tablelcol-
Hision handling, counting words in the
hash table and printing the formatted
results. Much of the significant new
developrnent and debugging effort
concems algorithms that have been
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~Listing 1: Qperatorloperand versus messagelobject implementations. Listings la

‘and b are, respectively, examples of portions of code that create an electronic
Mailboy using conventional (operatorloperand) and messagelobject models.

~Comparing the twe llustrates the difference belween the Mailbox developer
specifying “how' versus “what!

—

sal I%emForHcaclmg(thefv%aﬂbox){ -

_ 7 SBelact antem in theMailbox and .. Y
/™ check the temtype flag */
switch(itern- > type)
4% Now call the appropriate display subrouting 7/

{
c"ase MEMOQ:  displayMsemalitern), break;
- wase EXPENSE: displayExpense(itern); break;

default; errof{unkndwn cortents™), break] -

“tib}
selactliemFoiRéadingtheMaibox) |

17 Select an item intheMailbox and. ./
o fitern clsplavl £ Bend tem a message to display iiself ™/

_ _Liﬁtin'g 2: Using Software-1Cs. This messagelobject program counts the e _
~words in a file usivg preexisting Software-1Cs from the Objective-C library: Set-

| “and String.

,1,' Reads worcfs frofm b?dﬁi’i and coums unlque ‘ones main O
extern id String, Set i Specity object {instance) factory idg
id unigueWords, currentWord,  / Local object (instance) ids
char but{MAXBUF], fi Word buffer

CunigueWerds = [Set nawly . Create a new emply set instance
while (nextWoridi{buf) t= EOF) { iHorEachWord .
currentWord = [String str:buf];  V Creale a string instance for sach word
HunigueWaords filtercurrentWord}// Siote unique ones in get
H

Cprirt " The number of unique words is %d \ 0", {uniqueWords size]};'

inplemented in many previous appli- -
cations. Once working, however, the
implementation shouid  be fairly
efficient.

A UNX-style solut ion wouid consist
of small "tools” connected by pipes.
The: ofithe-shelf utilities that could be
reused-include tr (translate charac-
ters), ‘sort {sorting utility), and we
{word-count utility). The programmer
would have to custom-build a script
for assembling the utilities. This par-
ticular problem requires & good work
ing knowledge of applicable -UNIX
ytilities but no custom software. The

“implementation would be noticeably

slower than both the subroutine
library and Software-]C solutions.

The Software-[C solution involves -

assembling two prefabricated

Software-ICs from alibrary of com-
ponents. A String is used to hold

words, and a Set can be used to hoid
the unigue words. Both are standard
components in the library released
with-Objective:C. The performance of
the Software-iC sclution'would not be
as good as-the first solution, but it
would certainly be acceptable and
could be optimized by tining. The full
text for this selution, except for the
small - function nextWord(). -which
parses words from the ifput stream,
is presented in listing 2.

The two external svmba s Set and
String identify a pair of faciory ohjects
whose - function s o broduce in-
stances of thelr dasses (Software-Cs).
Each class defines  béehaviors -and
declares data for (8] its factory object

“and (b} its instanices The two local

symbols -uniqueWords and current-

- Word identify instanices, which will be
- manufactured by Set and Stringatrun -+
time. '

"The notion of a

-Saﬁware— Cis mat

possible without

“dynamic E}'imding;
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. In this example; Siring responds ©
& st message by allocating enough
space 10 hold the characters in the
message argument buf. The next
statement commands the set unigue-
Words to perform the filter: function
on curreniWord,

How are reusable sets possible,
since they must work properly with
many different-kinds of contents? For
example, the same 3et code may
need o compare strings, points, sym-

“bels, and so on, often within the same
application. The answer is that
dynamic binding aliows the Sel to
legitimately consider equality testing,
for example, none of its business, In-
stead, it pushes that decision back
onto its contents. When it needs to
test the equalify of two tems. it mere-

Figure 2: Mailbox using the messagefobject model, The Mailbox
‘developer specifies what the form should do by sending it a

ly commands one of them to report
whether it isEqual; to the other.

CLASSES, METHODS, AND
INHERITANCE

S0 far we have focused primarily on
encapsulation. This technology
shoulkd be thought of as an aid to
using the services in a system. It also
provides some advantages for the
suppliers (builders) of messagelobject
systems as well. Cansider the iob fac-
ing the bullders of three familiar com-
ponents of an office-automation sys-
tern: Mailbox, Envelope, and File-
Folder.

At one level 5 Mailbax is very dif-
ferent from & FileFolder, but they are
similar in that they are kinds of con-
tainers. Each will have some amount

-of code involved in tanaging collec-

tions of other objects.

Inheritance allows containment
code w0 be built, stockpiled, and
thereafter reused as often as needed.
This s done by building a class
named Container. whase methods
support the operations we expect of
containers: adding elements, remov-
ing them, expanding and shrinking

‘their ‘internal capacity as needed.

Thereafter, specialized, container
zlasses like Mailbox, Envelope, and
FileFolder are built by describing only
how each subclass differs. They may
differ by having additional private
data fields or by having additional (or
modified) behaviors. Figure 3 depicts
a typical inheritance hierarchy,

To design a new capability. the pro-

wessage to display itself. As a result, form types can be added
or deleted without charging the Mailbor implementation.
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' Figure 3: Infieritance. New specialized classes can be, and for example, the definition of Container {ncludes only definitions
almost always are, defined by inberiting the data and behaviors - for-methods B and D. U inherits definitions for methods A awd

of older geweric classes. then specifying only Fow the new ones D C Jrom Array these definitions do wot need to be explicitly
differ. Figure 3a shows how the classes Container. FileFolder, and  specified by the programmer. nor do they take any room in the
Mailbox are created; 36 explains the wotation used. Note that, * definition of Container.
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EXPENSE [ ERVELOPE © .  CONTAINER

T UWMAILBON . FILEFOLDER

“Figure 4: Opportunities to reuse work emerge. AS the design proceeds,
similarities fo previously developed Software-1Cs become apparent. and a large
- degree of reuse results.

Daclarations:Poirt.m
== PointObject (Geometry, Prirmitive){
short xLoc, yloo;

H
+ Reintixy:(inthy
+ fromilser

—f{irt)x

SPREADSHEET  © o

Figure 5: Productivity experiences. Actual decreases in lines of code experienced
by PPI customers using Objective-C in three different application areas.
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The manner in which

systems evolve has
to be fundamentally
different.

grammer's thoughts turn immediately
to "What do | already have that is
mast like the thing [ need?” (see flgure
4), Far example, to develop an Enve-
lope the programmer focuses on
describing how Envelopes should dif-
fer from Containers. Envelopes differ
from Containers by, for example, hav-
ing additional data variables such as
returnAddress, targetAddress, and
stamp. Envelopes also differ by ex
hibiting additional behaviors [(or
methods). for example maillo:, open,
and discard. Note that no methods
need be defined for adding and re-
moving contents from  envelopes
because they and the data variables
that support them, are acguired auto-
matically, or inherited, from Container.

FileFolders and Mailboxes will have
their own distinctive implementations.
However, only their differences from
a Container need to be designed,
coded, tested, documented, deliv-
ered, and maintained. Their contain-
ment abilities were developed once
and thereafter reused. Containment is
defined cansistently, systemwide. You
add a letter to a Mailbox in precisely
the same manner as you add a letter
to a FileFolder.

SYSTEM BUILDING WITH
SOFTWARE-ICS

System requirements normally model
data, data fiow, and actions on data.
In traclitional system building, the sys-
tem requirements must then be
mapped into the operatoroperand
model in order 1o optimize the imple-
mentation on a computer. Message/
object programming allows a more
direct representation of the realworld
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OBJECTIVE-C

bjective-C, a PPl product (Pro-

ductivity Products International
Inc., 27 Glen Rd., Sandy Hook, CT
06482), is a hybrid language that com-
bines the reusability, modeling power,
and complexity-reducing attributes of
Smalltalk-80 with the portability, effi-
ciency. compatibility, and access to
machine details of the C language. As
shown in figure A, the Objective-C
compiler transforms the Objective-C
language into standard C statements.
The messagelobject code examples
use the Objective-C syntax.

While Smalltalk-80 attempts to revo-
lutionize programming, Obijective-C
seeks to change it through evolution.
Objective-C provides a thin layer of
new structure over its C substrate by
adding classes, objects, messages,
encapsulation, and inheritance. No
C-language capabilities are eliminated,

and none are changed. The pro-
grammer can choose conventional
C-language tools when efficiency and
portability are paramount and mes-
sagelobject power tools when encap-
sulation, inheritance, and dynamic
binding are needed tc enhance re-
usability and reduce code bulk and
complexity.

The hybrid approach of Objective-C
does breach the purity of the mes-
sagelobject paradigm. This means that
the design and implementation rules
are not as clearly defined but must
evolve through experience. The hybrid
approach will also require more man-
agement diligence if the amount of
reusable code is to be optimized. The
criteria for choosing messagesiobjects
or writing functions in C should be
clearly defined and enforced. This will
require standards and control.

/% Objective-C Program Source */
=Mailbox:

+ create { self = [super new]; userld =getuid { ); return self;}
-addEnvelope { [anEnvelope sender?userld];
]

OrderedCollection { short userld:}

return [super add:anEnvelope];

HANDLES ANY "#DEFINE"
AND "# INCLUDE" DIRECTIVES

C PREPROCESSOR

TRANSLATES MESSAGE

v
MODIFIED OBJEC@
A

EXPRESSIONS AND CLASS
HIERARCHY INTO C FUNCTION
CALLS AND DATA STRUCTURES

OBJECTIVE - C COMPILER

v
STANDARD C SOURCE
4

PARSING AND
CODE GENERATION

STANDARD ¢ COMPILER

l

Figure A: Objective-C—a superset of the C language. Objective-C is actually a
hybrid language whose messagelobject syntax is changed to standard C syntax by

the Objective-C compiler.
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Messagelobject

programming allows a

more direct
representation of the

real-world model in
the code.

model in the code. The result is that
the normal radical transformation
from system requirements (defined in
users terms) to system specifications
(defined in computer terms) is great-
ly reduced.

Software-ICs directly support the
concept of rapid prototyping (or, in
hardware terms, breadboarding). The
ability to demonstrate a subset of a
system’s final functionality (particular-
ly the human interface) in a rapid pro-
totype helps ensure that the system
built is the system needed.

No matter how well the delivered
system satisfies the requirements,
peaple usually have an immediate
desire to changelevolve the system,
Fortunately, as we have seen, it is
possible to build changeable systems.

System builders using Objective-C
employ a combination of aids to
enhance the reusability of their Soft-
ware-ICs. The standard libraries, for
example, are documented using a
catalog composed of Software-IC
specification sheets. Table 1 sum-
marizes the specification sheet for a
Software-IC called Point.

CONCLUSIONS

The tools exist today in the software
world to build Software-ICs. They are
in use in a number of major com-
panies and have demonstrated (see
figure 5) code bulk reductions of be-
tween 2.5-1 and 5-1.

As the use of Software-ICs spreads,
productivity in the software world
should improve much as hardware ICs
improved productivity in the hard-
ware world. The use of Software-1Cs
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Table 1: Software-IC specification sheets. This is a condensed version of the
specification sheet for the Point Software-1C. The complete version conlains 21
methods (versus the 9 shown).

Point
Instance variables: { short xLoc, ylLoc; }

Inherits: Object

Inherited by:

Referenced by: Point Rectangle

Refers to: Geometry Point Primitive __Object__Object__csav msg fprintf Imul sgrt

Discussion
Points are vectors (i.e., coordinates) on a two-dimensional plane. When displayed on
a graphics terminal, the crigin is at the top left; the horizontal axis increases to the
right ...

Instance Variables
xLoc A short integer specifying the value for the horizontal axis (e.g., column).
xLoc A short integer specifying the value for the vertical axis (eg., row).

Instance Creation
+x:(int)xy=(int)y
Replies a new point at coordinales (x@y).
+fromUser
Prompts the user to specify the coordinates for a new point. The default
implementation is .

Instance Variable Access
Unless otherwise specified, thesé methods reply to the receiver,
—(int)x Replies the x-coordinate of the receiver
—(int)y Replies the y-coordinate of the receiver.
=X:(int)xy:(int)y
Sets the coordinates of the receiver ta (x@y).

Conditionals
In the following, words like “isAbove” or “isLeft” are with respect to a screen-oriented
point of reference, not the numerical magnitudes of the coordinates. For example,
the point (0, 0) is above and to the left of all other positive coordinates.
—(BOOL)isBelow:aPoint
Replies YES of receiver is below aPoint,

Equality Testing
—(int)hash
Replies xLoc ” ylLoc.
—(BOOL)isEqual:aPoint
The receiver and someObject are equal if and only if they are both points and
have equal coordinates

Printing

—printOn:(I0D)anlOD
Prints the receiver as: fprintf(anlOD, " }%d@%d)"", xLoc, yLoc);

{continued)
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also will promote the evolution of op-
timized system-building methodolo-
gies and tools. Just as semiconductor
foundries produce both standard and
custom ICs, Software-IC foundries will
do exactly the same in the software
industry. m
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Chap}té@r 2: Smaﬁéﬁitaik:' An Obieﬁta&é@eﬁ Lénguagé.

" Object-oriented programming is partly a point of view. It
is possible to some extent in any language. Some languages
assist the user in maintaining the object-oriented point of
view, and others do not. In this sense, object-oriented
programming is similar to structured programming. ft is a
way of organizing programuning tasks and can be accom-

. plished in any language, but it is greatly facilitated by a sup-

portive language.

Smalltalk is the most object-supportive language and is,
in fact, totally grounded in the object philosophy.

Objects in an object-based language are like paragraphs
" in prose or theorems in mathematics: they are the basic
higher-level structuring device from which the whole is con-
structed.

The first paper, “*Microelectronics and the Personal Com-
puter,”” by Alan C. Kay, pertains to the origins of Smalltalk.
In fact, Smalltalk grew out of Kay’s vision of the dynabook:
a graphically-oriented, notebook-size computer for personal
use, Kay describes the origing and goals of the Smalltatk lan-
guage as it refates to the dynabook.

This paper was written about 10 years ago. In the first line
it prophesies that *‘in about a decade many people will pos-
“sess a notebook-size computer with the capacity of a large
computer today.”” If Kay would have used the word “*desk-
top”” rather than “*notebook-size,”” he would have been right
“on the mark. As you read the paper, you might ask yourself
if your personal computer achieves for you the vision Kay
-had when he wrote the article and, if not, would Smalltaik
help?

Kay views the computer as a device that can simulate any
process. To get the most from the machine, users will have
to do some programming to truly get the maching to respond
to their needs. (Kay may bave missed the mark here. The
versatility of canned programs such as Lotus 123 was not
forescen.) Even children should be able to use the machine

“effectively, Kay sees the computer as made up of many
“activities,”’ that is, entities that exhibit certain behavior
when sent a particular message. *“The host computer is in
effect divided into thousands of computers, each with the
capabilities of the whoele.” This is the vision that led to the
object-oriented approach of Smalltalk.

Kay describes three levels of computer languages. The first
is that of dealing with procedures and data. The second is

" Smalitalk, dealing with objects, messages, and families of
objects. Interestingly, Kay secs a language level that is higher

EHO0257-6/87/0000/0037%01.00 © 1987 IEEE

than any object-based language, that of the obseiver lan-
guage. What constitutes an observer language 18, however,
only very briefly described.

Kay describes how children relate to computers. He is par-
ticularly keen on getting the computer to respond in helpful
ways for them. He describes very broadly the features of
Smalltatk, including its inherent parallelism. Smalltaik is
made up of objects and families of objects. Each object in
a family responds to the same messages. Kay’s view is much
higher than that of Smalltalk alone, but the paper is very
worthwhile reading and describes one view of how object-
based computing fits in with progress in computing. Smalitalk
grew out of the work of an idealistic visionary, Alan Kay.

The paper, “‘Experience with Smallealk-80 for Applica-
tion Development,”” by Tom Love, is an enthusiastic
endorsement for the Smalltalk-80 language and programming
environment. Love describes his experience in using
Smallealk to develop an application involving a graphic inter-
face to a wide variety of data. This application required 203
statements in Smalltalk, wheras the same application would

require thousands of statements in conventional languages,

Love describes both the strengths and weaknesses of
Smalitalk. The strengths include the increase in productivity
possible with the language, the excellent user interface, the
totally integrated environment, the capability for graphics
programming, and the possibility for reusing existing code.
The weaknesses include the lack of capabilities for commu-
nication (mail), no integrated set of atilities for file manage-
ment, computation speed too slow, small usér population,
and only one programming language available within the .
Smalltalk environment. )

Love's conclusion is that Smalltalk-80 ‘iz a solid
programiming environment that can be used as a base for sig-
nificant applications.”

The August 1981 issue of Byte mégazihe was deveted
to Smalltalk. Several articles from that issue were particu-
larly pertinent to objeci-oriented programming and are
reproduced here,

The first of these, “‘The Smalltalk-80 System,”” by the
¥erox Learning Research Group, is an overview of the lan-
guage, emphasizing objects, messages, and classes. These
fundamental building blocks of the language were borrowed
from the first object-oriented language, SIMULA. A set of
syntax diagrams for -Smalitalk is included.- Classes are
described by using a template that includes the class name,




methods (proceduresy available for processing objects of that
" class, and its superclass. One interesting feature of Smalltalk
_ is that every class inherits methods from ity superclass.
Metaclasses are deseribed. These are classes from which
other classes can be obtained.

Smalltalk includes many built-in classes. These include the
class Collection, which has as subclasses, Bag, Set, Ordered-
Collection, LinkedList, and IndexedCollection. Indexed-
Collection has String and Array as subclasses. Also, there
is the class Stream with its subclasses, ReadSiream, Write-
Stream, and ReadAndWriteStreamn. These and many other
classes were implemented by using the Smalltalk system itself
and are available to the programmer to use and modify.

“Design Principles Behind Smalltalk,” by Daniel
H.H. Ingalls, presents some principles that were observed
as the Smalltalk system was being developed. These princi-

“ples, while clearly related to Smatltalk, may be valuable
guides to future work on programming languages. To give
" the flavor of the paper, two of his prineiples are repeated
here,

Uniform Metaphor: A language should be designed around

‘a powerful metaphor that can be aniformly applied in ali
~areas. Hxamples of languages that followed this are LISP,

which is built around linked lists, and Smalitalk, which is
* built around the concept of communicating objects.

Operating System: An operating system is a collection of

o things that do not fit into a language. There should not be

one. Smalitaik has no operating system as such. The
resources noimally supplied by an operating system are made
available within the language.

Trygve M.H. Reenskaug, in *“User-Oriented Descriptions
of Smalltalk Systems,’” describes the Smalltalk system from
a user’s point of view. It contains an example showing how

“real-world objects are mapped into Smalltalk objects and
‘gives a fairly pood idea of what it is like to actually program
in Smalitalk.

. Jim Diederich and Jack Milton, in “*Experimental Pro-
- totyping in Smalltalk,” describe several features of
Smalltaik that contributed to its successful use in a prototyp-
" ing application, They found that the Smalltalk environment
" greatly enhanced the modifiability of a database system. Sig-
nificant modifications could be made to the system with rela-
tively little code modification. Their conclusion is that the

Sioallealk system promotes *“fearless™ programening by being:

* Referenceless: the system manages pointers to struc-
tures;

& Clutterless: low-level detail is managed by the system;

& Typeless: types are not declared for any language con-
struct;

@ Paperiess: after an acquaintence period, programmers
are comfortable relying only on the screen images for
gxamining their work.
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These authors present another enthusiastic endorsement for
object-oriented programming in Smallatk,

Smalltalk is a language and vser environment that is gain-
ing momentam and has advantages that may help to improve
software productivify, usability, understandability, etc. It is
the embodiment of the object point of view, taking it to its
ultirmate (for now, at least) realization. For someone to (raly
understand the obiect-oriented point of view, the study of
Smalltalk is a must.
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Articles:

A. Bernat, “Review of Smalltalk/V A Expert, Volume 1,
MNumber 11, November 1986, pages 77-81.

Smalitalk/V s strengths and weaknesses are explored in this
review. The author’s conclusion: It is an excellent system
for learning the basics of object-oriented programming but



- not the system on which to implement a Targe péc'kage for
end-user delivery.

"A. Borning and D. Ingalls, ““Multiple Inheritance in

 Smalltalk-80,> Proceedings of the National Conference on

Artificial Intelligence, The American Association for Artifi-
cial Intelligence, 1982, 234-237,

In the standard Smallialk langnage, a class may inherit from
only one other class, its superclass. In this paper a modifi-
cation to Smalitalk is described that atlows for multiple
inheritance.

T. Kaghler and . Patterson, ““A Small Taste of Smalitalk,”
August 1986, pages 145-159.

This paper is a short tutorial about how to program in
Smatltalk. The Smalitalk environment is described in the con-
text of two example programs. The first is the well-known
Tower of Hanot puzzle. Programs are given in Pascal and
Srnalitalk in order that comparisons can be made. The second
is an Animal Game that illustrates the use of trecs in
Bmalktalk,

Y. Yokote and M. Tokoro, ““The Design and Implemen-
tation of ConcurrentSmalltalk,”” OOPSLA 88, SIGPLAN
- Notices, AUM Hic., New York, New York, Volume 21,
Woember 11, Movember 1986, pages 331-340.

G.A. Pascoe, “‘Encapsulators: A New Software Paradigm

Cin Smalltalk-80," OOPSLA'86, SIGPLAN Notices, ACM

Inc., New York, New York, Volume 21, Number 11,
November 1986, pages 341-346.

This paper describes encapsulated objects. When a message

is zent to such an object, a pre-action is performed before

" the object’s method is executed and a post-action is performed

before 3 result is returned. Such objects are dsefal in many -
gituations.

S.R. Vegdahl, “Moving Structures between Smalltalk
Images,”” GOPSLA 86, SIGPLAN Notices, ACM Inc., New -
York, New York, Volume 21, Number 11, November 1986,
pages 466-471.

Implementations: _

Smalltalk/V, Digitalk, Inc., 5200 West Centary Boulevard, -
Los Angeles, CA 90043,

Smatttalk/V is a version of Smallialk for PCs: costs 399, It
is a substantial subset of Smalitali-80 with some of the origi-

- nal Smalltalk-80 classes renamed. The documentation that
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comes with the package is an excellent introduction to
Smathatk. This package is well worth the money if vou want

to learn: Smalltalk, but it is not & version in which to create - -

substantial applications.

Smalltalk AT, Softsmarts, Inc., 4 Skyline Road, Woodside, -

CA 94062, smallskip.

This 15 a full Xerox Smatltalk-80 version 2 implementation’ -
for ATs; costs $995.

Kerox markets Smalltalk for its 1100; 1108X, and 1132

workstations.

Tektronics markets Smallaik for its 4404, 4405, and 4406
workstations.

The University of California, Berkeley, distribufes an inter-
preter written in C that runs on the SUN2 workstation under
UNIX. :

Apple markets a version of Smalltalk for Macintosh coms
puters,




] ficroelectronics
and the P ersonai Co-i 0t

- Rares Ofpmgress in microelectronics suggesr that in abour a decade™

many people will possess a notebook-size computer with the {:‘apzszry o

‘of a large computer of today. What might such a system do for them?

decrease in cost of microelectron-

'compact and powerfol -hardware but
also bring quaiitative changes in the way
human beings and computers interact.

" In the 1980's both adults and children

will be able to have as-a personal pos-

session a computer about the size of a ¢
targe notebook with the power to handle-

virtually all ‘their -mlormation-related
needs. Compiting and storage capacity
~will be many times that of current mi-
crocomputers: tens of inillions of basic

operations per.second will manipulate. -

the equivalent of several thousand print-
ed pages of mformation.
- The personal computer can be regard-
—ed ds the newest example of human
“medivms . of communication, Various
means of storing, reirieving and manip-
ulating information have been in exis-
terice since human beings began to talk,

“-terdal thoughits for communication and,
through feedback processes; to form the

- paths that thinking follows: Although

_digital computers weére originally de-
- signed to doarithmetic operations. their

ability -to sihulate the detalls of any

descriptive model meins that the.com-
. puter; viewed as-a medium, can simu-

late any other medium if the methods-
of simulation~are sufficiently well de- -

- seribed. Moreover, anlike conventional

- mediums, which afe passive in the sénse.
that marks on papér.-pdaint on canvas .

and television images do not change in

the foture increase in capacity and -

ic devices will not only give rise 1o

by Alan C. Kay

résponse to the viewer's wishes,
computer medium js active: it can re-
spond to queries and exp’erimems and

can-even engage the user in & twWo-way -
conversation.

The evoldtion of the persondl comw
puter has followed a path similar 1o that

- of the printed book, but in'40 years rath-.

er than 600. Like the handmade books

‘of the Middle Ages, the massive com-
puters built in the two decades before
1960 were. scarce, expensive and avail- -

able to only a few. Just as the invention

“of printing led to the community use of

books chained in a library, the introdug-

fion of computer time-sharing in the
-~ 196('s partitioned the capacity of ex-

pensive computers in-order o lower
their acdess cost and allow community

-use. And just s the Industrial: Revolas
tion made possible the peisenal book by
providing inexpensive paper and mech-

~anized printing and binding, the mi-

External mediums serve to capture in- -

“will bring abbut the personal tomput-

er of the 198('s, with sufficient storage -

croelectronic revolution of the '1970's

and speed to support-highdevel com-

_puter languages-and interactive graphic

dlspldys

.-Ideally tha persauaﬁ[ computer wﬂl be
designed in such 4 way that people of
-all ages and walks of life can mold and

‘channgl its power o their own needs. @~
~-Architects should be able 1o simulate
three-dimensional $pace in-order 1o re~

flect on” and modify their current de-

_signs. Physicians should be ablé to store

& Sutheriand Computer Corporation shiow the guality of the Tméiges it should eveniually be

possible to present on a comipadt personsl computer. The pictures ave frames from two dynam--

ic-simulation programs that revise an image 30 times per second to represent the continuous

" motion of objects in projecied three-Gimensional space. The sequence at the top, made for the .

Mational Aerpnautics and Space Administration, shows a space laboratory being Bfted out of

| .the interior of the space shuttle, The seqnence at the bottom, made for the 118, Maritime Ad..

- _ministration, shows the movement of tankers in New York tarbor. Ability of the personal com-

- puter to simudate realor imagined phenomens will make it 2 aew medinm of communication,

" Reprinted with permission from *‘Microclectronics and the Personal
Computer™ by A:C, Kay. Copyright & 1977 by Scientific American, Inc. 41

All rights reserved.

the

and organize a large quantity of infor-
mation about. their patients, enabling
them to . perceive  significant relations
that would otherwise be imperceptible. .
Composers should- be able-to hear a-

composition as_they are composing if,

notably if it istoo: complex for theni to

-play Businessmen should have an ac-

tive briefcase that contains 4 working
stmulation of their company. Educators

should be able totmplement thelr-bwn' -
“version of ‘a Seétatic dialogie with dy- -~
“namic simulation and graphic ‘anida- -
tion, -Homemikers should be-able 1o
*store-and mampn!ate records, accounts,
“budgets, recipes and reminders. Chil-+
“dren should havean activé Jearning tool
that_gives them ready -access to large

stores of knowledge in ways that are.not -
possible with medivms such as hooks. -

How ¢an commimication with.com-

puters.be enriched to mieet the-diverse
needs of individuals? If the computer is -
to be truly “peérsonal,” adult'and child
usérs mist be able_te get itto perform

useful activities witliout résorting to the

services of an-expert. Sirnple tasks must -
“be simple, and complex ones must bg.-

.- possible. Although a personal computer
~will be supplied with: already created =
sirralations, stch 454 genéral text edi=

tor, the wide range of backgrounds and
ages of its potent;ai msers will makeany

direct anticipation of their rgeds very
“difficult. Thus the central problem of -
personal computing is that nonexperts
will almost certainly have o do some -
programiming if théir persosal comput-
Y er s to be of fnobe than transitory help. -

. To gain-some understanding of the

Co o - ' S i problems and ‘potential benefits of per- T
COMPUTER SIMULATIONS generated on a high-resolution television display at the Evans

sonal computing my ¢olleagires and L at '

“the Xerox Palo Alio Research Center -

have designed am experimental personal
computing system. We have had 3 num-

‘ber of these systemns built and have stud-

ied how both adults and children make

‘use of them. The hardware is Taithiul in

capacity to the. envisioned notebook-




- size computer of the 1980, although 1t
is necessarily larger. The software is a
new interactive computer-language sys-
temn called sMariTALE,

In the design of our personal comput-
g system we were influenced by re-
search done in the late 1960°s. At that
time Edward Cheadle and 1, working at
the University of Utah, designed FLEX,
the first personal computer to directly
support a graphics- and simulation-ori-
ented language. Although the FLEX de-
sign was encouraging, it was not com-
prehensive enough fo be useful to a wide

- variety of nonexpert users. We then be-
came interested in the efforts of Sey-
mour A. Papert, Wallace Feurzeig and
others working at the Massachuseits In-

~stitute of Technology and at Bolt, Ber-
anek and Newman, Inc., to develop a
computer-based learning environment
in which children would find learning
both fun and rewarding. Working with a

large time-shared computer, Papert and
Feurzeig devised a simple but powerful
computer language called roco. With
this language children (ranging in age
from eight to 12} could write programs
io controd a simple music generator, a
robot turtle that could crawl argund the
floor and draw lines, and a television
image of the turtle that could do the
same things.

Adter observing this project we came
to realize that many of the problems
invoived in the design of the person-
al computer, particutarly those having
to do with expressive communication,
were brought strongly info focus when
children down to the age of six were
seriously considered as users, We also
realized that children requite more
computer power than an adult is willing
to seitle for in a time-sharing system.
The best outputs that time-sharing can
provide are crude green-tinted line

drawings and square-wave musical
tones. Children, however, are used to
finger paints, color television and stereo-
phonic records, and they usually find the
things that can be accomplished with a
tow-capacity time-sharing system insuf-
ficiently stimulating to maintain their in-
terest.

Since LoGo was not designed with all
the people and uses we had in mind, we
decided not to copy i but to devise a
new kind of programming system that
would atiempt to combine simplicity
and ease of access with a gualitative im-
provement i experi-level adult pro-
gramming. In thiseffort we were guided,
as we had been with the FLEX system,
by the central ideas of the programming
language snvuLa, which was developed
in the mid-196('s by Qle-Johan Dahi
and Kristen MNygaard at the Norwegian
Computing Center in Oslo.

Our experimental personal computer

EXPERIMENTAL PERSONAY COMPUTER was built at the Xe-
- rox Pale Alte Research Center in part to develop & high-level pro-
 gramming languags that would enable wonexperts {o write sophisti-
cated programs. The author and his colleagnes were alse interested
b using the experimental computer fo study the effects of personal
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computing on Iearning. The machine is completely selfeconinined,
consisting of % keyboard, a poinling device, & high-resclution picture
display and = sound system, sl connected to a small processing wmit
and a removable disk-file memeory. Display can present thousands
of characters approaching the guality of those v printed materinl.



s self-contained ‘and fits comlortably

Ante a desk. Long-ferm storage is provid-
ed by removable disk memories thiat can
hold the -equivalent of 1,500 printed
pages of information (aboin three mil-
“lion characters), Although image dis-
plays -inthe 1980s will probably be
flat-screened mosaics that reflect light
- as hgoid-crystal watch-displays. do, vi-
stal output is-best supplied today by a
- high-resolution black-and-white or col-
-~ or television picture tube. High-fidelity

sound output is produced by a built-in

- conversion from discrete-digital signals
T o continuous waveforms, -which -afe -

then sent to.a conventional audio-ampli-

fier and speakers.. The user makes his -

.- primary input through a typewriteriike
. keyboard and a poirting device called a

" monse, which controls the -position of

an arrow on the screen as:it is pushed
ghowt on the table beside the display.

- Other input-systems include an-organ-

like keyboard for plaving music, a pen-
cillike pointer, a joystick, & microphope

-and a television camera. _
The commonest activity -on our per- -

sonal computer is the manipulation of
simulations already supplied by the
sMALLTALE &ystem or created by the
user. The dvnamic state of a simulation
is shown oncthe display, and ifs general
course 1s modified as the user changes
the displayed images by typing com-
mands on the keyboard or pointing with
the mouse. For example, formatted tex-
tual documents with muitiple typelaces

are simulated so that an image of the
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finished document- is” shown on the
sereen. The document is edited by poing~
“ingat-characters and paragraphs with |
the mouse and then deleting, adding .-
~and restrocturing the doctiment's parts.
“Each change is instantly refiected in the ~

_dosument s image.
In'many irstances the display screemnis
too small to held all the information a -

“user may wish to cofisult at one time,
“and so-we have-developed: “windows,”
—or simulated display frames ‘within the _
larger physical display. Windows orga- -
“pize simulations for editing and display,

allowing a documeni ¢omposed of text,

" pictures, musical notation, dynamic ani-
mations and so-on tw-be created and
cviewsd at several levels of refineinent.

Onee the windows have béen created

they overlap on the screen'iike sheets.of &
paper; when the mouse-is poinfed at a4 |

partially covered window, the window is
redisplaved to overlap the other win-
dows, Those windows containing useful

' but not-immediately needed informa-
“ton are collapsed to small rectangles

that -are labeled with' a8 namée show-

_ing what - information - they contain,
A “touch” of 1he mouse causes them

to instantly open up: and dsspiay their

Lcontents,

Inthe pre‘sénﬁ;taie' of the art -_SoftWaré

development 1§ much more: difficalt

T and tme-consumiing than hardware de-
- velopment. The pérsonal computer will ©
“eventually be put together from moréor -
“less ‘standard  microeletfrohic’ compo-

- nents, but the software that will give Life”
- to the user's ideas must go through a-
~long and drdvous process of refinement -

if it is to aid and nothinder the goals of a’

. personal dynamit medium.

For this reason we have over the past

" four years invited Some 250 children

{aged six to 15y and 50 adolts to try ver-

. sions of sMALLTALY and to suggest ways -
. of improving it. Their creations, asimag--
" inative and diverse as they themselves,

include prograsis for home accounts,
mformation storage and retrieval, teach-
ing, drawing. painting, music synthesis,

_writihg and games. Sabsequent designs
“of smarrrark -have been greatly influ- .
" enced and 1mprovcd §>y our visitors'
. projects.

When c'hﬂ&ren or aduits ﬁrst encoun- '

ter a persondl compuier, most of them

are already involved in pursuits of their

" own choosing. Their initial impuise isto

exploit the svstem o do things they are

already deing: a home or office fanager -+

will autowmate paperwsrk and accounts,”
a teacher will portray dynatnic and pic-
torial aspects of & curriculuf, a child -

will wotk on waysio ciedte pictires and -
games. The fact isthat pgople naturally -
the screen fike sheels of paper. When a partially covered window is sclected with thie pointing start 1o conceive ‘and “build personal .. -
S deviee, e window is redisplayed to overlap the other windows. Images with varions degrees -
_of symbaelic content can be dlspiayeﬂ simultansounsiy. Such images include detuiled Tniftone
- drawings, analopical images such as graphs aund symbolic Images such as numbers or words..

“tools. Although man has been charac- -
-terized as the toolmaking specics, tool-
-making iself -has historically been the-




province of technological specialists.
One reason is that fechoologies fre-
- quently require special techniques, ma-
terials, tools and physical conditions.
CAn important property of computers,
however, is that very general tools for
~using them can be built by anyone.
These tools are made from the same ma-
terials and with the same cffort as more
specific creations.
initially the children interact with our
computer by “painting” pictures and
drawing straight lines on the display
© screen with the pencillike pointer. The
children then discover that programs
can create structures more complex
than any they can create by hand. They
" learn that a picture has several represen-
tations, of which only the most obvi-
ous—the Image—appears on the screen,
-The most important representation is
the editable symbolic model of the pic-
ture stored in the memory of the com-
puter. For example, in the computer an
tmage of a truck can be built up from
models of wheels, 2 cab and a bed, each
-a different color. As the parts of the
symbelic model are edited its image on
the screen will change accordingly.
Adults also learn to expleit the prop-
erties of the computer medium, A pro-
fesstonal artist who visited us spent sev-
eral months building varicus tools that
resembled those he had worked with to
create images on paper. Eventually he
discovered that the mosaic screen—the

indelible but instantly erasable storage
of the medinm—and his new ability to
program could be combined to create
rich textures of a kind that could not be
created with ink or paint. From the use
of the computer for the impoverished
simulation of an already existing medi-
um he had progressed to the discovery
of the computer’s unigque properties for
human expression.

One of the best ways to teach nonex-
peris to communicate with com-
puters is to have them explore the levels
of absiraction at which images can be
manipufated. The manipulation of im-
ages fellows the general stages of intel-
lectuai growth. For a young child anim-
age is something to make: a {ree mixture
of forms and colors uncennected with
the real world. Older children create
images that directly represent concepts
such as people, pets and houses. Later
analogical images appear whose form is
closcly related to their meaning and pur-
pose. such as geometric figures and
graphs. In the end symbolic images are
used that stand for concepts that are too
abstract to analogize., such as num-
bers, algebraic and logical terms and
the characters and words that consti-
tute language.

The types of image in this hierarchy
are increasingly difficuli to represent on
the computer. Free-form and literal im-
ages can be easily drawn or painted with
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BMALLTALEK is a pew programming language developed at the Xerox Palo Alto Research
Center for use on the experimental personal computer. It is made up of “activities,” computer-
like entities that can perform a specific sef of tasks and can slso communicate with ether activ-
ities in the system. Mew activities are created by enriching existing families of activities with
additional “iraits,” or abilities, which are defined in ferms of a method to be carried out. The
description of the family “box” shown here is a dictionary of s traifs. Do create 3 mew member
of the family box, a message Is sent to the {rait “new” stafing the characteristics of the new box
in terms of specific values for the gemeral fraits “location,” “angle” and “size.” In this example
“pew” has been filled in fo specify a box located in the center of the screen with an angle of
zero degrees and a side 100 screen dots fong. To “show” the new box, 1 member of the curve-
drawing family “brush” is given directions by the open trait “shape.” First the brush travels to
the specified location, turns in the proper divection and appears on the screen. Then it draws 2
© sgueare by fraveling the distance given by “size,” turning 90 degrees and repeating these actions
three morve times. The last trait on the list is open, indieating that a sumerical value is to be
supplied by the user when the trait is invoked by 2 message, & box Is “grown” by first eras-
- ing i, increasing {er decreasing) its size by the value supplied in the message and redisplaying it
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lines and halftones i the dot matrix of
the display screen with the aid of the
maouse or in conjunction with programs
that draw curves, fil} in areas with tone
or show perspectives of three-dimen-
sional models. Analogical images can
also be generated, such as a model of &
simulated musical intrument: a time-se-
gquenced graph representing the dynam-
ic evolution of amplitude, pitch varia-
tion and tonal range.

Symbolic representations are partic-
ularly useful because they provide a
means of handling concepts that are dif-
ficuit te portray directly, such as gener-
alizations and abstract relations. More-
over, 4s an image gets increasingly com-
plex its most imporiant property, the
property of making local refations in-
stantly clear. becomes less useful. Com-
munication with computers based on
symbols as they routinely occur in natu-
ral language, however, has proved to be
far more difficult than many had sup-
posed. The reason lies in our lack of
understanding of how human beings ex-
ploit the context of their experience to
make sense of the ambiguities of com-
mon discourse. Since it is not yet under-
stood how human beings do what they
do, getling computers to engage in simi-
lar activities is still many vears in the’
future. It 1s quite pessible, however, to
invent artificial computer languages
that can represent concepts and activi-
ties we do understand and that are sim-
ple encugh in basic structure for them
to be easily learned and utilized by non-
experts.

The paritcuiar stracture of a symbolic
language is important because it pro-
vides a4 coniext in which some concepts
are easier to think aboul and express
than others. For example, mathematical
notation first arose to abbreviate con-
cepts that could be cxpressed only as
ungainly circumlocutions in patural lan-
guage. Gradually it was realized that'the
form of an expression could be of great
help in the conception and manipulation
of the meaning for which the expression
stood. A more important advance came
when new notation was crealed to rep-
resent concepts that did not fit into
the culture's linguistic heritage at all,
such as functional mappings, continu-
ous rates and fimits.

The computer created new needs for
language by inverting the fraditional
process of scientific investigation, It
made new universes avatlable that counld
be shaped by theories to produce simu-
lated phenomena. Accordingly symbol-
ic structures were needed to communi-
cate concepts such as imperafive de-
scriptions and control structures.

Most of the programming languages
in service today were developed as sym-
bolhic ways to deal with the hardware-
level concepts of the 1950°s. This ap-
proach led to two kinds of passive build-
ing blocks: data structures, or inert con-
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BELICOPTER SiMULATION was developsd by a 15-yesr-oid
student. The user directs the helicopter where to go with the pointing

stroction materials, and procedures, or
step-by-step recipes for manipulating
data. The languages based on these con-
cepts (such as BASIC, FORTRAN, ALGOL
- and apL) follow their descriptions it a
stricily sequential manner. Because a
" picce of data may be changed by any
~procedure that can find it the program-
“mer must be very careful to choose cnly
those procedures that are appropriate.
As ever more complex systems are at-
tempted, requiring elaborate combina-
-tions of procedures, the difficulty of get-
ting the entire system to work increases
geomeirically. Although most program-
rmers are still taught data-procedure tan-
" guages, there is now a widespread recog-
nition of their inadequacy.
A more promising approach is to de-
vise building blocks of greater generali-
“tv. Both data and procedures can be re-
placed by the single idea of “activities,”
compuleriike entities that exhibit be-
havior when they are sent an appropri-

CIRCUIT-DRAWING PROGRAM that was developed by 2 15
year-old boy enables 2 nser fo construct a complex cireuit diagram by

ate message. There are no aouns and
verbs in such a langnage, only dynami-
zally communicating activities, Every
trapsaction, description and control
process is thought of as sending mes-
sages to and receiving messages from
activities in the system, Moreover, each
activity belongs to a family of similar
activities, all of which have the ability
to recognize and reply to messages di-
rected to them and te perform specific
acts such as drawing pictures, making
sounds or adding numbers. Mew fami-
lies are created by combining and en-

riching “traits,” or properiies inherited .

from existing families.

A message-activity system is inherent-
Iy parallel: every activity is constantly
ready to send and receive messages, so
that the host computer is in effect divid-
ad into thousands of computers, each
with the capabilities of the whole, The
message-activity approach therefore en-
ables one to dynamically represent a
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device, which controls the position of the black arvow on the screen.
The window at the top shows the changing topographby of the terrain

system at many levels of orpanization
from the atomic to the macroscopic, but
with & "skin” of protection at each quali-
tative level of detail through which ne-
gotiative messages musi be sent and
checked. This level of complexity can be
safely handled because the language se-
verely limits the kinds of interactions
between activiiies, allowing only those
that are appropriate, much as a hor-
mone is allowed 1o interact with only a
few specifically responsive targef cells,
SMALLTALK, the programming system of
our personal computer, was the first
computer language to be based entirely
on the structoral concepts of messages
and activities.

The third and newest framework for
high-level communicalion is the observ.
er language. Although message-activity
languages are an advance over the data-
procedure  framework, the relations
among the varicus activities are some-
what independent and analytic. Many

R T T

selecting components from & “menu” displayed at the bottom of the
screen. 1he eomponents are then positioned snd connected with the
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below ax the helicopter Bies over it {Actual terrains were olitained
from Londsar maps.) A third window keeps track of the helicopter®s

concepts, however, are so tichly inter-
woven that analysis-causes them virtual-
ly to disappear. For cxample, 20th-cen-
tury physics assigns egqual importance
to a phenomenon and ity context, since
observers with different vantage points
.. perceive the world differently. In an ob-
server language, aciivities are réplaced
by “viewpoints” that become attached

1o one another to form correspondences

between concepts. For example, a dog

can be viewed abstractly (as an animal),

analytically {as being composed of or-

gans, cells and molecules), pragmatical-
1y (as a vehicle by a child), allegorically
. {as a human being in a fairy tale) and
- contextualiy (as a bone’s way to fertilize

"~ a lawn}. Observer languages are just

" now being formulated. They and their
successors will ‘be the communication

- wehicles of the 1980's.
Our experience, and that of others
- who teach programming, is that a first
computer language's particular style

and its main concepts not only have a
strong influence on what 3 hew pro-
grammer can sccomplish but also leave

an impression about programming and -

computers-that can last for years. The

< process.of learning o program a com-
puter canimpose such'a particular point
- of view that alternative ways of perceiv-

-ing and sclving problems can become -

exiremely frustrating for new program-
mers to learn. :
At the beginning of our study we first

timidly considered simulating features:
of data-procedure languages that chil- -

dren had been able to learn, such as Ba-
si¢ and Loco. Then, worrted that the im-
printing process would prevent stronger
ideas from being absorbed, we-decided
to find a way to present the message-ac-
tivity ideas of sMALLTALK il doncrete
terms without dilution; We did so by
starting with simple situations that em-
bodied a concept and then gradually in-
treasing the complexity of the examples

aititude, divection and spesd. The variety of evenis that can be sinve -
iated al the same tivié demonstrates the power of parallel processing.

{6 flesh out the concept to its full gener-
ality. Adthough the communicationlike

mode! of sMarTTALK is arather absiract

way io represent -descriptions, o our

-surpriss the first group and succeeding -
- groups of children who tried it appeared -

to find the ideas as-€asy to learn as those
of more concrete languages.

Forexample; most programming lan- . -

giiages can deal'with-only one thing ata’

time, so that it-is difficult to represent -
-with them even such simple situations 4s

children in & s¢hool, spacecraft in the .
sky or bourcing balls in freg space.In-
sMaLiTaLk parallel-models are dealt
with from the start, -and - the children

~seen 1o have little difficulty in handling
~them. actually parallel processing is re-
markably similar’ to-the way people .
think. When vou are walking along a -
strect, one part of your brain may be'
- thinking about the route you are tak--

ing, another part mdy be thinking about ..
the dinner vou are going toeat, a third -

paiﬁﬁlng device. An additional mend tan be generated an the soreen - -
By pushing o button on the pointing device; this meny supphies solid

L EE
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- and e dots and Haes of varidus widths. In-the sequence shown
here two components are selected and added fo a circuit dingram,




- HORSE-RACE AWNIMATION shows the eapabilities of the experi- user. In this sequence, images of horses, riders and buckground sre

menial personal computer for creating dysamic halftone images. The calied up independently from the storage files and arronged for the
“possible range of such simulations is Bmited only by the versaiility of racing simuintion with the pointing device. A single typed cowmmand ;
the programming language and the imaginstion of the child or ndult then causes e fwo horses and riders to race each other aoress screem.
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-part may be ddmiring the sunset, and
" so'forth. o o

Another important characteristic of
UsMALLTALK s the classification of ob-
jects into families that are generatiza-
tions of their properties. Children readi-
ly see themselves as members of the
- family “kids.” since they have common
Araits such as language, mmterests and
-physical appearaice. Each individual is
both a member of the family kids and
‘has his or ker owa meaning for the
shared fraits, For example, all kids have
the trait eye color, but Sam’s eves are
blue and Bertha's are brown, SMALL-
“TALK is bailt out of such families. Num-
ber symbols, such as 2 or 17, are in-
cstances of the family “number.” The
members of this family differ only in

their sumérical valoe {which is their -
sole property) and share a common def- -

inition of the different messages they

" .can receive and send. The symbol of a- -

“brush” in SMALLTALE is also a family.

Al the brush symbols have the ability o -

“draw lines, but each symibol has its own
knowledge of its orientation and where
it is located in the drawing area.

: Téze ‘description of a -programiming
larguage is generally given in lerms

of its grammar: the meaning each gram-
rpatical construction is supposad (o cons

~vey and the method used 10-obtain the -
. meaning. For example, various pro- -

- gramminglanguages employ grammati-

cal constructions such as (Mus 3 4) or 3
CENTER 4 -+ to specily the intent to add
cthe number 3 to the number 4. The

meaning of these phrases is the same.

In the computer each should give rise to
the number 7, aithough the actual meth-
“ods followed in obtaining the answer
can differ considerably from one type
“of computer o the next.
The grammar of SMALLTALE s simiple
.and fixed, Each phrase is a message to
~an activity., A description of the desired
activity is followed by a message that
selects a trait of the activity to be per-
formed. The designated activity will de-
cide whether 1t wants to accept the mes-
“sage (it usually does) and at some later
time will act on the message. There may
be maty concurrent messages pending
for an activity, even for the same trait,
" The sender-of the message may decide
~to wali for a reply or not {o wait. Usual-
1y it waits, but it may decide to go about
~other business if the message has In-
“-voked a method that requires consider-
able computation,
The integration of programming-lan-
.guage concepts with concepis of edit-

“ing, graphics and information retrieval -

makes available a wide range of wseful
- activities that the user can invoke with
* little or no knowledge of programming.
Learners are introduced 10 SMALLTALE
by getting them to send messages to al-
ready existing families of activities; such

MUSIC CAN BE REPRESE@TED on-the personal computer I he form of aﬂaiagic.al im-
“sges. Notes played on the keyboard are “captured” g5 5 fime-sequenced score on the display.

MUSICAL SCORE shown here Wwas generated 98 mugic was played on the keyhoard. The sithe . -
plified potation represents piteh by vertical placement and duration by horizontal length. Notes
can be shortened, lengihened or changed and the modified piece then played back ws music,
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as the family "box,” whose members
show themselves on the screen as
squares, A box can individually change
its size, logation, rotation and shape. Af-
fer some experience with sending mes-
sages to cause effects on the display
screen the learner may take a look at the
definition of the box family. Each fami-
ly in smaLLTALK is described with a dic-
tionary of fraits, which are defined in
terms of 8 method to be carried out. For
example, the message phrase “joe grow
507 says: Find the activity named “joe,”
find its general trait called "grow 7
and fill in its open part with the specific
value 50. A new trail analogous to those
already present in the family definition
{such as "grow” or “turn’’} can easily be
added by the learner. The next phase of
learning involves elaboration of this ba-
sic theme by creating games such as
space war and tools for drawing and
painting, .
There are two basic approaches 10
personal computing. The frst one,
which is analogous to musical improvi-
sation, is exploratory: effects are caused

in order to see what they are like and
‘errors are tracked down,

understood
and fixed. The second, which resembles
musical composition, calls for a great
deal more planning, generality and

¢ structure. The zame language is used for

both methods but the framework is
quite different.

From our study we have learned the
importance of a balance between free
exploration and a developed curricu-
jum. The personal computing experi-
ence is similar to the introduction of a
piane inte a third-grade classroom. The
children will make noise and even music
by experimentation, but eventually they
will need help in dealing with the instru-
ment in nonobvious ways. We have also
found that for children the various lev-
els of abstraction supplied by smaLL-
Talk are not equally accessible, The
central idea of symbolization s to give a
simple name o a complex collection of
ideas, and then later to be able to invoke
the ideas through the aame. We have
observed a number of children between
the ages of six and seven who have been
able to take this step in their comput.
er programs, but their ability to look
ahead, 1o visualize the conseguences of
actions they might take, is imited.

Children aged eight to 10 have a grad-

BISPLAY FOMTSE can be desigied on per-
sonal computer by constructing them from a
matrix of black-and-white squares. When the
fonis ave reduced, they approach the guality
of those in printed material. The image of a
pointing hamd shown here s a symbol in SMALLe
TALK representing the concept of a literal word,
sich as the name associated with an activity.
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ually developing ability to visualize and
plan and are able {0 use the concept of
families and a subiler Torm of naming:
the use of traits such as size, which can
stand for different numerical values at
different times. For most children, how-
gver, the real implications of further
symbelic generality are not at all obvi-
ous. By age 11 or 12 we sce a consider-
able Improvement in a child’s ability to
plan general structures and to devise
comprehensive computer tools. Adults
advance through the stages more quick-
1y than children. and usually they create
tools after a few weeks of practice. It is
not known whether the stages of intel-
lectual development observed in chil-
dren are absolutely or only relatively
correlated with age, but it is possible
that exposure to a realm in which sym-
bolic creation is rewarded by wonderful
effects could shorten the time required
for children to mature from one stage
to the next.

The most important limitation on per-
sonal computing for nonexperts appears
when they conceive of a project that,
although it is sasy {0 do in the language.
calls for design concepls they have not
vet absorbed, For example, it is easy to
build a span with bricks if one knows the
concept of the arch, but otherwise it is
difficult or impossible. Clearly as com-
plexity Increases “architecture” dorni-
nates “material.” The need for ways (o
characierize and communicate architec-
tural concepts in developing programs
has been a long-standing problem in the
design of computing systems. A pro-
pramming language provides a context
for developing strategies, and it must
supply both the ability to make tools
and a style suggesting useful approaches
that will bring concepts to life,

We are sure from our experience that
personal computers will become an inte-
gral part of peoples” fives in the 1980's.
The editing, saving and sifting of all
manner of information will be of value
to virtually everyone. More sophisticat-
ed forms of computing may be ke mu-
sic in that most people will come to
know of them and enjoy them but only
a few will actually become directly in-
volved.

How will personal computers affect
society? The interaction of society
and a new medinm of communication
and self-expression can be disturbing
even when most of the society’s meim-
bers learn to use the medium routinety.
The social and personal effects of the
new medinm are subtle and not easy for
the society and the individual te per-
ceive, To use writing as a metaphor,
there are three reactions to the introdue-
tion of a new medium: illiteracy, litera-
cy and artistic creation. After reading
material became available the illiterate
were those who were left behind by the




new medium. It was'inevitable that a
few creative individuals would use the
Cwritten word to express inner thoughls
and ideas. The most profound ¢hanges
were brought about in the literate. They
‘did not necessarily become better peo-
. .ple or better members of society, but

-they came to view the world in a way
quite different from the way they had
viewed it before, with consequences that
were difficult to predict or control.

We may expecl that the changes re-
siiting from computer literacy will be as
{ar-reaching as those that came from lit-
eracy m reading and writing., but for
most people the changes will be subtle
“and not necessarily in the direction of
" their idealized expeciations. For exam-
“ple, we should not predict or expect that

‘the personal comiputer will foster a new
‘revelution’ in education just because it -
‘could. Every new communication medi-

um of this century--the telephone, the
motion picture, radio and television—

has clicited similar predictions that did
not come to pass. Millions of uneducat.-
ed people in the world have ready sccess -
-to the accumaualated culture of the centu-
ries in public libfaries, but they do not

avall themselves of it, Onée an individu-

cal or a society decides that education is
o essential, however, the book, and now

the personal computer, can be among
the society's main vehicles for the trans-

- mission of knowledge.

The social impact of simildtion=ihe
central property of computing—nst

also be considered. First, as with lan-

 INTRICATE PATTERNS can be generated on the personal computer with very compuct de-

Seriptions in SMALUTALK. They are made by repeating, rotating, scaling, superposing and combin- |
. img drawings of simple geometric shapes, Studenis who dre learning to prograss first oreate in-
terosting freesform or literal images by drawing them directly in the dot mateix of the display

seveen, Eventually they learn fo employ the symbolic images in the pregramming language to
“divect the computer to generate more eomplex imagery than they could eusily create by hand,
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© guage; Hie computer user hag o strong

motivation to emphasize the similarity
between simulation and experience and
to ignore the great distances that sym-
bols interpose between models and the

‘real world. Feelings of power and & nar-
~eissistic fascination: with the image of

oneselfl reflected back from the machine

- gre common. Additional teadencies are

te employ the computer trivially {simu-
lating what paper, paints and file cabi- *
nets can do), as a crutch (using the com-
puzer to remermber tHings that we can
periectly well remember .ourselves) or
as an excuse {(blaming the computer for

huraan {ailings). More serious 15 the hu-
man propensity 1o place faith in and as-
sign higher pdwers to an agency that is
not completely undéfstond, The fact

" that many organizitions actually base
~their decisions oh-=worse, take their de-
“cisions from—computer models is pro-
Joundly disturbing given the current

state of the compuier art. Similar feel-
ings-about the written word persist to
this day: if something is “in black and -
white,” i must somehow be true.

hildren who have not yet lost much’
of their sense of wonder and fun
have helped vs to find an ethic about

- computing: Do not atdomite the ‘work
you are engaged in, only the materials,

If you fike to draw, do no! automate

-~ drawing; rather, prograim youf personal
computer to give youanew set of paints,
K you like to play music, do not build a
“Uplayer piano”; instead program your-
< self a new kind of instrument.

A popular misconception about com-
puters is that they are logical. Forthright -

"8 g better termu Simce complters can-

contain arbitrary descriplions, any con-

- geivable collection of rulés, consistent

or not, can be carried out, Morgover,

computers use of symbols, like the use B
-of symbols in language and mathemat-

ics, is sufficiently discornected from the
real world to enablé fhem to create

-splendid nonsense. Although the hard-

ware of the computer is subject tonaty-

" ral laws (elecirons can move through the

circuits -only in certain physically de-

fined ways), the range of simulations the
" comiputer can perform is bounded only
" by the limits of human imagination. Ina

corputer, spacecraft can be made to

~travel faster than the speed of light, time

to travel inreverse. .. .
It may seem almost $sinfol to discuss

 the simulation of nonsense,. but only if -

we want to believe thiat what we know'is

‘cofTect and complete. History has not
* been kind to those who subscribe to this
~ view. It is just this realm of -apparent

nonsense that must be kept open for the
developing minds ol the future. Al-

though the personal computer can be

guided inany direction we chouse, the

creal sin would be to make it act like a

maching!
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Experiences with Smelitalk-80T™ for Application Development

Tom Love

Schhanberger-Doll Research

This repori describes _initial  experiences  using a
programming environment and longuage called Smalltalk-80
to develop an application using a highly graphic interface 1o
a variety of diverse data. The particular data invelved
inchuded elecirical logs, core photographs, stratigraphic
sketches, scanning electron micrographs, text reporis, and
" seatter plots.

Smallialk-80 has surpassed our initigl expectations.
“Oirder of magnitude reductions In the bulk of code required
Jor - certain  applications are achievable.  Learning the

danguage and user interface is qidte easy, but the library of

available methoeds is lorge {abowt 4 thousand methods) and

often  difficuli o undersiand. The compuiational

ingfficiencies of the current implementation were ROt as
-severe @ limitation as originally anticipated.

1. Why Smalltalk?

Smalltalk-8¢ (5T-80) is an integrated, solitary program- -

ming environment conceived and constructed at the
‘Kerox Pale Alio Research Center over the past 12
vears. It is integrated in that 5T-80 programming is
done in a single language and in a single environment
which is dealt with consistently by the user, It is solitary
in that no support is provided fo assist a group of pro-
_prarumers cooperating on a comimon task.

ST-80 is a state of the arl programming environ-
ment. [t is one of a very small sot of environment pro-
_jects which had the unusual luxury of being able to start
from scratch and {0 coniinue inlact until commercial
infroduction of the product. The original vision was (o
build a supportive computer based work environment
which pushed the limits of hardware and software tech-
" nology. From the very beginning the researchers were
-not substantially constrained by curreni day cosis of
hardware or software, Rather the view was to select a
“Base which would be cost effective in 5 to 10 years.

ST-80 became available to commercial customers for
- the first time in November 1982, Schlumberger had a
simall headstart in that we were among three clients who

.1, A registered trademark of Xerox Corporation.

EHO257-6/87/0000/0052801.00 © 1943 IEEE

served as a beta test site for 5T-80 on the Xerox 1100
{delphin) workstation. This is the firsl paper lo describe
the use of ST-80 as a base for commercial applications.

The Schlumberger-Dolt Research Center s responsi-
bhie for entifying and evaluating promising new
hardware and software technologies {or possible applica-
tion within the company. 5T-8G was considered a
promising new technology due io:

— its sophisticaied human engineering of the user
interface (offers the promise of being powerful,
productive, and reasonable to learn)

— the extensibility of the system (ability o customize
the entire system for a particular application)

w~ the Tact that it iz the most complete system
currently available based upon the concept of
objects (objects are a structuring concept for sys-
term building and can be thought of a5 a combina-
tion of procedures and data)

— the transportability of the software io other
hardware environmenis without jeopardizing
investment in current software {ST-80 has been
ported to a VAX at Berkeley under the UNIX
operating system and fe a Moptorola 68000 based
Sun workstation)

- i takes a creative and powerful approach to graph-
iCS programming

2, Batkground of the application

A principal business of Schlumberger is o collect,
analyze, and interpret measurements from elecironics
packages lowered into wells. A plot of the response of a
particular electronics package within a well is referred to
as a log. The elecironics package itself is known as a
tool, The tools can measure resistivity and density but
customers need to locate a zone containing hydrocar-
hons and to determine the permeability of the zone.

A set of very sophisticated seflware systems has
been developed to anaivze s set of tool responses and
answer customer problems. Even so it is necessary for a
log interpreter to carefully scrutinize every step of this




process and 1o cope with any additional information
available, such ag actual rock sarhples from the wetl ar
historical information concérning a particular formation:

The purpose of the application described was to pro-

vide a mechanism for accessing and comparing thas
diverse information electronically.

' 3 A descnptmn of the apphcatmn

An application has beﬂn bmﬁ with' the followmg Capab1!~

- ities:

‘1. From a stratlgraphzc image “drawn %}y & geologzsi
duplicate the course of a well

= _.the image could either be drawh using ST-80 or
digitized from a lirie drawing 2 _
2. select a zone Wwithin the well and find ot what
information is available for that zone )
C = & zone i&;-:'selec{ed"_by moving the mouse {o the
desired location on the stratigraphic image -
© w35 the m’ousa" is moved it continuously displays
' the scaled coordinates of the subsurface enwron-
~ment being depicted in the image

— the top and bottom of the zone of interest are -

selected with a bution press of the mouse

3.7 allow the user io select from a menu the desired
) dats and allow the uger to move itwhere he or she
- wants it on the screen; the variety of dats includes:

= log plots
— scatier plots - _
— simulated d:gmzed pho%ographm images - '

— simulatéd  iriuges from
scanning eleciron microscopes.

- text TEPOTiS

- gpecial programs which can be run if the user
chooses; these programs allow the user to
integrate data-from log plots, images, and text to
describe the results on analyses

T — dynamic memos -- memos which include text,
graphics, ifmages, simple animation, and pro-

grams which may be conirclled and masipulated’

by the user

For example there are methods to plot too! responses
“for a selected zone, The actual tool response data for a
single. well has been embedded within a well object. A
method of the well class acquires data for a particular

0. This ST-80 applcation -program - assumes . that fles exist
containing bit map images for display purposes. In all cases
_these images arg simulated at this lime by drawing them with the

© 8T-80 FormEditor. A very modest amount of addilional
sefiware is required io translate a digitized image 16 the required
form to be used by ST-80,

m%mmems SliCh as'

tobl within. the Specified depth interval.

Creduiire: 10,000+ 20,000 statements.

‘functions or procedures,
. one_wouid choose-1o do that in 5T 80.

_ _ The data are -
then: displayed in“a user defined window on a labeled
grid. -Another log can ‘be -added to that

depth-interval.

The programmer for this aﬁp]ibaiii)zﬁl had never pro- -
grammed in 8T-80 or anyv object oriented programming
language  before.  The . resulting simple applicalion

required -only 205 ST-80 statements and iess than 2
" months-of effort, inciuding training.’

“To develop the equivalent fuactionality using only a
language such as Fortran or Pascal would probably
RS However, this is
not actuzlly a fair comparison -betause with ST-80 one
acquires a rather large library of aiseful methods and
classes, whereas, in .more traditional -languages one

s beging with only wvery primitive operations and data

structures.

The distinct tendency of people” wbrk’ing dn - tradi-

" Ttional -environments s to begin from serateh withoat

building on one of the many existing fibraries of useful
It is siriply inconceivable that

4. An Example of ST-B0 Code

A simple ST-80 program or method wiil be presented to
demonstraté” both the power and. the simplicity of the
language;.
-_'miua Hy a part t}%‘ the application described above.

This method is simply an example and not

As Shﬁwn i Figures'1 - 5, the foliowmg method is

_ "an_:nif_aragn_ve program which does a simple plot of data
- obtained from a log object. :

T3 T Gchfept

{ Figure 1}

" This method plots a tool response verticaily hased wpon -
daig ebigined from the lop objece”
2 -} tog penComdr penPlot newLog
13 penPlof =~ Platter new.
4. penComdr ~ Commandér new: 11, :
‘18 7 userRect — Kectangle fromUser. { Figure' 3
[ penComdr northy turn: 180;
linellpFrom: userRect origin lo! userRect mpnghl
down; go: (iserBect heighl); up; turn: -90;
lineUpFrnm: aserRect origin to: userRect bottomLeft; R
. down;, got (userBecl width}, up. {Figure #
1 peniPlot porth; defauliNite 3, frame: ugerRects up.
3  Jog — Logs fromWell: ’{)(‘SC' date: "deciB82’,
g - newbog ~ log getlog: "sp” minDepth: 1008 maxDepth: ]1{}0
10 scaledArray = log scale: newLog to: vserRect. .
i . _scaled.ﬂrmy do:
{:zach | penPlot goto: (userBect origih & each} .
~ down . {Figure 4

3. A statement was defined 1o be ahy singlé messages or set of

messages on & single physical line, any cascaded message {count -

~semicolons}, or any block siructure. -Block stroctures can of
Course contain very many stalernents” but -2l ‘block structures
were considered to have at least one statement.

view or -
~displayed within another view az the same or 4 different




Highlight Grid

These 24 §T-80 statements will be described to pro-

vide the user with a view of the style and form of the
language. The program described is intended only as a
tutorial example. For a more complete description of
ST-80, the rsader should see either the August 1981
issue of Byte Magazine or the Addison-Wesley book,
EmalkTalk 80: The Langusge and s Implemen-
tation by Adele Geldberg and David Robson of Xerox.
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teckRept is the name of the method to be exscuted.

2. Four names of temporary variables are listed.

These variables are local to this method.

- Create & new ohject of the class Plotter, named pen-

Plog, which responds to ail of the methods of
Fiotter, This is termed creating a new instance of a
class.
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FIGURE 2

Create a new instance of the class Commander with
il pens, named penComdy. Commander is a class
of objects which controls pens, in the sense of pens
on a flat bed plotter. penComdr conirols 11 pens.

Reguest the user to specifly the origin and size of &
rectangle on the display. The points which specify
this rectangle are stored in the local variable user-
Rect.

A series of commands are sent to the penComdr
which has the effect of drawing linear graph paper
within the wserRect. For example, the 11 pens are
commanded 10 line up between the origin and the
top right corner of the userRect; 10 lower onio the
paper {down}; and move a distance equal to the
height of the userRect.

Initiatize the direction, pen size, plotling area -on




the screen {frame) and }osxiwn of the plotter,

8. Create a new object which contains data fromWe]i
. MOCSG on date: Tdecl982°,

9. Create a new object which contains “only the sp log
. within the zone 1900 o 1100,

: _10. ‘Create a new obiect which contains'tﬁe' v;p log data -

selected above and which is scaled 1o the size of the
“userRect,

11, Loop thmz)gh ‘the 'data and plot each point with a
connected line. -

new peint which is the current element of the
sca{ezfArmy plus the origin of the userRect.

I hope that this simpte 11 instruction exaniple has.given
the reader d feel for the langvage and demonstraied the
power of ST-R0.

5. The ST-80 User Interface _ _
ST-80 was explicitly designed to oplimize the produc-
tivity of the individual programmer. Io my opinicn, it is

the best solitary environment available within the indus-
- iry today, o :

Some of"%he-'advamages of the interface include:

Cwe ST-80 a mode-less environment unless one falls oot
inté 'the  ALTO operating sysiem level which hap-

pened regularly in the first few weeks of using the
© system, but which happens aboul once a month now

= the structure of the interface and the mouse result in -

. famtastically {ittie use .of the keyboard; it is not
uncommon to realize that you have been working on
the system for 30 minuies without have entered a
single keystroke

— reasonable first generafion -tools exist to help the
user understand what is actually going on within the
system at any given time

— dealing with images is easy and productive under

S5T-80 unlike any other substantial system [ know of

8. Strengths of 8T-80

- -The major stréngths of ST-8C are rejated 1o the integra-
- tion of program development tools with graphics.

Such
ntegration has begun to-appear in other environments
ssuch as Interlispand Lisa,

" The fo'l'!'awiﬁ.g'strengt.hs of ST-80 have been observed:

= ‘preductivity is substantially enhanced by access to

large Hibrary of reusuable classes and methods and
by inheritince {(1%'s of lines of code rather than
1000°s)

— ‘the user-interface. within -Smalitalk, whilé not per-
Fect, is very, very good

= the totally integrated environment allows the sys-

That is, for gach elément of the
sealeddrray, PIOt a line from the previons pointto a -
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- (Obvious - wedknesses -

1em to be more dccessible to the user and ¢an bs'
©mastéred by an individual over time

= the Smadltaik 'Ianguage i remarkably productive:
for graphics programming
— there is a large quantity of existing code which is
' of reasonable guality and which can be directly .
“accessad, “modified, and reused {cost to genérate .-
was-approximately 100 person vears of effort over
12 years) N
— Smalitalk-80 is directly éxtensible so that poweiful
new application sysiems -can be built in - the
Iariguige of the user

~ the base -is -very good for constiuction .of the
‘remaindet . of components réguired’ for the elec-

- ;iromc office {apolications, textigraphms program»
-ming, communications)

Ve’ baged upon very early 'im;&ressions ST:80 well

sutted for use. by physical scientisis and others

“interested in modeling applications -as' long as the

- performance constraints mentjoned ‘elsewhere do
~ pot-result in crippling response time

7. Wenkness of §T-86

which  have = been - discovered

include: - :
—~ lack-of any capabilities n the commeércial relsise
for muoltiperson communication or -coordination -
{mail, conflguration control, ste.}

~ there s no ST-80 file system orintegrated set of
utilities for file management; file transfer, and
‘manipuldtion; instead the rather primitive ALTO
file system-is used outside of §T-30 (a différent
mode!} o
— computation speed is currenily 'a problem for the
Xerox 1100 implementation of 8T-80 since the
computational primitives are not all written in
~microcode

= available irairing materials are ‘spafse and inade-
quate given - the radically new egvironment
tepresented by ST-80

" the user population is extraordinarily small at this
time {10°s of people}

—hardware to run 5T-80 is currently véry expensive
(545,000 -compared to that found in the typical
corporate programmer's office {a $1500 VT-i00);
Apple’s Lisa maching runs ST-80 on a much

- smaller display screen, but costs only $10.000 for
the hardware; {these prices seem to change daily!).

< only one programming language is currently avail-
abje within the environment; this obviates the pos-
~sibility of utilizing:any previcusly written software

on the workstation itself; network connections to

such software are possible




These weaknesses ure simply a reflection of the maturity
. of the product and do not represent fundamental limita-
tions which cannot be overcome.

© . B, Workstation costs versus software productivity

Workstations {o run ST-80 are currently more expensive
than we are accusiomed to spending on programmer
workstations, Any detailed analysis that I can imagine
will convincingly demonstrate that for anything resem-
bling the productivity gains which seem possible ander
ST-80, we could be spending dramatically more for
workstations while improving the corporate profisability,
The real gains for ST-8 may not just be development
productivity buf also maintenance produciivity. By being
succint and readable, we should assume that mainie-
nance costs will be exceptionally low and maintenance
turnaround very short,

© . Every indication is that cost per current day worksta-
tion will decrease steadily during the next decade. Per-
- sonally, though I expect the capabilities of these devices
to expand rather than stay constani, so the absolute
value may not decrease nearly so rapidly.

2, Bummary

ST-80 is a highly productive programming environment

and approach fo programming. It is non-traditionat and
represents a discontinuous break from the past. ST-80
combines an integrated programming environment with
the object oriented approach to scftware development.
1t will fundamentally change the way we think about
software environments, the way we develop software,
and the amount of money we spend to capitalize pro-
ZrAMIMErS.

ST-80 can not longer be considered an interesting
toy developed and used within research laboratories. [t
is a solid programming environmen! and can be vsed as
a base for significant applivations. These applications
can be developed, modified, and maintained with
dramatically less effort than in any other programming
language, programming snvironment, or operating sys-
tem. Radical improvements in productivity can now be
purchased off the shelf and their seemingly high initial
price tags may prove o be very modest indeed.

In conclusion, ST-80 is out of the Xerox research
laboratery. It is a reasonably complete first release of a
very ambitious soflware product which is of very high

" quality. It has been well worth the rather long

wait!
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The Smaﬂtalk‘SD system represents the currerit state of - Sendmg Messages—Expmssmns
he ﬁb]act-oramted point:of view as it has been’ reducedto. .- ~Messages are described by expressions, . which are se- :
“practice by the ¥Xerox' Lsarning Research Group. The V‘quences ‘of Characters that-conform to the syntax of the .7
" Smalltalk-80 system is composed of objects that interact . Smalltalk-80 programming language. A message-sending
- “only by sending and receiving rhessages. The program- " -expression describes the receiver, selector, and arguments .
. mer implements a system by describing messages o be. . of the miessage;: When an- expression is ‘evaluated, the -
sent and descnbmg what happens when messages are | message it descnbes is transmitted to 1ts_rece1ver Here -

: ST dEbleetadinan : : _amples of express% ns descr mg a message -

the receivers, selectors, and. argumeﬁts in the Eel!awmg
‘examples,) _

idens ﬂf objects, messages and.' -?glf’a'-"?-‘?_i Cener f e _Key:...i‘fm] Receiver s
SIMULA; - {See reference 1)

; fs‘ "i‘cr' creafe c‘;bjecf»orfented sys<-

7 Selector

2. on'gm :

iframeimove?o @ Argument’ -

Each expresszon begms w;th 8. c%estnphon of the . .
““receiver of the message. The receivers in these éxamples.

- ave described by variable names: frarie, - origin, - frame,

_ and Iist, respectively. Generally, at least one spate must

| separate the parts of an expression,

lnse descﬁpfaensasmb} ete were'f. . Messages -~ without arguments are called unary
'aﬁfulk-?é system added. the messages. A unary message consists of a'single identifier

' efatwnskzps &?et‘we:z?l ciasses,. called a unary selector, The first example is a unary
message whose selector is center,

_ A binary message has a single argument and a selector
C This s rf:cie presents the central semantic features' that is-one of a set of special single or double characters
_and' mmt of the syntactic features of the Smalltalle-80 called * binary selectors. Por example, the common

| was prepared by Dave Robson and Adele arithmetic symbols (+, ~, *, and /} are binary selectors;
Gﬂfd& erg a5 scribes For the group effort of designing | some comparison cperatxam are represented as double
“anid implementing the system, Two forthcoming books | ~ <P@? aciers (eg: == for equivalence, ~ = for not
(sée- refironce 3) provide the full specification of the. equal). The second example is a binary ‘message whose

: maﬁtﬂ&v&{? system; in particular, the books describe | -278YMent is Offser,

the o ation of the interpreter and. storage - Akeyword message has one or more arguments and a

1 the graphical user interface. o '_selector that is made up of a series of keywords, one
e . _ - preceding each argument. A keyword is an identifier with
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a trailing colon, The third example is a single-argument
keyword message whose selector is moveTo: and whose
- -argument is newlocation, The fourth example is a two-
argument keyword message whose selector is made up of
the keywords at: and put: and whose arguments are index
" and sglement. To talk about the selector of a multiple-
argument keyword message, the kevwords are con-

catenated, So, the selector of the fourth example is

at:put:,

The message receivers and arguments in the examples
are described by variable names. In addition, they can
"also be described with literals. The two most common
kinds of literals are integers and strings. An integer liferal
is a sequence of digits that may be preceded by a minus
sign (eg: 0, 1, 186, —3, or 13772). A string literal is a se-
quence of characters between single quotes {eg: 'h,
Clohiy, or 'the Smalltalk-80 syster’), A binary message
with an integer literal as its receiver is

45 + count
A keyword message with a string literal as its argument is
printer display: ‘Monthly Payroll
_ _-‘_Wh_en a Message is sent, it invokes a method deter-
" tined by the class of the receiver. The invoked method
will always return a result {an object). The result of a
_message can be used as a receiver or argument for
another message, An example of a unary message
" describing the receiver of another unary message is

window frame center

Unary messages are parsed left to right. The first

_-missage in this example is the unary selector-frame sent to -

" the object named window. The unary message center is
then sent to the result of the expression window frame
{ie: the object returned from window's response to
frame).

' Pinary messages are also parsed left to right. An exam-
-ple of a binary message describing the receiver of another
binary message is

ingex -+ offset « 2

 The result of sending the binary message + offset to
‘the object named index is the receiver for the binary
message *2. All binary selectors have the same
precedence; only the order in which they are written mat-
ters. Parentheses can be used to change the order of
evaluation. A message within parentheses is sent before
. any messages outside the parentheses. If the previous ex-
ample were written

index 4 (offset * 2)

the result of the binary message * 2 to Offset would be
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used as the argument of a binary message with receiver
index and selector + .
Unary messages take precedence over binary messages.

If unary messages and binary messages appear together, .

the unary messages will be sent first, In the example
frarme center + windaw offsel — index

the Yesult of the unary message center to frame is the
receiver of the binary message whose selector i + and
whose argument is the result of the unary message offset
to window. The result of the + message is, in turn, the
receiver of the binary message — index. Parentheses can
be used to explicitly show the order of evaluation, eg:
{{frame center] + [window offseq} —~ index. Parentheses
can also be used to alter the order of evaluation. In the
example

{center + offset} x

the binary message + offset would be sent before the
Grary Imessage X,

Whenever keywords appear in an unparenthesized
message, they compose a single selector. The example

window showText: ‘Title” inFont; helvetica
inderted: 15

is a single message whose selector is showTextinFontin-

dented:. Because of this concatenation, there is no left-to-
tight parsing rule for keywerd messages. If a keyword

‘message is bo be used as a receiver or argument of another

keyword message, it must be parenthesizéd. The expres-
sion

~ framescale: (factor max:- 5}

describes two keyword messages; The result of the ex- 0

pression factor max: 5 is the argument for the scale:
message to frame.

Binary messages take precedence over keyword
messages. When unary, binary, and keyword messages
appear. in the same expression without parentheses, the
unary messages are sent first, the binary messages next,
and the keyword messages last. The example

bigFrame height: smaiiFrame height * 2
is evaluated as if it were parenthesized as follows:

bigFrame height: {(smailFrame height) = 2}

A cascaded message expression describes a sequence of
messages to be sent to the same object. A simple message
expression is a description of the receiver (ie: a variable
name, literal, or expression) followed by a message (e: a
unary selector, a binary selector and argument, or a set of

keywords and arguments). A cascaded message expres-
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- Fignare 13 Sy.rzl‘ax diagrams for the Smalitalk-80 langunge.

‘sion is ‘a single description of a receiver followed by
several messages separated by semicolons. For example,
“in the expression

- printer newline; print: reportTitle, space;
print: Date today.

 four messages are sent to the object named printer. The
selectors of the four messages are newline, print;, space,
-and print.. In the expression

window frame center: pointer location;
width: border 4 comntents; clear

. three 'messages are sent to the object returned from the
frame message to window. The selectors of the three

messages are center;, width:, and clear. Without
“cascading, this would have been three expressions

window frame center: pointer location.

“window frame width: border + conternts.
window frame clear

. ‘Assigning Variables

The value.of a variable can be useci as the receiver or |

- Augast 1951 © BYTE Publications Inc
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argument of a message by including jts name in an ex-
pression. The value of & variable can be changed with an

. assignment expression. An assignment expression con-

sists of a variable name followed by a left arrow {—}
followed by the description of an object. When an assign-

- ment expression is evaluated, the variable named to the

left of the arrow assumes the value of the object-described

. to the right of the arrow. The new value can be described

by a variable name, a literal, or a message-sending ex-

“pression; Examples of assignments are

center « origin

cindex — 0
index « index + 1 -
irdex «— index 4 1 max: limit

In the last example, the message + 1 is sent to the
value of the variable index, the message max: limit is sent
to the result of the + | message, and ‘the result of the

.max: imit message becomes the new value of the variable

index. o
A numbet of variables can be assighed in the same ex-

pressmn by including several vanabie naties with left ar-
rows. The expression

start —index «—

makes the value xj.:f both szért and irdex be 0,




The syntax table in figure 1 is a diagram for parsing

- well-formed Smalltalk-80 expressions. This table does

not specify how spaces are treated. Spaces must not ap-

pear between digits and characters that make up a single

token, nor within the specification of a number. Spaces
tnust appear

ebetween a sequence of identifiers used as variables or
unary selectors

@abetween the elemenis of an array In an array constant
eon either side of a keyword in a keyword expression

Spaces may optionally be included between any other
elements in an expression. A carriage return or tab has
the same syntactic function as a space,

Receiving Messapes—Classes

A class describes a set of objects called its instances,
Each instance has a set of instance variables, The class
provides a set of names that are used to refer to these
variables. A class also provides a set of methods that
describe what happens when its instances receive mes-

Figure 1 continued

-sages, A method describes a sequence of actions to be

taken when a message with a particular selector is re-
ceived by an instance of a particular class. These actions
consist of sending other messages, assigning variables,
and returning a value to the original message.

To create a new application, modify an existing ap-
plication, or to modify the Smalltallk-80 system itself, a
programmer creates and modifies classes that describe
objects, The most profitable way to manipulate a class is
with an interactive system, Much of the development of
the Smalltalk-80 system has been the creation of ap-
propriate software-development tools. {See Larry Tesler's
article “The Smalltalk Environment,” on page 90.) Unfor-
tunately, to describe a system on paper, a noninteractive
inear mode of presentation is needed. To this end, a
basic class template is provided as a simple textual
representation of a class. The basic class template in table
1 shows the natme of the class, the nrames of the instance
variables, and the set of methods used for responding to
messages,

In table 1, the italicized elements will be replaced by
the specific identifiers or methods appropriate to the
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Figure 1 continued:

[ message sorrern

%‘W ainefts
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identifier

identifier identifier identifier

method

method

Table 1: The basic class template,

* class, Names of classes begin with an uppercase letter,
- and names of variables begin with a lowercase letter, As
an example, figure 2 shows the basic template form of a
class named Point whose instances represent points in a
two-dimensional coordinate system, Each instance has an
instance variable niamed x that represents its horizontal
coordinate and an instance variable named y that
represents its vertical coordinate. Each instance can res-
.:pond to messages that initialize its two instance variables,
request the value of either variable, and perform simple

arithmetic. The details of methods (in particular, the use
of °|', " and '1') are the subject of our next discussion.

Methods
A method has three parts:

@3 message pattern
#some temporary variable names
#some expressions

The three parts of a method are separated by vertical
bars (|}. The message pattern consists of a selector and
names for the arguments. The expressions are separated
by periods () and the last one may be preceded by an up
arrow {1). In the method for selector + in figure 2, the
message pattern is + aPoint, the temporary variable
names are sumX and sumy, and there are three expres-
sions, the last one preceded by an 1.

Line breaks have no significance in methods; format-
ting is used only for purposes of aesthetics. The vertical
bars and periods are delimiters of significance.

As stated earlier, each message pattern contains a selec-
tor, When a message is received by an instance, the
method whose message pattern contains the same selector

- will be executed. For example, suppose that offset were an

Paint

XYy

Message 4,
Pattern ¢

x: xCoordinate y: yCoordinate | |
% = xCoordinate
y ~— yCoordinate

Temporary
Variable
Mames

sumX — x 4 aPoint x.
sumyY — y + aPoint v,
1 Point newveXs sumx Y, sumy

Expressions

— aPolnt | differenceX differenceY |
differenceX — x — aFoint x,
differenceY — y - aFoint y.

{Point newX: differenceX Y. differenceyY

» scateFactor {scaledX scaledY |
scaledX - x « scaleFactor.
scaledY — vy = scaleFactor.
TPoint newx: scaledX ¥Y: scaiedY

Figure 2: Hiustrated class template for the class Point,
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vlass same

DepositRecord

' Ch’étk’l?e‘corcf

- superclass Object

Deposstﬁecord

_instance variable names date amount

~instance 'va'x"ihb!éixiame'é' S number

methods -

“of: depositAmount on: depositDate | |

. date — depaositDate.
JMNOUNt - depogstﬁmoum

'ammiml |
] amount

balanceChange | |
{ amount _

" Table 2: Class ternplate for class DepositRecord.

me:hmis

- pumber: checkMumber for: checkﬁmaunt on:
theckDate | | :
" number — checkNumber,
" date — checkDate.
“amount — theckAmount-

ofranAmount on: aDate | |
self error: .
‘Check r&mrds are initialized WIth
number foron”
- baiance{:hange 1o = amount

: Taﬁie 3 'Cias's.temp'fafe for class CheckRecord.

instance of Point in-the expression
 offset + frame center”

The method whose message pattern is + aPoint weuld
be executed in response. For selectors that take

nantes wheréver arguments would appear in a message,
When a method is invoked by a message, the argument

_names in the method are used to refer to the actual
arguments of that message, [n the above example, aPoirt
-would refer to the resuit of frame center.

- identifier

identifier _
identifier identifier identifier
identifier  identifier identifier

elass messages snd; methods:

) method
“wmiethod

method

instanie messages and methods

method
method

method

“Table 4 The fu-'j’{. cluss teriplate. .

Following the messagé pattern, a method can contain
some temporary variable names between vertical bars.
When a method is executed, a set-of variables is created

‘that can'be accessed by the temporary variable names.
* These temporary vanables exist oniy while the method is
~* in the'process of execution,
arguments, the message pattern also contains argrnent

- Following the second vertu:ai bar, a methﬂd containsa

~ sequence of expressions separated by periods. When a
-method is execited, these expressions-are evaluated se--

quentially, - _

So, -there are three steys in- rece:vmg a message, cor-
respondmg to the three parts of ‘the method, Smalltalk
will’

1. Find the method w_h'osémessage"p'éttern. has the same
selector as the message and create a set of variables for o

the argument values.
2. Create a set of temporary vatiables correspondmg to
Ehe nammes between the vertical bars, .

- Hvalunte the expréssions in the methad sequenhaliy

Six k:nds of vanabies can be used i a tethod’s expres—' -
sions: s

®the instance variables of the receiver
sthe pseudo-variable seif
‘s the message arguments

“etemporary variables -

aclass variables
-'egiobal varigbles

The mstancre vamables are named in the message'
receiver's class, In the example, x and y refer to the valyes
of the instance variables of offset.

There is an important pseudo-variable available in =

-every method, which is named seff. self refers to the
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receiver of the miessage that invoked the method, It is
~ called a pseudo-variable because its value can be accessed
. like a variable, but its value cannot be changed using an
assignment expression. In the example, self refers 1o the
same object as offset during the execution of the method
associated with +,

Arguments and temporary variables are similas, in that
the names for both are declared in the method itself and
they both exist only during the method's execution,
However, unlike arguments, temporary variables are not
automatically initialized. The values of temporary
variables can be changed with an assignment expression.

Class variables are shared by all instances and the class
-itself. Names for the class variables are shown in the full
class template in an entry called “class variable names”
-{see table 4), Although they are variables and their values
. can be changed, they are typically treated as constants,
" initialized when the class is created, and then simply used
by the instances. For example, if the class of floating-
point numbers wanted to provide trigonometric func-
tions, it might want to define a variable called pi to be
- wsed in any of its methods,

Global variables are shared by all objects. A global dic-
tionary, called Smalltatk, holds the names and values of
these variables. The classes in the system, for example,
are the values of global variables whose names are the
clase names, With the exception of variables used to
- reference system resources, few global variables exist in
- the Smalltalk-80 system. Programming style that depends
" on user-defined globals is generally discouraged.

 If the last expression in a method is preceded by an 1,
- the message that invoked the method takes on the value

-of this expression. If an ! does not precede the last ex-

pression, the value of the message is simply the receiver
" of the message. For example, the x'y: message to a Point
{see Higure 2) behaves as if it had been written

- ¥Coordinate y: yCoordinate | |
¥ — xCoordinate.
y — yCoordinate,
t self

Methods can contain comments anywhere. A comment
s a sequence of characters delimited by double quotes.
" Two consecutive double quotes are used to embed a
-double quote within a comment, The methods in class
Point were purpasely written in a verbose style to provide
examples. The messages for + could have been written

+ aPoint | |
1 Point newX: x 4+ aPointx Y.y + aPoint y

- The basic class template presents only the most important
attributes of a class. The complete description of a class is
provided by the full class template, described in the next
section,

Inheritance
The basic template allows a class to be described in-

dependently of other classes. It ignores inheritance
among classes. The full class template, however, takes in-
heritance into account. {See table 4.) With it, a class can
be described as a modification of another class called its
superclass, All classes that modify a particular class are
called its subclasses. A subclass inherits the instance
variable names and methods of its superclass. A subclass
can also add instance variable names and methods to
those it inherits, The instance variable names added by
the subclass must differ from the instance variable names
of the superclass. The subclass ran override a method in
the superclass by adding a message with the same selec-
tor. Instances of the subclass will execute the method
found in the subclass rather than the method inherited
from the superclass.

To assemble the complete description of a class, it is
necessary to look at its superclass, its superclass’s
superclass, and so on, until a class with no superclass is
encountered, There is only one such class in the system
{ie: without a superclass), and its class name is Object,
All clagses ultimately inherit metheds from Object. Ob-
Ject has no instance variables. The set of classes linked
through the superclass relation is called a superclass
chain., The full class template has an entry called
“superclass’” that specifies the initial link on the class’s
superclass chain.

JAs  an example, describe a

we might class,

[epositkecord, whose instances are records of bank ac-
count deposits. Each instance has two instance variables
representing the date and amount of the deposit. The
class template is shown in table 2.

class name - CheckRecord
“superclass. DepositRecord
instancé variable igmes -l number

-~ class riessages and methods ]

rumber: checkNumber for: check Amount om
checkDate | |
T oself new number: checkNumber
for: checkAmount
on: check[ate

instance misssages and methods

number: checkNumber for: check Amount omn
checkiate | |
super of: checkAmount on: checkDate.
number = checkMumber

of: anAmount omn: aDate | |

self error: 'Check records are indtialized with
rumber:foron:’

balanceChange | | 1 0 — amount

Table 5: Full class template for class CheckRecord,
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A class, ChECkRec'ord, whose instances are records of -

checks written on an account is a subclass of
DepositRecord; this new class adds an instance variable
that represents the check number. The class template is
shown in table 3, _

An instance of CheckRecord has three instance
variables. It inherits the amount message, adds the
number:forion: -message, and overrides the
balanceChange and of.on: messages. The of.on: method
contains a single expression in which the message error;
‘Check records are Initlalized with numberforon: is sent
to the pseudo-variable self. The method for error: is found
in the superclass of DepositRecord, which is the class Ob-
Ject; the response is to stop execution and to display the
string literal argument to the user.

An additional pseudo-variable available in 2 method’s

Point

Object

Xy

P

" instance creation _
ConewX: ¥Value ¥ yWalue | |
: T self new x xValue

: v yWalue _ _
newRadius: radius Angie: angle | |

I self new x: radius = angle sin

v radius x angle cos

Cclass initiglization
setPl | | pi — 3.14159

accessing _
x: xCoordinate y: yCoordinate | |

x — xCoordinate.

y = vCoordinate
‘x| ix
yiily R _
radius | | H{x = x) + (v » ¥)) squareRoot
angle | | 1(x/y} arctan

arithmetic
+ aPoint | | IPoint newX; x 4 aPoint x
Y.y + aPointy
— #Ppint | | 1Point new)X: x — aPoint x
Y.y - aPointy
* scaleFactor | | 1Point newX: x » scaleFactor

Yoy scaleFactor
clrcleArea | r |
£« self radius,
o dpisrsr

Table 6: Full cldss template for class Point,
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expressions is super. It allows a subclass to access the

~methods in its superciass that have been overridden in the
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subclass description. The use of super as the receiver of & -

message has the same effect as the use of self, except that
the search for the appropriate message starts in the -
superciass, not the class, of the receiver. o
For example, the method associated with -
number:forion in CheckRecord might have beer: defined
43

nimber: checkNumber for: checkAmount o
checkDate | | .
" super of: checkAmount on: checkDate.
- number — checkNumber

Metaclasses s .
Since a class is an-object, there is a different class that

-describes it. A class that describes a class is called a

metaclass. Thus, a class has its own instance variables

that represent the description of its instances; it'responds -
to messages that provide For - the initalization and

modification of this description.  In particular, a class =
responds to a2 message that creatés a new instance. The
unhary message Nevw creates a new instance whose in-

stance variables are uninitialized. The object nil indicates

an uninitialized value.
The classes in the system might all be instances of the

same class, However, each class typically uses a slightly

different message protocel to create initialized instances,
For example, the last expression in the method associated
with + in class Point (see figure 2) was

Point newX; sumX Y: sumy

new XY is a message to Point, asking it to create a new
instance with sumX and sumyY as the values of the new in-
stance’s instance variables. The newX:Y: message would
not mean anything to another class, such as
DepositRecord or CheckRecord. So, these three classes
can't be instances of the same class, Al classes have a lot
in common, so their classes are all subclasses of the sarme .
class. This class is named Class. The subclasses of Class -
are called mefaclasses, .

The newX'Y: message in Point’s metaclass might be im-
plemented as

newX: xValue ¥: yVaiue | |
1 self new x: xValue y: yWalue

The new message was inherited by Point's metaclass from
Class. One reason for having metaclasses is to have a

-special set of methods for each class, primarily messages

for initializing class variables and new instances. These
methods are displayed in the full class-template form -
shown in table 4; they are distinguished from the
methods for messages to the instances of the class, The -
two categories are “class messages and methods” and “in-
stance messages and methods,” respectively. Methods in



cate ‘clags messages and methods” are associated
with the 'metaclass; those in “instance messages and
methods” are digociated with the class,

If there are no class variables for the class, the “class
variable name” entry is omitted. So, CheckRecord might
be described as shown in table 5.

It is often desirable to create subcategories within the
categories “class messages and methods” and “instance
messages and methods,” Moreover, the order in which

the categories or subcategories are listed is of no
significance. {The notion of categories is simply a pretty
printing” technique; it has no semantic significance.}

Returning to the example of class Point, if the instance

“methods of class Point include subcategories accessing
and arithinetic, the template for Point might appear as
shown in table 6,

When the class Point is defined, the expression

-Foint setPi

- should be evaluated in order to set the value of the single
class vartable.

A Point might be created and given z name by
evaluating the expression

testPoint < Point newX: 420 Y: 26

The new Point, testPaint, can then be sent the message
circleArea:

testPoint crcleArea
or used in a more complex expression;

(restPoint = 2) circieArea

‘Primitive Routines
The response to some messages in the system may be
performed by a primitive routine (written in the im-
plementation language of the machine) rather than by
evaluating the expressions in a method. The methods for
these messages indicate the presence of such a primitive
. routine by including < primitive > before the first expres-
sion in the method, A major use of primitive methods is
to interact with the machine’s input/output devices.
An example of a primitive method is the new message
"t classes, which returns a new instance of the receiver.

new | | < primitive >

This particular primitive routine always produces a
result. If there are situations in which a primitive routire
cannot produce a result, the method will also contain
some expressions. If the primitive routine is successful in
responding to the message, it will return a value and the
expressions in the method will not be evaluated. If the
primitive routine encounters difficulty, the expressions
will be evaluated as though the primitive routine had not
‘been specified.
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Another example of a message with a primitive
response is a message with the selector + sent to 3
Smallinteger

+ afumber | | < primitive >
self error: "Smallinteger addition has failed’

One reason this primitive might fail to produce a result
is that the argument is not a Smallinteger. In the exampie,
this would produce an error report. In the actual
Smalltalk-80 systern, an attempt is made to check and see
if the argument were another kind of number for which a
result could be produced.

Indexed Instance Variables

An object’s instance variables are usually given names
by its class. The names are used in methods of the class to
refer to the values of the instance variables. Some objects
also have a set of instance variables that have no names
and can only be accessed by messages. The instance vari-
ables are referred to by an integral index, Indexable ob-
jects are used to implement the classes in the system that
represent collections of other objects, such as arrays and
strings.

The messages to access indexed instance variables have

Array

indexedCollection

instance creation
with: anElement | |
1{self new: 1) at: | put: anklement
with: flrstElerment with: secondElement
| anArray |
anArray = seff new: 2.
anAmay at: 1 put: firstElement,
anArray at: 2 put: secandklement.
tanArray

accessing
at: aninteger | |
<< prirnitive >
self error: "index out of range’

at: aninteger put: anElement |
<< primitive >
self error: “index out of range’

B

funny stuf
embed |
tArray with: self

Table 7: Full class template for class Amay.
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selectors at: and atput. For example

- list at: ?

“primitive contrdl messages: conditional selection of

blocks, ifTrueifFaise:, and conditional iteration of blocks,

~whileTrue: and whileFalse:.

returns the first indexed instance variable of list. The ex- -

- ‘ample

list at: 4 put: elerment

" stores elemerit as the vaiue of the fourth indexed instance

variable of list. The at and atput messages invoke

* primitive routines to load or store the value of the in-
" dicated variable. The legal indices run from one fo the

number of indexable variables in the instance. The at: and

‘atput; messages are defined in class Object and,
" therefore, can be understood by all objects; however, on-
- ly certain classes will create instances with indexable in-

stance variables. These classes will have an additional
line in the class template indicating that the instances con-
tain indexable imstance varinbles. As an example, we

show a part of the template for class Array in table 7.

Each instance of a class that allows indexable instance

variables may have a different number of them; such in- -

stances are created using the new: message to a class,

“whose argument tells the number of indexable variables,

The number of indexable instance variables an instance

" has can be found by sending it the message size. A class
- whose instances have indexable instance variables can

also have named instance variables, All instances of any

class will have the same number of named instance

variables,

Control Str’ﬁttmes and Blocks

The two control structures in the Smalltalk-80 system '

described so far are

- ethe sequential execution of expressions in a method
" @the sending of messages that invoke other methods that

eventually return values

All other control structiires are based on objects called

‘blocks. Like a method, a block is a sequence of expres-

sions, the last of which can be preceded by an up arrow

" (13. The expressions are delimited by periods; they may

be preceded by one or more identifiers with leading co-

“lons. These identifiers are the block arguments, Block

arguments are separated from expressions by a vertical
bar.

Whenever square ‘brackets -are - encountered in- a

‘method, 2 blork is created. Evaluation of the expressions

inside the square brackets is deferred until the block is
sent the message value or a message whose selector is a
concatenation of one.or more occurrences of the keyword
vaiue:, Control structures are implemented as messages

* with receivers or arguments that are blocks. The methods

for carrying out these control-structure messages involve
sending the blocks patterns of vallue messages,

In the Smalltalic-80 system, there are two types of .-
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{« =) the argument.

The representation of conditions in the Smalitalk-80

system uses distinguished boolean objects named false

and true. The first type of primitive control message pro-

- vides for conditional selection of a block to be executed.

This is similar to the IF .. . THEN . . . ELSE of ALGOL-
like languages. The expression :

T quede isEmpty ifTrue: findex — 0] o
: ifFalse; [index «— guéue next]

evaluates the expressions in the first block if the receiver
is true and evaluates the expressions in the second block if

“the receiver is false. Two other forms of conditional selec- .-

tion providé only one alternative

queue iSEmpty ifTrue: findex < 0]. -
queue isEmpty ifFalse: [index — queue _next].

When ifTrue: is sent to false, it rteturns immediately

without executing the block, When ifFalse: is sent to true,
the block is not executed.

The second type of primitive control message repeated-
ly evaluates the expressions in a block as long as some
condition holds. This is similar to the WHILE and UNTIL
statements in ALGOL-like languages. This type of con-
trol message is a message to a block; the receiver, the
block, evaluates the expressions it contains and deter-

mines whether or not to continue on the basis of the value ~ -
- of the last expression. The first form of this control

message has  selector whileTrue:. The method for
whileTrue: repeatedly executes the argument block as -
long as the receiver’s value is true. For example,

[irlex < == lirnit] whileTroe: [self ﬁro’ceSs: list at: index.
index - index + 11.

The binary message < = is understood by objects :

representing magnitudes. The value réturned is the result
of comparing whether the receiver is less than or equal to -~

The second conditional iteration message has selector

whileFalse:, The method for whiieFaise: repeatedly ex-

ecutes the argument block as long as the receiver’s value -

* is false. For example,

{queus isEmpty] whileFalse: {self process: queue next}

' Theﬂmessages'Wh%ieTr{jé_and whileF zisé to a block pro- .

vide a shorthand notation for messages of the form

~whifeTrue: sRlock and whileFalse: aBiock, if the argument

aBlock is an empty block.
. Block arguments allow one or moreé of the vartables in- -
side the block to be given new values each time the block

is executed. Instead of sending the block the message .

value, messages with selectors valle: or valuevalue:, and




0 O, are sent to the block. The arguments of the value:
messages are assigned to the block arguments {in order)
" before the block expressions are evaluated.

As an example, classes with indexed instance variables
could implement a message with selector do: that takes a
block as an argument and executes it once for every in-
dexed variable, The block has 2 single block argument;
the value of the appropriate indexed variable is passed to
it for each execution, An example of the use of such a
message is

Hst do: [ element | self process: element]
“The message might be implemented as

don aBlock | index |
index — 1.
[index < == seif size] whileTrue:
[aBlock vaiue: {self at: index).
index « index + 1]

Similar control messages can be implemented for any
class. As an example, a simple repetition could be pro-
~vided by a timesRepeat: aBlock message to instances of
class Integer

timesRepeat: aBlock | index |
fridex — 1.
index < self] whileTrue;
[aBlock value.
indesx — mdex + 1]

Examples of ‘implementing other control MESSAZEs Bre

given in L Peter Deutsch's article “Building Conlrol Struc-

tures in the Smalltalk-80 System,” on page 322.

The Smalltalk-80 System: Basic Classes

The Smalltalk-80 language provides a uniform syntax
tor retrieving objects, sending messages, and defining
classes, The Smalltalk-80 system iz a complete pro-
* gramming environment that includes many actual classes
and instances. In support of the uniferm syntax, this
system includes class descriptions for Object, Ciass,
Message, CompiledMethod, and Context, whose
subclasses are BlockContext and MethodContext. Multi-
ple independent processes are provided by classes Pro-
cessorScheduler, Process, and Semaphore, The special
object nii is the only instance of class UndefinedOBject.
“These classes comprise the kernel Smalltalk-80 system.

The system alsa includes class descriptions to support

basic data structures; these are numerical and collection
tlasses. The class MNumber specifies the protocol ap-
propriate for all numerical objects. Its subclasses provide
specific representations of numbers, The subclasses are
Figat, Fraction, and Integer. For a variety of reasons,
*there are both Smallintegers and Largeintegers; of these,
‘there are LargePositiveintegers and LargeNega-
tiveintegers.
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Class Coilection specifies protocol appropriate to ob-
jects representing collections of objects, These include
Bag, Set, OrderedCollection, Linkedlist, MappedCollec-
tion, SortecColiection, and IndexedCollection. The latter
provides protocol for objects with indexable instance
variables. [t has subclasses String and Array. Elements of a
string are instances of class Character; bytes are stored in
instances of ByteArray. A subclass of String is Symbol; a
subclass of Set is Dictionary (a set of Associations).

Interval is a subclass of Colection with elements
representing an arithmetic progression. intervals can be
created by sending the message 10! or to:by: to Integer.
So, the expressions 1 to: 5 by: | and 1 to: 5 each create a
new Interval representing 1, 2, 3, 4, 5. As a Collection, In-
rerval responds to the enumeration message do:. For ex-
ample, in

{1 to: 5) do: Lindex | anArray at; index put: index = 2]

the block argument index takes on successive values 1, 2,
3,4, 5.

For programmer convenience, an Integer also responds
te the messages 1o and to:by:do:, allowing the paren-
theses in interval enumeration expressions to be omitted.

The ability to stream over indexed or ordered collec-
tions is provided by a hierarchy based on class Stream, in-
cluding ReadStream, \WriteStream, and  ReadAnd-
riteStream. A file system, local or remote, is then im-
plementable as a subclass of these kinds of Streams.

Since instances of the system classes described above
are used in the implementation of all applications, an
understanding of their message pretocol is as necessary to
understanding an imnplementation as an understanding of
the language syntax. These system classes are fuily
described in the forthcoming Smalltalk books.

In addition to the basic data-structure classes, the
Smalltatk-80 system includes class deseriptions to sup-
port interactive graphics (forms and images and image
editors, text and text editors), networking, standard fles,
and hard-copy printing. A complete Smalltalk-80 system
contains about sixty class definitions, not including a
variety of windows or views, menus, scrolibars, and the
metaclasses. Many of these are discussed in companion
articles in this issue. {See Daniel H H Ingalls’s “The
Diesign Principles Behind Smalltalk,” page 286, and Larry
Tesler's "The Smalltalk Environment,” page 90,)

The impertant thing to note is that each of these class
descriptions is implemented in the Smalltalk-80 language
itself, Each can be examined and modified by the pro-
grammer, Some of the class descriptions contain methods
that reference primitive methods; only these methods are
implemented in the machine language of the implementa-
tion machine, It is a fundamental part of the philosophy
of the system design that the programmer have such com-
plete access, In this way, system designers, such as
members of the Xerox Learning Research Group. are able
to build the next Smalltalk in the complete context of
Smalltalk itself @
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- Editor's Nete; This glossary provides concise definitions for many -of the keywords and concepts ml‘a:red. 10
Smalltall-80. These definitions will be most useful if you first read the introductory Smalltallc articles.-. . LEW
General Termdnology block a literal method; an object repre-

“object
HessaLe

metliod

class
irigtance:

mithod dic-
- Honary

#igtarlags

saibielass

Hessage re-
ceiver

message sender

a package of information and
descriptions of its manipulation
a specification of one of an object’s
wanipulations
a procedure-like entity; the descrip-
‘Hon of a seguence of actions to be
-taken when a message s receivad by
an object
 description of one or more similar
objects
~an ohject described by a particular
class
g set of wassoriations between
message selectors and methods; in-
*pluded ineach class description
- -class whose {(single} instance fs
dtself a class

@ cluss that is created by sharing the

description of another class, often
“modifying some aspects of that
" description

Gymitax 'I"ermmuiag}f

- the object to be manzpuiatgd -
cording to a message
the object reguesting a manipulation

message sélector a symbolic name that describes a

messnge
grgument

UHATY Message
binary message

keyivord mes-
sage

desired manipulation of an object
~one of the objects specified in a
message that provides information
weeded so that & message receiver
can be mantpulated appropriately
- message without arguments
o message with a single argument
and a selector that is one of a set of
special single or double characters
-a moessage that has one or more
- grguments and a selector made up of
-a series of identifiers with trailing
colons, one preceding each argu-
ment

instance vari- -
able

class variable

rnarmed variable -

indexed variable

global oy pool
variable

tempbmry. Vi
able

preudo-variakle

mil

senting a sequence of actons to be
taken at a later time, upon receiting - -
an "evaluation” wiessage {such us

~one with selector valg or. \faiue?)

Semantics
o variable that is. mfcrmatmn

o d:sfmgmsh an  insta "ﬂ_e fmm
“other instarices of the same tlass

a variable shared by all instances. of
a class and the class itself.

an instance variablé that is given o

name in the class of the instanice; the

“name is ysed in methods of the rlass

an instance ariable with no name,; -
accessed by wigssage onlyr referred

1o by an integer (an zném}

a variable shaved b
several classés; a: system el _yie is

Smalitatk, @ dictionary that intlijdes
references to all the defined tlasses
‘a varigble that exists only while the

rethod in which it is declared is'in
the process of exéclition

a variable gowilable in every method

without specinl declaration, = bit
whose value cannot be changed s |

Ing an assignment, Systermt éxamples

are seff, super and thisContext.
a special object, the only instance of

elass UndefinedObject

- “Implementation Terminology

field -

bytecode -

object pointer
reference count

the memory space in- which the
value of an object's variable s
stored

a machine mstructwn for the mrtuai

- -machine
- @ reference to an objert’

of an object, is the wumber of Ob—
jects that point to it {ie: that contain
its object pointer)
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The purpose of the Smalltalk pro-
ject is to provide computer support
for the creative spirit in everyone,
Our work flows from a vision that in-
cludes a creative individual and the

~ ‘best computing hardware available.

We have chosen to concentrate on
two principal areas of research: a
language of description (program-
ming language) that serves as an in-
" terface between the models in the
human mind and those in computing
- hardware, and a language of interac-
tion {user interface) that matches the
human communication system to that
of the computer, Qur work has
followed a two- to four-year cycle
- that can be seen to parallel the scien-
tific method:

sfuild an application program
within the current system (make an
observation)

®Fased on that experierce, redesign
the language (formulate a theory)
‘#Build a new system based on the
new design {make a prediction that
* can be tested)

“The Smalltalk-80 system marks our
Fifth time through this cycle. In this
article, | present some of the general
-principles we have observed in the
course of our work, While the presen-
tation frequently touches on
Smailtalk “motherhood,” the prin-
ciples themselves are more general
and should prove useful in evaluating
other systems and in guiding future
work.

Just to get warmed up, Tl start
_ with a principle that is more social
thary technical and that is largely
responsible for the particular bias of
the Smalltalk project:

Daniel H H Ingalls
Learning Research Group
Xerox Pale Alto Research Center
3333 Coyote Hill Rd
Palo Alto CA 94304

Personal Mastery: If @ sysfem is to
serve the creative spivit, it must be en-
tirely comprehensible to a single in-
dividual.

The point here is that the human
potential manifests itsell in in-
dividuals. To realize this potential,
we must provide a medium that can
be mastered by a single individaal.
Any barrier that exists between the
user and some part of the svstem will
eventually be a barrier to creative ex-
pression, Any part of the system that
cannot be changed or that is not suffi-
ciently general is a likely source of
impediment. If one part of the system
works differently from all the rest,
that part will require additional effort
to control. Such an added burden
may detract from the final result and
will inhibit future endeavors in that
area, We can thus infer a general
principle of design:

Good Design: A systemn should be
built with a minimum set of un-
changeable pavis: those parts should
be as general as possible; and all parts
af the system should be held in n
uniform framework,

Languags

[n designing a language for use
with computers, we do not have to
look far to find helpful hints.
Everything we know about how peo-
ple think and communicate is ap-
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phicable. The mechanisms of human

ithought and communication have

been engineered for millions of years,
and we should respect them as being
of sound design, Moreover, since we
must work with this design for the
next million years, it will save time if
we make our computer medels com-
patible with the mind, rather than the
other way around,

Figure 1 illustrates the principal
components in our discussion, A per-
son is presented as having a body and
a mind, The body is the site of
primary experience, and, in the con-
text of this discussion, it is the
physical channel through which the
universe is perceived and through
which intentions are carried out. Ex-
perience is recorded and processed in
the mind, Creative thought {without
going into its mechanism) can be
viewed as the spontaneous ap-
pearance of information in the mind.
Language is the key to that informa-
Hon:

Purpose of Language: To provide o
frameworlk for communication.

The interaction between two in-
dividuals is represented in figure 1 as
two arcs. The solid arc represents ex-
plicit  communication: the actual
werds and movements uttered and
perceived, The dashed arc represents
implicit communication: the shared
culture and experience that form the
context of the explicit communica-
tion, In human interaction, much of
the actual communication is achieved
through reference to the shared con-
text, and human language is built
around such allusion, This is the case
with computers as well.



It'is no coincidence that a computer

“ean be viewed as one of the par-
ticipants in Hgure 1. In this case, the
- "body” provides for visual display of
Jinformation and for sensing input
“from a human user. The "mind” of a
computer includes the internal
"~ memory and processing elements and
their contents, Figure 1 shows that
< several different issues are involved in
the design of a computer language:

Seoper The design of o language for
using computers must deal with inter-

-nal models, external media, and the
interaction befween these in both the
human and the computer,

This fact is responsible for the dif-

" ficulty of explaining Smalltalk to peo-
ple who view computer languages in
- a more resiricted sense, Smalltalk is
not simply a better way of organizing
procedures or a different technigue
for storage management. It is not just
“an extensible hierarchy of data types,
or a graphical user interface. It is all
- of these things and anything else that
is needed to support the interactions
shown in figure 1.

Communicating Objects
The mind observes a vast universe
of experience, both immediate and
 recorded, One can derive a sense of

explicit

Pa—

_ r/f ™ communitution #_/f . \\
_ iy J

\ /

) |
/ N
d j
4
" /,’ N /!

Figure 1: The scopi of language design,

" Communication between two people {or
between one person and a computer) n-

" eludes communication on two levels. Ex-
‘plicit communication includes the infor-

“mation that is transmitted in a given
message. Implicit communication includes

- the relevant assumptions common to the
two betngs.

the

oneness with the universe simply by
letting this experience be, just as it is,
However, if one wishes to par-
ticipate, literally to take o part, in the
universe, one must draw distinctions,
In s0 doing one identifies an object in
the universe, and simultaneously all
rest becomes not-that-object,
Distinction by itself is a start, but the
process of distinguishing does not get
any easier, Bvery time vou want to
talk about "that chair over there,”

you have to repeat the entire process

of distinguishing that chair. This is
where the act of reference comes in:
we can associate a unique identifier
with an object, and, from that time

* on, only the mention of that identifier
is necessary to refer to the original

ohject,

We have said that a computer
system should provide models that
are compatible with those in - the
mind, Therefore:

Objects: A computér language should

support the concept of “object” and
provide a uniform means for referring
to the objects in its universe.

The Smallialk storage manager pro-
vides an object-oriented model of
memory  for the entire  system.
Uniform reference is achieved simply
by associating a unique integer with
every object in the system. This

‘uniformity is important because it
‘means that variables in the system

can take on widely differing values

and yet can be implemented as simple -

memory cells, Objects are created
when expressions are evaluated, and
they can then be passed around by
uniform reference, so that no provi-
sion for their storage is necessary in

.the procedures that manipulate them,

When all references to an object have
disappeared from the system, the ob-

“Ject itself vanishes, and its storage is

reclaimed. Such behavior is esseritial
to  full support of the object
metaphor:
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Storage Management: To be truly
“object-oriented,” o computer system
must provide qutomatic storage

Smanagement,

A way to find out if & langlage is

working well is to see it the programs
look like they are doing what they are .
doing, If they are sprinkled with
statements that relate to the manage-

‘ment of storage, then their internal '

model is not well matched to that of

humans, Can you imagine having to .-

prepare someone for-each thing you
tell them or having to inform them
when you are through with a given
topic and that it can be forgotten?

-- Each obiect in our universe has a

life of its own. Similarly, the brain

provides for independent processing |

along with the storage of each mental
object, This suggests a third principle
for object-oriented design:

Messapes: Computing should be-

viewed as an intrinsic capability of

- objects that can be uniformly invoked

by sending messages,

Just as programs get messy if o'bjecf )

storage is dealt with explicitly, con- - =

trol in the systemn becomes com-

plicated if processing is performed ex-. -

frinsically, Let us consider the process

‘of adding 5 to-a number. In most
the compiler -

computer systems,
Hgures out what kind of number it is

and generates code to add 5 toit. This -

is not good encugh for an object-
oriented systermn because the exact

kind of number cannot be determined -

by the compiler (more on this fater). .
A possible selution is to call a general

addition routine that examines the
type of the arguments to determine

the appropriate action. This is not a
good approach because it means that .
this critical routine must be edited by -
novices who just want to experiment

with their own class of numbers, It is

also a poor design because intimate
knowledge about the internals of ob-




jects s “sprinkled - throughout the
gystem,

Smalltalk provides a much cleaner
solution: it sends the name of the
desired operation, aleng with any

arguments, as a message to the
-number, with the understanding that
the receiver knows best how to carry
out the desired operation, Instead of a
bit-grinding processor raping and
phundering data structures, we have a
urdverse of well-behaved objects that
courteously ask each other to carry
oput their wvarious desires. The
“transmission of messages is the only
process that is carried on outside of
objects and this is as it should be,
“since messages travel between ob-
jects. The principle of good design
“can be restated for languages:

Uniform Metaphor: A language
should be designed around a power-
Ful metaphor that can be uniformly
‘applied in all areas.

Examples of success in this area i
clude LISP, which is built on th
~model of linked structures; APL,

which is built on the maodel of arrays;

‘and Smalitalk, which is built on the
model of communicating objects. In
each case, large applications are
viewed in the same way as the fun-
‘damental units from which the
systern is built. In Smalltalk especial-
ly, the interaction between the most
“primitive objects is viewed in the
same way as the highest-level interac-
tion betweerr the computer and its
user. Every object in Smaliltalk, even
~a lowly integer, has a set of messages,
a profocol, that defines the explicit
communication to which that object
can respond. Internally, objects may
have local storage and access to other
shared information which comprise
‘the implicit context of all communica-
tion. For instance, the message + 5
{add five) carries an implicit assump-
Lion that the augend is the present
value of the number receiving the
message.

Organization

A uniform metapher provides a
framework in which complex systems
van be built. Several related organiza-
tional principles contribute to the suc-
cessful management of complexity.
To begin with:

Modularity: No cormponernt in a com-
plex system should depend on the in-
ternal details of any other compo-
nent.

This principle is depicted in figure
2. If there are N componenis in a
system, then there are roughly
N-sguared potential dependencies
between them. If computer systems
are ever to be of assistance in complex
human tasks, they must be designed
to minimize such interdependence.
The message-sending metaphor pro-
vides modularity by decoupling the
intent of a message (embodied in its
name) from the method used by the
recipient to carry out the intent.
Structural information is similarly
protected because all access to the in-
ternal state of an object is through
this sarme message interface.

The compiexity of a system can

Figure 2 System
number of components in a sysiem in-
creases, the chances for unwanted interac-
tion increase rapidly. Because of this, a
computer language should be designed to
mitniniize the possibilities of such in-
terdependence.

complexity. As the
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often be reduced by grouping similar
components. Such grouping is
achieved through data typing in con-
ventional programming languages,
and through classes in Smalltalk, A
class describes other objects—their
internal state, the message protocol
they recognize, and the internal
methods for responding to those
messages, The obiects so described
are called mstances of that class, Even
classes themselves fit inte this
framework; they are just instances of
class Class, which describes the ap-
propriate protocol and implementa-
tion for object description:

Classification: A language must pro-
vide g means for classifying similar
objects, and for adding new classes of
objects on equal footing with the
kernel classes of the system,

Classification is the obiectification of
nessness. In other words, when a
human sees a chair, the experience is
taken both literally as “that very
thing” and abstractly as “that chair-
like thing.” Such abstraction results
from the marvelous ability of the
mind to merge “similar”’ experience,
and this abstraction manifests itself as
ancther obiect in the mind, the
Platonic chair or chairness,

Classes are the chief mechanism for
extension in Smalltalk. For instance,
a rnusic systern would be created by
adding new classes that describe the
representation and interaction pro-
tocol of Note, Melody, Scare, Timbre,
Flayer, and so on. The “equal
footing” clause of the above principle
is important because it insures that
the system will be used as it was
designed. In other words, a melody
could be represented as an ad hoc col-
lection of Integers representing pitch,
duration, and other parameters, but
if the language can handle Notes as
easily as Integers, then the user will
naturally describe a melody as a2 col-
lection of MNotes. At each stage of




“design, 2 human will naturally choose’

the most effective representation if
- the system provides for it. The princi-
ple of modularity has an interesting

Admplication for the procedural com-

ponents in & systerm:

- Polymorphism: A progregm should

_specify only the behavior of objects,
not their representation.

A conventional statement of this
principle is that a program should

never declare that a given object is a
~Smaliinteger or a Largeinteger, but
only that it responds to integer pro-
tocol. Such generic description is
-crucial to madels of the real world.”
Consider an automobile traffic
simulation. Many procedures in such
-a system will refer to the various
_vehicles involved. Suppose one
wished to add, say, a street sweeper.
“Substantial amounts of computation
{in the form of recompiling) and
-possible errors would be involved in
" making this simple extension if the
~code depended on the objects it
manipulates, The message interface
establishes an ideal framework for
such extension. Provided that street
sweepers support the same protocel
as all other vehicles, no changes are
‘needed to include them in the simula-
tion:

Factoring: Each independent compo-

nent in a system should appear in
“only one place.

There are many reasons for this prin-
ciple. First of all, it saves time, effort,
and space if additions te the system
need only be made in one place. Se-
cond, users can more easily locate a
component that satisfies a given need.
Third, in the absence of proper fac-
“toring, problems arise in synchroniz-
ing changes and ensuring that all in-
terdependent components are consis-
tent. You can see that a failure in fac-
toring amounts to a violation of
~ modularity.

Srmalltalk en}.:o'urages'we}i—factorﬁd :

designs through inherifance. Every

class inherits behavior from its .

superclass. This inheritance extends
through increasingly general classes,
ultimately ending with class Object
which describes the default behavior
of all objects in the system. In cur
traffic simulation above,
StreetSweeper (and all other vehicle
classes) would be described as a
subclass of a general Vehicle class,
thus inheriting appropriate default

behavior and avoiding repetition of

the same concepts in marny different
places. Inheritance illustrates a fur-
ther pragmatic benefit of factoring:

Leverage: When a systemt is well fac-
tored, great leverage is available to
wusers and implementers alike.

" Take the case of sorting an ordered
¢ollection of objects. In Smalltalk, the
user would define a message called
sort in the class OrdersdCaoilection.
When this has been done, all forms of
ordered collections in the system will
instantly acquire this new capability
through inheritance. As an aside it is
worth noting that the same method
can alphabetize text as well as sort
numbers, since comparison protocol
is recognized by the classes which
support both text and numbers.

The benefits of structure for im-
plementers are obvious. To begin

_with, there will be fewer primitives to

implement. For instance, all graphics
in Smalltalk are performed with 2

single primitive operation. With only’

one task to do, an implementer can
bestow loving attention on every in-
struction, knowing that each small
improvement in efficiency will be
amplified throughout the system, It is
natural to ask what set of primitive
operations would be sufficient to sup-
port an entire computing system. The
answer to this question is called a vir-
tual machine specification;

Virtual Machine: A virtual machine

specification establishes a framework
for the application of technology.

e

.user “interface,

The - Smalltalk virtual machine
establishes an object-oriented model
for storage, a message-oriented model -

_for processing, and a bitmap model

for visual display of information.

" Through the use of microcode, and

ultimately hardware,” system perfor-

mance can be.improveéd dramatically .

without any compromise to the other
virtues of the system,

Ulser Interface

A user interface s -simply a

- language in which most of the com-
“munication is visual, Because visual

presentation overlaps heavily with
established human culture, esthetics

- plays a very important role in this

area. Since all capability of a com-
puter system is .ultimately delivered
through the user interface, flexibility

“is also essential here, An enabling

condition for adequate flexibility of a
user interface can be stated as an
object-oriented principle:

Reactive Principle: Every component -
accessible to the user should be able
to present itself in a meaningful way
for observation and manipulation.

This criterion is well supported by the
model of communicating objects. By
definition, each object provides an
appropriate message protocol for in-
teraction. This protocol is essentially
a microlanguage particular to just
that kind of object. At the level of the
the appropriate
language for each object on the screen
is presented visually (as text, menus,
pictures) and sensed through key-
board activity and the use of a point-
ing device.

It should be noted that operating’
systems seem to viclate this principle,

Here the programmer has to depart

from an otherwise consistent
Framework of description, leave
whatever context has been built up,
and deal with an entirely different
and usually very primitive environ-
ment. This need not be so:




Operating  System: An  operating
Usystem s a collection of things that
don't fit into a language. There
shouldn’t be one.

Here are some examples of conven-
tional operating system components
that kave been naturally incorporated
into the Smalltalk language:

#Storage management—Entirely
automatic. Objects are created by a
" message to their class and reclaimed
“when no further references to them
exist. Expansion of the address space
through virtual memory is similarly
" transparent,

# File system~-Inciuded in the normal
fremework through objects such as
" Files and Directories with message
protocols that support file access.

e Display handling—The display is
simply an instarice of class Form,
which is continually visible, and the
graphical manipulation messages
defined in that class are used to
_-change the visible image.
@Keyboard input—The user input
devices are similarly modeled as ob-
jects with appropriate messages for
_determining their state or reading
their history as a sequence of events.
& Access to subsystems—Subsystems
are naturally incorporated as in-
dependent objects within Smalltalk:
there they can draw on the large

existing universe of description, and
those that invelve interaction with
the user can participate as com-
ponents in the user interface,

®Debugger—The state of the
Simalltalk processor is accessible as an
instance of class Process that owns a
chain of stack frames. The debugger
is just a Smalitalk subsystem that has
access to manipulate the state of a
suspended process, [t should be noted
that nearly the only run-time error
that can oceur in Smalltalk is for a
message not to be recognized by its

receiver,
Smalltalk has no “operating

system” as such. The necessary
primitive operations, such as reading
a page from the disk, are incor-
porated as primitive methods in
response to otherwise normal
Smalltalk messages.

Future Work

As might be expected, work re-
mains to be done on Smalitalk, The
easiest part to describe is the con-
tinued application of the principles in
this paper. For example, the
Smalltalk-80 system falls short in its
factoring because it supports only
hierarchical inheritance. Future
Smalitalk systems will generalize this
model to  arbitrary (multiple) in-
heritance., Also, message protocols
have not been formalized. The
organization provides for protocols,
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but it is currently only a matter of
style for protocols to be consistent
from one class to another. This can be
remedied easily by providing proper
protocol objects that can be con-
sistently shared. This will then allow
formal typing of variables by pro-
tocol without losing the advantages
of polymorphism.

The other remaining work is less
easy to articulate, There are clearly
other aspects to human thought that
have not been addressed in this
paper. These must be identified as
metaphors that can complement the
existing models of the language.

Sometimes the advance of com-
puter systems seems depressingly
stow. We forget that steam engines
were high-tech to our grandparents. |
am optimistic about the situation.
Computer systems are, in fact, get-
ting simpler and, as a result, more
usable. [ would like to close with a
general principle which governs this
process:

Matural Selection: Languages and
systems that are of sound design will
persist, to be supplanted only by bet-
ter ones.

Even as the clock ticks, better and
better computer support for the
creative spirit is evolving. Help is on
the way. @




For many people, the workings of a
computer remain a mystery. Just
. exactly what the computer does and
how it does it is locked within the
‘code of a computer language. The
computer and the user undersiand
- two completely different languages, It
is well known that only a few systems
are designed and written so that they
can be understood by the user. More
than twenty years of experience has
~ shown that a bad systemn design can
never be hidden from the user, even
by a masterfully devised user inter-
face. A quality system, therefore,
-must be based on sound design that
can be described in terms with which
the user is familiar.

The Smalltalk system has- been
designed to handle a great variety of
problems and solutions. It, therefore,
provides the greatest possible flex-
ihility for writing any kind of system

' a programmer may desire, While this

flexibility is essential for experiment-
" ing, there is the potential for
Cdisastrous results if restrictions are

not put on'the system structures that -

are available to the application pro-
grammer.
This article shows how the basic

“metaphors of Smalltalk can be used .

- to describe complex systems. Since
- this:magazine is not yet distributed in
" a form readable by Smalitalk, we
" have to resirict ourselves to tradi-
tional written documentation. (Let it
be a challenge to Smalltalk ex-

malltalk Systems

Tryvgve M I Reenskaung.

Central Institute for Industrial Research

Blindern, Oslo 3
Morway

‘perimenters to convert this presenta-
tion into & graphic and dynamic one.)

The Smalitalk systermn . user will
most likely employ his system to
organize the large amount of infor-
mation ti*iat w111 be available to hxm

M@f‘e thsar% &wenty _
years of experience has

shown us that a bad .

system design can
never be hidden from
~ the user, even by a
" masterfully devised -
- user interface_

such as reference materials in Ehe
form of market information, news
services, and weather forecasts. Some
data, such as travel information and
bank transactions, may fow both to
and from the owner. Other informa-
tHom,
material that is not vet ready for
distribution, can remain private.

An individual's total -information

needs are very large and complex. His
Smalltalk system, therefore, is also

Alikely to be large and complex. The

challenge to the Smalltalk ex-

perimenter is to find ways to struc-
“ture systems so the user ' will not only

understand how te use them, but.also
get an intuitive feel for their inner
workings. In this way, the user can

really be the master and the systems -
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such as personal notes or -

his faithful slaves. SR
An important part of any system is

the software that controls the user’s .-

interaction with the information..___
Mastering the software is crucial to =
handling the information. With -

»* -Smalltalk, software is just a special
 kind of information and is treated as

any - othér information within the -
total system. It is available to the user
in the usual manner, _

A traditional way of describing
software is through written documen-
tation; Smalltalk = provides more
dynamic interfaces through the use of

" two-dimensional graphics and anima-
tion on the computer screen. Devising
5 such

interfaces is--probably the

greatest challenge in’personal com- -~ _
puting today, and it provides a rich -

field of endeavor for the interested ex=
perimernter. : '

System Descnphons
We can -describe any apphcatmn

- systemvin three different ways: how it -
~is used, its system structure, and ifs"
‘implementation:

& How it is used—This is the leés}t_
satisfactory type of description. The

user operates the system through rote
Ccotnmand sequernces such as: switch
- on the machive, type your password, -

hit button A, listen to your system .
saluting you by playing “Hail to the -
Chief.” Since 80% of all user manuals
forelectronic data processing systems ..




are of this kind, we will not discuss
them further here,

This level of understanding has
been likened to walking around in a
strange city following directions such
as: “Go outside, turn right, walk
straight ahead for four blocks, turn
left . . ., "It is easy to get lost under
such circumstances.

& Sysfem structure—With this type of
. description, the user has an irtuition
about the kinds of building blocks
that make up the system, how they
behave, and how they interact to
form the complete system, We show
that the basic Smalltalk metaphors of
objects and messages are well suited
to function as building blocks. The
metaphors are simple and easy to
understand; yet they permit construc-
tion of immensely powerful systems.

A baslc system will
have several thousand
objects, and typical
‘applications would

 contaln many more.

Any Smalltalk system contains a
large number of obiects. A basic
system will have several thousand ob-
jects, and typical applications wauld
-eontain many more, The common
software engineering device of layer-
ing becomes essential in making the
whole thing manageable, In the
description of a layer, essential func-
tion on that level is highlighted and
inconsequential detail is relegated to
lower levels. There is one absolute re-
quirement of these simplified descrip-
tions appearing on the different
layers: what is shown should be cor-
rect and complete as far as it goes.
This means that the structure of the
description has to be a pure tree struc-
ture: the function of each module has
to be limited to that module with no
hidden side effects upon the other
modules.

This level of understanding cor-
responds te the user having a street
map of the system, He knows the
major landmarks and the most im-
portant streets, This gives the user an
intuition about the total structure and
permits him tc find his way any-

where, It is almost impossible to get
totally lost under these cir-
cumstances.

& Implementation—Descriptions  at
this level of understanding explain to
the user how each individual object is
built so that it behaves in the manner
prescribed on the system structure
Jevel. Here he will find the third basic
metaphor of Smalltaik, the method.
A method = similar to a subroutine in
other  languages: it prescribes the
actions to be taken by an object when
it receives a message.

On all layers but the lowest, the

behavior of an object is fairly com-
plex, and we can think of it as com-
posed of a number of sub-objects that
are used to implement it. The purpose
of the method is to enlist the aid of
the sub-objects to implement the
desired behavior, The user thus finds
that the typical obiect is structured in
much the same manner as his total
system, and it consists of a number of
sub-objects that send messages to
each other. The description tool is
recursive in that the same tool is used
on all levels. This recursion descrip-
tion is probably the most powerful
feature of Smalltalk. Once the user
masters the few very general con-
cepts, he can learn more and more
about his system by simply using
these concepts to dig deeper and
deeper into the system layers. In addi-
tion, the user can modify and expand
the system on any level by collecting
new components out of the building
blocks provided by the next level
below it.

The user at this level now has an in-
tuition of the overall layout of the
city. He also has sub-maps of all the
details and he knows how to read
them, Depending on his personality,
he may use these maps only when ab-
solutely necessary, or he may use
them to explore unknown territory,
In contrast to the tourist, the
Smalltalk user can even make
modifications and new extensions to
the city., The tools are there. The user
decides if, when, and how he wants
to use them.

Example of a System Description
The problem: Consider a small
mnanufacturing company that has two
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departments: sales and production.
The responsibility of the sales depart-
ment is to find customers for any pro-
duct the company can make, to con~
tact the production department to
find out when the product can be
delivered, and to sign a contract with
the customer. The responsibility of
the production department is to
manufacture each product as cheaply
as possible at a specified level of
guality and to have it finished on the
promised date, When the production
department has manufactured the
product, it is dispatched to the
customer through the sales depart-
ment.

The systern: A nataral way to map
this into a Smalltalk system would be
to represent each department as an
object, The function of the Sales ob-
iect would be to keep track of the
state of each sale in the following
sequence:

1. Fill in and send proposals

2. Reserve the necessary resources in
production for the product

3. Send contracts and packing notes
to the customer

The function of the Production ob-
ject would be to:

f aacd

. Keep track of commitments

2. 5chedule the manufacture of pro--
ducts

Help keep the product quality

4. Control the manufacturing pro-
cess ta get the products completed
on time

W

It also seemns reasonable to include a
third kind of object in our systemu
Customer objects, The purpose of
these objects would be to act as a
receptacle for the messages being
passed from the company to the
customer and from the customer to
the company. The various objects
with a set of reasonable communica-
tion channels is shown in figure 1.
The overall processing of an order:
The Smalltalk system would be pro-
grammed to reflect everything of im-
portance that takes place during the
processing of an order and to support
its user on every step. The process
that takes place inside the Smalltalk
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Customer }

Customer 2

Custamer 3

- Figure 13 A job-shop sanufacturing company with its customers. .

system would, | therefore,
-resemble the actual processing of an
“order, Let us assume the following
real-life process, which is depicted in
“figure 2. A customer submits an in-
tention to buy, a request for offer, to
‘the company. The sales department
books resources from the production
department and returns an offer with
‘the cost and delivery date to the
. customer. The customer answers with
a purchase order. This is transcribed
and passed from sales to production
“as a requisition., The product is
manufactured in production, and a
~ ready-note is sent to sales, which ar-
* ranges for transport and sends pack-
~ing notes to the customer,
 In the Smalltalk system, the Sales
“object would ‘help the user of the
system in corresponding with the
customer, in keeping track of pro-
- gress, and in sending the required
forms to the production department.
. The Production object would help the
-user in the planfing and control of
the marifacturing process.
In order to highlight the principles,

" we have made this a wvery simple

system, The reader will have no dif-
Ficulty in expanding it, for example,
by adding an object for the account-
ing department that takes care of bill-
-ing, an object for the warchouse that
may or may not have the required
preduct in stock, and so on. Also,
figure 2 could probably be better

© . documented on a Smalltalk computer

by animating figure 1.

An Implementation Description
Let us inspect the Production object
-of figure 1 and see how it processes
the message hookProductionFaciities:
after;. When this message is received
by the Production object, it consults
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closely -

~shown in listing 1.

Peodustion

One of the instance variables of the
Production object is the -table pro-

‘ductDuration which contains the time

it takes to manufacture varicus pro-
ducts. Looking at this table, we find
the duration for a product. In this

" simple example, there-is only one re-

its message dictiontary to find the cor=

responding method, If the products

were simple and the workshop small,
the object could contain the current
production plan directly -and the
method could go something like that

Custemer 2

requestior{ffer

Sales

Production

t plunned CempletionTime

Safes

foffer

Cuglomer 2

purchoselieder

Zoles

productionBequisition

Froguction

i productReddyNote

pitkingNoie:

Customer 2

Figure 3 The processing of an’ order. The

_self

bookProductionFacilifies: affer:

source, and we find the first available
time slot for the product by sending
the message findFreePeriod:
after:. This corresponds to calling a
local subroutine in other systems. We
then reserve the resource for our pro-
duct in that period. (These two steps
could have been combined into one,
but the separation gives us more flex-
ibility .in varying the planning
algorithm i we wish to do so later.)

‘Record reguasi

Planning and reservation

'Prépﬁre ond send nfier'

- Evaluste offer

© Retord purthase order

Merdfatture product
-according 1o plon

Arrange for transpory

Hoteive produec]

Smalltalkc 5ystem supports this processing

“through interaction with its cwner i real-time,

7




Listing 1: Smalltall method for the message bookProductionFacilities:after:,

bookPraductionFacliities: productType after: earilestStartTime
"Reserves production facilities for a new product of given type as scon as possibie after the
specilied eariest starting fime, Returns the planned completion tme for the product.””

| duration plannedStartTime |

- duration - productDuration at: productType.
plannedStartTime - self findFreePeriod: duration after: earfiestStartTime.
self reservePeriod: duration from: plannedStanTime.

1 (plannedStartTime + duration)

Listing 2: Alternate Smalltalk method for the message bookProductionFacilities:after:.

bookProductionFacilities: productType after: earllestStartTime
“Reserves production facilities for a new product of given type as soon as possibie after the
specilied sariest staning time. Returns the planned completion tme for the product.”

| productidentification |

productidentification — jobManager defineProduct: produciType.
JobManager schedule: productidentification after: earliestStart Time.
! (jobManager plannedCompletionTime: productidentification).

Wessages from the surrounding system

The planned completion time is
returned to the sender, in this case the
. Bales object,

Lower-Level System Description

If the user wanis more advanced
aids for production control, the Pro-
duction object would call upon the
" services of a subsystern of intercon-
nected objects, A possible subsystem
is shown in figure 3,

The entrance to the internals of the
" Production objects is through a Pro-
duction Manager object; it is con-
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Froduciion Production
Manager
Job Resource
Manager Monager
SR R | 1 —
:>_' Resourca A |~
\wwm.. Job 2
Resource B
Job 3 I
Resource
Figure 3: The internals of the Production object.

nected to a Job Manager object and a
Resource Manager obiect.

The manufacturing of a product is
split into a2 number of jobs. The
available production facilities (people
and machines} are split into a number
of resources. Each job is to be per-
formed by a single rescurce. A
natural way to map this into a
Smalltatk system is to represent each
job by a Job object and each resource
by a Resource object.

In this scheme, each Job obiect en-
sures that the job is performed by its

i

resource within the available time.
Similarly, each Resource object en-
sures that its resource is used in an ef-
Heient manner, that there is sufficient
time available for preventive
maintenance, and that there are no
unacceptable overloads. The method
in the Production object that handles
the bookProductionFacilities: after:
message could now be written as
shown in listing 2.

One of the instance variables of the
Production Manager object is a
pointer to the Job Manager object. By
using that pointer as a communica-
tion channel, the Production
Manager object passes most of the
work on to the Job Manager object.
First, the Job Manager is asked to
define the new product. The job
Manager creates the Job objects (see
figure 3), links them to the proper
Resource objects, and returns an
identification that is to be used for
future references to the product. The
Job Manager is then asked to schedule
the product for manufacturing as
soon as possible after the given date,
Finally, the Job Manager is asked
when the product will be completed,
and this value is returned to the out-
side world {in this case, to the Sales
object). The planning process in the
Production subsystem that is shown
in figure 4 is controlled by this
method,

Definition of New Obiects

The first task of the Job Manager
object is to define the new object, It
receives message defineProduct: when
this is to be done. The corresponding
method could be something like that
shown in listing 3, We are referencing
two instance variables of the Job
Manager object in this method: pro-
ductDescriptions  and  production-
Manager. productDescriptions is an
ordered collection with one member
for each product tvpe. Each of these
members contains a sequence of small
objects with the class, duration, and
resource type for each of the jobs that
go into the manufacture of such a
product. productionManager . con-
tains a pointer to the Production
Manager object. The result of the
product creation is put into a third in-
stance varlable, the productDic-
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- Figure 4: A simple planning algorithm implemented in a Smalltalk system.

: L;shng 3¢ Smalltalk method for the rﬁesscige defineProduct:.

- defineProduct: produciType

“Tg create a new product of given type. The corresponding Jab objects are credted
and linked o thelr resource objects.” )
| productidentification jobDescriptions job jobList resourceObject |
productidentification - self nextProductldentification.
. jobDescriptions -~ productDescriptions at: productType.
© joblist = joblescriptions collect:
[ :description |
Jjob — {description class) new,
Jjob duration: (description duration). _ .
" resourceCbject — productionManager getResource: {deschption’
" resourceType).
. iob resource: resourceObject].
- productDictionary at productidentification put: jobtist.
- 1 preductidentification.

tionary. In this dictionary, each key is

a product  identification; the cor-

~_responding entry is the sequence of
.job obiects for that product.

“The first line of code gets a new,

 unique identification for the new pro-
duct, Next, the'list of job descriptions
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ie retrieved from the productSpecifica-
ticn collection. We then build the se-
quence of Job objects by going
systematically through the job
descriptions. For each description, we
create a new Job object of the given
class, feed it its duration; and let it

T

connect itself to its Resource object.

~From figure 3, we see that there is no -

direct connection betiveen the Job
Manager -object and the resources.

- We therefore have to go via the Pro-
- duoction Manager object to pet the
.. pointer to the Resource obiject that we

give to the new Job object.

. We finally insert the new list of
jobs inte the productDictionary in the
Production Manager object and
return the product identification.
. The Job Manager is built so that

" Job objects may belong to several dif- '_ )
ferent classes. The different Job ob- -

jects created would all understand the

- same message protocols, but they

would differ in their implementation,

" For example, a job might be: wait for '.

24 hours while a resin glue is curing.
- This does not need any resources, and
. the planning of such a job would be

 very simple—-wait 24 hours. Another

- kind of job, such as pouring concrete,

‘should not span a weekend, since -

“joining old and new concrete could
give weak spots in the product.

" As is the case with Job objects, we
often find that several objects share
the same message protocols and pro-
cess the messages with the. same

methods. Their only difference is that . R
- they appear in different places in the
total system and that their instance

The Smalltalk user =
should be able to
“openrup’’ the
-application object on:
the screen to see its
component parts and
to find out how they
- wark together.

“ variables point to different objects

{their states are different). Such ob-
“jects are created by the same class ob-

. ject and are said to belong to the same .

- class. _ : .
It would be very inefficient if each”
wobject of a class stored a replica of the .
message dictionary and all methods,. -

- and it would be extremely tiresome if
we actually had to program each ob-
ject by itself. We, therefore, use the -
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"Figure 7: The superclass-subclass chains of pointers. The uger does not meef them
unless he wants to become a veal Smalltalk expert,

concept of layering to let each and
“every obiject enlist the services of its
class object in order to decode an in-
- roming message and to select the pro-
per method to process it. This
mechanism is illustrated in figure 6.
As in so many other parts of
Smalltall, we find a recursive argu-
ment.
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Many classes are very similar; they
differ only in the handling of a few
messages. | he different kinds of job
abjects are a case in point. [t seems
reasonable to let a class object enlist
the services of a superclass object
whenever it is called upon to execute
methods it shares with other classes,
Many classes will then share the same

&0

superclass: we get a tree-shaped class
structure as shown in figure 7, Note
that the purpose of this structure is
convenience In programming and ef-
Heiency in implementation; it belongs
on the lowest levels of the system
hierarchy and is not part of the struc-
ture of the application system,

Future Experiments

When personal computing becomes
sufficiently entertaining and in-
teresting to become a widespread
tool, the new user of a Smalltalk
system is likely to begin by using its
ready-made application systems for
writing and illustrating documents,
for designing aircraft wings, for doing
homework, for searching through old
court decisions, for composing music,
or whatever. After a while, he may
become curious as to how his system
waorks, He should then be able to
“open up” the application object on
the screen to see its component parts
and to find out how they work
together, He could, for example, see
something like figure 1 together with
his usual user interface, By exercising
the application commarnds, the com-
puting process could be illustrated on
the system diagram. Using Smalltalk
to document itself in this manner
should make it possible to make some
novel and extremely powerful system
description tools.

The next thing the user might want
to do is to build new systems similar
to the one he has been using, A kit of
graphical building blocks would let
the user compose a new system by
editing the system diagram on the
screen. While the Trip system (as
described in reference 2} is not a pro-
per kit, it could be a good source of
ideas to the experimenter on building
such systems.

Finally, the expert user would want
to make his own kits. Even here, it is
important that he sees only what he
needs and that all unimportant details
are suppressed. Since what is impor-
tant in one context might be unimpor-
tant in another, and vice versa, the
concepts of filters (see reference 1)
will be an essential ingredient for the
experimenter when he develops tools
for these expert users.

Much experimenting needs to be




- done before we learn how to. make

_' systems t_hat are self-documenting on - 1. Goldberg, Adele and David ‘Bobson..""A
" any level and that provide a smooth -

- and stumble-free fransition from one
. level to the next. It is hoped that the
~availability of Smalltalk will lead to

. great activity in this field, to the
- benefit of all future computer users.®
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biect-oriented programming is
one of the central programming
paradigms 1o cmerge in this
decade. The scope of its influence can be
seen in the introduction of objects into
numerous programiming langnages such as
Loops, Objective-C, Object-Pascal, and
Flavors, among others. Object-criented
concepts are alse being incorporated into
existing relational database technology,
Database management systems now exist
that are based on object-oriented princi-
ples, and one commercial version uses an
extension of Smalltalk for its data defini-
tion and data manipulation languages.
Additional uses and applications can be
found in the proceedings of recent con-
ferences.

Smalltalk is the principal object-
oriented language, While a more complets
discussion of Smalltalk’s development is
given in the so-called Green Book! and in
the August 1981 issneof Byfe magazine, it
is important to note that Smalltalk is a
descendent of Simuta and has its origins at
the Xerox Palo Alto Research Center in the
early 1970s, It was developed by the Learn-
ing Research Group based largely on ideas
of Adan Kay.

The language went through three major
versions: Smalitalk-72, Smathalk-76, and
Smailtalk-80, which was first licensed for
use in 1983, Commercial versions of
Smalitalk are availabie on such worksta-
tions as the Tektronix 4403 series, the Sun,
and the IBM PC AT, Prerelease versions
have been made available for the Apple
Macintosh. An initial attempt at develop-
ing Smalitalk on minicomputers such as
the Digital Equipment Corp. VAX line was
judged unsuccessful in a maltivser envi-
ronment. However, implementations for
the MicreVAX are under development.

Smalltalk is more than just another pro-
gramming language. It offers a completely

. new environment for sofiware develop-

mment, Many artictes and books have been

IEEE SOFTWARE



written describing the features of ihe
“Smalltalk langnage and environment, but
_our primary objective is to comvey just how
different software development is-in'the
. ‘Smalitalk svstem.
" Qur experience, based on our work in
prototyping a database design system?
over the past vear suggests that Smalltalk
goes well bevond facilitating program-
ming. Indeed, it s an integral tool for
promoting experimental prototyping.
“More explicitly, in our experiments we
often made sweeping changes in the design
system’s architecture, generally with ligtle
reprogramming effori, and usually with
- the intreduction of only simple bags that
were easily identified and fixed. To alarge
extent, our desire to try different
approaches was significantly influenced by
what we view as a new and emerging con-
cept in programming.

Basic concepts
Two important aspects of the object
definition in Smalltalk are encapsulation
and hierarchy.
In encapsulation {or information-
hiding) an object has its own data or local
memory, called instance variables. An
‘object also recognizes a set of procedures
for manigulating its local memory. These
procedures, called methods, are invoked by
sending miessagss to the object,
MNaturally, many objects will have the
“same type and will respond to the same
messages. Consequently, objects are
organized by a hierarchy of classes and
‘subclasses. Anobject responds not only to
messages defined for its class, but it can
also inherit messages from all its super-
- classes.

© Class definition. Figure 1 shows the defi-
niition of two classes, Person and Student,
Person is a subclass of Object, whichisthe

toot class of all other classes. An instance -

of the class Person (an object from the
class) will have local memory for its name,
address, and birthDate, Student s a sub-
class of Person, am! each insiance of
Student will inhertt name, address, and
birthDate, in addition to having instance
variables college, class, major, current-
Ceourses, and gpa.

Each instance variable will be an object,
too, but it need not be bound to a'particu-
lar object class. HonorsList is 3@ class vagi-
able. Every miethod of the class Student
will have access to (can read or change) the
value of this variable,

{Note the naming conventions: Com-
pound names have the first letter of each
word capitalized except for the first word.

Encopsulation and
" hierarchy are two
important aspects of -
object definition.

The case of the first letter of the first word
depends on the use of the name Thus an
instance variable for a graduate student
would be graduateStudent while a class or
a class variable wonld be Graduate-
Student.}

Messages. After credting . the class

Person, we can develop messages that can
be sent 1o the class Person and to instances
of the class, For example, the existing mes-
sage, new, is inherited hy the ¢lass Person
from its superclass Object and will create
an instance of Person. In Figure 2a, the
tempirary variable person -is assigned
{using the assignment symbol =} and
serves as a pointer to the object that is
created as an instance of the class Person,

To give aninstance a value for its name,

Object  subclass: #Person

Person - subelasg: '-#Swdem

instance variables: * name address birthDate’

instance variables: 'college class major currentCourses gpa’
class variables: "HonorsList ’

' Figure 1. Class definitions.

May 1887 -

83

we c¢afl create a message, name: aString, -

that can be sent to person, as Figore 2b
shows. The object being sent the message,
person in'this case, is called the receiver of
the message. Messages that have colon
suffixes, such as name:, take an object as
an argument, and those without colons do
not.

without arguments, -15 called a message
selector. ¥t can be used to add a new object
before the current object in a list, as Fig-
ure 2e shows, Likewise, since Student is a
subclass of Person, instances of Student

“can--alse be sent- the wmessage,

name: *Stefanc’,
A subelass can also reimiplement and

‘thus -override a message defined in its

fuperclasses. For éxample, the message,

‘passing, sent to a student might determine

if the student’s GPA s above 2.0. Howsver,
if we create a subclass GraduateStudent of
Stisdent, we can add a message also calied

passing for this'subelass that instead deter- -~
mines i the GPAis above 3.0, Thus, if an .
-instance of GraduateStudent is sent the

‘message passing, the system looks to this
‘class and finds themessage with the 3.0
condition. Likewise, if an instance of
“Student is sent the message, the system uses

~the message with the 2.0 condition.

If we changed our minds and later
swanted touse the same condition for both,
we wiould delete the message for Graduate-

) person = Person new.
(b} -person name: *Stefano’.

e} personlist add: hewName
) before: currentMName.

() nameraName
namealName,

€} . name
thame

Figure 2. {2} Creating zn instance; (b) mes-
sage modifying an instance variable; (©)

_message with two arguments; (d) method
for the message naime:; {¢) method for the

message name.

A -message can contain several parls, |
such as add:before;, which in this form, -




Student. Then whenever an instance of
GraduateStudeni is seni the message
‘passing, the system first checks its class,
and when the message is not found there,
it goes up through the hierarchy to find and
- execule @ message with that selectorn

Methods, Messages are implemented in
roulines that are called methods. For exam-
ple, the method for assigning the name of
. an instance of Person is quite simple, as

Figare 2d shows, The first line of a method
always gives the form of the message. In
Figure 2d, name: is the message selector
-and aName is an argument. The remaining
lings implement the methed. In the second
- lipe the instance variable, name, of the mes-
sage’s receiver is assigned the value aName,

Similarty, Figure 2e shows the method
for the message used to retrieve the per-
s01’s name. Again, the first line of the
- method 1s the form of the message. In the

second line, the instance variable, name,

“will be retarned, as signified by the up
arrow {1, whenever the message, name, is
sent (0 an instance of Person.

Every time a message is sent to an object,
something is returned, The returned value
may be significant or may merely inform
the sender that a requested action is com-
plete, This lets messages be concatenated.
For example, person birthDate month,
will return the month of person’s birth
since person birthDiate returns a birthDate
that has an instance variable month thatis
returned when the message month is sent.

Variables and scoping. To enforce the
concept of encapsulation, there is only one
way 1o moedify an instance variable of an
ohject — sending the object a message.
Furthermose, if a variable appears in a

switchMNamesWith:  aPerson

ltempMaime|
tempMName < aPerson name.

aPerson name: name.
name = tempiName.

Figure 3, A method in class Person.

method, it can only be one of six types:

& an instance variable in the class of
objects for which the method is defined,

= an argument of the message,

& a femporary variable local to the
methaed,

= g class variable,

® a pool variable, or

# a global variable.

Class variables are shared by a class and
its subclasses, pool vartables are valid
across designated classes, and global vari-
ables are shared by all classes.

In the method for name: in Figure 2d,
name must be an instance variable because
it is lowercase and it is in a method defined
for instances of Person that have that
instance variable. The variable, aName, is

To enforce the concept
of encapsulation, there
is only one way to
modifv an instance
variable of an object.

an argument of the message. There are no
temporary or other types of variables in
this method '

Class, pool, and global variables are
used sparingly, Thus, in practice, we have
a very restricted tvpe of lexical scoping.
This strict Information-hiding ali but
eliminates scoping-related problems, and
names typically do not have to be modified
to avold naming conflicts.

For example, consider the method (in
Figure 3} defined for instances of Person
that when sent to a person, the receiver,
switches its name with that of aPerson, the,
message’s argament. Temporary variables,
such as tempMame in Figure 3, are declared
by listing them in the vertical bars. They
exist for the message’s execution life. (Class
and global variables are used for longer
term storage and are not in the focal mem-
ory of instances of the class.)

Note the various uses of name. In the
first fine of code, it is 2 message sent to
aPerson to retrieve aPerson’s name, and
assigned 1o tempMame. Because aPersorn is

&4

not the receiver of the message swiich-
NamesWith:, the only way to retrieve its
name is to send it the message, name.

The next use of name is as the argument
of the message name: in the second line of
code. In this case, because it is not declared
a temporary variable, i must represent the
instance variable of the message’s receiver.
in this line, the name of aPerson is modi-
fied to be the name of the receiver.

In the last line of code, name is the
instance variable of the receiver and is
changed to the name in temp™ame, The
code in Figare 3 could have been written
with different names for the message selec-
tors, such as getName instead of name for
retrieving a name and setName: instead of
name: for storing a name,

We chose this example to illustrate the
freedom permitted by the Smallialk lan-
guage; and this overloading of name
presents ne difficulty in understanding to
the slightly experienced Smallialk pro-
gramimer.

There are some negative aspects to using
getiName and setName:. First,

aPerson getName
is procedural in flavor while
aPerson name

is more functional and has more of &
natural-tanguage flavor, which contributes
to the readability of the code.

Secand, it precludes the simple conven-
tion that messages with the same names as
instance variables are used to retrieve their
values, while those foliowed by a colon and
argument are used o storg the values, This
convention makes remembering the mes-

“sage selectors for instance variables

straightforward.

Control stractures. Smalltalk control
struectures are also handied via the object-
message paradigm. For example, a mes-
sage, do: aBlock, can be sent to collections
of various types to process each element.
For example, the code in Figure da will pro-
cess each student in classlist. The argu-
ment of the block has a colon prefix,
appears before the vertical bar, and is in
turn instantiated to each of classList’s
elements,
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The code J'bli(‘:wwing the bar is execuied

for each element in the list and illastrates
* theuse of a conditional. The condition, an
instance of the ¢lass Boolean, is enclosed
in parentheses-and is sent the message if-
TrueiifFalse:. Other conditional message
-gelectors are [if True:, iffalse:, and if-
-False:ifTrue:s.

Undersianding objects. When working |

~with objects, an individual accustomed to
_ non-object-oriented languages may expe-
rience some upanticipated difficuliies:

Most can easily be corrected once the sym- -

ptoms are recognized,

For example, there is a tendency to fake
the object paradigm too literalty and con-
. sider each appeararice of an ohject as a

- unigue ohject. Certainly in the real world,
an object can only bein one place at & time.
Suppose an instance of the clasy Card has

the instance variables sulf and rank. A
hand is an Array that can hold as many as
five cards, and a deck is an Ordered-
Collection of 52 cards. ’

The code in Figure 4b wili deal a card’

and place it at the first position in the hamxd,
Hyou now inspect deck and hand usingthe
inspector in Smalltalk (a foo for examin-
ing objects), you see that deck still contains
“thedealt card — and so does hand. A literal
interpretation of object, that an object can
only beinone place, would suggest 1o some
that these are distingt cards. Unfortunately
the inspector does not directly reveal
whether they are distinct or not.

Agsuring they are distinet might lead to
an atternpt to set the suit and rank of the
 card in the deck to nil to avoid redealing it,
which will resalt in making the card in
hand a blank card also. What in fact is
occurring is that the assignment statement
places a pointer in the variable aCard 1o the
same card in both collections, deck and
hand. Indeed, the card exists in one place,
and aCard, deck, and hand merely provide
alternative access structures that point toit.

In some cases, the problem is not 5o eas-
~ily diagnosed, particularly when there are
several layers of complexity such as whea
asing the model-view-controller triad.
Khoshafian and Copeland discuss differ-

- -ent degrees of object identity.?
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While it is difficult o capturé in anarti-
cle the quite different sense of what it is like
to work in an object-oriented language and
environment, we will nevertheless ry to
present sorme sense of the flavor of pro-
totyping in Smalltalk. What we would like
to show, but can do so only partially, is that
there is an undercurrent we characterize as

‘fearless programming.

Fearless programming encourages
experimentation  with alternative
approaches to algorithms, application pro-

-grams, and system design without the fear

of being caught up In a morass of detaii
that is too painful to sort out. Moreover,

the systemn has a robust programiming par-

adigm —- the programmer can make bold
changes to the system itselland, even after
making significant errors, can often pro-
ceed through several different routes to
recovery without harm. o '

In fact, feariess programaiing has plaved
a large part i our developmient of new
methods and faster algorithing for data-
base normalization because it promotes
experimentation. (We do not mean to
imply that good design can be ignored or

that good programming practices can be .

violated, {or even Smalltalk methods-can
be created that have unanticipated side
effects or fail to be coherent and properly
modularized.)

Advantages. Naturally, the closér the
constructsin a language are tothe entities
we deal with in the real world the less dif-
ficulty we encounter in translating the real-

“world problem info a program. Object
- orientation is a major step in this direction,

since working with objects seemns more nat-
ural than working with constructs found in
standard languages.

For eramplie, in a non-object-oriented

“language, if an element is retrieved from a

list or an drray, as.in the assignment state-

Lment x = array(S), then changes made to

x are not reflected in the contents of
array(5} and vice versa. This assignment in
effect creates a duplicate element, and
duplicates can easily lead 1o inconsisten-
cies, since changes in one element are not
antomatically reflected in changes in the
other.

. This is not true when dealing with
objects. If dn object is retrieved from a list,

‘any changes made. in the object are

reflected wherever the object is referenced.
For instance, if aCard is a temporary vari-
able and points at the object that is pointed
at in the fifth position of hand vigthe state-

“ment aCard «— hand at: 5, subsequent
changes to aCard are reflected in the object

pointed at in the fifth position of hand.

Consider what happens if we want to
group or sort the same collection of ohiects

‘in different ways, perhaps for sequential

access via an OrderedCollection and for
direct access via a Dictionary. Inthis case,
changes made to the objects are indepen-
dent of the structures used to access thers,

In standard languages, you would either

-~ hive to create multiple lists, again leading

‘to problems associated with duplication, or
have to maintain multiple lists of pointers,
which leads to more complex coding,

classbist do: [ :aStudent | _(aSttxdéﬁt gpa == 2.0
. ifTrue [ aStudent printMName)
@ - _ ifFalse: | aStudent alertInstructor]

aCard + deck dealACard.

(b} hand at: 1 put: aCard.

Figure 4. (a) Egpumeration miessage do: and conditionals; (b) dealing a card.
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{Duplicates can be made in Smalltalk, bui
they are not implicid and require sending
one of the built-in messages for copying
“objects.)

The object-message paradigm and
encapsulation tend to promote a more
modular sysierd because each message
represents a module. This is desirable
because smaller modules are easier to cre-
gte and understand. In addition, there is
also a tendency for each message to be a
coherent unit because the very notion of
. sending messages focuses the development
of each method on the semantic intent of
the message.

And the reason the Smalltalk program-
mer can focus on the intent of each mes-
sage - and 15 not tempied fo embed
additional functionality iz messages — is
that problems of interfacing modules,
which are generally associated with
bottom-up development, are essentially
absent when working with cbjects and
messages. (We view method creation as
bottom-up and class creation as
top-down),

Onec reason interfacing problems are
minimnal is that objects are generally passed
as arguments in messages, and their
instance variables do not explicitly appear.
Conseguently, changes in an object’s strug-
ture have no implications for a vast
majority of the messages in which they
Gogur.

For example, in Figure 3, wholesale
changes in the structure of the class Person,
and even changes in the structure of its
instance variable, name {the one of pii-
mary interest in the method), will have no
effect whatsoever on the method for
switchNamesWith:, and no changes are
required in any other method in which this
message selector appears.

Why? Because objects and their instance
variables are not typed, and the binding of
objects to instance variables ocours at run-
time. Late binding promotes fearless pro-
gramming because it lets the designer
postpone typing and structural decisions
not germane to the current state of the pro-
totype.

It has been our experience that many
methods will not require changes or recom-
pilation as the prototype advances, Those
that require recompilation are typically

small and regoire minimal time because
compiling is incremental.

The existence of predefined object
classes also contributes to this sense of
fearless programming i that vou have a
wide selection of objects and messages to
choose from, thus gaining a considerable
head start in prototyping a system.

An additional advantage is that existing
methods can be borrowed in a variety of
ways, In some cases, the method can be
directly copied to ancther class without
change o its form or content. In other
cases, the message will retain the same

Whatever problems arise
and whatever morass
vou create tend to be of
higher rather than lower
levels of abstraction.

form — the message selectors and argu-
ments remain unchanged, with mﬂy slight
modifications required in the method. This
often occurs when subclasses override
TN¢S5ages.

And, as indicaied in the discussion of
Figure 3, this can be accomplished without
fear of difficulties drising from scoping or
naming considerations, Names do not have
10 be artificially modified to distinguish
messages with the same selectors but can
be used with different classes and sub-
classes,

Perhaps the most important contribu-
tion to fearless programming, apart from
the environment, is that working with
obiects and messages has important ana-
logs to working at the level of human cog-
nitionn. Whatever problems arise and
whaiever morass you create tend to be at
higher rather than lower levels of
abstraction.

The use of messages conveys much
about the semantics of operations on
obijects, reducing the need for documenta-
tion. {Other documentation requirements,
including managing hierarchies and mes-
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sages, are handled by the environment. YA
great deal of clutter, unessential low-level
detail, is eliminated from much of the code.
This is, in part, due to the existence of
predefined classes and messages.

For instance, there are various collection
classes (including Set, Bag, Ordered-
Collection, Array, and DHetionary) that
respond to the same message, do: aBlock,
to enumerate the objects of the collection
and to operate on each in ture by execut-
ing the code in aBlock. Incrementing vari-
ables to process the collection is
unnecessary. {Farthermore, these struc-
tures can be substituted for one another to
improve performance in later stages of the
prototype, often without any other changes
in the code)

In addition, objects are prepackaged
bundles of parameters to be passed as argu-
ments in messages and therefore tend to
reduce the number of arguments present
and to enhance the readability of the code.

Example. This example demonstrates
these advantages. It is drawn from our
work on relational databases but is simph-
fied here. We will call a functional depen-
dency a statement of the form g -» b that
we can read as “aimplies b, as in proposi-
tienal logic, 3t is possible that, given a col-
lection £ of functicnal dependencies, some
dependencies are redundant.

Removing redundant dependencies
from Fis important in relational database
design. For example, given the collection

Fe=tfla-bb>ca—wcgh-—rdc->c}

the third functional dependency is redun-
dant since it can be derived from the first
and second using the transitivity rule:

ifa—bandb ¢ thena—c¢

There is a straightforward algorithm to
determine if a functional dependency is
redundant. As an illustration, to show that
the functional dependency f = (@~ ) is
redundant, first form F' = F — {f] (delete
ffrom F).

Now pass through 7’ as many times as
necessary to discover all attributes implied
by the left side of £, {a}. Allimplied attrib-
utes, including 4, are placed in a collection
called closure, the closure of g with respect
to F,
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e t?lis'exampie, closire = {a,b,¢,d} at
the end of the passes over ', If closure
contains the right side of f, then fis redun-

- dant; which is true in this example, and it

iz deleted from F.
A patural starting point for developing
- animplementation to eliminate redundant
- functionat dependencies isto define a class
called FunetionalDependency. This class
. can be'made a sehelass of Object because
no other class exists for which it wonld be
& natural subelass.
-1t also seems appropriate to crefie two
instarice variables to represent the left and
" right sides {lhs and rhs) of the dependency.
The declaration is

Object  subclass: #FunctionalDependéncy -

instance variables: * Hhsths’

The methods for new, Ths:; rhat, Ths, a9d £hs

can easily be coded 1o create an instance of

- FunciionalDependency and to set and

- refrieve the values of its instance variables,

respectively. We store the set of funclional

dependencies F in a collection named
SetOfFDs.

It iz quite striking jost how quickly and
with such Jittle code this and other
algorithms- can be implemented in
Smalitalk,

- Stracteral changes. Now suppose that,
after having developed the algorithm out-
lined above, we believe it would be more

“efficient to mark a functional dependency
JSasinactive rather than to delete it from the
SetOfFDs to form F7 and then reinsert it
into Fif it is not redundant.,

- This can sasily be achieved by addinga -

new instance variable, active, to the class
FuactionalDependency. No other method
defined on this ¢lass nor any other codein
which functional dependencies are passed
A5 arguments or sent existing messages
- nead be changed (o accommodate the
addition of the new instance variable.

Consequently, a great deal of recompil-
© ing and yelinking will be avoided. The
- changes will be isolated to modifying the
method for the algorithm. This simply
involves replacing statements for removing
functional dependencies from SetD{FDs
to form # by statements for setting their
instance varigbles active 1o false, testing
whether -a functional dependency was

May 1987 .

active before using it in computing closure,
and resetting active to true if the functional

dependency is not redundant. At thigstage, .

the method for eliminating redundant
dependencies might ook like the code in
TFiguse 5.

The SetOfFDs in Figure 5 miay be any of

-several predefined classes of collections in

the Smalltalk system. Thus we can fresly

-change the stracture of the SetOfFDs to
-determine which gives the best perform-

ance. When this method is compiled, it is

“not necessary 1o have determined which
-class the BetOfFDs comes from becavse of

the delayed binding.

Mote that the functional dependencies ity -

F above are not grouped by common left
sides. Some algorithims require that they be
grouped this way. One approach is fosort
SetQfFDs according fo- their Jeft sides,

However, if the original set must be main-

tained {to allow, for example, direct access

1o functional dependencies if SetOfFDs is

a dictionary), we can ¢asily create collec-
tions using existing Smalitalk classes,
denoted here as DepWithLHS(X), which

“will contain the dependencies with a com-

mon feft side &

But since we are working with funetional
dependencies as objects, if a functional
dependency accessed from DiepWith-
THS{X) is made inactive, it will also be
inactive if accessed from SetQfFDs. The
change to the code in Figure 5 to accom-
modate the change in the algorithm is
straightforward.

Also, we haven™t yet written the method
for computing closures, which isused in

“the second line of Figure 5by sending the

message closure to the left side of each
functional dependency, clasure + eachfd
ihs closure, As the code in Figure'5is com-
piled, the system will notify the program-
mer and give an option to progesd and
define the missing message later.

" When developing our algorithmg; we
tried” many approaches o computing
clastres. Some were conceptually similar
‘but'had different efficieticies, and others

wiere conceptually new, Ty ali cases, very lit-

tle code had to be changed to accémmo-
~date the different versions of closure
clearly no changes were required for the -

" code in Figure 5, and it was straightforward

10 hofrow extensively frof-one version to
the next.

- ‘'While Smalltalk code may seem a bit
strange because of unfamiliar naming con-
ventions and syntax, it is génerally true that
after some indtigt difficulty it seems quite
readable. Unessential details do nét chat-
ter the code, as Figure 5 shows. Only infre-

“guently are Jines needed {0 increment
- variabiles; paramieters are not required for .
_invoking routines, as they are hiddenin the -

instance variables of ‘{_lle objects: and mes-
-sages are simple, and their names reflect
much of the semantics of what they do.

- If a‘message is not understood by the . -

programumer or readér of the code, it can
be quicKly examined. We do not mean 1o
suggest that this cannot be accomplished

in other languages, but it séems to-octui- - :

mnore naturally in Smalltalk.

- Conceptual éﬁaﬁgés; While impiemcn'{—- ;

“ing various types of closure in Smalltatk; -7

“we discovered anew appiozch to eliminat .
ing redundast funétional dependencies. It -
Cinvolved deactivating all of the-Tunctional

dependenicies in a given DepWihLHS{X}.

“As aresult, we éouldn’ use the instance
variable active to deterrhine if a fusictional
dependency was redundant.

One of the changes tequired t accom- - -

modate -this was to Jdntroduce a new
instance variable, redundant, for the class
-FunctionalDependency and to set its value

SetOfFDs

" do: [reachfd | eachfd active: false. )

closure « (eachfd ihs')'c'losufr@.
(closure includes: (eachfd = rhs))”
- ifFalse:[each fd active: true]].

Figure 5. Eliminating redundant dependencies.
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"Add the argument, newObject, as an element of the receiver. Put

it in the position just preceding oldObject,

1 index |

index € self find: oldObject,
self insert: newObject before:; index,

tnewOhject

Answer newObject,”

Figure 6. The system browser.

to-true when @ given funchional depen-
dency was discovered to be redundant, (For
several reasons, we chose to save redundant
dependencies rather than discard them.)

Though this is a small change, it
nevertheless hints at how changes magde at
the conceptual level can be (ranslated
directly into messages and objects, This
shows that the way we think about entities

©inanapplication can be translated directly

into two fundamental aspects of an cbhiect,
its attributes and its behavior, Of course,
other parts of the code in other methods
were affected by changing the semantics of
the instance variable active, The Smalitalk
environment provides the toois to work
rapidiy through the effects of these
changes.
~The Smalltalk system promotes trying
albternatives. The time reqaired 1o restruc-
ture objects, modify methods, create new

- methods, locate the effects of changes, and
recompile the code to experiment with it,
ismuch less of a factor in the cost/benefit

‘ratio than you would incur if working with

~most standard languagss.

- Also, most changes cccur at a kigh con-
ceptual fevel, so it is more like working with
changes in the specification than with

- thanges in the code. However, we do not

claim that Smalltalk is close to achieving
the software engineering goal of directly
compiling specifications.

Environment

While encapsulation and hierarchy form
the basic foundations of the Smalltatk lan-
guage, it is the rich environment that lets
vou work with its many classes, methods,
and messages.

In Smalhialk, there are several window
types available. These windows can be
created, moved, reshaped, collapsad, and
closed using a three-button mouse (some
systems use a single-button mouse}. Mul-
tiple, overlapping windows can be on the
sereent, and vou can move from one win-
dow to the next to carry out different or
related tasks.

Code can be modified and run from
different kinds of windows, and applica-
tion windows can be activated and deacti-
vated, This is particularly useful if an error
turns up while debugging an application
and recovery from within the application
is nnot possible.

The convenience of doing different
things in the systern quickly and efficiently
also congributes significantly to fearless
programiming. You aren’t caught upinthe
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time-consuming cycle of doing something
in edit mode, exiting and entering compile
mode, exiting and entering run/debug
mode, exiting and refurning to edit mode
to make changes. Tesler® has discussed the
philosophy behind modeless environments
and the early Smallialk interface.

Organization. Because there is no single
{inear command tist, beginners often won-
der where the program is, Programiming in
Smalitaik is mainiy adding new classes and
messages, creating objects, and passing
messages. 1 hus, being able to move around
the system easily and to work with individ-
ual ciasses is coritical to productive
Smalltalk programming. The system
classes are organized in a hierarchy with the
class Obiect at the top, but vou don’t have
to rementber the exact hierarchy while pro-
gramming because the interface provides
a convenient organization method and
access 1o the system classes through the sys-
tem browser, shown in Figure 6.

The system browser window contains
several panes, each with its own meny of
actions. The second pane from the left
along the top contains the name of classes,
and the fourth pane coniains message
selectors. The first and third panes catego-
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" rizesimilar tvpes of classes and messages,

respectively.

In Figure 6, the catégory of classes
" selected {indicated by reversé video) is

Coliections-Sequenceable, This ¢lass cat-
egorycontains classes linearly strisctured.

One such class, OrderedCollection, “is
“ sefected in the second pane.

The instance/class pair at the bottom of

* thi second pane is a fogole 1 instance is
selected {as showid}, what dppears in the
-pangs to the right and below will pertain to
methods sent t0'instances of the class. If
- class is selected, 1t will pertain to methods
o sent to the class, which is also considered

"~ - an object.

The various categories of messages that
—can be sent 1o instances of Ordered-

Collection are shown in the third pane.

Here, we have selected messages for adding

- pbjects to anordered collection. The aciual -

messages for adding are in the fourth pane

- with the message add: before: selected, -

- 'The method for this message is shown in
the large pane at the bottom of the browser
window in Figure g,

Using the browser. For the most part,

. the browser is nsed o create classes, create

messages and methods, and to browse
through the systeni. Toindicate how these
tools can be used to make changes, recall
the example ‘of “working with the class
‘FunctionalDepenidencies. There was a
" change in the semantics of the instance
~yariable active when the instdnce variable
redundant was added to the class. This

. yequired examining 2l the methods that

. might be affected, so we want to review ali
“methods that modify or retrieve the
instance variable active,

There are several ways 1o do this. One
way 15 10 select -the class Functional-
Dependency in the browser, We can then
“get a pop-up menu (Figure 7a) and select
the item, inst var refs. Another pop-up
~mmemy appears (Figure 7b) that lists the
instance viriables for- the class
- FunctionalDependency. By sélecting the
-variable activé, we get a window showing
all methods where this instance vaizable

" appears {(Figure 7¢).

- Byexamining each method, Wi see ihat
the message active: modifies the value of
- the instance variable active and the mes-
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*Ihs rhs active”’

catagory: 'DB-Design’

Figure 7. (a) Class pane menu; (b} insiance variables.

sage active retrieves it. After selecting the -

method for active:, we can get 8 pdp-up
-ment in the same window {we.don’t have

to return to the browser) from which-we
can select an item, senders (see Figure 7d). -
In this case, we are asking for all

methods that use (send) the message active:

in their code; the result is the window
shown in Figure 8. By selecting each
method, we can examine the ¢ode to seg if

8o

the change in detive’s semantics réquires
changes in the method.. Whatever the

changes may be, we can make thery in this
window {its top part is shown in Figure §)
and conmpile the code there. -

- Three items in thie menuin Figure 7d —
senders, implementérs,-and messages -
van be very effective migssage fracers,

-Apain, messages withthesame name (but
-different: functionality) might béimple-




FunctionalDependency active
FunctionalDependency lhsirhs:

aBoolean

active + aBoolean

£e)

FunctionalDependency activ
FunctionaiDependancy fhsirh

file out
print out
spawn

messages

abBoolean

active « aBoolean

)

move
Fremove

- Figare 1. {(¢) Methods using active; (d} finding senders of active,

‘mented in different classes in the system,
and a given method might use messages
from other classes. The Hem, messages, can
- be selected directly from the menu in Fig-
ure 7d; itis also a menu option for the top
pane in Figure 8, Selecting it will guickly
get a menu of all messages in the sefected
cmethed, as iliustrated in Figure 9. If we
select any of the messages in the menu ia
- Figure 9, we will get ancther window of the
type shown in Figure 8, which lists all
classes where a message of that name is
implemented. We can now select one class
and inspect its method in the Jower pane of

© the new window,
These facilities help the user browse
through the system, as well as debug. In
addition, the system has utilities to identify

and correct syntactically and semantically
incorrect code. The power of the complete
tool collection contributes significantly (o
fearless programming.

Smallalk source code is compiled into
an intermediate form, called bytecodes,
that is then interpreted. This compilation
is done incrementally as new classes, mes-
sages, and the associated methods are
definad, Codeis displayed in the code pane
of the browser and is compiled through the
menu for that pane.

If the code contains a syntax errar, an
appropriate message is inserted into the
code in reverse video. Because the message
is in reverse video, it can easily be cut, the
code can be corrected, and the method can
be recompiled.

0

Tor browsing, a selection in the system
browser’s code pane, explain, is very help-
ful. You can select any token in a method,
and the explain sclection will indicate what
type of token it is {class variable, global
variable, name of 2 message, andsoon) by
inserting explanatory text in reverse video
in the method display in the code pane,

Bebugging. While changing the seman-
tics of the instance variable active and
introducing the new instance variable
redundant, suppose we failed to initialize
redundant to false when creating new
instances of FunctionalDependency. This
would lead to problems, which can be
traced with the buili-in debugger,

Omne approach is to place a halt in the
code where the problems arise {in this case,
the method for eliminating redundant
dependencies) and to step through the code
and cxamine the objects. When code is
exacuted, a notifier will appear on the
screen to indicate that a halt has been
encountered. You have the oplion to pro-
ceed past the halt or o enter debug mode.

If von choose 1o debug, the window
shown in Figure 10 appears, and the menu
appearing over the top pane c¢an be
obtained. The top pane of the window con-
tains the current activation stack — the list
of messages leading to the halt, This list
can be serolled, and individual messages
can be selected. Code for the selected mes-
sage 15 displayed in the middle pane, and
the bottom two entries in the top pane’s
pop-up menu can be used to run through
a stepwise simulation of the program.

Selecting the item, step, executes the cur-
rent selected message (redundamt in Figure
10} and mowves vou to the next one
(ifFalse:). Selecting the itern, send, enters
the method for the selected message, which
then displays in the middle pane and can
be treated the same way. The lower left
pane contains instance variables of the
message receiver displayed in the middle
pane, and the lower right pane contains
current values of all temporary variablesin
that method. The value of the loon varia-
ble, each, i3 an instance of class
FunctionalDependency at this point.

You can inspect this object, as Figure 11
shows, The result is the window in Figure
12, where we have sclected redundant,
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Cover eliminateAttsandDeps
| Zoar eliminatefadundantDepandancias
Cover linearEliminateRedundantDependencies:

eliminateRedundantDependencies

self do: [ieach | (each active )
ifTrue: [each

false.
(each rhs isSubsetOf:

ifFalse: [each active: true]]].

(each lhs closure: self))

Figure 8. Senders of active:.

whose nil value shows in the right pane and
reveals the problem that redundant was not
initialized. Chapter 19 of the Orange
Book? gives a more detailed description of
the debugger.

There are other ways to invoke the
debugger. For example, if a halt had not
been placed in the code, a notifier would
appear during execution upon test of the
nil value of redundant. The notifier would
indicate that a non-Boolean receiver had
been encountered, and three options would
be available:

(1) Set the value of the receiver to true
and proceed with execution.

(2) Enter the debugger at the point of the
problematic code.

(3) Stop the errant process simply by
closing the debug window.

In the second case, the debugger window
has the form of the one in Figure 10, and
the programmer can proceed as above. The
debugger is a particularly nice tool and cer-
tainly helps make runtime errors much
more tolerable during program develop-
ment. It can be very confusing to the begin-
ner, however, as the depths of the code are
explored with the option send. For exam-
ple, a user who doesn’t know how system-
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ardanc
ntDependencies:

- do:
ies

Ihs
rhs

active
active:

blockCpr:—

closure:

isSubsetOf:

false,

2ach rhs isSubsetOf: (each Ihs closure: self))
ifFalse: [each active: true]]].

Figure 9. Messages in a method.

defined control structures are implemented
could be confused by the system code when
it is encountered.

Modifying Smalltalk. Fearless program-
ming gives users confidence to attempt
extensive changes in the system, even ones
to the predefined classes. An example of
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major restructuring from our database
project would be too detailed to develop
here, but we can give an example that has
pervasive implications for the system.
We needed various ways of writing bit-
maps of parts of the screen out to files, and
the system did not already have all the
necessary functionality. To capture bit-




UndefinedObject>>Dolt

| Cover(OrderedColiaction)>>do:
Cover>>eliminateRedundantDependencias

proceed
restart

full stack

sanders

saif halt,

eliminateRedundantDependencies

self do: [ieach | (each _

ifFalse: [each active: falsa,

(each rhs isSubsetOf: (each ths closure: seif))
ifTrue: [each redundant: true]
ifFalse: [each active: true]l]

implementorsj
messages |

self
firstindex
lastindex

“Figure 10, The debugger.

maps with pop-up menus displayed at the
time of capture, we had to deactivate the
menus 50 they could be brought up on
screen to have their picture taken without
having the selected message sent when the
button was released.

To achieve this, we added a class varia-

ble, Active, to the class PopUpMenu,
which governs pop-up menus, through
which essentially all actions are initiated.
1f Activeistrug, all acticns through menus
will proceed as usual; if Active is false, a
conditional placed in the code for sending
meni messages returns a no-op value when

ifTrue: [each redundant:

_ true’]
ifFalse: [each active: true]]]

a FunctionalDependency

Figure 11, Inspecting a temporary varigble.

&2

the mouse button is released, and the menu

disappears with no action taken. We then

defined 2 two-key sequence to toggle
Active.

This change is very power ful because it
covers the predominant means by which
actions are taken in the system. This also
makes it dangercus. It indeed led to several
interesting debugging problems, two of
which we will illustrate,

Fztal error. If the class variable Active
is defined, but initdalization to trae or false
s neglected, its default value will be nil, if
anything is then executed through a pop-
up meny, this nil value for Active will be
encountered in the conditional code, and
a notifier will appear. The menu for this
notifier contains two options, procged and
debug, which wonld ordinaridy funcion as
described above.

Ins this case, however, using the middle
button to generate the pop-up menu from
which to choose an option would result in
consuitation of the same conditional code,
which would again find that Active hasthe
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value il This would generate ansther
notifier, which in turn would generate
canother notifier if we selected proceed or
debug, and so on.
Anattempt to close this window with the
~mouse and thus stop the process would
" alse generate a notifier, The toggle mech-
antsm could not now be used to set Active

- because that mechanism uses a conditional

“based on Active being (rue or false. Fur-
‘thermore, you cannot shist down the sys-
temn because g pop-up gmenu is also

- réquired to do'so: The only choeice in this
case would be to abort the system itself,

- To guard against major damage under

. such a condition, in fearless programming
you fake snapshots of the entite environ-
ment from time o time. After an abort, the
system can immedidtely be recovered at the
last spapshot, and ali changes in the

~interim can be recovered from the changes
file.

Avoiding & systems abort, Owrinitial
attempt to name the bitmaps we were cap-
turing ilinstrates a serious problem that did
not reguire a system abort. The capture was
accomplished by executing code in a code
pane of a window that produced a small
window to type the name of the file to store

- the bitmap in, provided the value of Active
s false, Unfortunately, when this code is

executed, the naming window that auto-

matically pops up uses an instance of

PopllpMenu, which also finds that Active

is false, and which therefore produces a

new window asking that the naming win-

dow be named.

- Unlike the previous exaiiple, the entire

“systemn functionality was not lost and there

was a more elegant sohution than a system
~ abort, We can toggle the value of Active to
true with the appropriate key, activate a
system browser with a gingle click of the

“-mouase, find the offending miethod in class

PopUpMenu, change the code by deleting

-the conditional on Active, and recorpile
the method. When we return to the run-
nming application it will use’ the new,
incrementaily compiled code and stop ask-
ing for aming windows.

There will of course be several stray win-

dows on thescreen that will have to be
- closed, and there are variots conditions in
different versions of Smailtalk that might

‘May 1987 -

- prevent extrication from soch a predica-
- ment without aborting the image. The per-

manent fix 1o this problem was relatively
straightforward. The main point is that we
changedihe systemduring an application

In fearless programming
you take snapshots of
the entire environment

.. from time to time.

runy when our modifications cuitoo deep
~ anich this ability contributes to the sense

‘of feariess programming,

The environment i general - 1ot just
the debugger — has the tools needed to
bulld, examine, modify, and test code.
These tools are readily available asid not

limited or constrainad by made or copbext.

Building, examining, modifving, and test- .

ing code are all related operations, While -
using the debugger, for instance, you aren’t

‘trapped in it. You can browse, modily code,
and carry out g variety of tasks.

Qe measure of the Smallialk environ-

Crient’s effectiveness is the extent to which
" hard copy is unnecessary dufing applica-
tion development. Initially vou use hard
copy to sketch ideas and code, but as devel-

opment proceeds your-work becomes vir-
tiaally paperless. The ondy reason for print-

“ing oot code is to carry it away frorm the

machine or for backup. Because we have

-atways had 16 use printouts of various iter-

ations of the code in other languages, we

believe this to be a strong indication of the

Smalltalk Tacilities’ effectiveness.

a-FunctionaiDependency -

Figure 12, Viewing an object.
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Onthier window types, In addition to the
systemn browser and debugger windows,
there are several other Important window
tvpes. Code written in a workspace is not

- compiled into the svstem, so the workspace
is generally used to try out existing mes-
sages, run applications, and develop and
test new methods. A file list window is used
{o intéract with the underlying file system.

Some versions of Smalitalk have win-

dows to interact with modules written in
other languages. Other windows, called
system Transcripls, fet the system note that
actions have been accomplished or special
conditions have been encountered.
Another window, called a system work-
space, contains commonly nesded code
segiments. A template for such segments
can be modified in the system workspace
and be executed on the spot,

For examptle, we might know that some
class implements the message, suspend,
but not know which one We can activate
& systemn workspace and locate the
template

. Smalhalk browseAlllmplementorsOf;

FreywordSymbal

This can be easily edited to

Smalltalk browseAlllmplementersd:
#suspend

It can then be selected and executed, and
the result will ke a window such as that
shown in Figure 8, which displays all
methods that implement the message
denoted by suspend,

Although Smalltalk provides, excellent
facilities to browse the structure of classes
and abjects and to examine their messages,
it does not provide adequate facilities to
examdine the behavior of a complex appli-
cation. Cunningham and Beck® have
reported one effort to remedy this,

‘Misconceptions
Three Smalltalk areas are often misun-
derstood,

Performance. It is commonly believed
that the abundance of high-level features,
the uniform object-message implemenia-
tion, the delayed binding of variable types,
and the graphical capabilities of Smalltalk
yvield a sysiemn with poor overall per-
formance.

-Int part, this can be attributed to the fact
that the initial prerelease copies dis-
tribted by Xerox PARC o participating
companies for refinement in the early
19805 were quite slow on different hard-
ware implementaions. It also did not help
the performance image of Smalltalk that
a major implementation on a VAX was
particularly stow in a time-shared environ-
ment, and that the project thus limited its
emphasis to implementations on worksta-
tions.” And it is well known that an
absence of data tvping and the lack of a
global optimizing compiler typically exact
heavy performance penaities.

We have found that
there are nonenhanced
commercial versions of

the language that are
gusite fast.

Resegarch is now under way to add per-
formance enhancements 1o Smatitalk, such
as improved garbage collection, faster
alternatives to the bytecode interpreter, and
typing facilities, With a data-iyping facil-
ity, vou could delay all binding during pro-
totyping and product devciopment for
maximam fexibility and then identify erit-
ical sections and optimize, using datatyp-
ing and other methods of fine tuning, for
the mature application.

We have found, however, that even with-
out such enhancements, there are commer-
cial versions of the language that are guite
fast. In particular, we implemented and
tested database normalization algorithims
in MProlog and Smalltalk on a Tekironix
4404 and found Smalitalk to be ahout 13
times faster than MProlog. After perform-
ance tuning in both languages, which was
far more straightforward in Smalltalk, the
zap between the two languages roughly
auacirupled.

Just in case we simply had a particularly
slow implementation of MProlog, we
implemenied and tested one sel of proce-
ctures to find graphical shapes in points in
the planein C, Smalltalk, and MProlog —
and the resolts were striking. The MProlog
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prograrm was aboul 80 times slower than
the C program, but the Smalltalk program
was a bit Jess than two times slower than
the C program. The only performance
enhancements we made were to correct
obvious inefficiencies in the code.

For example, the Prolog program as
ariginafly published® was 500 times slower
than the C program, and with a few rather
obvious inefficiencies made for a rather
unfair comparison. Some twiddling of the
Prolog code eliminated a large amount of
unnecessary backtracking and lowered the
ratio to 80, We also ran the C program on
a VAX 11/750, and the runtimes were
within 15 percent of the runtimes on our
workstation,

These limited tests certainly cannot even
begin to characterize the perforraance of
Smailtalk relative to MProlog and C, but
they underscore what we had discovered:
On pur workstations, Smailtalk is very
responsive during program development,
and it performs quite weli on the type of
computation and data manipulation we
are using,

The performance standard, which
different versions of Smalltalk on different
machines are measured by, is the lan-
guage’s performance on the Xerox Dorado,
on which it is very fast. The Dorado is a
descendant of the Xerox Alto and is a high-
performance experimental micropro-
gramimed personal computer with a
mictocycle time three times faster than the
VAX 11/780.

There are commercially available work-
stations that run special Smailialk as fast
or faster than the Dorado. This perform-
ance 15 excelient and makes for an out-
standing software prototyping enviren-
ment. We would be willing to pay a far big-
ger performance penalty than we now pay
in a fanguage like C, for example, for the
productivity gains we have achieved in
Smailtalk.

Smallsalk provides system facilities to
trace execution at varving degrees of
granularity, to time code blocks, and o
identify critical sections. There is a class
named Benchmark that contains methods
for micro and macro benchmarks to meas-
ure the relative efficiency of different byte-
code terpreters.
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" oparallel processing

Applications. Many coramercial adver- -

--tisements for Smallialk characterize it asan

~artificia] intelligence language, Indeediit -

- - may beexeellent for a wide variety of arth-

_ - -ficial intelligence applications, and we are.
.l asing it to create aproduction system for

database design. However, it seems to be
" far more general-purpose, and it is not
ogenerally considered an artificial intedli-
Tgente nguage by theartificial intellipence
ccmmumty : :

“The Ub_;u_ctwmess&gfe :paramgm prov’;cies'

& powerTil generdl-purpose firogramminig
language. The graphical capabilities pro-
vide high-level primitives not oaly for the

development of intérfaces but for domains
that need to use graphics. Buili-in classes. -

Cprovide an excellent foundation for maﬂy
Capplications,

for other purposes is a set of classes that

“support discrete-zvent simulation. As &

~descendant of Simula, Smalltalk contains

the basic mechanisms 1o support quasi-
,-through the classes
- Process,  ProcessorScheduler, and
- -Bemaphore. These allow process descrip-

tion and referencing, dynamically gener- .

o ated processes, . and delimited and

“sequeticed active phases of processes, with
" or without reference to the concept of sys-
tem thne,

importaint capabifities are scheduling

and executing processes of different priori--
“ties and easily suspending a process and-

. resuming it Jater. Higher priority procésses

. are executed before lower ones, and events
with the same priority are handled ona
first-come, first-served hasis.

Part thres of the so-called Blue Bmkg

- Smalltalk reference is devoted 1o discrele-
“event simulation: It develops the basic

©classes in addition to the built-in‘ones, and -~

i1 develops several of the applications in

Birtwistle's book " silfficiently to provide - .

" anexcellent basis for sirinlation.

Thereare numerous significant errorsin’

the simulation code in part three of the
“corrected” first edition of the Blue Book,

“but these are béing repaired and some of _ '
the code has been streamiined: One disad- -
" vantage of working with the simulation .

~classes is that the debugger does not Tang-

-tion well while tracing the suspension and
resumpzaon of. -processes.. A simulation

- May1987

“trace can be started in the debugger, but
- counts of gctive processes start 1o degrade,
and certain debugger “windows are-not
functional without coercion {siich a8 hit- -
- ting the abort key). For debugging complex
anct lengthy processes, the user cannot’ r&ly 3

on the debugger.

Graphical paradigm. The basic para-

_digrn for hundiing graphical applicitions

-in Smalltalk is through the model-view- .
controller ‘triad. For the display-of an
object, the object itself is considered the.

model, the graphical layout is the view, and

. the coordination of user inputs to exarhing

the model and the display is done %hrm‘zgh
the controller,

Simple and complex nested views may’ e
_ " created and manipulated. Basic' classes
A good exampie of buitt-in capabilities .

handle generic views and controlters, and

the system interface itself 1s hanidled with
—the MVC, providing a rich set of tools serv-

ing as models for the programimer’s devel-
opment. Unfortunately, the promised and

long-awaited tome from Xerox PARC of
how to use the MVC hay not been pub-

fished, which jeaves a hole in the documen-
tation.

C{mpied with the richriess of the system,

this makes learning to use the MVC a for-

midable task. Like the overall Smalitalk

system itself, the MVC is rich and power- -
ful, and this richness contributés 1o thei m1-

tial learning difficulties.
. Apparently grumbling about iising the
M‘VC is -relatively common, and it is

“rumored that 41 alternative is sought. The

concept of a pluggable view réfrioves the

need to build each application from

scratch, but i certainly does not represent

aradical departure from the MVC. Indeed,
the Apple version of Smalltalk iges
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another App}e produet Mchpp, ]zeawly

'to buiild user interfaces in Smalitalk — a
. deparmre from wsing the MVC,

- Thiug, while Smallialk contains a well-
- integrated et of graphical prifuitives, the -

bepinning ‘Smailtalk pmgrammer shiouid
not expiect 1o Hnd 4 quick and sasy pathito
developing graphma applscatlozls

_.'--i.eammg experience

- Smalltaikis not easy todearn; evenif vou -
hdve considerable experience with stafidard ]
languages. The Blue Book and the Orange

-Book aré excellent veferences, especially
'whe_zx coupled with the extensive on-line
- dotGurmentation — bt they are not good

fexthooks.
The Blue Book deals mainly with fea-

“tures of the language, while the Orange

Book deals with the environment. But the
system 15 50 rich and so well Intégrated that

it is not easy to decompose the task of

tearning it into subtasks. It is Hke the clas-

- sic chicken-and-egg situation - the rich set

of tools car be used 1o overcome the corn-

- plexity of the systers, but at the same time

you have 1o work with thé system for some
time before seeing how the tools can make -

_asignificans differencein workmg, with the
system, -

We think Eedrnzng Smalitalk is not [i%ce
leardinig a language but like learning a cul-
ture, Orver titne, improvements inmethods

ol learmng the system should emerge, but
the currént paradigm involves intengive

reading of both refererce bomks, browsing

- the system on line, writing your own appli-
cations, and frequently moving from one

referenice of source to another. Fortunately,

~learning the systern poses only'ashort-term -

disadvantage, but long-term productivity

‘gains may be worth the initial investiment.




% malltalk promotes high productiv-

ity and reasonably low rework.
While this may serve as a general

characterization of fearless programming,
there are some specific characteristics (o
consider in determining the extent to which
a system promotes if. Briefly, fearless pro-
gramming is:

s Referenceless.- The system manages
pointers to structures {ohjects in
Smalitalk).

& Chutterless, The system abstracts out
Jow-level detail.

& Typeless. Types need not be declared,

50 design decisions can be made flexibly.
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 Chapter 3: Object-Oriented Programming in Ada

_Ada‘only partially supports the object-oriented philosophy.
Ada’s packages can be identified with classes, However,
- there is no mechanism for one package to inherit procedures
from another, Nevertheless, the object-oriented point of view
‘is very beneficial for Ada programmers, In this tutorial, we
“take the inclusive point of view and deem Ada and other lan-
-~ ‘guages that have a packaging construct but no inheritance
mechanismn to be “object-oriented.”

Because of Ada’s very careful development ané the com-
mitiment to Ada by the U.5. Department of Defense, it is
gasy to argue that Ada is the most inportant object-oriented

" language.

- An object type 13 usuaiiy implemented in Adaasa pack- _

age. The package will contain a type definition and the prn:}cey
dures that operate-on that type.

The paper by Richard A Volz, Trever N Mudge, and
" David A. Gal, *Using Adaasa Programming Language for
‘Robot-Based Manufacturing Cells,”” presents an exarple in
-Ada of a program for robot control. A mamufacturing ceil
consists of a robot, an input conveyor, an output conveyor,
a TV camera, and a machine for doing some work (Tor exam-
ple a milling machine}. The system includes an interface to

- CAD database that includes things ke the geometty of

parts, The issue discussed in the paper is the development
and managément of the complex real-time software that con-
trols the cell. The features of Ada can assist in achievmg
" the usual design goals of such asystem.

In the example four basic object types aré defined:
# ROBOT: Provides the basic robot interface. -

© POSITION: Provides data types for part and robot loca- -

[ tions.
s CAD-MODEL: Provides CAD data base access.
& VISION: Provides an interface fo the vision system.

- The paper presents Ada package specifications for each of
-these object types.
* Volz et al. consider whether or not generics could pro-
vide a variety of relatively specific and efficient vision sys-
“ters at minimal programming cost. After weighing the
. benefits and the costs, they conclude that there is no clear
benefit to the use of generics for this purpose. They discuss
- several other concerns they have in using Ada, but their final
~ conclusion is that Ada works well for this kind of application.

The next paper, “‘Objeci-Based Computing and the Ada
Programimng Language,” by G.D. Buzzard and T.N.
Mudge is from the same group of researchers and considers

EHOIS7-6/87/0000/0097801 00 © 1987 TEEE

‘a similar topic. It describes the concepts and goals of object:’

- oriented computing and how they are implemented in Ada,

A robot arm is ised as an exaniple of how an-object can be

~implemented as an Ada package. The lack of support

‘provided for protection of objects at run'time and the lack -

- of a unified abgiraction mechanism in Ada are noted.

" sulated in an object and the ohject receives requests to change -
the data. Thus, in object-oriented progranuming, the data that -

One interesting trade off that is discussed in this paper is

that of whether or not 10 use a processor with an object-based ..

architectiife and/or an opérating system that is object-based.

Such architcctures use soni¢ form of “‘capability address-
ing’’

scheme, which is expenswa but ‘%upp()r{ data security
and program integrity in a dynamic environment. (See -

" Volume 2, Chapter 5.) Ada_waa spec;ﬁc_aﬁy designed not

to require an object-oriented architecture. Therefore, the sup-

port Ada gives for object-oriénted co;ﬁputing is static (i.e.

made available in the latguage, but rsot mapped to the -
maching during compildtion).

“The major shortcoming of Ada in the area of protection
mechanisms is that Ada provides an ““afl-or-none”” approach
to accessing the capabilities of a package. Buzzard and
Mudge propose to remedy this by extending Ada to include
package subtypes. Subtypes would perniit access to a subset
of the operations and types of a package: To implement this

type of protection mechanism, suppart from the underlying - e

hardware would be required..
Peter Wegter, in **On the Unification of Data and Pro- -
gram Abstraction in Ada,” describes some differences

between function-oriented and objéct-oriented - programs, :

using Ada as the exarnple language. Wegner views function-
oriented programming as consisting of a process in which’
data is passed around among functions-that perform some
modification to it, and he views object-oriented program-
ming as a process in which data and procedures are encap-

is changing is hidden from the user, whereas in function-
oriented programming; the user sees the data and must pass

the data around to the functions for processing.
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Function-oriented programming is based on data abstrac- -~

tion, that is, an abstraction in which the type of an object -
and operations on ohjects of that type arc provided in a cap-
sule. The obiect itself is available to the user to pass to the

~operations. In Ada, data abstraction is provided by the

package.
Object-oriented  programming 18 baséd on program
abstraction, that is, an abstraction in which an object and -




operations on that object are provided in a capsule. The object 8. Nies, ““The Ada Object-Oriented Approach,”” Proceed-

itself is not available to the user. In Ada, program abstrac-
tion can, in some ipstances, be provided by the generic
package.

Wegner states that function-oriented programs are more
easily verifiable than object-oriented programs, but object-
oriented programs are better for users and provide a more
realistic model of the real world, Therefore, we should con-
sider the possibility of compiling object-oriented programs
into their equivalent function-oriented counterparts for verifi-
cation and optimization.

In Ada, packages are not ““first class’ entities because they
cannot be assigned as values or passed as parameters. This
limits the degree to which object-oriented programming can
actually be practiced in Ada. Wegner proposes some changes
{0 Ada that would remedy this. He suggests that such changes
could be incorporated into a successor to Ada during the late
. 1980°s. The changes proposed are similar to programming

ideas already available in Smalltalk.

Additional material relevant to object-oriented program-
ming in Ada can be found in Chapter 1 of Volume 2.
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- Robot-Based Manufacturing Cells
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Abstract=-The Ada® programming language has been under develop:

“ment for the Department of Defense since 1976, Ada is intended as the

Department of Defense’s pﬁncipsﬁ syster implementation Tanguoge. T

" particitiar, one of the pritiary aimms of ‘Ada hus been to program resl-tine
. enitbedded systéms. How Ada can e gsed to program a robot-based

mgnufacturing o], sn example of ‘3 veal-time embedded system is de-

. sertbed in this paper, The computing issues in manufacturing cells are
diseussed with respect to Ada, Using an experimentsl manufsctaring celt
‘presently under copstruction as an example; a sfrategy for robot program-

ming based on Ada is described. A case study of the software for the vision .

"subsystent is uséd io Hustrate a central _feam're':of Ada: data absiraction.
Additiomal important features of Ada for software management—program
*abstraction through fenerics and operator overloading, and multitasking —

the software issues described and the case sfudy.

L INTRODUCTION

‘cells, -the néed for a standard implementation lan-
guage to program these cells has grown inimportance. The
" present . practice of designing new robot languages for
mnearly every new robot may satisfy the particular program-
ming needs of each robot, but it is counterproductive from
“the standpoint of developing mtegrated manufacturing cell
technology. Standardization is clearly needed. Moreover,
-the current high-level languages used to implement the

real-time reguirements of manufactering systems lack some
“of the language tools, such as data abstraction, that facili-.

tate programming in the large. Indeed, even the most
sophisticated robot, numericaily controlied (NCy machine
“tool, and related “manufacturing systems” programming

) languages presently in commercial use support neither data -

abstraction nor -other features appropriate for large-scale

- programming [14], [28]. They are, therefore, unsuitabie at

the cell integration level. However, the Department of
Defense’s (DOD’s) foture svstem implementation lan-
guage, Ada,
that can overcome most of these shortcomings.

Ada was originaily developed at the instigation of the
DO [10] for programming embedded systems. Examples
of embedded systems are, to quote one of the designers of
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work was supported in part by the Ziminer Foundation and in part by the

Adr Force Office of Scientific Research under contract F49620-82-0-0089,
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is an attempt to provide language constructs

‘the language, * those for pmcéss control, missile ‘guidance
‘or even the sequencing of a dishwasher” ({2}, p. vii). We

would -add to - that lst fobotbased manuofacturing cells.

"Ada is based on Pascal. . However, significant extensions-
- make it the first practical language to bring together im-
-portant feature$ that ‘include data- abstraction, ‘separate =

compilation, multitasking, excepiion handling, encapsuia- -
tion, and program abstraction through generics and oper-

ator overloading. These extensions make Ada particularly

appealing for programming largesscale real-time embedded

- systemg—a sithation characteristic of robot-based manu- «
- “gee also iHustrated. The principal advantages and difficulfies in using Ada
“for programming robot-based manufacturing cells ave sununarized based on -

facturing cells. Though fully validated compilers have only -
recently -becoms commercially availdble, DOD’s strong

- support of the language guarantees a larpesscale presence

in the future. This therefore warranis:a serious inguiry mto

: _ ’ ' " ‘the feasibility of using Ada as a standard implementation
ITH THE ADVENT of robot-based manufacturing |

language for manuvfacturing cells, _ :
This paper describes an initial effort at using Ada as the .

‘basis for programming part . of a manufacturing cell,

specifically-a robot, an interface to a vision sensor, and an
interface to a computer-aided design (CAD) system, The
system-exploiis the features of datas abstraction, separate
compilation, multitasking; exception handling, encapsula-
tion, operator overloading, and generics found in the fan-
guage; it expands on work summarized in [30]. Some of the -
principal computing issues involved in programming such-

a system are identified and discussed vis-a-vis the use of - '
Ada. Much of the discassion is-based on the example of ©

the vision subsystem-developed and.- the Lmitations and :
improvernents ‘encountered- in the process. Section I dis-
cusses computing issues in manufacturing cells and how -

they telate to Ada. Section 1IT describes appropriate fea- -~
tures ‘of Ada and a stfategy for using-Ada. Section IV~

illustrates ome of the central features of Ada;-data abstrac

tion, by examining the development of the vision subsyss . -

tem software. Section V discusses how prograrm abstraction
in the form of generics and operator.overloading can be -
used to manage program development. Section V1 dis-

‘cusses how multitasking can be used. Section VI -sam- .
marizes the expenence to date and notes both important’ -

advartages of using Ada and aréas-of concern where more
work is needed.

1. - CoMpuTNG IsSUES IN MANUBAGTURING CELLS

O Toillustrate some of the computing problems that arige’

an flexible manufacturing cells, consider the simple cell -
shown in Fig. I, majar portions of which are presently -

- ‘Reprinted from IEEE Transactions on Systems, Man, and Cybernetics. Volume
BEMC-14, Number &, November/December 1984, pages 863878, Copyright
10 1984 by The listinwe of Electrical and Eleetromics Bginesrs, Inc.
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under development in the Robot Research Laboratory at
the University of Michigan. This cell is a simple machine
loading /unloading system consisting of a process machine
(an NC milling machine for this example); an input con-
veyor; a camera and associated machine vision system to
‘sense incoming parts; a robot for loading, unloading, and
tool changes; and an output conveyor. The incoming stock
may arrive randomly oriented and must be located and
identilied by a machine vision system using the camera
before being grasped by the robot. This example is concep-
tually relatively straightforward and, in fact, omits some
additional features one might realistically expect such as
post-machining inspection and adaptive control of the
machining process. It is sufficient, however, for illustrating
- the principal points to be discussed.

The above example can also be wsed to illustrate a
related activity that we believe will be of great importance
" in the future and that impinges on the current paper: the
~use of CAD information for driving cell operations. Cur
goal is for the cell to be able to manufacture any part
within some reasonable class without human intervention.
In other words, the cell will be able to automatically adapt
to a particular type of part once the part has been identi-
fied by the wvision system. In addition, in conirast to
present practice, there will be no loss of production time
due to training either the robot or the machine vision
system [15], [12), {24] Information to allow the vision
systemn to identify a part and to allow the rest of the cell to
~perform the appropriate operations on the part is derived
from a CAD database. Therefore, it is a prerequisite that
all the parts to be handled by the cell have been designed
via a CAD system.

The computer system that manages this cell must inter-
act with a variety of devices and with at least one level of
-external computer system, The complexity of the resuitant
system, the interaction with real-time devices, and the
interaction with the external computer system create the
principal computing problem. A hierarchical computer sys-
tem for controfling the cell is shown in Fig. 2'. A central
cell control computer manages the overall behavior of the
cell and handles communications with the CAD database

" “Similar hicrarchical structures have been proposed by several anthors,
e.g.. Albus [1] and Wisnosky [34].

(in the ceil bemng developed this is a multiprocessor version
of Intel’s IAPX432). Dedicated microcomputers function as

"-attached processors to the cell controtler and interface with

the various physical process machines and sensors in the
cell {in the cell being developed these are typically Intel
886 based microcomputers). Even if all the necessary
algorithms were known, which is far from the case [17),
there are significant computing issues remaining:

= the development and management of the complex
real-time software system to control the cell:
e the extraction of information from the CAD sysiem
to assist cell operations;
e the architecture of the computer system (hardware
and software} to support the cell;
s the computational speed to meet the real-time re-
guirements,

This paper primarily addresses the first of these points.
The second point is beyond the scope of this paper al-
though it does impinge upon the case study that we pre-
sent. Research into the use of CAD information for ceil
operations, beyond automatic production of NC tool pro-
grams, is still in its infancy. Some early work in this area
can be found in [4], [3], [33]. The last two issues are also
beyond the scope of this paper; more on them can be
found in [19], {20], [21}, {29].

The software aspect of robot cell control itself encom-
passes a number of issues. Among the more important are

the management of large complex software systems;
the efficiency of code produced for real-time appli-
cations,

« Interprocess communication and task synchroniza-
tion;
portability;
program debugging, particularly the real-time aspects.

The first of these issues becomes more important when
one considers complex systems with sophisticated sensors
and several robots rather than a single dumb robot, Such
systems witl be much more common in the future, and the
need to manage the ensuing software complexity will be
correspondingly greater. The proven way of dealing with
complexity in any system, software or otherwise, is to
partition it into subsystems whose complexity is manage-
able. This partitioning is important not only in the design
phase but also for system maintenance, where, in the case
of embedded systems, it has been shown that often over 70
percent of the lifetime cost of large embedded software
goes into software maintenance [7)].

The second of these issues, computation speed, is a
function not only of the underlying hardware but alse of
the efficicncy of the code emitted by the translator. Several
software technigques bave evolved for dealing with this
issue, two of the most important being code optimization
and in-line code substitution. The first will almost certainly
be developed for any translator used widely by the military
or industry. The second can be particularly important
when data abstraction causes a large number of procedure
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" calls (as it does in 'Ada), 'Névaﬁr'theless', the effectiveness of
these, particolarly for a language as large as Ada, is a
"matter of serious concern.

The third of these issues, interprocess communication
and task synchronization, arises out of a need lo support a

smultiprocessing system (see Fig. 2). Communication and
synchronization are required in various multiprocessing
“situations: among tasks executing on the same pfocessor,
-beiween a central control process and a dedicated attached

processor controlling some sensor or robot joint, and among

~tasks executing on separate general purpose processors.

Ideally, a robot programming Jlanguage -should support

ccommunication and synchronization mechanisms.

The fourth of these issues, portability among different

robots and computer systems, is one of the principal diffi-
“culties with most robot programming languages. Little has
“been done to address this problem. It is most important
Uthat future language efforts not be made heavily machine
" dependent..

Finaily, thi fifth issue, program debugging, is com-
plicated ‘by the real-time aspect [31]. Reconstructing real-
time events io track down errors is usvally difficult and
often impossible because- of the irreproducibility of the
external real-time events. Further, due to the fact that the

~physical movement of the devices under computer control

can be very slow {at least compared 10 computer speeds),

- painfully long debug times can result. Unfortunately, the

‘debugging issue cannot be ignored because the occurrence
of an error that cannot be halted in midstream can be both
dangerous and expensive.

The features present in Ada permit many of these issues

10 be addressed. The following section sketches a general

way it which Ada can be tailored for expressing robot,
sensor, and CAD operations.

L Apa por CELL PROGRAMMING

Ada has been expressly designed to facilitate the deve
opment and mainteniance of large software systems throug.
partitioning, Separate compilation allows 'a team of cell
designérs to work concurrently on  the . development of |
separate subsystems. It also allows subsystems to be easily
modified “without -affecting the rest of the system-—an
important feature for maintaining the “system. Ada relies
on data and program abstraction to simplify the construc- .
tion of subsvstem interfaces. Further,”Ada provides muli-
taskirig and - timing constructs, essential ingredients in
manufacturing cells where there are typically several com-
putation tazks that need to be performed in real time. -

In this section we describe in a’ general way the im-
portant features of Ada and a strategy that can be used for -

developing 4 robot and sensor programining system based
on the use of Ada. The design goals of Ada directly
“address most of the issues raised above, and these will be -7 -
~ discussed in the context of their use for the programming -
system, The strategy and example described are based on -
the experimiental systemy being implemented at the Univers ©

sity of Michigan, The system will be used as an experimens
tal vehicle for testing algorithms linking CAD to robot and

sensor operation and for testing object-based architectures . -

{see below) for robot/sensor systems. A of this writing, a
vision system, a robot system, and algorithms for CAD-
based vision training and determination of grip positions
are functional. (The example below will hustrite some of
these features while indicating the use.of Ada.)

A, Fedtures of Ada

The underlying philosophy of Ada is centered ugmn 1he =
use of objects for program design. An cbject is a data
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structure® having a unique identifier and an associated set
‘of functions and procedures that can operate on it [22].
‘These “operators” are the only allowed means of manipu-
lating the object. A number of advantages follow from this
“object-based” programming methodology. Objects and
their associated functions and procedures form natural
boundaries along which to subdivide systems, In addition,
because the structure of & data type is hidden from all but
its associated operators, changes to the structure have a
~limited impact greatly simplifying program modification
ared maintenance. In effect, the data type can be abstracted
and known only through operations performed on it. Thus,
object-based programming provides a way o mmplement
data abstraction, which, as a result of work in pro-
gramming language design during the 1970’s, has emerged
. as a major organizational concept in programming lan-
- guages [27]. Several experimental programming languages
have been implemented that were designed containing fea-
tures 1o support abstract data types, but, with the possible
exception of Moduta-2 [32] and Concurrent Pascal [6], Ada
"is the first that is likely to see widespread use.
Ada provides a construct called a package that allows
the programmer to encapsulate objects and their associated
- functions and procedures. In addition, it has private types
and fimited private types thal further restrict encapsulation
“s0 that objects thus typed, while visible to program parts,
can only be manipulated through procedure and function
references. Together these features permit the programmer
to hide data structure implementation and create abstract
-data types. The package definition consists of two parts, a
- specification part and a body. The specification part intro-
duces the data types, variables and procedures visible 1o
“the user of the package. The body contains the implemen-
tation of the package and may be accessed only by the
mechanism stated in the package specification,
Program abstraction is possible through the use of generic
. packages and subprograms, and operator overloading,
These are a step in the direction of pelymorphic function
implementation [13], 18], and they allow, among other
things, operations to be defined over a set of data types,
thus providing a broader use of objects. An example is
_given in a later section. As shall be discussed further, the
object and package concepts address the management and
portability of complex software.
Ada also provides a tfask construct, which is a means of
dividing a program into logically concurrent operations
with possible synchronization between them [27]. In ad-
Cdition to .{érmmg the basis for real-time operations, tasks
dlso provide a means of increasing processing cfficiency
in a parallel processor environment. Syntactically, tasks
bear a resemblance to packages in the sense that they both
have a specification part and a body. However, the specifi-
cation part of a task is used solely to declare the synchroni-
zation points or entry points to the task—the entry points
indicate where messages are veceived /transmitted by a
‘task.

*The meaning of the term “object” is not universally agreed upon; our
usape is falrly narrow, See [26] for a discussion of vatious viewpoints.

The program and data abstraction capabilities of Ada
can give rise to a large number of procedure calls that in
turn add processing overhead to the program. Ada pro-
vides an infine pragma (a compiler directive that expands
the subroutine source code in-line wherever called), thus
eliminating some of the enirv/exit overhead associated
with procedure calls. The effectiveness of the pragma has
not been widely tested as yet.

B. A Strategy for Using Ada

Manufacturing cell or robot programming based upon
Ada depends upon three central ideas:

1} the use of Ada’s extensibility;
2y the use of Ada's data and program abstraction;
3y the use of Ada’s real-time multitasking capabilities.

The use of Ada for programming manufacturing cells
begins with the definition of ohbjects for the various physi-
cat and logical components in the cell and the interfaces to
these objects. Among these are the problem oriented
primatives one would like to have in a robot language.
These objects are embedded in Ada packages. Various
mechanisms can be easily implemented to {(nearly) auto-
matically make these objects avatlable to the programmer.
The robot programmer can then use these objects and
interfaces as though they were part of the language specifi-
cation,

To provide a concrete iHustration of the use of Ada as
the system implementation language for cell programming,
a system consisting of a robot, a vision sensor and a link to
a CAD data base (e.g., part of the system shown in Figs. 1
and 2) is considered in a simplified manner. Four basic
object types are defined in this illustration:

ROBOT Provides the basic robot interface.

POSITION Provides a set of data abstractions for
part and robot locations.

CAR-MODEL  Provides CAID data hase access.

VISION Provides an interface to the vision sub- -

sysiem.

Each of these basic, objecis is associated with an Ada -
package. A view of a portion of the main programs and the
specification for each of these basic objects gives an intro-
duction to the object onented design approach.

Fig. 3 shows a portion of a sample main program. The
action part of the example shown is to find a part on the
input conveyor, move the robot to it and pick it up. It is
assumed that the set of parts that could potentially appear
on the conveyor are assigned (o the variable SET-OF-PARTS,
As mentioned earlier, the cell awtomatically reprograms
itself to handle any one of the set once it has been
identified by the vision subsystem. The names of the parts
are assigned to SET-OF-PARTS [rom a terminal (see Fig, 2).
This information 18 transnutted o procedure MaIN by a
command interpreter (not shown). Details such as follow-
ing a particular speed profile or the handling of exceptions

2




it TEXT.I0;
with POSITION; use PDS[TION
with CAD_MODEL; use CAD_MODEL;
" with VISION; use VISION;
“with BOBOT; use ROBOT;

procedore MAIN is
M: INTEGLR;
" begin

GET{N);
dectare

SET_DE PARTS: PART.SET {1.0); -

¥ PART,
TARGET_LOC, PICK: FRAME;

‘begin
- CALIBRATE;

BET.SPEED (FASTYH

X:= FIND {DECISION_TREE (SET_OF_PARTS)): :
C PICK:2 PICKLAPP_POINT (U NAME, X.STABLE_POS);

TARGET.LOC:= X.LOCATION * PICK;

WMOVE {TARGET.LOC);
| BET_SPEED {SLOWY;

PICK:= PICK.POINT (X. NAME, X.STABLE POS);

TARGET.I0C: = X, LOCATION ™ PICK;
MOVE {(TARGET.LOC);
" CLOSE_GRIF;

-#nad;

end MAIN;
Fig. 3.

- are omitted since they ‘would not tend to obscure -the

example. 1t is assumed that the geometry of the part is
available in a CAD database and that off-line utilities are
available to provide recognition information to the vision
svstem (see-next section) and the location on the part
" _where it can be picked up (the grasp points are defined in a
focal coordinate system of the part itsell). Such utilities are,
in fact, under development and nearly complete {33,

The first . part of this-example identifies Ada packages
“that provide data types and services to the main program.
The with and ‘use clauses are the mechanism by which the

robol environment is made available. (In the program parts

upper casé words are user-defined, or predefined; package,
function, procedure, type’ or variable names) The" with
clause tells the compiler -that: the programmer intends o
-use data types, procedures, and functions defined in the
-package named after the with. The wuse clause telis the
“compiler that the programmer wishes to reference the data
types, procedures and functions defined in the package
named after the wse by the names given in the package

i3

o Wlake e procedures, Tinations -
—- and data types defined in the pamed
w pECkages available to create @ robot
== gnvironment for the programimer.

- Mumber in set of parts:

e=input from terminal, .

- ew Setof parts.that could potentially
s BRREAF 0N THe Conveyor.
-~ Pata about the part found ().
== Coordinate frames for tha part
-— and its grasp point {43

77 o Calibrate the robot before starting (7).

‘-2 Bet rubot speed fast for motion
ww to approach peint (7).
‘v Find and identify the part (6,8}
ww Approach point from CAD dfbase {5).
o == Express approach point
== Iry worid coordinates {4).
~- Move o approach point {71
~~ Bat robot speed slow for final -~
== m'otioﬂ to grasp point {7).

. ws Gt grasp point from CAD database (5}.
<= Pt in warld coordinates {4},
~~ Bowe to grasp peint (F1

Ches Grasp part (7).

Outline of the inain program cénfm’i]ing', the robot.

definition without including the name of the package as.a -

qualifier. In general, however, the user imight not even have
to enter these with and use clawses directly. The nse and.
‘with clanses could be placed in a-program template with
which the user begins. Alternatively an include pragme

could be added: 1o the compiler that would read a file of
with and use clauses and include them in the program. In
this ‘way an environment-of  data typés, and prmitive -
operations tailored -to a -specific apphcatmn in- ﬂus case”

.robots, could be provided to the user.

“The second half of the main. program shows the usE of B

Cthe data types and functions provided by the Ada packages
~shown, words in -lower case bold dre Ada key words. The |

for the simple operation described above. The syntax used
is simildr to that found in several robot languages and the -

type and rvariable names are-sufficiently imnemonie that
one tan follow the intent of the program with minimal
reference 1o the supporting packages {see below), Notethat -

comments are introduced by a-preceding--and they canbe

placed anywhere in the fext streann In addition, the com: -
ments i Fig, 3 include one or twonumbers m parentheses

_ that are the figure numbers of rélevant packages.




package POSITION is

type COORD it new FLOAT:

type ANGLE is new FLOAT,

=~ COORD and ANGLE are declared "new” Hoating point types.
-- This way they will not be confused with other FLOAT's.

type FRAME is private;
=~ FRAME is the representation of one coordinate system in terms of another.,

function BUILD_FRAME(X,Y,Z: in COORD; RS,T: in ANGLE) return FRAME,
~~ Alicws FRAME's to be constructed from lower leve! primitives. Necessary
-- since FRAME is private and its structure cannot be directly sccessed.

function "™ { A, B : in FRAME ) return FRAME;
~= This function expresses the coordinate frame representad by 8 in
-~ terms of the one in which A is represented, i.e., it is & transformation.

procedure UNBUILD_FRAME(A: in FRAME; X,¥,2: out COORD; R,S,T: out ANGLE );

-~ Complement of BUILD_FRAME,

private

type FRAME is array {1..4,1.4) of FLOAT,; -~ A 4x4 homogeneous transformation.

epd POSITION;

Fig. 4. Package specification for coordinate frames and related operations.

‘with POSITION; use POSITION;

package CAD_MODEL is
type PARTLID is private;
tvpe DLUINFO is private;

Ctype DECISIONINFO is access DUINFO;

type PART_SET is array (INTEGER range <») of PART.ID:

type STABLE_POSITION is private;

type B_POS_SET is array (INTEGER range <> } of STABLE_POSITION;
function DECISION _FREE (S: in PART_SET) return DECISIGN_NFO;
function STABLE_POS_SET (PART_NAME: in PART_IG) return S_POS_SET;
function PICKLPOINT (PART_MAME: in PART_ID;

STABLE_POS: in STABLE_POSITION) return FRAME;
function PICK_APP_POINT (PART._NAME: in PART_ID;

STABLE POS: in STABLE_POSITION) return FRAME;

private

type PART.ID is new STRING (1.8}

-- Eight character part identifier.

type STABLE_POSITION is new INTEGER;

type DNFO is
record
VALUE: FLOAT,
LLINK; DECISION INFO;
RLINK: DECISION_INFO;
end record;
erid CAD_MODEL;

Fig. 5.

~FIND 18 a procedure in the VISION package that finds and
-dentifies the part on the input conveyvor and returns the
part’s name, a 4 X 4 homogencus transformation giving
the location of a coordinate frame for the part in terms of
 the robot’s world coordinates and an index of which stable
~ position the part was found in. These three items of data
are stored as components of a record X
PICK_APP_POINT and PICK_POINT are functions that re-
turn {from the CADD database or utilities acting upon it}
4 ¥ 4 homogeneous transformations that express the ap-
proach and grasp points in terms of the coordinate frame
for the part. The “*” has been overloaded (see below} to
inean multipheation of 4 x 4 matrices so that the result is
the transformation of the appropriate point in terms of the

{04

-~ index of slable positions.

-- Nerde in binary tree.

Package specifications for CAD_MODEL.

world coordinates of the robot. TARGET roc holds this
transformation and is the argument of the MOVE procedure
that actually causes robot motion,

Partial specifications for the packages referenced in Fig.
3 are given in Figs. 4-7.

The posiTion package defings the type FRAME to be a
4 x 4 matrix for use as a homogeneous transformation
(Fig. 4). This type is intended to be used 10 represent
various coordinate systems that will oceur during the pro-
gramming of a robot task in terms of other coordinate
systems. While the 4 X 4 homogeneous matrix representa-
tion s most common for coordinate systems, it is not the
only peossibility. The posiTioN package simply provides a
standard interface to the programmers. The implementa-




with POSITION: use POSITION; -
with CAD_MODEL; use CAD_MODEL;

package VISION is

type PART is
record
MAME: PART_ID;
LOCATION: FRAME;
STABLE POS: STABLEJBSIT!ON
end record;

Function FIND (D_T: in DECISION_INFG) return PART; =~
-~ |dentifies the part, its location and the position it is in. 7

coened VISION;

Fig. & Package specification for VISION,

with POSITION; use POSITION;
package ROBGT is

SLOW: constant = 0.4
FAST: consiant := 1.0;

‘-- Fine mbtion 'speed
-- Approath speed.

. subtype SFERD is FLOAT range SLOW FAST; -
-- Bound spead Tor satety check

| procedure CALIBRATE;

-- Calibrate the robot arm prior to use.

. procedure MOVE{DESTINATION: in FRAMEY};
- Move toa polm gwen by applying

pricedurs OPEN_GRIP;
procedure CLOSE_GRIP
procedure SET.SPEED (SPD: in SPEED);

end ROBOT;
' : Fig 7.

tion ¢an be changed, even placed in special hardware,
- without the robot programmer having to change any code.
The use of the attribule private means that the pro-
. grammer cannot use any knowledge of how the data types
is to be implemented. The function definition “*” .gives
meaning to the operation™ in the context of two variables
of type rrAME. This process is calied overleading of the
operator*. The implementation of the function (not shown)
- will implement a mebtiplication of two 4 X 4 matrices. The
special stracture of the homogengous transformation might
be taken into account in the implementation, but this is of
no concern to the programmer, whoe need only be con-
- cerned with using the function. '
- The package CAD_MODEL. provides an interface to the
“off-line CAD system (Fig. 5). This kind of package is not
part of standard robot systems, but is an important part of
our research on integrating robot programming and CAD.
Several kinds of information can be derived from the CAD
“system. The vision system (see next section) calculates a set
of features {area, perimeter, namber of holes,etc.) from the
image of the part being identified and uses a decision free
calculated from the set of parts which might be present to
- identify the part. Normally, the decision tree is obtained by
" on-line training of the vision system. However, the decision
tree can be precalculated from the part description in the
CAD data base and stored for use by the programming
system.. Simmilarly, grasp points for the parts can be pre-
- caleulated [33]
The functions of CAD_MODEL access the datdbasc hold-
cirg the required values, and the data types defined pro-

VISION as-the basis for distinguishing elements of a _
parts from one another. The decision information is a -

-~ the transtorm represented by FRAME.

Package specification for ROBOT.

vide ‘the views of the data fequired by other packagcs."_' '
PaRT ID and PART_SET provide data types for identifying -

one or a set of part(s}. Each part will typically have a set of

stable positions in which it may lie. These may also be .
determined off-line fiom the CAD database. The example -
shows the stable position 1dentified by an integer index, -
though since the type is private this fact may not be used
by therest of the program. The stable position is part of -
the information returned by the VISION system and is used
by PICK_APP_POINT iind PICK_POINT to determine the rela-
tive position ol the appreach and grasp points of the part.
The function STABLE_POS.SET returns- the set of stable .
positions in which a given part may be found. DECISION
_TREE returns- the decision information that is used by
set of

binary tree pointed to by a variable of access type DECI-
SION. _ o

The vision package provides the interface to the vision -
subsystemn’ (Fig. 6). It uses the data-types and interfaces
provided by cAD_MODEL. The type PART that it defineshas
three components: the name of -the ‘part, a coordinate -
frame giving its location in terms of the world coordinates,

and the stable position in which it was found. The function . '

FIND causes a pictore to be taken and retarns 4 variable of
type PART giving the perfinent information about the ob-

ject-found.

Finally, the roBoT package pr(mdes a-simple mterface
10 the robot (Fig. 7). The mtended operation should be' .
obkus from the procedure names chosen. -
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* One principal advantage of this system is its modularity

and extensibility. If a new sensing or algorithmic capability
~is added, one need only insert a new package for it, insert
the appropriate use and with clauses to make the addition
available to the user, and recompile the system. If one
wishes to make the program available to run with a differ-
ent robot (of sufficient physical capabilities to handle the
problem) only the package rRoBoT need be changed. A
standardization of the package interface specification, then,
could lead to ready availability of rROBOT packages for a
wide variety of robots and a much easier porting of pro-
grams from one robot to another.

IV, DATA ABSTRACTION

. In the previous section the use of the separate compila-
tion and the package facilities of Ada fo create a robot
programming envircnment were illustrated, In this and the
next section the wse of Ada is viewed from a different
perspective: that of incorporating modern software con-
- cepts such as data and program abstraction into the robot
- programming environment. If properly used these features
“can bring several additional advantages to the robot pro-
gramming system, inciuding

» clearer conceptualization of the problem being
programmmed;
® better data security and avoidance of side ef-
fects;
‘easier modification of the implementation;
better maintainability and readability of the
- code.

These advantages, of course, are not intrinsie to Ada, but
may be achieved to varying degrees in different languages
by good programmers. However, Ada does provide the
mechanism to make their use convenient. As robot pro-
grams become larger and encompass mere of the manufac-
turing cell, these advantages will rise sharply in impor-
tdance.

To provide a more detailed study of the use of Ada data
and programming abstraction for cell control, a case study
- of one subsystem of the cell, the CAD-based vision system,
s explored.

A. Overview of the Vision System

The vision subsystemn was developed to allow recognition
of nonoverlapping paris in our experimental manufactur-
-ing cell. It was not intended to produce new algorithms for
comparter vision, nor was it intended to be a simple trans-
~ literation of an existing vision system into Ada code.
Rather, the goals of the vision subsystem were to imple-
“ment -the Stanford Research Institute (SKi) vision al
gortithms, taking advantage of the facilities provided in the
Ada programuming language to explore both the use of Ada
-and the use of CAD information fo replace the vision
training phase.
- The SRI wvision algorithms are described in [12] {for
additional important concepts see [9], [11]. They are in-
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Fig. 8. Typical silhouette features.

tended to classify nonoverlapping parts represented as
dark silhounettes against a light background. The image
used is a matrix of binary valued pixels. The vision al-
gorithms compute a set of features from the silhouettes.
These include area, A4; perimeter, P, and P?/4; number
of holes and hole area; position of centroid and its angle of
orientation with respect to the field of view; bounding hox
length and width; maximum, minimum and average dis-
tance of the perimeter from centroid (see Fig, 8. A subset
of the features {determined by the specific vision task at
hand) are used to classify the parts viewed. The type of
visual recognition that the SRI system is capable of is
clearly very restricted, However, the system represents a
Jjudicious mix of well-understood techniques that are
versatile enough for many industrial applications and that
can be easily implemented in a small, rugged low-cost
package. Indeed, systems based upon these techniques arc
now being produced by several vendors,

The comnection of the vision system to the skeleton
robot programming environment actually requires more
detail than illustrated in Section 1. The with clause must
be expanded to include other packages that are referenced
by the function of vision. Fig. 6 is to be modified to

with CAD_MODEL; use CAD_MODEL

with ANALYZE; use ANALYZE;
package VISION i3

end VISION,

The package ANALYZE provides the procedures and furic-
tions that calculate the features of the part to be recog-
nized.
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Actually, thérs are several levels of hierarchical decom-
position within ANALYZE, It references three packages that
are collectively responsible for determining the features of
the object. _lts specification begins

paakage ANALYZE i8 _
procedure SCANLINE !”NCODER{ R

procedure CONNECTIVITY_ANALYSIS{ ... ) -
procedure FINAL_FEATURE_CALCULATIONS { ... };

end ANALYZE.

The implementation (not’ shown) of ¥ HND in VISION uses

SCANLINE_ENCODER, CONNECTIVITY_ANALYSIS and FINAL
_FEATURE_CALCULATIONS to determine the part features

“needed to use the decision iree. The following discussion
will show how Ada has been employed to achieve the

benefits of modern software concepts.

B. Ada-Based Impiementation of Feature Extraction

1) Operation Overview: ANALYZE operates on a binafy
matrix .of pixels that forms the image. The itmage is
processed in raster scan order {on¢ row at a time). Each

_raster scanline is converled from 2 row of light and dark

IMAGE _——
ENCODED. SCANLINE ' ——

- PERIMETER = . S e

. FINAL_FEATURE_VECTOR' -+ -

pixels to a simaller sequence of “runs” of contignous pixels
of a particular color. For example, the center scanline
depicted in Fig. 9 has three runs of 3 {dark), 4 (light), and 4

{dark). Thus, the scanline can be “run length encoded” hy

the sequence 3-4-4 with one additional bit to indicate that

© the first run is dark. Dark runs are interpreted as-belonging

to a nonoverfapping part, while light runs are considered

‘empty space surrounding the part or holes in the part.

MNext, consecutive scanlines are analvzed for connectiv-

_ity, overlapping dark runs and overlapping light runs are

linked to form parts and holes respectively. The consecu-

“tive scanlines of Fig. 9 are linked into three regions: two

potential parts separated by a gap or hole. As part of the
hnking or region growing operation, the number of pixels
in each region (area), and the first and second moments of

--gach region are calculated. This is accomplished by adding

the values for each scanline to pariial sums being accu-
mudated i an intermediate feature (hole) vector. In ad-

~dition, a list of the perimeter pixels of each part (hole) is

-

Fig. 9. Scanlines of pixels.

maintained. Thus, when all the runs for a par{ (hole) have _
been linked together the intermediate feature vector and -

perimeter 1ist contain the information that is needed 10
calculate the final feature values for each part.

2) Object-Based Modularization: Program modulariza- '-

tion using Ada objects is based upon creating an access g
module for each data structure that must be used by afl -

procedures or functions referencing the data objects, Fig.

10 shows the relation of the data entities, the access. .

modules-and the routines provided by ANALYZE. The dou-
ble heuded hollow arrows indicate module access to data

structufes. These modules are the only ones that need

know the implementation details of the data structure. The '

data strictures (see the right column of Fig. 10) operated -~

on by the feature extraction program are as follows:

The camera’s 256 X 256 pixel image.
Expanded run length encoding of a
scantine which includes the values
needed to calculate the first and

_ _ second moments, etc.
CIMTERMEDIATE FEATURE _VECTOR  —

“Values accumulated frotm the
ENCODED _SCANLINE'S, .
Contains all the exterior pixels
-for a givenpart (hole). - .

‘Scatar values for each feature of
each part and hole in the scene.

The operation of the feature Caleulation can be viewed, as -

folldws:  SCANLINE_ENCODER (SLE)-oblains Hnes one-ata ~ -
time “from the IMAGE module and encodes them, and,

through the sCANLINE module stores the encoded scanlines.
The scanlines are next accessed by CONNECTIVITY_ANALY-
s18 (CNA) that performs analysis of connected regions. ;
CNA processing of one scanhine cah be done concorrently
with the generation of the encodings of the scanling by
SLE. - The. operation of FINAL_FEATURE_CALCULATION
(FFC) can be similarly overlapped with that of CNA. The
clear conceptualization afforded by this view of the oper-
ation exposes the fact that logically the ahove three subpro-
grams can be considered to be operating in a pipelined -
fashiom, -In Section VL it will be shown how this logical
pipelining could be translated into actual pipelining using -
Ada tasking.
By way of contrast, Fig. 11 shows a counterpart of Fig.
10 that would be typical of the more common control-based |
approach in which the program is based upon the flow of
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Fig. 10. Objeect-based modularization.

control. The more convoluted diagram obscures the con-
ceptual simplicity apparent in the object-based approach.
The procedures and functions in this case directly access
the data structures they need. Data security is thus violated
and possibility of spreading the effects of programming
errors is increased {unwanted side effects).

3} Modification and Maintainability of the Program:
The maintainability of the program is also substantially
enhanced by the use of object-based modularization in
Ada. The separation of the specification and implementa-
tion parts of a4 package provides a ocalization in procedure
implementation changes. Both data structure and code
changes are simplified. When modifications are required to
the data structure, the only code that must be modified is
in the iocal modules that have exclusive access to the data.
For example, it is animportant for the program to know
the actual implementation of the IMAGE module, as long as
there is a means of finding the coordinates where the image

- thanges from light to dark and dark to light. The specifica-
tion for the MAGE package appears as

package TMAGE is
LOAD_NEW_IMAGE {...)

NEXT LIGHT_PIXEL(...)

IMAGE end;

which' clearly has the needed aceess functions. The other

moduales used have similar simplicity and mnemonic associ-
ation with the required data access functions.

The above capability was used to considerable advantage
during the debugging of the system. In actual operation,
LOAD_NEW_IMAGE causes a GE-TN2500 camera to load an
mmage inte a frame grabber; an attached processor then
translates the resulting matrix into a run lfength encoding
and transfers the encoded image to the 1APX432. The
vision system was ready for debugging, however, before the
frame grabber was completed. To debug the system a
stmple package substitution was made: the iMAGE module
access routines were changed to reguest column and row
information from an operator’s terminal, This proved to be
an effective way to debug the system.

C. Objects in Ada

Object-based programs are rather difficalt to implement
in traditional block structured high-level languages. For
example, data structures that must be accessed by separate

Command camera to

take a picture and
return results.
Return coordinaies.

Return coordinates.

hiocks must be visible to at least one block within which
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Fig 11." Typical control-based modulatization,

‘the separate blocks are nested. This leaves open the possi- -~
" bility of other nested blocks having uriintended access to

the data structures. In less restrictive languages memory

“locations can be made available to the subprograms that

need access to them; however, this again raises the question
of undesirable accessibility. In contrast, obiects in Ada can
be encapsulated with the package construct. Controlled

~mecess to the object is defined by the specification part of

the package that formally defines visibility and scepe rules
for variable data objects and subprograms, and creates a
visible environment for both the package body and any

modules outside the package that need to manipulate ob-
jects in the package. Therefore, the specification is the

construct that facilitates abstraction and permits easy im-
plementation of abstract data types. The package body

- completes the code for each procedure and function in the
- package specification. The body and any modules that
_ reference the package can be compiled separately from the

specification, as long as they are able o recreate the.
envircnment of the specification section during their swn

- compilation. In this way strong static-semantic checking

can be achieved concurrently with separate compilation.
V. PROGRAM ABSTRACTION .
A major - objective of software management is in the
ability to reuse algorithms that have been implemented
praviously. -However, an undesirable attribute of strongly

~typed Janguages is the ingbility of type independent aper-
" ations to be wsed on-a wvariely -of conflicting data types.
Ada allows one to write a form -of subroutine or package,

types manipulated ‘are formal parameters. The Ada source
code s then expanded, as necessary; 1o implement . the -

desired subroutine or package for each data type desired. . o

The expansion process, called instantiation, is similar fo

MACTOeXpansion. : C

- Generics are not limited, however, -to” operations which -

are independent of the data types involved, Though not as

flexible s polymorphic functions [18], Ada generics can-
adjust for broad classes of objects by use of the with clause
[10] and by passing functions as. parameters during if-
stantiation, In this way operations which are specific to the -
data type givén as a generic formal parameter can he:
inherited.. For example, if the FRAME type of the package -
PosiTion were used as an argument 1o 4 generic procedure,.
the “*” would inheril the meaning of matrix multipiy.

The concept of generics raises several interesiing ques-
tions. One is whether a generic robot package can be
defined and instantiated for specific instances of different
robots. To test this on a fimited scale, the vse of genericsin . -

the vision systerm-was examined. Contemporaty viston-sys--

“tems [3], [15] utilize a list of nearly forty features which

‘could be useful in distinguishing parts from one other,

mspecting parts or guiding specific_assembly operations.
Most vision systems calculate  fubséts of four to twelve
features from this fist. Because of the limited amount of
timne, no vision system calculates the entire list at run-time. ~
Selection of the proper subset is, therefore, crucial for an
efficient solution. Furthermore, different applications re-

quire different subsets. : :
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ganeric )
type FEATURES is (<)
package FINAL FEATURES is
type FEATURE VECTOR is arrsy {FEATURES) of FLOAT;
- end FINAL.FEATURES:

=wgpumeration of dasired features

--Hext we define the generic feature caloulation procedure
generic

type FEATURES is {<>); ~wgnumeration of desired features
type FINAL FEATURE VECTOH is private;
type INTERM_VECTOR is private;

with function FEAT_CALC_J (INTERM: in INTERM_VECTOR) return FLOAT;

@
o

with funetion FEAT_CALC_N (INTERM: in INTERM_VECTOR) return FLOAT,

procedure FINAL_FEAT_CALCUIMFY: in iINTERM VECTOR; FFCV: out FINAL FEATURE_VECTOHN);
procedure FINAL_PEAT_CALCOIMFY: in INTERM_VECTOR; FFCY: out FINAL FEATURE _VECTGR) is

INDEX: FEATURES;

begin
INDEX := FEATURES'FIRST,
FFCV (INDEX) = FEAT_CALC_1{IMFV);
INDEX == FEATURE S 'SUCCLNDER);
. FECV(INDEX) := FEAT. CALC_N{IMFY};
end FINAL_FEAT_ALC,

--index into FINAL_FEATURE.VECTOR

—Hextwe show & sample instantiation of final Yeature salculation

" type DESIRED.FEATURES s (EEATT, .., FEATN)

pachkage FINAL is new FINAL_FEATURES(DESIBED_FEATURES): --This creates a ;iackage

--with the desired feature vacior.

procedure FINAL FEATURE CALCULATION s new FINAL_FEAT_CALC(

DESIRED.FEATURES,
FINALFEATURE_VECTOR,

~-~This now exists from the above subtype.
--This exists from the above package instantiation,

INTERMEDHATE_FEATURE VECTOR--This Is defined elsewhare in the vision system.

FEATURE_CALCI,

FEATURE CALCHY;

««This must be previously defined,

--This must be previcously defined.

~-fotual performance of the feature caloulations occurs upon the following call assuming

~-¥ and ¥ suttably declared earlier

FINAL_FEATURE_CALCULATIONCX Y };

Fig. 12,

To obtain a vision system that could be easily adapted to
a variety of vision tasks, a lbrary of routines 1o calculate
all features from an INTERMEDIATE_FEATURE_VECTOR could
be established. (See Fig. 10 to relate module names {o
ensuing discussion.) Next, a generic FINAL _FEATURE_CAL-
CULATION procedure could be written in which the BMaL
SFEATURE_VECTOR 18 defined only in terms of the number
of features desired. This is illustrated in Fig 12, The
generic procedure is called FINAL_FEAT_caLC. Its operation
is expressed primarily in terms of a set of indivi-
dual feature calculation functions generically called FEaT
_CALC, ..., FEAT_CALC_N. To create an actual instance of
FINAL_FEAT_CarC that can be used to caleulate a final
feature vector, one must identify the set of features desired
Aaccomplished by type DESIRED_FEATURES in the example)
. and supply actual objects for the gemeric parameters of
FINAL_FEAT_CALC. FEATURE_CALC_1,---, FEATURE_CALC
N in the example, must be separately prepared. The
-instantiation creates an aciual procedure FINAL_FEATURE

_CALCULATION that can be used to calculate the final
feature vector. The point, of course, is that one can create
different final feature calculations procedures by supplying
different feature caiculation functions.

While it was originally envisioned that through the use
of generics a variety of relatively specific and efficient
vision systems could be produced at a minimal program-
ming cost, it is not clear that a great deal could be gained.
One still must write all of the individual routines for
feature calculation. Generics simply provides one way of
incorporating the specific set to be used. Moereover, the
example of Fig. 12 requires advance kunowledge of the
number of features to be used and is not amenable to use
of a loop construct in implementation. These two restric-
tions might be eliminated by implementing the feature
calculation routines as tasks and making one of the generic
parameters {0 FINAL FEAT CALC a record whose compo-
nents contain access poiniers to the individual feature
tasks. The record could have a discriminant stating the
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* number - of compoﬁems;' However, it hardly seems worih
- the extra complexity. The use of generics, then, to build a
specially tagtored vision system does not seem to offer as

. much as originaily anticipated.

VI MULTITASKING _
. The cell control computer (the 1APX432) in our éxperin
--mental cell has a multiprocessor architecture that automati-

- cally provides parallel computation for multiple concurrent
procésses. Coupled with Ada’s explicit multiprocessing

. through the task construct, it is possible to easily speed up
Csome computation through parallel processing. This s 3l-
“lustrated for the vision system.
. Again, using the AMALYZE package as an example, con-
. sider the processing of the three subprograms for scanline
- encoding (SLE), connectivity analysis (CMA), and final
- feature calculation (FFC). The clear conceptualization of
" Fig. 10 suggests that the calculation can be pipelined, and
- through tasking and multiprocessing, can be converted to

~parallel computations. Instead of waiting for all of the

scarilines to-be'entirely encoded; CNA can begin after SLE
- has processed a single scanline. While CNA 1s processing
“one linge of data, SLE can generate the next encoded
. scanline. A similar process can take place between CNA
- and FFC. Thus,; conceptually each of the three tasks can be

- ponsidered to be executing in a loop: fetching information

from the previous ‘task and sending information to the
-following task {see Fig. 13).

This pipelining can show a.substantial reduction in

- processing time. With pipelining the processing time has a

lower time bound equal to the time to process a single data

item-by all the tasks (filling the pipeline up) plus the time
for the slowest task to'work on k'~ 1 data iters where k
is the total number of data items processed. Let T(k) be
-the time to run & program on & data records without
" multitasking, and let M7¢%) be the time o0 run the same
-preogram . {now . composed of » tasks, Fl,---, Pn) with

process which can be exEtuted
with other processes

semmonication link betwesn two .
concurrent PrOoCegses

Multitasking.

‘multitasking, then

MT{k) = time{ P1 + P2+ ...+ Pn)

ﬂ;{'_, 1‘)'*ﬁme{max(z>1,'f>2,-} ---,P}%)) < T{kj

assuming sufficient processors are available, This, of course, &
-is an ideal situation that assumes uniformity in the

processing .of data items and little or no overhead to

manage the extra processors, Nevertheless, programs that = ©
cycle through large data sels on systéms . with enough. -

processors should gravitate 1o this lower bound.

Transmission overhead is incurred with every transac- =

tion from the attached processor. This trarismission over

head can also be overlapped with the operation of the SLE '.

task, effectively hiding the overhead.

The calculations in the third ta'sk,-_ the final feature

calculations (FFC), conveniently separate into independent ~ 7
subtasks such as bounding box calculations, hele calens .-

lations, perimeter calculations, ete, all requiring the same’
input, the INTERMEDIATE_FEATURE.VECTOR, and all output-

ting - to unigue locations in the FINAL_FEATURE_VECTOR. -
-These independent calculations can be grouped into paral~ -

lel subtasks within the FFC task. The parent task (FFC)

‘merely passes chunks of work to each subtask and waits

for them to finish (see Fig. 12). Processmg time for the

tasks is bounded by the time necessary. o provess a. data e

itemn through the longest subtask: In other words
CMT(k) = time{max( 21, P2 PA s, Pn')) <T(ky -

whete Pi, -+,
Again this is-an ideal situation, but processing using - this -

technigue should reflect significant speed up -provided the -
NECEsSAry Processors are available:

The structure of an example Ada procedure correspond
ing ‘to Fig. 13- that illustrates the pipeline and paraflel =
computations possible is shown i Fig. 14. e

1y
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procedurs SLE i

Task CNA s
entry START;
end CNA;

task FFC is
entry 5TART;
&nd FFC;

task body CHA is
bagin
foop
accapt START,

-- perform cannectivity analysis on one fing,

FFC.BTART,
end loap;
end CNA;
task body FFC is
begin
laop
accept START;
deciars
task FC1;
task FON;

task body FC1 is
begin

end FC1;

task body FCN is
Begin

-—perform feature calculation update on one line of data

--perform feature calculation update on one line of data -

end FON;
"begin

--just let the feature tasks run in parallel

end;
zad loop;
gnd FEG;
bagin — SLE

foop -+ until done

-- perform one iine of scan line encoding analysis

CHA.START;
end loop;
end 51E;

Fig. 14.

D VIL  SUMMARY AND CONCLUSION

The future development of automated manufacturing
cells will be increasingly linked to the integration of cell
components amongst themselves and with higher level
computer aided engineering furnctions, This integration will
- .depend vpon increasingly complex and sophisticated com-
puter systems. The DOD language, Ada, was developed
specifically for large complex real-time embedded software
Csystemns. This paper has outlined its use as the basis for
developing mammfaciuring cell software and illustrated this
~with the implementation of a computer vision module via

Ada. Five issues in robot cell software were identified at
the begimiing of the paper: complexity, code efficlency,
communication and synchronization, portability, and de-
- bugging. Qur experience to date has touched upon a major-
ity, but not all, of these issues. The following paragraphs
summmarize our experience and conclusions about them.
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From the view points of managing complex software,
providing an application specific programming environ-
ment to the user, and achieving language standardization,
Ada provides a number of advantages. These inclade the
following.

s The use of data abstraction and operator overloading
to create well modulanized application specific cods
helps usability, readability and maintainability,

« The resulting application package can create a rea-
sonable application specific environment,

+ The resulting application package can create a rea-
sonzable application specific environment.

« The strong type checking significanily aids debug-
ging.

» The separate compilation features in conjunction with
the other features above aids flexibility and helps
portability,

e The expressive power of the language is excellent.




These, advantdoes are nm surpnsmg They are ex&ci]y what

- computer scientists have been- predicting’ for several years,

Having these capabzhtses widely availablein a siandardzzed

- language; however, is very significant. Indeed, it is this

- standardization of Ada that can greatly aid in standardiz-

... ing application. specific “iangu&gc—:s and giving them: por-
tabllny The p()rtdblhiy can be mhern.ed i'cr a large mea-

while of g ;

' apphcation Sp@(:iflc uses for-which it was’ examined. It is

possible to instantiate an application specific vision mod- -

ule, as shown above. Similarly, one could conceive of using
generics to manage the production of code for different
robots—just ingtantiate the code for thc.fobot_yﬁu' wani
from some generic package. However, since in both the

vision case-and in the multiple robot case, the controlling.

algorithms are different, one would have to pass in o the
generic package (as parameters) the functions that perform
.. the caloulations specific to-a given instantiation. While
. feasible, this eliminates much of the advantage to using
generics. The- resulting principle advantage would be an
enforcement-of a standard way of dealing with all features
in the vision system or all robots in a multiple robot
situation.

There are also a number of concerns which havu arisen

which either are a detracilon to some users or bear furiher

mvesngatmn

s The heavy use of data abstractions creates additional
procedure calis and- corresponding overhead which

~can-cause difficulty in a real-time environment.

e Strong typing.can get in the way of what one wants
to do.

e How usable will Ada really be, even with good en-
vironment creation through special packages, to the
noncemputer professional?

» The debugging of robot programs requires close in-
teraction with the programmer. It is not clear this can
happen with Ada.

e The integration of systems involving multiple’

processors does not permit Ada communication and
synchromization mechanisms to be fully utilized.

The use of the inline pragma was tested in our implemen-
tation of the vision system. By using infine for the most

frequently used low level rountines the computation time
~ was reduced by a factor of nearly four. This must not be
* taken too seriously, however. The architecture of the IAPX

432 makes it particularly susceptible to inefficiency on’

context switching. Thus, the inline improvements in our
experiments are probably much greater than will be ob-
tained in general. Further investigation on the effectiveness
of the expansion should be carried out. Also,” the Ada
inline pragma causes all invocations of a procedure to he
expanded, while for memory management purposes, the

programmer might find it more convenient (o be a,bla o

' selectively expand progedur{: calls.

The strong typing argument has raged for some time and’ .~

is.not specific to'robot or manufacturing cell applications
We believe that as the size and complexity of a software

" project mcrea% sc‘: ‘does the importance of using strong

typing.

We do not ever expect 10 see Tobots on manufacturmg '

-cells programmed in Ada by shop floor personnel. We
. expect that as more ~complex’ arrangements of robots,
_ : in duﬁmg' '
_ with common ;j&ta siructures over differant przmmve data.
types, was. of less utility. than originally. expected in . the

sensors, and other machines are built, and as better tinks

with, aomputeruaided engineering and computer-aided de- -
s1gn ciatabases are forged, shop floor personnel will cease’ . -
to “program?’

robots. Rather, they will interact with a -
program to identify what is to be done next or which

option to choose in responding to an exception. The actual - -~
programming will be done in a more generic fashion by a.

person who has a good mix of manufacturing and com-- -

puter engineering/science in his /her background. A per-

son with this type of training should be abif: to deal thh &
“roboticized Ada.”

The debugging issue is one that requires cons1dudb§e S

additional research. All Ada implementations in progress’
are based on a compile transtation while almost alf robot
programming languages are based on interpretive trans- ..
lation. From the point of view of the programmer, how-

ever, the robot program may be a sepamtdy prepared and - o

debugged entity. What is really necessary is a fast interac-

tive translate/debug system. This does not preclude wm-:_' '_
pile translation, particularly if used in conjunction with a -~

simulator [8], [16], [23]. :
Interprocess communication has been investigated in -

two contexts, the multitasking version of the vision system .

described in the previous section and aitached processors -

for fow level vision and robot control. The effectiveness of '_ '
the former depends upon-muliiple processors with the
* capability to automatically pick up tasks and execute them -

as they are created. The latter did not really use the
synchronmization mechanisms of Ada; the communication

was necessarily handled through low-level 1/0 drivers, |

This points to a major limitation in nearly all approaches
to the integration of multiple smart devices, the need to
deal with all devices via explicit 1/0 and program the
devices in (often) different languages (PL /M and assernbly

language in our case). Often the processes with which one

wants 1o communicate or synchronize exist on separate
processors and the language communication and syn--

chronization mechanisms do not extend across machine

boundaries. Consequenily we feel there is a strong need for
a sysiem integration language that cap extend across ma--
ching boundaries. Whether or not Ada is suitable for such -
extensions is currently under investigation,

Recent programming language research -has viclded »
number of new concepts which will aid the program devel-
opment process. A number of these are incorporated into

Ada. Future languages will undoubtedly encompass more

of these concepts. However, at present, the considerable
resources being put-into. the Ada effort by the DOD
coupled with its orientation toward real-time embedded
systems makes us believe it will be a significant factor in.
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the future. While we are not yet prepared to state that Ada
iz the answer io robot and manufacturing cell pro-
gramming, we have been pleased with i{ so far aﬁd feel
further investigation is warranted. :
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_ing ‘have coalesced during the past
- sevetal vears into a- systems design

methodology known as object-based -
computing.. The primary benefit of -
this methodology is that it raises the

T level of abstraction available in the de-
sign process. Among the events that

have encouraged the development of

- object-based computing are:

amsms

- {2} advances in- ﬂperatmg sysiems

: desagn, particularly those ‘which ad-
dress data integrity and program

" security; and

{3) advances in ¢omputer architec-
ture -that -allow direct hardware sup-
- port for many aperating system: anr:i
language concgpts

' ‘Object-based computing is charac-
terized by the éxtensive use of abstrac-

tion. Resources such as data, logical or

physical devices, and, in some systems,

program segmients, may be represen-

ted by gbsfract fypes. Instances of
abstract types form the objects in
" -object-based computing. These ob-
jects are manipulated exclusively by
operations that are encapsulated in'a
" protective environment commonly

referred to as a fype manager or pm—

tection domuain.

“This work was supported in part by the Air Foree Office
. -of Scientific Research under conitraci F49620-82.C-0089
“and a-Kodak Fellowship, .
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evelopments in sevéral areas of
computer sciefice and engineer-

The first step in an ‘object-based

* design philosophy is the identification
“of ‘appropriate -objects.” The second

step is the determiination of operations ~
on those objects. For example, con-

“sider a -part-sorting system. The ob-.

jects in such a system ray include a -
camera, a robot, a frare {deéscribing

_position), a set of parts; and birs to

receive the parts. For tobot objects,

" the set of available Qperatmns may. in-"
o o cluder - '

{1} advances in - programming Jlan<

. guage design, such as program decom-

position criteria and abstraction mech-

® iNITlA’LIZE;ARM{mhoLiﬂ} c
- e MOVE({robot_id, frame} =

# OPEN(robotid)

» CLOSE(robot_id) -

¢ GET_FRAME(robot id)

Each opération takes as a parameter
robiot_id, which uniquely identifies in-

“dividual instances of the typ’e-:robot, :
“allowing a nismber of different robots -
“to be used in the system. All instances. -

of the same type share some common

_ behavioral- characteristics—in this .

case, the set of operations that is ap- .
plicable to all robots. :
Much of the gmwmg interest in

~object-based computing is attributable -
* to the Department of Defense’s com~
o rrdtmenit 16 the Ada langoage project.

Althodgh Ada {DoDs proposed stan-

- dard systém implementdtion language .
-for embedded systems) may not fit all

-definitions ol an object-based -lan-

- guage, it” does incofporate key con-

cepts. Wewill explain sevéral concepts

~that are ceniral to objéct-based com--

puting and the extent to which they are
supported by the Ada programuming
language. As.part of the discussion,
examples are given that have been

s




drawn from our use of Ada in pro-
_gramming a robot-based manufactur-
ing cefl. -2
Object-based computing concepts
apply to both hardware and software
“systems. In software systems, the term
object-based describes software en-
vironments that incorporate the con-
cepts of data ahstraction,® program
abstraction,* and protection domains.”
(bjects are represented as individually
addressable entities that uniquely iden-
- tify their own conients as well as the
~ operations that may be performed on
‘them. in the case of the robot object
type, users have the ability to address
- specific robot objects individually and
t0 manipulaie their contents in a pro-
tected manner through operations,
siich as MOVE, that are explicitly de-
fined for use on robot objects. Users
" need not be concerned with such de-
tails as object represeniation.

There are two major goals in devel-
oping object-based software. The first
‘is 1o reduce the total life-cycle software
cost by imcreasing programiuer pro-
ductivity and reducing maintenance
costs. The second goal is to implement
software systems that resist both ac-
cidental and malicious corruption at-
tempts. Protection domains, which are
- described in the next section, are used
1o achieve the latter goal. As will be
- shown, support for both of these goals
i provided by the Ada language.

Reductions of total life-cycle soft-
ware costs in Ada are aided by the ab-
straction mechanisms provided in the
fanguage. The highlevel of absiraction
that can be attained helps to increase
programmer productivity by permit-
ting the consiruction of generalized,
reusable software units such as the

robot controller described carlier,
 Also, once the interfaces of the ab-
stractions are defined, program devel-
opment for the implementation of
each absiraction can proceed in-
dependently and in parallel, since the

- - implementation details remain hidden

{abstracied) from the view of the rest
of the system. Abstraction aids soft-
ware maintainability as well, by con-
taining the effect of ali changes, except
those involving the interfaces, within
~the module housing the abstraction.

In hardware, the term object-based
refers to the architectural support pro-
vided for the abstractions mentioned
above. An essential goal in the devel-
opment of such systems is to provide
an efficient execution environment for
the software system. Among the com-
mercially available computer systems
that provide support for object-based
computing are the IBM System /38, ¢
the Intel tAPX 432,7 and the Plessy

The Ada language provides
constracts to support both dats
and program abstraction, as well
as protection domains,

PP250.% Many of the ideas incor-
porated in the commercial systems
were based on the results of several
university projects (a good history of
this work is given in Levy®}. The most
recent of these projects include Cm* ¢
C.ommp, ' and CAP. 12 A common
thread running through all of these
machings is the use of capability ad-
dressing techniques to implement se-
cure protection domaing, which can
then be appropriately structured to
provide data, program, and device ab-
stractions.

Olbject-oriented machines are par-
ticularly well suited Lo applications
that have siringent requirements for
data security and program integrity in
a dynamic environment. The high de-
gree of abstraction provided by these
machines also facilitates the infercon-
nection of several processors into
tightly coupled multiprocessor systems
and/or distributed networks. For ex-
ample, through the use of process/
processer abstraction, Intel has
achieved soltware-transparent multi-
processing in their 1APX 432 system.
As a further example, Cm* combines
both tightly coupled multiprocessing
and disiributed networking concepts
in one systerm.

As might be expected, the advan-
tages of an object-oriented architee-

t1o

‘ture are not achieved without cost.

Present systems rely on some form of
capability addressing. In current im-
plementations, these addressing mech-
anisms greally increase the address
generation and translation times, even
when translation *‘look-aside’ and
caching schemes are employed. The
manipulation of capabilities is also ex-
pensive, For example, to copy a capa-
bility requires 10 memory references
on Cm*, "% and between two and 17,
depending on the addressing mode
used, on the TAPX 432,

The Ada language was specifically
designed not o reguire an object-
oriented architecture. Yirtually all of
the support for object-based com-
puting in Ada is static. For example,
the type checking required by the Ada
language specification may be per-
formed at compile time. Hence, much
of the burden for providing error de-
tection and security is placed on the
program development system. While
this arrangement allows Ada to be
targeted for existing “conventional”’
machines, it also places some restric-
tions on the flexibility of the language.

Concepts in shieci-hased
computing

As noted earlier, abstraction piays a
central role in object-based comput-
ing. The Ada language provides con-
struets to support both data and pro-
gram abstraction, as well as protection
domains. Of the two forms of abstrac-
fion, data abstraction is the most wide-
ly used and understood.

Pratn abstraction. This term refers
to a programrming style in which in-
stances of abstract data types are
manipulated by operations that are ¢x-
clusively encapsulated within the pro-
tective environment of protection do-
mains. In a definition borrowed from
Shaw, * anabstract typeisdefined asa
program unit characterized by the
following visibility properties:

o Visible outside of the modude con-
faining the type definition: the
name of the type and the names
and semantic specifications of all
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‘visible operations (procedures and’

" functions) that are permitted to
use the representation of the type.
-Some languages (e.g., Ada) also
include-formal -specifications of
the values that variables of this
_type may assume, and of the
. -properties of these operations:
. ® Not visible putside of the module
L containing the fype definition: the
répresentation of the type in tefms
“of built-in'data types or other de-
- fined types, the bodies of the visi-
‘ble reutines, and hidden routines
that may be called only from w1t§1-
‘in the module. :

"The constructs for implementing .

abstract datd types in Ada are “pack-

- ages” and “private” (hidden) types. 14 -

* The Ada package effectively places'a
wall arousd a group of declarations

and permits access only to those -

"decldrations that are intended 1o be
“visible, Packages actually come in two
- parts, the specification and the body.,
" The package specification formally
specifies the abstract data type and its
‘interface to the outside world, along
. with .other information that may be
©.necessary to enforce type consistency
across compilation boundaries (Ada
- -supports the notion of programs that
~comprise several separate compiiation
" units). The body of the package con-

7 taing:ihe hidden implementation

- details,

'_ 'Cdnsidéz_"_,'.__'for' éxamjﬂe; the Ada" _
package ROBOT, whose specification

- ig shown in Figure 1. This hackage can
- be ‘used to abstract (hide) the im-
. plémentation details of the tvpe
. ROBOT_ARM, which has & physical
' devic‘e'(ﬁ_rebf;jt armyassociated with it
The operations available for manipu-
Tlating this device, and even its ex-
istence, will be hidden by the abstrac-
tion “{during program development,
" the physical robot arm may be repre-
“sented by simulation code). Thus the
applications programmer is freed from
having toconsider anvthing other than

.- generating the code necessary to con-
_trol the actions of an abstract device—
the robot arm. Furthermore, the com-
 plete logical description of -this
- abstract device is provided bv the
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_package . specification, which is
dlelimited by-*‘package ROBOT. s

and “end ROBOT;”. (Ada reserved

words are shown int bold, while user-
defined and predéfined package &
funciion -

procedure names,.
names, types, and variables are shown

An upper case.)

The types defined in the package
specification are as follaws: -
s ROBOT. ARM-—the abstracted
data type;
s ARM_MODEL~an-enumeration
type listing all of the robot arm

~ models recognized by this system

{two common robot models are
‘shown, ASEA and PUMA); anid
® FRAME—a 4x4 mairix that
represents a4 homogeneous (rans-
formation. It represents the posi-
fion and orientation of the hand
of the robot arm by indicating the
mairix necessary to transform ihe

-eoordinate system of the base of

" - the arm to the coordinate system
in the hand.

" The procedures are as Tollows:

~¢ INITIALIZE.ARM--initializes
an instance of the type RO-
BOT_ARM and moves the arm to
a known starting position. The
-output of the procedure is ol type
ROBOT_ARM, and the input.is
of type ARM_MODEL. -

& MOVE-—takes as dnput’ a RO-
BOT_ARM and a FRAME and
moves the arm and its hand to the
‘position and orientation cor-
respanding to the transformation

- given by FRAME. The updated

~arm s output, and il “hidden’’
state is changed to reflect its new
- position and orientation,

* OPEN and CLOSE control the-

army’s gripper;

' = GET_FRAME is a é"unc,non thai :

provides controlled access 1o the
hidden state, returning a value of
{ype FRAME.

" Asnoted earlier, the abstracted data
type is ROBOT _ARM. Tris the intent
of the package ROBOT thatthistvpe
be known only-through the subpro-
grams (procedures and functions)
‘mentioned -above and declared in the

17

package ROBOTS -,

- ype RUBOT__ARM is lzmlze{i frivate;

“type ARM_ . MODEL s (ASEA, PUMA, .. )
- ype FRAME is arvay (1..4,1..4) of FLUAT: .

" procedure INITIALIZE ARM (X aut

- ROBOT __ABM; KIND: in ARM_MODEL);
proceddre MOVE (X in gt ROBOT__ARM:
- DESTINATION: in FRAME);
procedure GPEN (X0 sut ROBOT . ARM);
prucedura CLOSE (X in. mn RGBG?___ARM :

. zetum FRAME

private--not visible -
iype ROBOT._ARM is record
e Complete retard containg
.. = component ol type FRAME
o o# Sand ARM M{}DEL
em! ﬂ{} BOT,

'Fagure 4 Specnflcahon for the pack :
age RG&QT

visible part of the package specifica-

tion: The visible or public part of the

package specification extends up to the
Teserved word “‘private.”” Hidden
Arom pubim view within the package
‘body are all of the other procedures,

functions,-and data Structures that are
necessary to effect movement of the

physical robot arin and to update its
representative datd structure,

" The fact thut -the tvpée- RO~
“BOT_ARM is declaréd to be “limited

private,”” and that #s definition is

Cgivenin the private part of the package -

spemﬁcatmn, means that - while sub-. -

Cprograms-in - packages external 16
“ROBOT mav posséss an object of the o

type ROBOT ARM, they canniot use

il inany way othér than as 4 parameter

to pass toone of thé voutines defined in
the visible part of the ROBOT package

“specification. Even tests for equality
Between - two objects of tvpe RO-

BOT_ARM are riot allowed outside of
the ROBOT package.-Herice, possibil-

-ities “for programming -errors that
~directly affect the ROBOT ARM are-
Crestricted to the domain defined by the

package ROBOT. Moreover, since

assignments o lirnited private types
+ are also not allowed -outside of their
~defining - domair, -

having inconsistent representations for ..
the sartie robot-arm {e.gl; the logical
data structure not reflecting the correct

location .of ‘the- physmai mbot) i$

eliminated.

the possibility of



In order to use the ROBOT pack-
‘age, the user program must first create
~imstances of the necessary types in its

declarative part, as follows:

RBT: ROBOT.RCBOT __ARM;
ARM: ROBOT. ARM__MODEL
_ ;= ASEA;
TRANS:  ROBOT.FRAME;

Notice the use of explicit qualification
{*ROBOT.™) to name the defining
domain for the types ROBOT_ARM,
ARM_MODEL, and FRAME. This
terminclogy informs the compiler
that, for instance, the variable RBT is
to be of type ROBOT._ARM, which is
defined in the package ROBOT,

I the user program, subprograms
- from the ROBOT package to initialize
“and move a robot may be invoked as
fotlows:

ROBOTINITIALIZE. _ARM({RBT, ARM),
& —— compute & value for TRANS,
& — the homogeneous fransform
& —— deseribing
+ —— the movement requirad.
HOBOT MOVE(RBT, TRANS),

. The first parameter for both of the
procedure calls, RBT, provides the
logical representation of the robot that
- 18 to be manipulated. The second
parameter of INITIALIZE_ARM
specifies that RBT be the logical
representation of an ASEA robot. The
only way that any operations on the
‘data structure RET may be performed
" is by passing it as a parameter 1o a sub-
nrogram that appears in the visible
" part of the package ROBOT. Even
though the user program has full ac-
cess o the type FRAME, which is a
component (not shown} of the limited
private type ROBOT_ARM, it still
may not directly manipulate the
. FRAME component of ROBOT_
- ARM. That is, external packages are
prevented from directly manipulating
components of hidden record types
{private or lmited private}, regardless
of the visibility of the components’
types. The data structures, exchuding
“those that are explicitly declared
private or limited private, along with
- the procedures and functions that ap-
pear in the public part of the package
" specification, are directly available for

packags ROBOT %
[uminiize_aam

X move

L-E- R 3

Figure 2. Logical view of data abstrac-
thon.

use by packages external to ROBOT.
Figure 2 provides a logical concep-
tualization of how the package RO-
BOT is used to move an instance of an
ASEA robot. The same “black box™
package can also be used to move any
other valid instance of ROBOT_
ARM.

Through the use of packages and
private types, the Ada language pro-
vides easy-to-use construcis {0 support
data abstraction. As we have seen,
data abstraction is a powerful tool for
both program developmert and eryor
confinement. However, it is not the
only form of abstraction provided by
the Ada language. Program abstrac-
tion provides a different and, i some
senses, a more powerful conceptual
view,

Program abstraction. Programs
and subprograms provide another
common level of abstraction. Pro-
gram abstraction enables operations
on implicit objects. In addition to
hiding the representation of and access
to an object, the object’s existence is
also hidden. The result is a more com-

[18

plete form of hiding and, usually, a
more concise interface than data
abstraction.

Program abstraction in Ada is
realized through generic package or

subprogram instantiation. Ada allows

the declaration of generic program
units that serve as templates for pack-
ages or subprograms from which ac-
tual pakcages or subprograms can be
obtained. Generic program unils may
have actual parameters that provide
instantiation-specific details of the
template. These parameters can be
data objects, types, or subprograms.
Thus, the parameter associations
allow generic units to do the following:
directly manipulate data objects pro-
vided by the user; create and manage
data structures or logical devices cor-
responding to an arbitrary type sup-
plied by the user; and use abstract,
instantiation-dependent subprograms
made available by the user.

Through their types, the formal
parameters specify the expectations
that the generic unit makes about the
actual parameters that will be supplied
by the user of the generic unit at instan-
tiation time. For example, a generic
package that manages stacks might
have a formal data object parameter
of type POSITIVE that indicates the
maximum size of the stack, This for-
mal parameter will be matched by any
actual parameter whose value at in-
stantiation time is an integer greater
than or equal to one. The same generic
package may also have a formal type
parameter of type private that allows
the user to specify the type of elements
that are to be handled by the instantia-
tion of the stack package. This formal
parameter will be matched by any ac-
tual parameter for which, at least, the
{in)equality tests and assignment are
defined; these are the only operations
allowed on data objects whose fypes
are private.

Generic formal subprogram param-
eters, when used, allow the user to pro-
vide—or select from a libraryv— sub-
programs for use within the generic
unit. In the case of a geperic terminal
handler, for imstance, subprogram
paramelers for SEND and RECEIVE
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'broéedures would free the programi-

mer from having to accommodate the
differing comimunication protocols |

- .that exist Tor various terminal types..

L _ Maiching rules for generic forpal sub-
- program parameters are similar: 1o
© 7 those for mongeneric subprogram
. pararneters. In effect; the generic for-
L mal parameters  provide a written
o “contraet” between the writer of the.
. generic template and the writer of any
S program that s designed to use this
- temnplate. The terms of this contract -

are rigidly enforced by the type-
. checking facilities pre:sant in ihe com-
‘piler: o

Generic units ailow a hlgher Ievel of
~absiraction than data abstraction, be-

i -catse the abstracted data type may be

- completely hidden within an instance
ofthe generic package body. The hid-

"den data structure is accessed througb :

- internal ‘package variables that are

o nonlocal to the subprograms within
the package Manipulation of the data.
SRCrIre oocurs as a controlled side ef-

- fect~-stiictly contained within the

. _'package biody-—of the réquested oper-
L ation. Thus generic units support a

programming style in which the speci-
fied (visible) operations either directly -
or indirectly transform g hidden inter-
nat state that depends only on past
' operations applied to theinitial state of
the Systeim..

- The’ ROEOT ‘package example is
" repeated in ‘Figure 3 using program
abstraction téchniques.  The external
packages are no longer required to
stupply the 1ype . RGBOT_ARM for
- gach operation that they invoke on the
“arm. Instead, the packages specily the
“element--of the enumeration tvpe

ARM_MODEL that corresponds 16
the arm that they wish touse whenthey

iastantiste ‘the generic -package
ROBOT (the generic package extends
- from the keyword generic to end
-~ ROBOT;). The generic template is
o filled in based on the value of the
. generic formial parameter ARM at the
time of instantiation. Hence,

- staternents:

" . package RET_ASEA is now RDBOT(ASEA)
. paskage HBT PUMAIs new R{JBGT[F‘L?MA)
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‘the

would create instances of the package

ROBOT -specifically for -an- ASEA
-robot and a PUMA robiot; respective-
ly. A new instance of .the packageé.
“would be created for each robiot in the
_target system. Recall that @ in-data
-abstraction, only one instance of the
- package existed. The logical view of a
“system consisting of one ASEA robot
-anid oneg PUMA: ;'ob{)i is'il ustrated in

Figure 4.

o lmplemenzanons for both program )
amd data absiraction reguire that cers
tain-procedure bodies contain cofidi--
- tionally executed code segments to ac-
~count Tor the differences betwesi the

© type ARM__MODEL is (ASEA, PUMA, ..}

-géneric ]
ARM: ARM_.MODEL,
package ROBUT is

type FRAME js-arfay (1.4, 1. 4) ol FLOAT;

“procedure MUVE(BESTIE\EATION it FRAME) '

-pracedure QPEN;
provedurs CLOSE;
" furiction GET__FRAME raturh FRAMF

- gnd ROBOT;

- Figure 8, Sp&cafmatmn for the genenc
package ROBOT. :

1o

_programs,

RBT._ASEA.MOVE ._ ; TH) RET__PUMA MOVE
£ 8BY__ASEA OPEN ©WIBIBLE £ RET_PUMA GPEN
. ]
e
: = o : S OHOT S =
: { -RBT_ASEA . o YISIBLE . Tj‘ - RBT_PUMA -

. nunbers of links and the type of joints

used in-the different robots, and to

~aflow individual robets to comimuni-
" cate ‘with ‘their respective device driv-
‘ers: An alternative sofution available
" in prograim abstraction is to add sub-
‘program parameters to the formal part

-ofthe géneric package. The actual sub-
which could be made .

“gvailable to the applications  pro-
~grammer in the form of a library,
swould provide the necessary abstrac-

tions for manipuigting their corre-

‘sponding devices. The user would then

select the appropriate set of “actual

~parameters: for each spccxf’ie. genieric

instantiation. .
The biggest differeﬁce betweer; data

-and - program- abstraction les in- the

program -unit -that -possesses- the “in-
stance of the abstracted data type. In |

- data abstraction, the tvpé is possessed

by a program unit that is external to
the unit that mansges the type; hence,.
the unit that mansges the type is com-

mbmiy referred 1645 an external tvpe
-manager. In program abstraction, the .
“type is maintained within the wnit that - .~ -

manages it; hence, the managing unit

' is: commonly referred 1o as an internal
" typemignager.-External type managers

- Figure 4. Logical view of.'pfcgrgm-absiradginn.




support a functional programmiing
style in which the type to be manip-
ulated is passed as a parameter to a
subprogram that performs its opera-
tion without side effects.

The chief advantage of this pro-
gramming style is that it can be mod-
gled more readily using well-known
mathematical fechniques, thus open-
ing up greater possiblilities for cor-
rectness proof methods. In Ada, 1t is
also the case that data objects created
at run-time by the dynamic instantia-
tion of types can be handled by exier-
nal type managers, whereas the instan-
. tation of internal type managers and
the creation of their enclosed data oh-
jects s static—that is, it must occur at
- compile time. Ii can be argued, how-
ever, that internal type managers pro-
vide a much more realistic model of
the real-world obijects that the com-
puler program is meant (¢ manipulate,
and that the prolection against errors
“both at run-time and during program
- development s much greater. Non-
generic packages may also function as
intérnal type managers. However, in
- doing so, generality is lost, since the

- abstraction would be available for

only one instance.

intel has provided a powerful exten-
tion to the Ada language for the IAPX
432 processor that allows the program-
ming of dynamic infernal type man-
agers. This has been accomnplished by
allowing packages to be types, and
hence, allowing them to asstme as-

- signable values. For example, we could

define a package type ROBOT (Figure
' 5), create instances of ROBOT for
each different physical robot-{Figure
£, declare an array whose elements are
-instances of the package type ROBOT,
and then, during program execition,
assign values {package bodies) to the
-array clements depending upon which
robots we use {see Figure 7). The pro-
cedures and funciions that operate on
ROBOTS are invoked in the manner
- shown in the last line of Figure 7.

Int Smalltaik, a language that takes
the object-based programming phil-
osephy further than Ada, the concepts
of data and program abstraction have

“been rationalized 50 that objects are all
treated alike, regardless of whether the

objects represent program modules or
data structures. I° It has been proposed
that these concepis be merged together
in Ada as well, %1% In fact, Inte] has
already taken an initial step in this
direction with their ““package type”
gxtension to the Ada language men-
tioned above.1” Extensions such as
nackage types and those described in
Wegner* and Jessop!® combine the
dynamic flexibility of data abstraction
with the concepiual and protection
benefits of program abstraction, re-
sulting in a powerful universal abstrac-
tion mechanism. The availability of
such a mechanism relieves the software
designer of the restrictive choice be-
tween adopting a program-oriented or
data-oriented software design method-
ology—a choice that must occur very
early in the design process.

Protection demains. Protection do-
mains, and the inherent security that
they provide, constitute another key
concept. The basis for secure, error-
tolerant execution environimenis lies in
the principle of system closure.” This
principie states that the effects of all
gperations on a closed system shall re-

package type ROBOT is
type FRAME is array (1. .4, 1..4) of FLOAT:

procedure MOVE (DESTINATION: i FRAME);
procedure DPEN;

procedure CLOSE;

funclion GET__FRAME return FRAME,

end ROROT,

Figure 5. A package type.

package RBY__ASEA is constant ROBOT,
package bady RBT___ASEA is

]

and RBT__ASEA;

package RBT_ PUMA is constant ROBOT, -
package body RBT _PUMA IS
L]

L3
&

aitd RBT__PUMA;

Figure 6. Instances of package
types.
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main strictly within that system. One
common construct used for providing
system closure is the protection do-
main. 8 Briefly stated, a protection
domain is an environment o coniext
that defines the set of access rights and
operations that are currently available
to a specific user for objects contained
within the domain, The concepts em-
bodied in protection domains are sim-
ilar to those underlying Ada packages.
Protection domain schemes gener-
aily provide facilities for error confine-
ment, error detection and categoriza-
fion, reconfiguration, and restarting.
Error confinement and security strat-
egies generally involve both process
isolation and resource control. The
basic premise of process isolation is
that processes are given only the
capabilities necessary to complete their
required tasks. By implication, any in-
teractions with external cobiects (2.g.,
sending messages to other processes)
must be strictly formalized and con-
trofled. Resource control refers to the
binding of physical rescurce units to
computational objects. Examples in-
clude the binding of processes to pro-
cessors, or the assignment of memory
to currently executing contexis.
These controls ensure that when the
resource units are released or preemp-
ted, ali of the information contained
within the unit is returned to a null
state. Information is thus prevented
from *‘leaking” out of a profection
domain, even if it is Jeft in an area that
eventually becomes accessible to other
users. Hrror confinement also aids the
program debugging process, since
bugs will be located in modules where
errars are detected. Program mainte-
nange benefits as well, since the protec-
tion domain defines the maximal set of
modules that can be affected by modi-
fying the system. Error detection and
categorization involves dynamic
checking for obiect type Inconsisten-
cies and access constraint violations
during procedure execution. The
categorization of detected errors can
then be used to aid in restoring the
system 1o a known state. Reconfigura-
fion facilities attempt to restore the
system to an operable staie by remov-
ing the failed component—hardware

COMPUTER




*or software. 1f the teconfiguration at-
tempt is successful, the system is

- restarted.

Perhaps the most elegant mechan-
ism - for implementing protection do-
_mains is capability addressing. While
-mauich can be done at compile time in
" languages such as Ada to enforce the
concept of protection domains, there

dotlare - . S
fype ROBOT_ ARRAY is arvay {1. .LAST)
of ROBOT;
ROBOTS: ROBOT__ARRAY:
CNEW__POSITION: FRAME;

begin
gase ARM is
’ when ASEA = )
ROBOTS() = RBT__ASEA,
when PUMA =>
ROBOTS() : =RBT...PUMA;
. R ]
end case;

. 'ROBOTS(!) MOVE(NEW__POSITION):

&
&

- Figure 7. Assignment of package
type.

dre many cases where the dynémic en- .
Horcement of access rights provided by

capability addressing is useful. As an

‘example, consider 2 system in which it

is desirable to gramt different rights
{perhaps the ability to invoke a dif-

" ferent set of operations) o the various

users of a given object based on infor-
mation- presented at run-time. Capa-
bility - addressing permits. usérs {o
dynamically determine whether they
have indeed been granted the right to

~ perform a requested operation. Deter-

minations such as this are not possible
at compile time. Compile-time protec-
tion enforcement also facks the ability
to support the detection of and

recovery from access failures in the

run-time system.

A capability can be thought of asthe
-narne of an object. An object cannot

be accessed-—nor its existence de-

© termined—unless its name i known.
...The capability also contains the access

rights to the obiect {¢.g., read, write,
or capability copy rights; see Figure 8).

The only subsequent modification
-allowed ocutside of the domain In

which the capability is defined is the

restriction of these rights. Capabilities

are created along with their respective

objects. The initial control of the .

- capability, and hence of the object,

belongs solely 1o the defining domain.
LConsider the case of a user—package
USER -in Figure 8-that selects the
package ROBOT of Fgure 1 in a
system -emploving capability address-
ing. The defining domain for a
variable of type ROBOT.ARM is
"ROBOT. In the case of pass-by-
referenice parameter association, the
“rights of the capability given to the in-
‘stantiating context are restricted to
“eopy’” because ROBOT ARM is a
limited private type. Within the defin-
ing domain, the capabilities may be
ampiified as needed: For example, a
variable of type ' ROBUOT_ARM is
passed as a parameter to both the
"MOVE and ‘GET. FRAME pro-
cedures. In the case of MOVE,
ROBOT_ARM is a parameter of
mode in out, requiring both read and
write rights. Incaseof GET_FRAME,
ROBOT_ARM is. an -in parameter,
and thus reguires-only read rights.
The use of capabilities is not depen-
dent on the particular method of para-
meter association used. Rather, in the
case -of paramaters passed by refer-
“ence, the capability is amplified at the

package ROBOT
(type manager for ROBDT__ARM)
MOVE: &
. -
package USER 2
{which creales - - .
an instance o LOBICAL ;:-?TDE
-.of type ROBOT__ARM
SR —ARM) _ ADDRESS
?
@
LOGICAL GET__FRAME: :
- ADBDRESS i
' _ READ
- LUGIEAL
ADDRESS
1 i)
i i ROBOT__ARM ®
: i ol @
. _ .

* ' Figure 8. Capabilities and protection domains.-
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subprogram interface to allow the ap-
propriate access rights, This is per-
mitted because amplification occurs
within the defining domain for the
parameter type. In the case of para-
meters passed by value, the new in-
stance of the parameter type is created
with the appropriate access rights, and
the parameter values are then copicd—
" again, this is permitted since it also oc-
curs within the defining domain.
Though the Ada language specifi-
cally avoids any mention of capability
arddressing, constructs that support
many of the concepts embodied in
-protection domains are provided.
" They include packages and private
types, and their associated compile-
~tirme type checking and exception
handlers. The latter permit users to
detect and categorize errors, and to
reconfigure and restart the system.
Protection domain concepts such as
. the control of information “‘leakage™
e below what is normally considered
to be the language level, The major
sharicoming of Ada with respect to
support for protection domains lies in
the fact that all users of objects exter-
nal to the defining domain are tieated
equally. That is, Ada provides an “‘all
or none”’ type of protection mecha-
nism. A possible extension ic Ada that
wonld address this problem is to allow
both package types and sublypes.
Package subtypes would permit access
1o a discrete subset of the gperations
and types that are found in the visible
part of the package specification, % in
effect creating a limited form of capa-
bility that would be applicable only to
Ada package objects.
Package subtypes strike a reason-

. able balance between the desire for a

fine granularity of dynamic protection
and the high cost of implementing a
capability mechanism. They also have
the desirable characteristic of main-
taining semantic consistency with the
existing language definition. The prin-
cipal limitation of this solution is that
dynamic control of the visibility of
" package types/subtypes is nol ad-
. dressed. In this case, the most efficient
way to address this limitation and en-
sure security is to reguire support from
the underlying hardware.

da provides good support for
both data and program abstrac-
tion. However, in an effort to allow
Ada 1o be used efficiently on existing
machines with conventional architec-
tures, the language has been designed
to require iittle dynamic checking.
This effect is most aoticeable in the
Himited support provided for protec-
tion domains and the lack of a unified
abstraction mechanism that would in-
clude features such as package types.
However, these features are usually
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On the Unification of Data
and Program Absiraction in Ada -

Poter Weagner

Dapartment of Computer Scienca
Brown University )
Box 1810
Providence, RIO2B12

Abstract Ada is rich in the wvarlety of ‘ity abstraction
mechanisms, It has both a data abstraction mechanism
“{packages with private data types} that supports a funec-

- tional programming style and a program abstraction
mechanism {genoric program units) that supports an
object-oriented program style. Tradeoffs between data and
program abstraction are examined and it is pointed out that
Ada discourages program abstraction because program uniis
are not first-class objects. It is shown how program units
could be made into Tirsi~-ciass objects by introducing clo-
‘sures as values for functions and records with function
‘womponents as values for packages. Further anification by
allowing types to be first-class objects conflicts with the
requirement of compile~time type invariance. The relaxa-
tion of this requirement in a manner that preserves type
consistency is examined and leads to a potion of value for
types as tuples of operations. It is suggested in the conclu-

~ sion that our understanding of abstraction for object~
‘orienied languages and of other language desigm, imple-
mentation, and environment issues will have progressed
sufficiently by 1985 to warrant the design of a successor
{0 Ada by the late 1980s.

'Structurad Entities

Records in Ada are a mechanism for defining structures
“with data components, while packages are a2 mechanism for
defining structures with both program and data com-
ponents. The similarity of the declaration and instantiation
mechanism for records and packages is illugtrated below for
a record type and a generic package with identical com-

. ponents,

Example 1: Revord Types and Gereric Fackages

{ype PERSON._RECORD i
PEoOrd
HEISHT, WEIGHT: FLOAT;
MARRIED: BOOLEAN;
CHILGREN: INTEGER;
and record;

== type daclaration

R: PERSON_RECORD; ~- oirject declaration

This work was supported in part by ONR contract
NOOO14-78C-0868,

Permission 1o copy without fee all or part of this maierial is granted
provided that the copics are not made or distributed [or direct
commercial advantage, the ACM copyright notice and the title of the
publication and s date appear, and natice is given that copying is by
permission of the Association for Computing Machinery. Te copy
otherwise, or 1o republish, requites a fee and/ or specific permission.

& 1983 ACM 0-89791-000-7/83/001 /0256  $00.75

O the Unification of Data and Program Abstraction in Ada’" by P. Wegner
from Proceedings of the Ith Annuat ACM Symposium on Principles of

- Programming Languages, 1983, pages 256-2564. Copyright 1983, Associa-
tion for Computing Machinery, Inc., reprinted by pormission.
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generic -« generic package declaration
package PERSON_PACKAGE iz

HEIGHT, WEIGHT: FLOAT;

MARRIED: BOOLEAN;

CHILDREN: INTEGER;
end

cackage P is new PERSONM_PACKAGE; -- instantiation

The object declaration mechanism for creating a record
object 8 of the type PERSON_RECORD is similar to the gen-
oric imstantiation mechanism for instantiating a package P
of the type PERSON_PACKAGE. This similarity is
emphasized by making the record object B and the package
P have components of identical name and type. It is
further underlined by the fact that both records and pack-
ages use the dot notation for component accessing.

Example 2 Component dccessing for Objects and Packages

R.HEIGHT + 14

R.HEIGHT =
= PHEGHT +« 13

P.HEIGHT :

I apite of these similarities, record objects and pack-
ages in Ada have very different properties, as illustrated by
the following tabular comparison:

Example 3: Attributes of Record ObjJects and Packages

have & type

are "created” by declarstions
components raust be typed objects

may be values of variables

may be passed as a paramgier

may be component of & record or array
may be component of a list (access valug)

record
objects

have a visible spacification

ray be "created” by generic instantiation
compenents include types, program units
cannod be values of variables

cannot be passed as a parameter

may have generic parameters

may have a hidden body

patkages




Records may be assigned and passed as parameters and
may occur as components of arrays and records, Packages
are not typed objects and cannot be assigned or passed as
parameters or appear as components of structured objects.
However, packages may have richer components and more
powerful forms of parameterization than records. Record
components are restricted to be typed objects while package
components may include types, subprogram specifications
and package specifications. Record parameterization is res-
tricted to discriminants of a discrete type, Gemneric packages
have a compile-time parameterization mechanism richer
than that for subprograms which allows types and subpro-
grams to be generic parameters.

Let's examine the nature of the notion of type, A type
has type-dependent atiributes such as integers and type-
independent attributes such as declaration, parameter pass-
ing and assignment applicable to all types. Specific types of
a programming language are generally defined in terms of
type-dependert attributes. Type-independent attributes
are not considered to be part of the type definition but part
of the language definition. Their specification is distri-
buted in other parts of a language manual, such as the sec-
tion on assignment, parameter passing, etc. However, in
examining the nature of the notion of type we must con-
centrate on type-independent attributes. The attributes
mentioned in example 3 are all type-independent,

In its attempt to be conservative (safe) Ada has not
permitted packages (or subprograms) to be declared or
passed as parameters, or to have other attributes of types,
The mechanisms and attributes for declaring and instantiat-
ing typed objects and program units are entirely separate.
However, attributes such as declaration, instantiation, hav-
ing components, being components of structures, having
parameters, or being passed as parameters do not depend on
whether an entity is a data or a program structure. Even
the property of being assignable as the value of a variable
can be extended from typed objects to program units if the
proper notion of the value of a variable is introduced, as is
the case in languages like Russell [4] or ML [2].

We shall explore mechanisms for the unification of
typed objects and program units, Before doing so, how-
ever, some of the ways in which dual language mechanisms
for data and program abstraction give rise to complexity in
current Ada will be examined.

Data and Program Abstraction

Abstraction is concerned with specifying relevant
attributes of a class of objects, situations or processes and
ignoring (hiding) irrelevant attributes. Different forms of
abstraction are concerned with different ways of specify-
ing relevant attributes and hiding irrelevant attributes.
We are concerned with providing users of an abstraction
with operations on a data object while hiding its data
representation, Ada provides two abstraction mechanisms
for hiding data representations that are respectively related
to the type and generic mechanisms.

(1) Data abstraction which provides the user with a
"private” (hidden) type and operations on objects of
the type.

Program abstraction which provides operations on an
object whose representation and identity is hidden
from the user. Program abstraction provides a
stronger form of hiding than data abstraction since the
identity as well as the representation of the object is
hidden from the user.

(2)

Queues will be used as a running example to illustrate
language design and programming methodology issues
which arise in comparing data and program abstraction
mechanisms, Queues may be abstractly defined by a set of

125

operations such as APPEND and REMOVE which capture the
first-in first-out hehavior of queue elements. They may be
realized in Ada either as packages with private types which
allow the user to create queue objects and operate upon
them using package operations, or as generic packages
whose instantiations contain gueue operations in the inter-
face specification.

Example 4: Data Versus Object Abstraction
package QP is -= QP is an abstract data type
type QUEUE is private;
operations on queue
private
-- representation of queue
-=- hidden from user but visible to the compiler
end QP;

P,Q:QUEUE; == object declaration

generic -= QG is a generic package
-- generlc formal parameters

package QG is
operations on queue

end QG;

package R is new QG(actual-parameters); -- instantiation

The package QP is a data abstraction whose operations
are shared by objects P,Q of the type QUEUE created by
users of the package. The generic package QG represents an
entirely different view of queue abstractions, identifying
the queue with a set of operations and eliminating the need
for a queue type with an identity separate from that of the
operations, Creation of objects which share a set of opera-
tions is replaced by creation of packages which determine a
set of operations. Generic packages are program abstrac-
tions since they determine a template for a package rather
than for a data object.

Queue data objects such as P may have values assign-
able to other variables Q of the same type and may be passed
as parameters of procedures. The package instance R pro-
vides the user with gueue operations but cannot be
assigned or passed as a parameter, On the other hand, gen-
eric packages may have type parameters so that queues of
integers and of messages can be instantiated from the same
generic template, The generic package has a more powerful
instantiation mechanism than the abstract data type but
less powerful facilities for manipulating instances.

The above tradeoffs between data and as program
abstraction are determined by language-imposed properties
of Ada rather than by intrinsic differences between
methods of abstraction. The proposed unification of objects
and program units would eliminate artificial restrictions
such as the inability to pass packages as parameters or to
parameterize types, and would allow the use of abstract
entities as values and parameters independently of idiosyn-
cratic language restrictions.

The full specification for QP includes procedures for
appending and removing queue elements, functions for
testing if the queue is full or empty, and exceptions which
are raised when the user attempts to append to a full queue
or remove from an emply queue,




Example 5: Hiding the Representation of fuetes

package GF is
type QUEUE(MAX: NATURAL 1= 100) is limited private;

procedurs APPEND(G: in out QUEUE: E: In INTEGERY;
procedura REMOVE(Q: in out QUEUE; E: out INTEGER);
function IS_FULL{Q: in QUELE) return BOCLEAN;
function IS_EMPTY{Q: In QUEUE) return BOOLEAN;
FULL, EMPTY: exception;

- prvate
type GUEUE] MAX: NATURAL = 100} is
record
FIRST, LAST: INTEGER 1= 1;
COUNT: INTEGER o= O
ELEMENTS: arrav{1..MAX) of INTEGER;
end record;
Cmevd QP

package body QF s
- bodies of APPEND, REMOVE, IS_FULL, IS_FMPTY
@l

P: QUEUE{ST);

The corresponding generic package has a simpler inter-

. face than the abstract data $ype hecause the type name need

uot be specified and the daia structure for queues is buried
in the body of the pachkage.

' Eﬁam-pie 8: 4 Package which is o Queue

generic
ivpe ELEMENT is private;
SIFE: INTEGER = 100,
package QG is
procedure APPEMD(E: In ELEMENT):;
procedure REMOVE(E: oul ELEMENT
Funciion IS_FULL return BOOLEAN;
Function IS_EMPTY return B8O0LEAN;
© 7 FULL, EMPTY: sxception;
end QG;

package body QG is
-= poptaing local definition of queue data structure
== el the bodles of packages operations
== which have side effects on the queue

Tew through non-locsl variables

and Q&;

‘package O is new QGUNTEGER, 50}

- Generic packages not only have a simpler interface.

They also have a simpler calling sequence, since the queue
is a local data structure of the generic gueue package and
an explicit parameter of abstract data type aperations.

. Ezxample 7: Comparison of User Calls

-= call of APPEND in generic package
== call of APPEND in abstract dats type

QAFPEND{E};
0P, APPEND{(Q,E)

Simypler interfaces and simpler user calling sequences
dre two intrinsic agvaniages of generic instantiation over
data abstraction. This gimplicity must be balanced against
the fact that APPEND and BEMOVE procedures of the generic
abstraction achieve simplicity of the interface through hid-
den side effects on the local guens data structure, We shall
see below that generic abstraction represerts an object-
oriented programming style while data  absiraction
represenis a functional programming style. Comparison of
these two programming styles for this particular example
provides inzight into general tradeoffs between functional
and object-oriented programming.

Functional versus Object-Qriented Programming

Abstract data types Teguire users to create gqueus
ohjects, 10 manage storage for gueue objects, and to pass
them as parameters to queue operations. Generic packages
represent a higher level of abstraction because they com-
pletely hide the gueue data structure in the body of the
package and implement shared sccess 1o the hidden data
structure by non-local variables of quene operations whoge
side effecis are sirictly contained within the package body.

Example 8: Parameters versus Shared Data Structures

APPENDIQ,E)

ICEIITIT AR
R vE

s} Abstract Data Types and Functional Programming

) LOCAL QUEVE
-m gﬁ T\ O TPUT

ARPEND (£}

b} Generic Abstraction and Object-Oriented Pragramming

Abstract data {ypes conceptually rtealize APPEND by
passing the gueke and the element {o the procedure and
returning the modified gueue as a result, Generic abstrac-
tions share the queue data siructure among package apera-
tions using non-iocal variables (such as Q above) as the
sharing mechanism. Abstract data types support a “func-
ticnal programming'’ style using funcitions that have no
side effects, while generic abstraction supporis an "object
orienied” programming style in which gqueue operations
transform a hidden internal state that depends on the his-
tory of the operations applied to the initial state of the
guene,

Functional programming has the advantage that pro-
gramyg are mathematically tractable and more gasily verlfi-
able, There are no restrictions on the order of evaluation,
and lazy evalnation that delays evaluation until its value is
needed can be performed. Object-oriented programming
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achieves greater absttaction by hiding the data as an inter- _

nal state, may provide a mofe realistic model of real world

obiects (Which often hide an updatable internal state under
"~ a deceptively simple interface). Moraover, ohject abstrac

tions can he mora efficiently implemented on a Von Neu-
- manr machize than corresponding function abstractions.

Since ohject-orignted programming is better for users
and for executing on & compiter the user language and
machine language shonld probably be object-oriented,
-Bince functional programs are better for verification and
optimization, we should consider compiling ohject-oriented
CsOurce programs into sguivalent functional programs for
“verification and opiimdzation, and then transforming them
back into an object-oriemted form for execution, The

“equivalence hetween functional programs of the form 8a)
and object-griented programs of the form 8b) holds onily
tnder very restricted conditions in the absence of sharing.
But the attempt to explore such equivalsnce could lead to
insights concerning the conditions under which ohjeci-
oriented programming iz eguivalent to functional Program-
Jming.

-The proposed transformation from high-level object-
‘oriented programs to lower level functional PIOErams sug-
- gests that mathematical notation should be regarded as an
“assembly language suitable for automating proofs and per-

Torming optimization rather than a high-level language
‘appropriate  for madeiling  real-world problems, This
‘accords with-the fact that complete mathematical rigor may
obscure fundamental concepts by excessive attention to
detail,

The gueue exampls iNustrates that fuonctional pro-
Eramming achieves 115 simplicity by greatly increasing the
volume of parametric information {massages) when func-
tions are calied and when values are returned, This extra
information must be managed in the environment of the
function, so that simplicity at one Jevel is achieved by
"lrresponsibly” passing the buck to the next level. This
contrasts with the object-oriented {(gemeric) approach
‘where state information is carefully managed within the
abstraction itself and fall responsibility is exercised over
accessing and sharing the local data.

The essence of packages is their ahility to define a lecal
data structure (an internal state) that is shared by nOD~
local wvariables of its subprograms, Program abstraction
encourages the use of subprograms with non-local variables
~within packages. This violation of the accepted wisdom
. that functions should not have side effects or non-loeal
variables must be balanced against the fact that such vari-
ables not only increase efficiency but increase the level of
abstraction by allowing side offects on'the local state,

Side effects have fraditionally been considered harm-
ful. The present discussion illustrates that side effects are
2 necessary mechanism for information hiding. They allow
a subprogram to have effects that aze hidden from the user
which change the "intermal” system state and affect the
future behavior of the system,

Controlled side =affects that affect future system
behavior are desirable and natural in many practical situa-
tiong, Depositing money in a bank account is an example of
a transaction in which a side effect that affects Tufure
behavior of the system is desired. Flexibility of human
behavior is possible only because past experiences have zidae
effects that affect future behavior, Pure functions are
. consirained to have the same behavier every time they are
called with given inputs, while functions with controlied
side offects can can cause deglred changes in a local
envirenment snd adapt their behavior to changing cir-
sumstances,

The partition beiween parameters and non-local vari-
‘ables in a subprogram thus reflects g desirable partition
between external communication for interaction with its
users and imternal communication with other components

of a'subsystem that provide e desired service For the user. -
- Programmers designing large programs with many
hundreds of modules must choose between data and pro-

-Eram abstraction as a basis for module design. o current

Ada instances of data abstractions may be manipulated as
Tirst-class objects while generic instances may be used but
not manipulated. The designers of Ada’clearly envisaged
data abstraction to be the primary abstraction mechanism,

‘However, abstractions congisting of a collection of opera-
tion without an associated iy¥pe appear to be simpler and

higher-level than data abstractions, The fact that Program-
mers are penalized in defining such absiractions is certainly
undesirable. However, in fairness to Ada it should bhe
pointed oui that the ability to define such abstractions at
all is an improvement over previous languages,

The Hybrid Status of Taske _

Tasks in Ada have a hybrid status in that they ate both
DProgram units and iyped objects. They are program units
din the sense that they have separate specifications and
bodies. However, they ‘may be declared .as types from
Wwhich objects are created by object declarations. -4 task
type QUEUE with a body commen to g1 objects of the tagk
type,-and an associated object declaration O of. the type
GUEUE can be specified as follows:

Example 8: Task Types and Task Objects

task type GUEUE iz -~ {ask type specification
entry APPENDNE: in INTEGER);
entry REMOVE(E: oul INTEGER):

end;

task body Q I ..,

(;1~ GUEUE; - task object of thy type queys

Tasks can specify only eniry points in thelr interface
and cannot directly support “concurrent data abstractions”
which export a type to users, (Queues (buffers) shared by
concurrently execuiing tasks are realized by ‘objsct-
oriented” abstractions with a shared state in the task body.
-This is appropriate since sharing of the queue buffer by the
competing tasks is generally the appropriate semantics, and
stmulation of such sharing by an an abstract data type that
relies on passing the gueue data structure from users to the

- gueusing task and returning the modified queue to the user

wotld be diffioalt, ]
Objects of a task 1ype may be passed as parametsrs and

~appear as components of structured objects znd as clements
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of lists, However they are mot "first-class” objects because

they do not have values which can be tested for equality or

assigned az values of task variables. Moreover, thay are not

"first-class” program units for the following reasons:

(1} Task specifications may specify only entry points
while package specifications may specify a wide
variely of computaticnal resources,

Tasks cannot be made generic or have generic parame-
ters. The type mechanism rather than the generic
mechanism is used to define task templates g0 that

- objects created from the template can be passed as
parameters.

- In-order to achieve the effect of generic parameiers for
tagks it is necessary to embed them in a package,

{2)




Example 10: Embedding Tasks in Generi¢c Packages

. generic
type ELEMENT is private;
package QG is
task Q7 is
entry APPEND{E: in ELEMENT);
antry REMOVE(E: out ELEMENT);
ey
wivchy

package Qs new QGUNTEGER)

The instance Q of the generic packige QG contains a
“tagk Jor voncurrently appending and removing eloments
from a quene whose data structure is defined local to the
task body {in the associated package body). This consiruc-
-tien is clearly clumsy and reflects the Tact that tasks were
not designed io be gemsral user interfaces. The user inter-
face for concurrent guenes can be better modelled by pack-
ages centaining procedure calis to APPEND and REMOVE
“which result in concurrent calls to a task whose specifica-
tion and body is defined entirely within the package body.

. The dual status of tasks as both objects and program
units reflects the fact that the language designers first con-
ceived of tasks as program units, and then allowed them to

" -~ be typed objects so that they could be dynamically created,

passed as parameters, and appeat as components of lists and
" structures, This has strange consequences such as the fact
that a subprogram can be passed as a parameter only if it is
defined to be convurrent. The task comsiruct is unsatisfac~
tory hecause it contravenes the esthetics of the language
design and because tasks are second-class enlities, both as
objects and as program units. One of the conssguences of
the szcond-class status of tasks is that they cannot compete
with packages as wvehicles for interface specification and
may regquire a paclkage interface as in the above example.

Thus we see that the duality between objects and pro-

gram units in Ada Igads to design complications when

~introducing new language constructs which have both pro-
gram and data atiributes.

" Program Units as First-Class Objecis

Packages in Ada provide a collection of resources to
cuasers of the package which are specified in the package
sperification and implemented in the pachage body.

Example 11: Structure of Package Specifications

package KITCHEN_SINK is
respurce i ww FRSOUFCES may include
rosource 2 we SUBEroOgrams

=m ypes

~w yariables {typed objecis)

~~ packages, tasks, excepiions

- resource M
end KITCHEN _SINK;

package body KITCHEN_SINK is
implementation of resources
end

The resources provided by a package may in general
incinde subprograms, types, typed objects, packages, tasks
and exceptions. The set of resources permiited in a packags
may well be richer than is necessary Tor good programiming
style, Iz particular, variables (ivped objecis) should
perhaps be excluded Irom the package interface. This

“would allow a package to be viewed consistently as an

entity with a hidden internal state rather than as an entity
whose state is partly hidden in the package body and parily
wisible in typed variables of the package specification.
However the view of packages as a collection of operations
on a shared hidden data siructure is pnarrower then that of
packages as an arbitrary coliection of resources, and the
question of whether the narrower view gignificantly res-
triets expressive power needs further study.

Packages are an “object-orientad” language construct
in the sense that they may be used to define objects whose
behavior is characterized by a set of operations on & com-
mon hidden data structure, However packages are not
“first-ciass” objects in the sense ihat they cannot be
assigned as values of variables, cannot be passed as parame-

_ters, and cannot appear as components of siructures or lists,

This inconsistency between declarative power and manipu-
lation ability for packages is a basic flaw of Ada, 1t has
caused ewitensive debate concerning the degree to which
Ada is an object-oriented language.

The design decision to make packages "second-class”
objects was made because it was felt that design and imple~-
mentation of packages as as first-class objects was beyond
the state of the art. However, advances in our understand-
ing of object-oriented language design and implementation

in the last decade provide a basis for designing an

integrated Ada-like nbject-oriented language in which
language constructs such as packages are first-class objects.

The key to unification of records and packages is mak-
ing functions into first-class objects. Letl's assume that we
have a notion of "value" for functions, so that functions
can bhe assigned, passed as a parameter, returned as a fune-
tion value, and be a component of a record ar array. Packe
age values may then be defined in terms of function values
aF records with Tunction-valued components,

In the example below we introduce the neutral Key-
wiord “tuple” to denote a structure with compenents and
indicate that records may be viewed as tuples of field
names and packages may be viewed as tuples of resource
specifications.

Example 12: Record and Package Values

tuple (fieldl, field?2, ..., fieldN);
-~ @ record value is a tuple of fields

tuple (resourcei, resource?, ..., resourcei);
== 2 package value is a tuple of resources

Record and package types may be uniformly defined in
terms of functions which return a tupls as their value, A

- functional specification of record and package types in an
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Ada-style syniax is given below:



Example 13: Record and Fackage Ty pes
“a} Record Tuples

type RTYPE is  «- function that produces {uple .of fields
tuple (field1, fieldz2, ... , fieldN);

H: RTYPE; == call function RTYPE, assign value to |

' b} Package Tuples

type PTYPE is =~ function that produces tuple of resources
use {body of package) in
tuple {(resourece 1, resource2, ..., resourcei);

P: PTYFE;  «~ call function PTYPE, assign value o P

Both records and packages are defined above ay tuples
whoge components may be accessed by selectors. In the
case of records the action when a componeni has baen
selected is always access 1o a named field. In the case of
packages the action is determined by a programmer-defined
specificatior in the package bedy that may involve mani-
pulation of a hidden local data structure, The action for
record components such as B.fieldi is determined by the
system while the action for package components such as
P réespurce] may be specifisd by the programmer. The role
. of the package body is to allow the programmer to define
the actions to be performed when components of the pack-
age specification are selected, A record may be viewad as a
degenerate package specification with an empty body that
causes components to have a default system-defined
Cinterpretation in terms of read and write operations.

Now that we have seen how subprogram values may
e used in defining package values, we shall review how
subprogram wvalues may be defined in terms of closures. A
closure consists of a representation of the subprogram body
together with an environment specification for interpret-
ing its non-local variables. The closure of a subprograin
APPEND with a non-local variable that refers ic a shared
guene data structure has the following form:

Exanple 14: Format For Subprogram Closures

slosure
= {subprogram body, identifier-value pairs)
= {body of APPEND, <'Q", pointer to gueue>)

The generic package of example & has the following
form in our noetation:

Example 15: Generic Quene Type

type GG is _ :
usel APPEND, REMOVE, initialized yueuve) in
tuple {specification of QG

O QG -~ creates instance of Q6 called Q)

Elaborastion of the declaration Qi QG; causes a "value”
for the package @ to be created consisting of ap initially
empty gquede data struciure and closures of package pro-
cedurss such as APPEND and REMOVE with bindings of their
non-local wariables to the local gueue data structure. Calis
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- tioning ‘between the

such as G APPEMD(E); by the user appénd the element E to
the queue specified by the binding of non~local variables of
G APPEND,

{iosurss allow non-local variables in a subprogram
definition to be staticaily bound to the environment in
which the subprogram declaration is elaborated so that
they are independent of tha environment in which the
subpregram is executed. They provide an operational model
for subprogram values that may be used as a basis for
degigning abstragt machines for languages having subpro-
grams as first-class values, An extended abstract machine

for languages with packages as first-class values may then - .
- be defined using the definition of packages in terms of sub-

program colosures. The ability to define a simpie abstract
machine which embodies the operational semantics of
langvages we are frying to design is a key to simplicity of
the associated programming langnags,

The interdependence of reseurces in a package iz
reflected in the fact that the collection of closuras
representing package resources refer to- shared resources

“hidden from the user and accessible ohly to resources

within the package. The operational model of hiding and
sharing in terms of an interdependent collection of closures
desarves further study and may come io play a central role

‘as a semantic foundation for object-oriented programming.

Onece the bagic model is understood, variants that aliow
access control, adding shnd deleting resources, multiple
views that share the same hidden resources, and concurrent
and distributed processing for hidden resources may be
considered, '

Ada permits the specification and body of subprograms
and packages 1o be separately compiled. The operational
implications of separate compilation will -be briefly con-
sidered. Separate compilation for packages requires that the
specification centain sufficient information for the user to

- write syvaactically correct calls on package respurces and

for the compiler to check the type-correctness of such
calls. Separately compiled bodies may be indicated in our
notation as follows:

Exzample 16: Package Ty pes with Separate Bodies

type GG is )
separate {(body of OG) in
tuple (specification of GG);

: G:'ﬁG;

" Beparate compilation of bedies requires careful parti- ~
information needed to  inveoke
rasources of 4 package and that needed during execution of
such resources. Once this separation is undersiood the pro-
vision of separate compilation facilities is straightforward.

“There may however be tradeoffs between information and

effiviency. One such tradeoff arises in connection with the
Ada regquirement that the data representation for private

- data types be included in the specification. This informa-

tion belongs logically in the package body since it is an
implementation detail, It was included -in the package
specification because it was felt by the designers that the

" compiler nesded this information to make cormpile-time

decisions about storage allocation. This dilemma arises
becanse abstract data types require storage for user-created
abstract data objects to be managed in ithe user environ-

. ment, and does nst arise at all for object-orientsd abstrac- -

tions which remowve this burden from the user.

The term "entity” will be used to refer to the extended
notion of type resulting from the unification of types and
program nnits. The set of attributes permitted for entities
should be a union of those associated with types and




program units in current Ada.

Ezample 17: Attributes of Emtities

has a type which determines operations
is created by declarations
may have components

- may be components {of arrays, records)}

attributes may be access values {of lisis)
af may have parameters
aniities may be paramsters, returned as valuss

may be assigned as values of variables
may bea tested for agquality
may have a hidden body

The proposed unification requires a generalization of
the notion of value so that subprograms have closures as
their wvalnes and package values are tuples of resources
whose interpretation is determined by the package body,
This generalization of the notion of value reguires partial
abandonment of the activation-record-stack run-time
environment, and might result in a penalty in execution-
time efficiency. But with careful design of the run-time
environment and hardware-supported garbage collection
these penalties would be acceptable. It is expecied that
object-ariented compnuters of the future will have built-is
cn-the-fiy garbage collection that will greatly reduce the
execntion-time penslty of having a heap. Moreover, the
user who 1ses only values that do not viclate the stack dis-
cipline would be able to run as efficiently as in current
Ada.

The proposed changes would result in an "ohject-
. triented language” with the notion of entities with values
riayving a central semantic role, The language would be
simpler because redundant concepis and mechanisms would
disappear and confusing non-uniformities in abstraction
parameterization aml accessing for data and program struc-
tures would be eliminated. Some of the proposed features
are currently present in languages like Algol 68 [33 (pro-
cedure values), Lisp (attribute lists for defining objects),
Russell [4] (careful analysis of noticn of type), and
Smalltalk [5)] (modules are first-class objects). The pro-
posed language would be an Ada-like language just as Ada
is a Pascal-like language, but would reflect the state of the
art in 18835 rather than 1875, It would reflect our
incressed understanding of modular programming, recent
work on object-oriented languages and architectures, and
the lessons we have learned in developing Ada,

Typoe as First-Class Objecis

The domain of applicedbility of type-independent
gperations can be extended from data cbjects to program
units by making program units into first-class vaiues. It is
temptling to extend the domain even further by making
types into first-class values and permitting parameter pags-
ing, assignment, and other operations for types. This
requires careful analysis of the notion of value for types.
Tradeoffs between reliability, efficiency, and readability of
languages with vompile-time type invariance, and expres-
siveness resulting from run-time variability of types will
be examined.

Strong 1¥yping in Ada restricis the compile-time varia-
bility of types and conflcts with the treatment of types as
first-plass objects which can be manipulated at run tims,
We shall examine the restrictions on the run-~time variabil-
ity of types imposed by Ada, and consider relaxing these
restrictions so that types may have some of the run-time
variability enjoyed By objects. The mechanisms for
preserving type consistency when run-time veriability for
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types is introiduced suggests that type values be tuples of

Coperators as proposed by Demers and Doenahue for Russell

[4].

Ada reguires all occurrences of a type~valued expras-
zsion to be manifest at compile time. This implies that
assignment to type-wvalued variables gnd run-time pagsing
of type-valued parameters must be prohibited, However,
£da allows geperic abstractions to have compile-time type
parameters sudject to the resiriction that actual parameters
of a generic instantiation are determinable at compile time.
A generic gueue type QG with a generic type parameter (for
quete elements) whose actuzl parameter value is specified
at generic instantiation time is illustrated below:

Example 18: Generic Type Parameters

iype QG {formal type parameter) is
use {body of GG} in
tuple {specification of QG);

Q1 G {actual type {compile-time constant)):

Generie bodies may contaln identifiers assoeciated with
different types for different instantiations, But all type
variability is resolved at compile time during generic
instantiation, Imstantiation is conceptually a macro expan-
sion with substitution of the actual parameier for all
instances of the formal parameter in the "expanded”’ generic
body. Expansions for different actual types result in dif-
ferent overleading of the operators and subprograms for the
generie type in the body of GG that are automatically taken
care of by the overloadng rules of Ada (which cause
compile~time substitution of different code for differsnt
overloadings of an operator}. Thus overloading of APPEND
for queues of integers and gueues of messages is realized by
different subprograms in the compiled program, Generics
allow the programmer to write gemeric definitions with
type variables and objects of variable typa but are designed
so that all type variability may be resolved at compile time
by the overloading mechanism. Overloaded operators and
gubprograms applicable to objects of a given generic type
are implicit formal parameters of the generic body that are
bound to specific actnal parametiers at compile time deter-
mined by the actual type parameter supplied at generic
instentiation time,

Hun-time type variability for Ada could be introduced
in one of the following ways:

{1} Changing the semgmics of generics so that instantia-
tion is at execution time rather than at compile-time
and actual type parameters are allowed to be variables.

{2} Allowing the types of subprogram parameters ioc be

variables that are bound at the time of subprogram

call.

Execution~time gemeric instantiation would reguire
resolution of overloaded operators and subprograms te be
performed when the actual type is supplied during execu-
tion, or even later at the time that operators are used,
Instantiation could consist of execution-~time macro expan-
sion of object cade for the particular overloading of opera-
tors or of simply noting the iype and using it in subsequent
interpretive execution of overloaded operators, Type cop-
sistency is guaranteed either way because the system
knows the operators for each iype and ensures the right
execution-time overloading for operators of the generic
body.

Subprograms with type variables may be illustraied by
a BORT procedure which has an array parameter whaose




elements have a variabie type T2 and is supplied with a "<"
operator that compares elements of the type T2 and returns
a Boolean resuit.

| Example 19: Type Var.z'abi}.z‘zy in Proceduras

" procedura SORT(X: array {T1) of T2; with "< (T2R2IROOLY

The identification of the type valte wiih the tuple of
its operations sllows types to be treated as first-class values
and allows unification of the notion of type with that of
Tecords and packages as a tuple of resourdes. This approach
has been taken by Demers azd Donahue in advocating and

*implementing the principle of type completeness for the

Pxplicitly . supplied " operators such as "< allow a -

programmer-defined meaning to e associated with apera-
tions on the type T2, either becalise none exists or becauze
ithe programmer wishes to redefine the meaning, Implicitly
supplied operators such as assignment for elements being
sorted are assumed to have a default meaning for all ele-
ment types T2, In general each variable type may have
~ both implicitly overlosded operators whose overloading is
supplied by default by the system and explicitly overloaded
operators supplied by the programmer,

The above examples iltusirate that type consistency in
& strongly typed language may be maintained by supplying
operaters on objects with the type along with the type
itselfl at the time the type value i bound, Such operators
may be supplied elther explicitly by the programmer or
implicitly by .the system. The need for such operators
demonstrates that the operators are affectively part of the
"vatue' assoclated with a type,

Abandoning strong iyping altogether leads to "type-
less” languages such as the lambda caleulus, Lisp, or Snobol
4, in which types of variables are not known at compile

- ilme, Languages like SNOBOL 4, which combine typeless-
ness for wariables with a notion of type for values, are
type-consistent in the sense that executicn time checks
guarantee that only legitimate operators can be applied to
vatnes of variables. Tho iype is part of the value agsd a
run~time type check causes dynamic selection among owvers
loadings of an operator.

Variant records provide a mechanism for selective
typolessness that allows the programmer to defer type
thecking to run~time for selective wvariables. Variant
records in Ada have a discriminant fieid that identifies the
" current variant and provide differemt code segments for
operating op different varianis of the type. Tests are pro-
vided to allow programmer-defined checks for type con-
ststency, but these tests could in principle be backed up by
system-defined checking for consistency of the tag fieid of
a variant record with the operations toc be applied to the
data.

We have indicated a number of options on the spec-
frum between manifest compile~time type specification and
complete typelessness. Type variability was found to bhe
closely coupled to mechanisms for binding operators for a
given type to specific operations. Compile-time type reso-
lution for gsneric imstances in Ada is closely coupled to
comapile-time binding of overloaded operators, while run-
time type varfation requires run-time binding of operators.
Operators are effectively additional parameters of type
varying modules that are bound when the {ype is bound.

Type consistency of iype-varying modules can be
agsured if we associate new values with all operators on
objects of a given type every time the type changes, This
effectively identifies the "value" of a given type with the
tuple of all operators on objects of the type. I we sys-
tematically update this value every time the type changes
then type consistency 1s auiomatically maintained no
matier how much run-iime type variability is introduced.
¥From this point of view strong typing is seen to be a syn-
tactic requirement for textual type invariance that is com-
pletely orthogonal to the requirament of type consistency.

language Russell [4]. The present discussion indicates how
completeness consistency can be approached starting {rom
strongly-typed languages such as Ada. Strong typing may
be seen as a reguirement for restricting textual varlability
of types that is orthogonal to type consistency. Abandon-
ing strong {yping may ryesult in severe problems of
expcution-time efficiency and program readability and is
not necessarily recommended for higher-leval languages,

‘However, the potion of type and package values as tuples

with similar structare isattractive, Moreover, the concep-

‘tual intreduction of iypes as first-class values decouples

considerations of textual type invariance from considera-
tions of type consistency, thereby allowing a more flexibla

Capproach to the design of type sysiems for higher-level

langunages.

Comparisen with CLU _ _
CLU [B] is a programming language whose type

“mechanist supports hoth program and data abstraction. It

is instructive to compire clusters (the abstraction mechan~
jsm of CLIT) with the data abstraction amd gemeric fype
mechanisms of Ada,

Clusters are 1ypes.. Instaness of a cluster are intyo-

-dueed by declarations. Instances of clusters are firstwclass

- objects {they can be passed as parameters and be com-

ponents of structures). But a cluster is semantically iike a

package with a set of operationsg on 3 private data type,

13t

Declaration of am instance s concepiually like generic
instaptiation, since declaraticns create an instance of the
complete cluster rather than just of the data iype. The
cluster data t¥pe may be thought of as the value atiridbute
of the cluster, It may be initialized by a "create” operation
and then updated by operators that modify the value,

CLU allows clusters to have generic parameters, but
breaks down the process of supplying actual pavameters and
creating instances of the cluster inte two steps. This sim-
plifies create operations for clusters. It permits the declara~
tion of both clusters and data types to be modeled by
parameterless operations with similar syntax and seman-

. ties,

CLY, like Lisp, distinguishes between binding a vari-
able to a conceptually preexisting object {CLU assignment)
and changing the state of a preexisting object. . Iis notion of
asslgnment is very different from the Ada notion of assign-
ment which causes a copy of an object 10 be placed into a
“container” associated with the variable., The CLU and Lisp

mechanisms . for binding wvalues to variables provide a

cleaner basis for associating first-class values with arbi-
trary objects than the mechanisms of Pascal and Ada.

The work on guardlans [7], which is an evelution of
the work on CLU for distribated processes, explicitly intro-
duces two kinds of moduales whose mechanisms for com-
munication are respectively governed by message passing
and shared variables. Guardians, which represent complete
nodes of a distributed network, can communicate with
each other only by message passing, while medules within

‘& given guardian can comunugicate through shared vari-

ables or parameters, Any successor io Ada should contain
both abstraction mechanisms for copcurrently exetutable
modules which can communicate only hy message passing
and submoedules which can communicate by shared wvari-
ables or paraneters.

CLU provides a model for the nnification of program
and data abstraction in the pressnce of strong typing that is
a good reference peint for the unification of objects and
program units in Ada. Lisp, ML, and Russell providse




-additional models, The successor of Ada shauld try to com-
. bine the Ada approach to separation between interfacs
specifications and module bodies with mechanisms in the
above languages for the unification of values, functions,
‘gtructures, and types.

Cenclusion

The duality betwesn objects and program units in Ada
is a source of unnecessary complexity which could be elim-
_inated by replacing these separate but redundant notiens by
a single notion (entity) having both object and program
cattriputes. This duality gives rise to complexity at the
- level of programming mathodology which forces the user
i0 make artificial choices between data and program
abstractions. 11 gives rise to complexity at the level of
language design becanse the designer 1z forced io choose
petween a commitment io a program view or data view of a
language construct or, a in the case of Ada tasks, 1o viclate
the dualily between objects and program units that lies at
the core of the language design. A unified mechanism for
handling objects and program units would mnot merely
result in a simpler lapgnage with a smaller number of
"orthogonal" concepts. It would remove the need for an
artificial and prematurs commitment to program-oriented
or data-oriented views at the level of programming metho-
dology or language design. The development of a unifarm
- mechanism for abstraction and of a consistent mechanism
for types ave important isstes in designing a successor to
Ada. Thiz paper i3 not intended to provide definitive soiun-
tions but to stimuiate further discussion.

The designers of Ada were asked {as part of the rules
of the Ada design competition) to choose between a com~
plex language (PL/I or Algol 68) and a simple language

- {Fascal) as a starting peint for Ada. The altermative of
building outwards from a "simple” Pascal framework was
chosenr over that of scaling down and modifying the maore

complex Algel 88 or PL/I frameworks. In designing a suc-
cessor to Ada we could similarly start with a complex
language such as Ada itself or with a simpler language such
az CLU, Russell or ML, Choice of Ada as a starting point
could resalt in a simpler, more powerful language easily
learnmed by Ada programmers, while chotee of a simple
language would allow s to start from sound principles and

a simple abstract machine and add required semantic

features and syntactic sugaring in a way that is consistent
©with the basic model. Clearly the answer is fo combine the
twe approaches so that the understanding of language

. gtruciure in the resedrch community can be combined with

the understanding of problem-s0lving requirements accu-
mulated during the design of Ada. It is not too early to
start thinking shout the redesign of Ada, making use of the
suggestions in this paper and of advances in hardware and
langnage design and implementation technology in fhe
19805 [8)]. The period between now and 1985 could be
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used for research and requirements analysis, with the .
objective of producing a new language design by 1987 and
of completing an implementation of the new language by
1890, Experience gained in the design and implementation
of current Ada will prove extremely useful. Current Ada
may be viewed ag a "rapid" prototype for the proposed suc-
CRES0T,

We conclude that a sirongly-typed Ada-like language
with first-class values for data objects, program units, and
types is desgirable and feasible, The principles of design
depend on a uniform notion of value that permits type-
independent operations such as assignment, parameier pass—
ing, and component seiection to be uniformly performed
for zil entities, and on the development of a simple abstract
machine and an architecture that pemits efficient imple-
mentation of the abstract machine. The present paper com-
plamernts fundamental research in this area on languages
which derive from the lambda calculus by showing how
notions of wvalue and structure develapaed for such
languages can he used to simplify, unify and model the
constructs of Ada,
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* Chapter 4: Object-Oriented Programming in Other %.;anguagés"

Although Smalltalk and Ada are the most important kan-
guages related to object-oriented programoming, there have
been many other languages built that support objects or which
add ebject-oriented features to existing languages. Some of
these languages are considered in this chapter.

Descriptions of some of the more well-known object-
oriented languages and pointers to the literatute are included
in the references.

1In the first paper, ““History and Goals of Modula-2,"” Nik-
taus Wirth describes the forces that led to the development

“of Modula-2. Modula-Z is an extension of Pascal that includes
" the module, a device for encapsulating procedures and data;

however, like Ada, it has no imheritance mechanism.

" Meodula-2 is an outgrowth of two earlier langnages: Modula
and Mesa. Modula is an earlier language of Wirth’s. Mesa
" is a language created at Xerox PARC and is a predecessor

of Smallialk.

Modules are very similar to packages in Ada. Wirth has
found through his experience that providing the module facil-

- ity was one thing, and using it wisely was something else.

Ome rule is to make the interface between modules as ““thin”
as possible. Another is that a typical good use of a module
is as the collection of routines that operate on a set of data.
Thus we see the basic idea of object coming up again.

In ““Modular Programming in C: An Approach and an
Example,” Kalyan Dutta explains how object-oriented
programming can in part be incorporated into ordinary C,
a language not designed with objects in mind. The approach
uses available tools in C from a different perspective than
usual. In particular, functions and variables can be hidden
from other parts of the software system by declaring them
““static’” in the language. Other objects can be made public

" by declaring them “‘extern.”” An example of this usage is

presented in the paper.

" This paper reminds one of the way in which structured
programming was incorporated into every language, even
assembly language, no matter how unstructured they were
to begin with. Is it a good idea to take a new concept like

“structured programming or object-oriented programming and
" force it to somehow fit into whatever language you are work-

ing with? It’s a hard question to answer because of the trade
offs involved. On the one hand, when a new concept comes

_ along, that is an improvement over the former way of doing

things, it is important to incotporate it into your work. On
the other, some very strange consiTiicts can creep into our
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programming when we foree a language to do things for
which it was not designed. A way around the dilemma in
the past has been to invent some higher level language, say
a program design language, that has the features we want,
do the real programming in this langnage, and then hand (or
machine) translate it into whatever language is forced upon
us. We have seen, for example, Ada design language being
used for many projects that have no intention of actually using
Ada for the final program.

In obiect-oriented programming, some important skills are
to think of your program as being made up of ohjects and
to choose these objects in a natural way. Fortunately, these
skills are independent of the language in which you must pro-
gram. Select an object-oriented language if you can, other-
wise, think in objects and map your thoughts, the best you
can into the programming language.

Brad I. Cox, in “‘Message/Object Programming: An
Evolutionary Change in Programming Technology,”
describes the operator/operand model of programming and
notes a major oversight: Operators and their operands are
usually very closely coupled together, not independent. He
also describes the ideas of classes, messages, encapsulation,
and inheritance (borrowed from Smalitalk) and how they are
made available in **Objective-C,”" an extension of C for
object-oriented programming. i '

The approach of the paper is a fine example of the ideas
presented above. A higher level language incorporating the
needed concepts has been created above C. This higher level
language, Objective-C, can be used as the vehicle for
programming and then machine translated to C.

The paper is an excellent overview of the ideas of object-
oriented programming and how they can be incorporated into
conventional fanguages.

In “Object-Oriented Languages for the Macintosh,”” Kurt
Schmucker describes the current status (as of August 1986)
of object-oriented languages for the Apple Macintosh. The
languages described are Smalltalk, Object Pascal, Neon,
ExperCommonLisp, Objective-C, Object Assembler, and
Object Logo. Because so many languages are available and
because an excellent object-oriented vser interface is avail-
able (see *‘MacApp: An Application Framework,”” in Chap- -

“ter 2 of Volume 2), the Macintosh is an ideal computer for

object-oriented applications.

_The paper by Daniel G. Bobrow, Kenneth Kahn, Gregor -

Kiczales, Larry Masinter, Mark Stefik, and Frank Zdybel,



“ConimonLoops: Merging Lisp and Object-Oriented
Programming,”” describes an extension to Common Lisp
which supports object-oriented programming. The extension
is called CommonLoops because it draws upon Loops (Lisp
Object-Oriented Programming System), an earlier language
‘that added objects to Lisp. CommonLoops attempts to

- achieve its capabilities by modifying Common Lisp con-

- structs in as graceful a way as possible. CommonLoops is
intended to provide a small efficient kernel in which other,
more capable, object-oriented languages can be implemented.,

- Some of the capabilities of the language follow.

A method is a procedure that is run when a particular mes-
sage is sent to a particalar type of object. Commonki.cops
extends Lisp’s function call to include messages by inter-
preting the form ““(foo a b}’ in a way such that the particu-
- lar function invoked depends on the identifier ““foo”” as well

as the type of a and the type of b, Methods are defined by

using a new defining form, definethod, which is upward com-

patible with Lisp’s usual defining form, defun. An cxample
~of the use of defmethod is

(defmethad move (b blocky x vy ... )

Here, move is being defined only for calls in whick the first
argument has type block.”

CommonLoops allows a kind of inheritance to be achieved
by extending the syntax of defsiruct to include a list of struc-
tures. For example, if one defines

{(defstruct (dtled-window (Ciaclude (window titled-thing))y}

then the structare titled-window inherits all the features of

window and titled-thing. The inheritance mechanism allows

functions defined for one structure to be inherited by another.

For example, if move is defined for windows, then it is auto-
- matically also available for titled-windows.

The Commonloops effort addresses the problem of incor-
porating Smalitalk-style object-based programming in anothes
language. Extensions {o the language were found to be neces-
-sary. Extrapolating, it seems that any serious atternpt to add
the important ohject-oriented capabilities to an existing lan-
goage will require extensions.

The final paper, ““Object-Oriented Programming: Themes
and Varlations,”” by Mark Stefik and Daniel G. Bobrow,
describes object-oriented languages from the point of view
of the Artificial Intelligence comumunity. The languages con-

-sidered are Smalltalk, Loops, CommonLoops, Flavors,
Object Lisp, KEE, and STROBE. Much of the article is con-
cerned with comparing how the various fundamental object-
oriented ideas are implemented in these languages. The
themes considered include message sending, classes,
instances, metaclasses, inheritance, multiple inheritance,
method  specialization, method combination, composite
objects, and perspectives. The article is an excellent over-
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view of current iraportant ideas in object-oriented program-
ming.
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BY NIKLAUS

WIRTH

" The module comes of agé'

BY 1977 THE concept of high-leve] fan-
guage, and with it Pascal, had gained
vopularity. To a major degree this was

.. -due to the recognition that mastering

the art of programming is based on the
understanding of its underlying con-
‘cepts, and that therefore it is essential
10 Use a notation that displays the con-

- cepts in a lucd manner and emphasizes

the need for orderly structures. Equally
“widespread, however, was the belief
that the price for this gain in structure
and lucidity was unduly high, and that
it was well worth paving # in the class-
room but not in the competitive world
of industry. This amounted to nothing
less than the relegation of modern pro-
gramming tools to the world of ivory
towers and toys.

Naturally, this clair was more than a
belief; it could be proven. Even worse:
it didn't have to be proven, it was evi-
dent. The same algorithm expressed in
‘FORTRAN would run twice as fast as
when expressed in Pascal or PL/, And

it was widely known that a clever pro-
grammer using an assembler could
" even enlarge this factor, In the same
vein, the code generated by a high-level
- language compiler was considerably
larger than the one constructed by the

clever coder at a lower level. -
© The numbers, although measured,
proven, and therefore true, were based
on a misunderstanding caused by many
peoples inability to distinguish between
& programming language and its imple-
rmentation. A programming language is
a formalism suitable for expressing algo-
rithms and data structures, based on &
concise and formal definition of its con-
structs and their meaning. {From this it

follows that the term language is actually

most unfortunate and misieading ) An
implementation is a mechanism for the in-
terpretation of programs expressed in
the formalism. I am afraid that even
today many professionals, - including
teachers and writers. fail to make this
fundamental distinction.

1 was then fully aware that the claimed
loss in effectiveness was not inherent in
Dr. Niklaus Wirth is head of the Department
of Computer Science at ETH (the Swiss Federal
Institute of Technology) lustitut fur Informatik
(8092 Zirich, Switzerland), He developed
several programming languages, including Paseal
and Modula-2, and the Lilith personal computer,
and fas received the IEEE Emanuel B. Plore
Havard for outstanding achieveingnt i the field
of information processing.
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the concept of the high-level, structured

language, byt in'the inadequacy of the
-present implementations. Conse-

quently, in our efforts to develeop a com-
piler for Pascal we paid much attention

‘to achieving an efficient compiler, ie, |

a compiler that compiled fast and also
generated dense and effective code

.Eventually, our second Pascal compiler

for the CDC Cyber computer, com-
pleted in 1974, generated code whose
efficiency was genuinely comparable
with that of a goad FORTRAN compiler.

fronically, howevet, the'bréakthrough '

“of Pascal did not come from our valiant _

effoits to measure up to FORTRAN pro-
duction compilers. It rather came from

‘our so-called portable Pascal prom-
‘piler. where efficiency was a very minor
concern. In San Diego, Ken Bowles had

the insight and courage to write p-code
interpreters for various microprocessors
that had just appeared on the market

‘with Ioud fanfare. He introduced Pascal

to the world of computer users and

fans, where the efficiency of the pro-
gramming process was often much
‘more relevant than that of the resulting
programs. Even more important, these
‘users were seldom compelled to remain
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HISTORY AND GOALS

- Modula-2 grew out of
Pascal and incorporates
a few major and some
- minoy improvements.

compatible with their past, they were
less likely to adhere to the widespread
. misconception that their software
libraries were so valuable, merely
" because thelr development had cost 50
much,

The success of Pascal implementa-
tions for microcomputers, however, has
not eliminated the value of good com-
pilers. To the contrary, it has increased
the motivation to produce high-guality
implementations.

THE ProjECT LILITH

- An implementation does not consist of
the compiler alone but includes the in-
terpreting computer. Our efforts in con-
structing a good Pascal implementation
were bounded by the suitability of the
target computer. In fact. we spent a
large amount of energy to conceal and

_make up for the inadeguacy of the
underiying computer. We had learned
a lot about compiler design, but ] also

" recognized that a truly satisfactory
design would have to encompass pro-
‘gramimning language, compiler, and com-
puter, all properly matched.

My visit to the Xerox Palo Alo Re-
search Center [PARC) in 1976/1977, and
my confrontation with its powerful per-
sonal workstation, the Alto, provided
the incentive to undertake a new re-
search proiect encompassing all these
aspects, | was intrigued by the Alios

" singularly simple design concept and
the resulting flexibility for the program-
mer. Thus, | embarked on learning

"about hardware destgn and, upon re-
" turning to Switzerland, started the proi-
ect that resulted in the computer Lilith,
-a personal workstation based on a
powerful processor (Arm 2901 a bit
mapped display. a mouse as inpul
device. and an architecture tailored to

* the needs of a compiler. With a staff of

. gix parttime assistants this seemed to
he an overly ambitious goal, a project
almost certainly doomed to failure
Nevertheless, after two years. two pro-

“totypes of Lilith were operational,
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together with a compiler, an operating
systern, an advanced fullscreen mouse-
driven text editor, an interactive line-
drawing editor, and elementary utility
programs.

Apart from the maotivation and com-
petence of the team meambers, the feasi-
bility of the ambitious task rested on
three fixed constraints that 1 had
postulated at the start: {1} we would im-
plement a single language. and all software
would be written in that language, with-
out exception whatsoever: {2} the oper-
ating system would be designed for a
single user, thus avoiding difficult prob-
lems of scheduling, protection, resource
management, and accounting; (3) the
computer would have a single processor,
powerful encugh to execute programs
and to perform the raster operations on
the displayed bit map.

indeed, considering that Lilith was o
be a personal workstation, there were
no advantages to be gained by deviat-
ing from these constraints, in spite of
widespread popular trends to deveiop
multiprocessor, multilanguage, mult-
USEr systems.

The first constraint required a lan-
guage equally suitable for expressing
algorithms on a high level of abstraction
and for expressing operations directly
accessing machine facilities, equally
sultable for formulating a database sys-
tem as for programming a disk driver,
Evidently, Pascal was not capable
enough, and { did not favor the com-
maon escape of embellishing it with a
few “desirable extensions,” Maodula, a
smail language that [ had designed in
the preceding years to experiment with
the concepts of multiprogramming,
clearly did not suffice either. But it
featured a facility o partition programs
into modules with explicitly specified in-
terfaces. This was precisely the facility
needed to allow the introduction of so-
called lowlevel faciiities in the high-evel
language. because it allowed you to en-
capsulate them and to constrain their
dangerousness to clearly delineated
parts of a program. Hence, the choice
for the new language was Pascal, aug-
mented by the module and a few other
facilities, and regularized by a more sys-
tematic syntax. Thus was bom Modula-2.

MODULA-2

The language was defined in 1978 {10
vears after Pascal} and implemented by

138

L. Geissmann, SE. Knudsen, and C
facobi on the PDP-11. Its small store of
available memory (28,000 16-bit words
or 56K bytes) caused many obstacles
and was the reason for the first com-
piler's five-pass structure. In the summer
of 1979, the compiler was completed.
and at the same time, the first Lilith pro-
totype became operational. The oper-
ating systern Medos-2 had beén con-
structed by SE. Knudsen concurrently,
and together with the compiler it was
transported from the PDP-11 to Lilith
within three weeks. This was in itself an
encouraging feat in software engineer-
ing and proof of Modula-2's usefulness
as a system-implementation language.
After a year's in-house use, | published
the report on Modula-2 and we re-
leased the Modula-2 compiler to inter-
ested parties (March 1980). The defin-
ing report is included in the tutorial
book Programming in Modula-2 (N, Wirth,
New York: Springerverlag, 1982 which
 prepared up to the camera-ready stage
with the aid of Lilith and a document-
formatting system that | programmed,
of course. in Modula-2.

As mentioned already. Modula-2 grew
out of Pascal and incorporates a few
major and a fair number of minor im-
provemerits. The single most outstand-
ing added facility is the module struc-
wure. Basically, this facility allows you to
partition programs into units with rela-
tively well-defined interfaces. More spe-
cifically, it allows you t¢ control the vis-
ibility of declared objects and 1o hide
them from places where they better re-
main unknown. Since it plays such an
important role, we shall now ook briefly
into the history of Modula-2's develop-
ment,

Although the principle of information
hiding was much discussed in the early
19705, it is perhaps Maodula's merit to
place it consistently into the framework
of a clearly defined language. To the
best of my knowledge it was David
Parnas who first coined the expression
information hiding. Both Tony Hoare and
Per Brinch Hansen gave it form by con-
necting it to the class jacility of the pro-
gramming language Simula. This s es-
sentially, in terms of Pascal, a record
type; the set of instantiations of this
type forms what Simula terminology
calls a class. In contrast to Pascal records,
the Simula class allows you to associate
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procedures with the data represented -

by the field identifiers. Hoare and Brinch
Hansen then postulated that while the
names of the procedures would nor
mally be visible, those of the data would
remain hidden except within the asso-
ciated procedures. This feature was im-

" plemented in Brinch Hanser's Concur-

rent Pascal and embodied the principle
of information hiding. which in the
meantime {1974%) had been promoted to
that of data abstraction. The example in
listing | serves to exemplify the issue:
we use g liberal Pascal notation {"N” is
a constant);

.In a program using this class {type), -

one might declare variables

agDgl qusue
“and thereafter access them by state-
rments like

gl.put(l2.7) gl.getv)

but statements like "qlin = 2377 or
“glin = ghout” which evidently inter-
fere with the presented implementation
of the abstraction of a gueus, would be
disallowed. More importantly, they
wouid be prevented by the compiler,
which does not “see’ the field iden-
tifiers “n” “in" and “out” that are hid-
den inside the class (record) declaration.

Unfortunately, these proposals inter-
twined several independent concepts

like visibility, instantiation, indirection of

access, concurrency, and mutual exclu-
ston. Both authors had sctually postu-
lated these kinds of classes to embody
areas of mutual exclusion in multipro-
cessing systems, and the facility became
more widely known as a mowitor (in
which the HALT statements are re-

placed by synchronization operations).
In the development of the experi-
mental multiprogramming  language
Module-i, I strived for clarity of concept
and was conwinced that a substantial
disentangling of the various intertwined
concepts was mandatory. Together with
H. Sandmayr we found a possible solu-
tion in the structure then calted medule

that wouid concern the aspect of visi-

hility only. This, { believe, was the major
breakthrough, because in all other lan-
guages the visibility issue had always re-
mainad intimately connected with that
of existence. In particular, it was now
possible to declare sets of static, global
objects that were visible from selected
parts of the program only. This is

“typically desirable to encapsulate cer-

tain permanent parts of a system {like
device drivers, storage aflocators,
window handiers. etc). | erhanced this
module facility with so-called import and
export lists that allow the explicit control
of visibility across the "module wall” of
each individual object. Furthermore,
true o Algol and Pascal tradition,
modules can be nested. An export now
signifies the extension of visibility to the
outside, and import signifies its exten-
sion to the inside {see figure ).

SEPARATION OF SPECIFICATION
AND IMPLEMENTATION

During my afcrementioned stay at PARC
in 1976, 1 became acquainted with the
language Mesa, a Pascal offspring spe-
cifically designed to meet the needs of
large system development. Mesa also
incorporated an information-hiding fea-
ture. It also allowed you to encapsulate
program parts into modules but lacked

TYPE queue =

RECORD 5, in, out: INTEGER;
(*n = no. of filled siots: initially G
buffer: ARRAY [0 .. N~} OF REAL;

PROCEDURE Putlt:REAL}
BEGIN iF n = N THEN HALT {*full®h

END:

 PROCEDURE getiVAR & REAL):
BEGIN if N = 0 THEN HALT (empiy®)

END
END

Listing 1: Sample queus roufine in Pascal,

bufferfinl: =x; I ={in+ DMOD Nitven+ |

si=hufferiout]; cut:={out+ 1} MOD WNn:= n-|
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the ability to control the visibility of in-

dividual objects, and it entangled the

facility once again with another feature,
namely that of separate compilation, a facili-
ty of implementation. its noteworthy

cotttribution was the separation of the

declarations of the exporied objects
from that of the ones to remain hidden.
The former is called the definition part, the
latter is the implementation part, which con-
tains all those details that are relevant
te the realization of the exported
rmechanisms, but not to their functional
definition. :

The combination of Mesa's module
facility with split definition and imple-
mentation parts, and the (nestable)
Modufa-l modules with controllable im-
port and export resulted in Modula-2.

The facility of separate compilation
posed some nontrivial problems, The
key idea is that the compilation of a

- definition part results in a (compiled)

symboi table (represented as a file). The
file contains all information relevant to
importers {clients) of that module. If, at
3 later time, another module imports
objects from, say, modules M1 and M2,
then the compiler accesses the pre-
viously generated symbol files of Mi
and M2, Thus, the rules of type con-
sistency are observed across module
boundaries as well. This makes separate

_compilation genuinely helpful and safe,
-in contrast to independent compilation as
known from assembiers and FORTRAN -

compilers, which isa misleading pitfall -
when used with high-level, data-typed
languages,

Itis noteworthy that Ada incorporates -
this form of module in almost identical

“form, although under the name package. -

We can attest that this is one of the
more essential features of any system
language because we have made exten-
sive use of it for the last five years.
Regrettably. Ada designers have failed
to restrict separate compilability to
glohal modules,

USING MODULES EFFECTIVELY
During the last five years, we have seen
that postulating and providing a new
facility is one thing, and learning to
make good use of it is another. The
maore intricate and sophisticated a facii-

ity is, the smaller is the chance that it

will be used wisely. In fact, finding the
appropriate structure for the data and
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‘program is the key to successful pro-
gramming, With the module we have
added another level of granularity in
program structuring. The difficulties of
finding a good partiticning--1 carefully
avoid the word “optimal~are cumu-
lated at this level because often the
modules are the units that are con-
structed by different programmers.
Thejr contracts. in fact. are the defini-
- tion parts of their modules. The defini-
tion parts establish the interfaces, which
constitute the first task in a system’s
desian process. Lucky are those who hit
. a good solution at the outset, for any
change affects all participants. 1f a
" definition module A has beéen changed
in any way, then all modules that import
A must be adapted fand at least be re-
compiled). This is not the case, however,
if only the implementation part of A had
been maodified. Hence, a fair degree of
-decoupling is established. Extreme ex-
-amples are the primary utility modules
of an operating system, because they
are used by virtually every program,
The system may well be modified with-
out hampering the users. However, the

slightest change in a definition module
will require the recompilation of ali
clients.

The first rule to be observed when
you deal with modules is that the inter-
faces must be considered before imple-
mentations are attempted. The terser
they are, the smaller the chance for
mistakes and the need for changes. In-
terfaces should, by their very definition,
e “thin

A second observation is that a
modiie usually hides a set of data and
provides a set of operators to manipu-
late this data. By forcing the client to ac-
cess this data via the offered pro-
cedures, the module's designer may
guarantee that certain consistency con-
ditions are always observed, i2., always
remain invariant. Tn the queue model
shown in listing 1, it is guaranteed that
the counter n truly reflects the number
of elements contained in the buffer and
that their order of coming out of the
queue is the same as that of going in.

As & consequence, a module is tygi-
cally chosen as the collection of rou-
tines that operate on a set of data.

IMPORTS

|EXPORTS

Figure 1: Crucial to the structure of Modula-2 is the concept of the module, which may be
nested inside other modules. Within each module, the visibility of ofjects to other modules
may be conirolled vie the IMPORT and EXPORT functions.
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which can be seen by the client as an

abstraction defined by the accessible
set of procedures.

Often, a module is also chosen as the
collection of procedures that constitute
a level of abstraction of data that is
residing elsewhere. For example a
moduie containing a set of input and
output routines such as

Readinteger{f,x} and WriteReal{f x)

will allow you to think in terms of the
abstract concept of a sequence of in-
tegers and real numbers, and to ignore
the details of its implementation in
terms of bits, bytes, buffers, files, disk
sectors, etc,

Consequently, such a module is
chosen in order to establish a new level
of abstraction. The success of such an
abstraction crucially depends on its
rigarous definition and your willingness
tor genuinely ignore its implementation,
Please don't misunderstand! 1 do not
say to remain ignorant of its implemen-
tations, but rather only use an imple-
mentation's properties that are defined
in terms of the abstraction. To cite a
wellknown example: if you think in
terms of integers. it does not make
sense to ask for the value of an integer's
last bit, even if yvou know that it is
represented as a sequence of bits In-
stead you should ask whether the in-
teger is odd.

COMPUTERS, LANGUAGES,
AND COMMERCIALISM
It is precisely the ability to think in terms
of proper abstractions that is the hall-
mark of a competent programmer, Even
mare, he or she is expected to be able
to jump from one level to another with-
out mixing them up. A structured lan-
guage is enormously helpful in this
endeavar, but it does not do it for you.
It is like with a horse: you may guide it
to the water, but it has to do the drink-
ing itself. T arn afraid that this simple
truth is in stark contrast to the numer
ous lulling advertisements being pub-
iished in such abundance. They clever-
ly reinforce themselves with siogans like
Switching to Pascal solves ail your {program-
ming) problems and Qur Computer speaks
Pascal. and, in fact, represent nothing
more than an extremely aggressive
sales campalign.

Sooner or later, people will, through




harsh experiences, realize that they
have become victims of slogans and
fads, and that owning the best of tools
is worthless unless that tool is
thoroughly understood. | am afraid that
the modern trend of overselling can
become counterproductive. [ have seen
progressive teachers proudly offering
their students the chance to learn struc-
tured Pascal, and 1 quickly realized that
the students had no inkling of what
structure meant. And [ have seen pro-
fessional programmers proudly present
Pascal programs abounding with neat-
ly indented structures, comments (for
documentation, of course), and lots of
procedures and sophisticated data
types. Upon closer inspection, however,
the baroque nomenclatures and struc-
tures revealed themselves as dead-
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weight. Sometimes, redesigning these
programs led to drastic, even tenfold.
reduction in their size and complexity.
[ sadly realized that a high-level pro-
gramming language could not only be
used to design beautiful programs with
much less effort, but also to hide in-
competence underneath an impressive
coating of glamour and frills. The
analogy to literature became all too evi-
dent. We must do our best to avoid the
misuse of modern programming lan-
guages for the selling of lousy contents
through enticing packaging. Style may
be essential to achieve a good design,
but ultimately it is the design, and not
the style, that counts.

Let me emphasize the point: neither
Owning a computer nor programming in
a modern language will itself solve any
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problems, not even yours, But it may be
instrumental. Predominantly, 1 have
noticed. more effort is spent on obtain-
ing those instrumental tools than on
mastering them. And this is a grave
mistake. Perhaps the most effective
precaution against it is this rule: Know
what the tool is to achieve and what you
are going to use it for before you ac-
quire it. This holds for language as well
as computers—the more sophisticated
it is, the more effort you will need for
its mastery, the bigger will be the
chance for its misuse, but, presumably,
the higher the ultimate reward. [ hope
that this reward is not only measured
in terms of problems solved and dollars
earned, but also in the learners’ satisfac-
tion of having gained understanding,
ability, and genuine insight. ®




technical contributions

Modular programming in € :
an approach and an example

: Kalyan Dutta
Lockheed Palo Alto Research Laboratory

Unlike ADA or Modula-2, the programming language € is not
inherently modular. But by exploiting certain features of the
language it is possible to build modular design into C programs.
This 'has advantages in large programming projects where source
code will be written by many programmers, or in applications cal-

- ling for a cellection of syntactically identical interconnected
modules.

_ The approach suggested here 1 not as ambitious as in
Stroustrupl19821, requiring a change to the C compiler: rather,

standard C {Kernighan & Ritchie[1978)]) is used. This is more in
keeping with the work of Boyd[1983, 1984].

1. The problem

Normally, in a collection of € source files (modules),
~defined functions are external objects; their names are known
globally. This places the burden of avoiding duplicate function
names upon the programmer(s). There is also in C a great tempta-
- tion to declare a large number of variables external for purposes
of inter-module communication. The problem is that these vari-
ables are also globally defined, and care must be taken to make
them unigue.

Wnat is needed is a mechanism for hiding obijects (variables
or functions), i.e., for declaring cbjects as being private, and
for making public only those objects that are required to be
accessed by other modules.

- 2. A solution

Fanctions and variables that are declared "gtatie" in ¢ have

just the desired property; they are invisible to other program
modules. To guote from Kernighan & Ritchie[1978, Sec.4.6] :

"In C, "static” connotes not only permanence but also a
degree of what might be called "privacy." ... external static
objects {variables or functions) are known only within the source
file in which they appear., and their names &o not interfere with
~wvariableg or functions of the same name in other files.

N Reprinted with permission from SIGPLAN Notices, Volume 20, Number 3,
March 1985, pages 9-15. Copyright € 1985 by Kalyan Duta. 142




" External ‘static variables and functions provide a. -way to
conceal data objects and any internal routines that manipulate
them so that other routines and data can not conflict even inad-
vertently."

3. An approach

" To emphasize the- . approach ‘used, let .us introduce two
synonyms for the C keywords "static” and "extern". These synonyms

are

#define PRIVATE static

“f§define PUBLIC extern

These synonyms would commonly be part of a header file tao be -
included in each source module, and processed by the C compiler
Preprocessor.

Adhering now to the convention that each gleobally -defined
object (variable or function) must be declared PRIVATE or PUB-

'LIC*, we see that PRIVATE objects are entirely local to the

defining module, while PUBLIC objects may be referenced in other

"modules. Of course, all objects in a module, whether PRIVATE or

PUBRLIC, must still be uniquely defined.

This simple approach to module-level object hiding’ allows -

the programmer to use arbitrary PRIVATE object naming and to o
‘ensure that only those obijects that must be are made FUBLIC,

To delve further into the matter we need an example. Let us
look at a programming example in which the use of a large number
of identical modules is appropriate. '

ﬁa An example

A menu structure can be implemented as a collection of menu
nodes connected as a directed graph. Each menu node has the fol-

. lowing attributes: a set of menu "keys" and an action associated
"with each "key". By allowing the associated action to include the

invocation of a new menu node, we see that arbitrarily complex

menu structures can be thus defined.

consider an implementation that will -‘accept a fsimpie"
deseription of such a menu "tree" and will autbmatically generate

the associated menu traversal program..

¥ Normally not explicitly used in ¢ programs, the

~"storage class specifier” extern ls the default class,

(Kernighan & Ritchie{1978], Appendix A, C Reference

~Manual}; however, all defined functions may be so de-

clared explicitly, including the entry routine main.
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The key observation here is that every menu node is syntac-
tically identical with every other node. Therefore all we need is

a single node processing module that will serve as a template for
each node in the menu structure.

_ We will consider the simple example of a such a menu struc-
ture consisting of Jjust two distinct menu nodes. The conmplete
module listing for each menu node is given below. They are shown
side by side to emphasize their similarity.

o Dot 29 12:09 1984 nodel.c Page 1 oot 292 012:809 1934 node?.c Page ]
dinclude “meni . ht $include “mane.h"
/% references to other menu nodes */ /* references to other menu nodes */
| PUBLIC int nodez{}; PUBLIC  int nodal{l;
/* references to private node functions */ /* references to private node functions */
PRIVATE doitl) | FRIVATE doit() |
fprintf{stdout, "nodel: pop\n"); fprintf{stdout, "node2: popi\n’l;:
return i; return 1:
)
PRIVATE init() { PRIVATE enditl) 1
fprintfistdout,“calling nodeii\n™}; fprintf{stdout, "node2: double pop\n"};
X _ return 2;
PRIVATE wrapup(} { ] )
fprintf(stdout, "leaving nodell\n"i; PRIVATE init() |
! fprintf(stdout, "calling node2in");
: ]
/* %eys assoriated with this node */ PRIVATE wrapup({) |
' fprint f(stdout, "leaving node2\n"j;
PRIVATE Keypad keys[] = { H
"exit ndl", doit, .
“call nd2", node?, /* keys sssociated with this node *f
“nodelnop”, NULL, : .
WULL, NULL PRIVATE Keypad xeys[] = {
1 “dbl jump”, endit,
. a “sagl jmp", doit,
/% definition of this node as a module */ “call ndl”, nodel,
“node2nop”, NULL,
“PUBLIC MODULE{nodel,init,keys,wrapup) NULL, NULL

1:
/* fatinition of this node as a module */

PUBLIL  MODULE(nodeZ, init,Xkeys,wrapup)

Note that the syrntactic organization of both menu nodes 1is the
game, but that similarly named routines have different actions in
~the two nodes. The specification for each menu modiele can  be
broken up into four logical sectiocons :

1) The PUBLIC names of other menu nodes pointed to by this node
23} a set of functions PRIVATE to this node

3) the PRIVATE keypad assoclated with this node, and
4) the declaration of this node as a PUBLIC module.
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A kaypad is declareﬁ as an array of palrs of keys (each dlS“.

 tlmgu1$hed here by its own key legend) and associated functions.

: At each node, one action asSOCLatedjwlth'a Key may ‘be to do
“nothing, or to <¢all a PRIVATEly defined funcdtion {e.g. doit).
"Although these functions may be multiply defined, the  modularity
.convention adopted here allows each reference to be correctly
- resolved.,

Another action attached to a key may be to call - up . another
node; PUBLICly defined. Here nodel may call up node2, and vice
- versa.* All of the structure of the menu graph arises solely as a
~result of such calls: no other structure is imposed by the menu
generation program. {In this instance aithough only  twé nodes

are defined, the resulting menu structure is arbitrarily deep.)

In this example the names of two=funﬁti&nsriinit-and'wrapup).’

form part of the definition of each node as a module. These func-
tionsg are called upon first entering a node, .and . just prior to
~leaving 1it, respectively. These function definitions are not
essential but simply emphasize the uniformity of design. . One - or
both of these definitions may be omitted, with the C keyword NULL
" replacing the name in the module definition.

The structure of a keypad and the - definition  of a  MODULE
declaration (as well as the synonyms for PUBLIC and PRIVATE) are
to be found in the header file menu.h

Dot 2% 12:09 1%84 menu.h Page I

_#include ¢stdio. hy

. #defina PRIVATE static
#define PUBLIC extern

Ceypedef struct Keypad |
char ®legend;
int (*ifunc}():

1 Keypad, *Keypir;

- $define MGDULE{name,init ,keys,wrapup} named) \
{ return _workwith(init,keys,wrapup);: }

-The declaration of each node as a module-is thus resalved-_aS"an
implicit vreference +to the PUBLIC function wdrkwith, with the
keypad for that node as an argument.

_ With this organization, the menu traversal routine -itself -is
guite simple; it works with the set of keys in one node at a
. time, and maintains a linked list of keys organized as a stack as
- it traverses nodes. Here is the PUBLIC function workwith :

]

- * There is no difficulty with circular referencing here -
if we consider each invocation to call up a fresh in-
stance of a node.
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Dot 292 13:43 1984 menu.c Page L

" #include "menu . h’

 typedef struct  Stack {

short level:
char *name;
union {
int (*ptr}():
}ou:
struct  Stack Frawt;
‘1 Stavkr
S PUBLIC int _workwithl{init,keys,wrapup)
int {(*init){};
Keyptr keys;
%nt {*wrapup)(};
char inputl20];
int status;

Stack tap

Stack *lockup{):
Stack Finstall(i;
Stack *mkiree{);:

AE (init) (*initi{};
cinstall{keys):
display();

while {fscanf(stdin,"¥s™,inputlsa&{spslookuplinoput))) |
if (sp-ru.ptr)
if {status={*{sp~>u.ptr)){)} {

mkfres({};

if {wrapup) {Fwrapup}{}:
} raetirn -—-status:
displayi);

}

mkfree!):
if (wrapup} {(Fwrapup){};
return NULL;

]

FUBLIC wmiain()
A

3

fprintf{stdout, "meny exit status 34\a",nodel{l):

Within its loop, workwith compares a string read at the
~standard input with one of the keys in the current node and axe-
cutes the associated function. No match results in an exit from
the node. Also included is a facility for effecting multiple
levels of return from a nede by using a nonzero return value.

_ The stack itself is PRIVATE to workwith, as are the func-
tions install and mkfree which respectively place on the stack
and remove all keys for a node. The PRIVATE functicon locokup finds
a key in the current node,

In accord with our modular approach, these and other support
routines are declared PRIVATE and thus hidden from the menu
‘modules themselves. They are listed at the end of this note.
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5. Conclusions

Modular programming is possible in C by using certain pro-
gramreing approaches. These approaches are useful in large pro-
grams and in certain inherently modular problems where module-
level object hiding results in uniform module designs.
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7. Implementation Details
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*/

o PRIVATE int laeval = -]
PRIVATE Stack *S_list = (3

PRIVATE Stack Tinstallikey)
Keyptr key;
{

int iy

Srack 5 new;
Stack *rackup();
char *emallocl);

faval+t: .
for (i=0; key{il.legend; i++) {

if {loockupikeyl[il.legend)) R
fprintf{stderr,"install: dup. key legend %s\n",
key[il.legend):

& new = {Stack *)emalloc{sizeof{Stack}):
stropy!( (8_new->name
=gmalloc{strien(keylil.legend)}+1)}, keyl i) legend);
8 new-ru.ptr = key[il.ifunc;
8 new->level = level;
s new—>next = s_list;
} s_1ist = s_new;
return % list;

PRIVATE char *emalloci{n)
unsigned n;

char *p;

char *malloc{):

if ({p=malloc(n))==NULL} frrintf{stderr,"out of memory\n");

return pp
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*/
PRIVATE Stack *ipokupf legend)
char *legend;
t
stack *op;

for (sp=s_list; spl={8tack *}0, sp-rlevel==level; sp=sp-rnext)
if {istrnemp{sp-rname, legend, strlen{legend) ]} return sp;

_ rerurn WULL;
}

PRIVATE display(}

{

Stack Fap;

int i;
for {(i=0; ic<level; i++) fprintfi{stdout,”™ s
fprintf{stdout, " o \n");

for {zp=s_list; spi=(Stack *)0, sp->level==level; sp=sp-’next} |
for (i=0; i<lewel; i++) fprintf(stdout,"” "

: fprintfi{stdout, "] %s [\n",sp-rname);:

}

for {i=0; i<level; i++) fprintS{stdout,"” "}
fprintf{atdout, ™ wmmmme——— \n"l:

}
PRIVATE Stack  *mkfree{)
{
Stack top;
while ({sp=s_list}-»level==level) [
5_list = s _list-»next;
free{sp-rname};
frea{sp};
}

level--;
return s_list;
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Could a marriage of the
message/object model, a la
Smalitalk-80, and the
operator/operand model,

a la Unix, improve the lot of
both users and programmers?
Stay tuned. . .

his article is a tutorial on thé
Tobject-oriemed programming
style used in Smallialk-80 and a per-
sonal history of the reasons that led
me to pursue this style within con-
ventional languages such as C. 1t ad-
dresses the guestions:
& What is message/object pro-
gramming?
+ How does it differ from conven-
tional programming?
& What can be gained by adopt-
ing it?
= How can it be achieved through
software evolution, as opposed
to reveliution?

The concurrency probiem

Programming tools have become
increasingly Important as software
costs have continued to rise. This has
led to the development of sophisti-
cated programming envirpnments,
such as Unix, Smalitalk-80, Interlisp,
and Ada. These programming en-
vironments emphasize solitary tools,
which serve the individual computer
user; they place only moderate em-
phasis on coordination tools, which
help individuals cooperate toward a
coinmon goal.

Brooks has pointed cut the impor-
tance of coordination in determining
programmer productivity, His book,
The Mythical Manmonih,' em-
phasized the need for tools that in-
crease orgapizational, as well as in-
dividual, productivity, But coordina-
tion tools are difficult. They deal
with group behavior, so they must
deal with concurrency. This raises
problemns for which our sequentially
organized computers and our con-
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cents, tools, and methodologies are
notoricusly il suited. We still lack
the conceptual foundations that
would allow coordination tools to be
deploved as routinely as solitary
tools, since concurrency must be
frandled with the ad hoc, expensive,
and unsatisfactory techniques we
now use in buiiding distributed
operating systems, for example.

Toward more malleabie software.
This article addresses a smaller prob-
lemn that appears solvable today; the
building of systems malleable encugh
to keep up with organizations' pro-
pensity for creating, transporting,
and manipulating a tremendous
variety of data types.

This is done by adding a thin layer
of object-oriented structure on top
of conventional hardware, lan-
guages, and operating systems. This
layer addresses several prohlems
peculiar to ceordination tools, par-
ticularly by providing the ability fo
share arbitrary objects in the way we
now share files. It allows program-
mers {o define new data types and in-
stall them in working systems, often
without changing the rest of the sys-
tem. And it provides ways to mave
arbitrary data types across address-
space barriers among organizational
participants.

Object-oriented programming re-
places conventional operator/oner-
and concepts with new ones—mes-
sages/objects. Objects are private
data, and the operations supported
on that data and messages are a re-
quest for an obiect to perform onc
of its operations.
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This produces more  malleable
seftware——software that supports
change, reusability, and enhance-
* ment-—because the de¢ision of how a
“command will be implemented is not
made by the environment of the
operation, but by the object that
performs i, Ohjects encapsulate a
. data type inside the set of pro-
cedures, which understands how to
- manipulate that data type, s0 oper-
ator/operand dependencies are en-
capsulated inside the objects. This
Cgrants systems greater independence
from the objects they contain. For
example, new data types can often be
~added to existing systems without
changing working code,
Coordination tools need intimate,
up-to-date knowledge of schedules,
concurrency, participants, roles,
protocols, and the organization’s
way of doing business. Malleability is
not only desirable, it's crucial; coor-
dination tools must quickly track
changes in the organization they sup-
port.
The message/obiect model repre-

- sents only a small step toward this
new class of applications, because
malleabilty alone is not gnough—
new concepts are zlso needed for
handling concurrency. But it does
address the need to dynamically
create, manipulate, and move ar-
bitrary data types among organiza-
tional participants,

- The goal, The goal of message/ob-
ject programming is the same as that
of conventional software tools: its
purpose is to transfer work from the

~user fo the machine. However, its

- contributions and costs are per-
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manently and in’tiniat.eiy'iﬁtegi’ated

inside the target code. So its effects
are felt not just while programs are
being buili, but while they are being
used. And they continue io-apply
when old modules are reused in new
applications or when new objects
must be added to-old applications.

The phrase ““object-oriented pro- -

gramming’’ has been used for a be-
wildering range of concépts-—every-
thing from programming languages
that just provide abstract data types
(Simula and #ts derivatives, such as
Ada) to powerful data description
languages (the so-called knowledge
representation languages). [ will not
survey the meanings of *“object-
oriented programming’ in . these
many contexts; in this article, only
Smalltalk-80 meanings apply. >’

Evelution or revolution? Object-

oriented programming can be con-
sidered either revolutionary or evolu-
tionary, depending on the degreeto
which access to conventional pro-
gramming technigues is retained.
Pure object-oriented languages
such as Smalltalk-80 represent the

revolutionary approach and provide -

the advantage of conceptial simplic-
ity. The programmer works in a
computational environmient thai
contains only objects, so the break
with the past is clean and crigp.

This article, however, proposes an
evolutionary approach—adding ob-
ject-oriented concepts on top of con-

ventional languages. A number of

these hybrid languages exist today,

including Objective-C,* OOPC,*

Flavors, and Clascal.** These lan-
guages do not offer the conceptual
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_ A thin layer of
-object-oriented structure,
added on top of contentional
-hardware, languages, and
- operating systems, can
- address several problems
peculiar to coordination tools.

consistency of Smalltalk-80, but they
do have one considerable advaniage:
They can often be used for produc-
tion programming, where pure lan-
guages like Smalltalk are wsually
unacceptabie. Smalltalk-80 elimi-
nates conventional operators andd
operands in favor of dynamically
bound ohjects, so there is no re-

- course when converntional program-

ming technigies are needed.

Hybrid languages just add 4 new
power tool to the programmer’s kif,
a tool that can be picked up when it
fits the task at hand or set aside when
conventional techniques are suffi-

“cient. Since they retain conventional
-languages as a substrate, efficiency

can-be outstanding. And older tools,

- programs, and databases can be in-
tegrated into new, .object-orientsd

environments with the case of calling
a-subroutine.

*Objective-C is a commercial precompiler
that adds Smalltalk-80 encapsulation, in-
heritance, classes, messages, and objects to
the C language. :

=Clasedl is 2 modified front #nd to the Pascal
- compiler used to develop Lisa. Tt provides

object-oriented semantics similar, but not
identical, to those of Smalltalk-80.




The operator/operand model
often leads to program
structures radically different
from the structure of the
problem domain.

_The message/object model
decouples the environment
from the data types it
contains.

The operator/operand
model

We are taught very early that com-
puters do operations on operands,
and this computational model is
preserved  through everything we
learn subsequently. Once we know
that larger operators can be built out
of stored sequences of operators, our
progress as programmers becomes a
matter of increasing the number of
different operators we know-——text
editors, command languages, ma-
chine languages, hnkers, debuggers,
high-level languages, suhroutine
libraries, application packages, and
so forth. We think of the computer
as two disjoint compartments, one
containing operators and the other
operands, and we cxpress Our inten-
tions by selecting what operators are
to be applied and to what operands
inn what order.

I call this conventional model of
computation the operator/operand
model {see Figure 1.

This model applies at cvery level.
At the maching level, we deal with
instructions and data; at the lan-
guage level, expressions and vari-
ables: at the library level, subroutines
and arguments; and at the command
language level, programs and fites.
The implementation changes at each
level, but the concepts remain the
same:

{1} Operators arg active and make
some  predetermined change to
whatever operand is supplied them.

{2} Operands are passive and

Fipure 1. The operatorioperand model.
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change only when affected by some
operator,

{3 The environment determines
what operators are to be applied to
what operands in what order.

The term envirensment stands for
whatever determines what happens
next. It encompasses the computer
user, his input device, and the pro-
grams running on his behalf, When
the environment applies an operator
to an operand—for example, the
Fortran operator st 1o the operand
x—it holds three distinct respon-
sibilities:

(1) Fime: The environment is re-
sponsible for controlling the progres-
sion of events in time. For example,
a second operator 15 to be applied
st after the first one has finished.

(2) Space: The environment is
responsible for controlling the move-
ment of computational objects
through computational space. For
example, the operand will be found
within, and the result delivered to,
the environment’s address space.

{3y Operator/operand interdepen-
dencies: The envirgnment is respon-
sible for ensuring that the operands
meet the data type assumptions
made by the operator. For example,
since sgrt assumes a floating-point
argument, the environment is re-
sponsible for ensuring that x is a
floating-point number.

The message/object model does
not change the first two responsibili-
ties, but they will need to be re-
examined when truly congurrent sys-
tems are considered.

The new model does, however,
alter the third responsibility; the
ramifications of this change are the
main topic of this article.

A major eversight. The operator/
operand model treats operators and
operands as if they were indepen-
dent. But in practice, operators place
strong restrictions on the types of
operands they handle correctly. For
example, operators like text editors
depend on their operands being text
files. The operator/operand model
provides no way to record this de-
pendence, so the environment must
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~take on the task of remembering the
type requirements of the operators
and the data type of the operands.
This is a major oversight in the con-
ceprual model we use to design, con-
trol, and understand computer sys-
tems.

imagine - what would happen if
~electricians used this modet £o design
electrical systems. If they treated
electrical operators {power sources)
and operands (power sinks) inde-
pendently, the user would be respon-
sible for remembering the pairs that
-carry high-voliage power for the air
-conditioner and those carrying low-
voliage signals for the telephone,
" Our buildings would be wired top to
botton with standard, interchange-
able phigs and sockets, requiring us
"o keen wiring manuals close at hand
just to avoid electrocution!

Yet in compuiing, we’ve grown ac-
customed to handling this type of
knowledge manuatly and give it little
-thought until we’re called on 1o ex-
plain 10 2 novice why fext editors
should not be run on binary files,
compilers on grocery lists, or fie
deletion commands on messages in
an electronic mailbox.

Usnder the - message/object. ap-
" proach, by contrast, objects record
their (ype {class}) explicitly. This
record s used at runtime to deter-
mine the set of operations that can
" be performed on objects of this
class. The old operator/operand
copcepts remain intact, but they are
submerged within a thin layer of new
structure that regords what opera-
tions are valid for what operands.
~ This extra structure is analogous fo
the incompatible plugs and sockels
that have made electrical power a
safe, dependable resource.

The message/object
-model

The message/object model
- decouples the environment from the
dala types it coniains by moving
responsibility for operator/operand
dinterdependencies out  of - implici
storage in the environment and into
explicit storage in data structures
" called classes.

January 1984

- .-Classes, Classes collect their oper-
ators in a table that associates cdch
operator with a name that suggests
its meaning without revesling its im-
plementation. The instances of that
class—the objects—are like conven-
tional operands, but they record
their type explicitly by identitving
their class in some standard manner
{sce Figure 2). '

The unit of modularity In 2 mies-
sagesobject system is the -class, so
programmers speak of developing
classes  rather - than - programs - or
modules. Fach class defines & table
of procedures, called -merhiods or
hehaviors, and declares’ the “data
variables that comprise its instanices.
Space for these variables is held in
ofjects, An object & some private
memory and the set of operations
provided by its class.

Messages. The environment
manipulates objecis by selecting an
object and telling it what to do, The
ohiect decides how to carry out its
assignment by selecting the meéssage
implementation in the table of mes-
sages s class supports. This s
generally called “‘sending the object

4 message,” an unfortunate phrase - -

" thidt . now seéms oo entrenched to
change. The word message suggests
that . obiects are concurrent actors
that -communicate - asynchronously, -
when it actually refers to a conven-
Stional function call, miodifisd along
tines having nothing ¢ do ‘with con-
currency. The common Opinion that
object-oriented - programming - 15
somehow a-natural for - distributed
processing is often based on little

‘more than the misleading use of the -

world |message. (Fof a more am- _'
bitious - interpretation . of object-
oriented programming in which mes- -
“sages-are used for condurrency, sce
“Yanezawa and Hewitt:"). o
© Although operators and messages -
“are identical with re§pect to concur
vency, they ditfer with respect to
where dmplemeniation decisions are .
recorded. With “the operator/oper- .
andd _modei, the environment must
“tedl the maching how each command
should -be implemented, doing this

by naming a specific piece of ex- -~ :

ecutable code appropriste to the .

data type at hand. The environment . -

is therefore dependent on the set of
-operator/operand  pairs known at
the time it was built.

Figure 2. The message/object model.
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By contrast, the environment in
“the message/object model is respon-
sible only for deciding what should

be done; the obiect decides how (o
‘do i, Type dependencies cannot
spread through the system, since
they become permanently encapsu-
Mated within classes.

_ These benefits don’t necessarily
apply to every language that claims
to be object-oriented, only to those
that bind comumands to implementa-
iions dynamically at runtime. For ex-
~amptle, Simula and its many deriva-

" tives® are based on static binding. All
data types are declared explicitly in
the environment and the compiler
translates all commands to imple-
Cmentations at compile time. There's
no runtime overhead, but the type
declarations in the environment
~make it explicitly dependent on the
types known when it was developed.
Without dynamic binding, there is
10 new assurance that programs can

" work correctly regardless of the data
type supplied.

Objects and conventional
ianguages

The message/object model in-
volves objects, classes, messages, and
implementations, all of which can
easily be built from concepts found
in most conventional programming
tanguages. Class structures and their
dispaich tables can be built either
manually, with data initialization
staternents, or by aulomating the job
with  such tools as Objective-C,
OOPC, or Clascal.

Objects are blocks of memoty, al-
located from a heap, that identify
their class m some standard way.
Messaging can be implemented with
a conventional subroutine—the mes-
saging routine—that converts com-
mands 1o implementations via'a dis-
patch table in the class structures.

Conventional  languages already
provide ways to define new operators
and operands, and this is retained in-
tact. But a thin skin of added struc-
ture transforms this support into
ways of defining classes and methods.

. 835,000 lines

40,000 Hres

: F_igure 3. Unix and Smalitalk compared on the basis of code bulk, The fatest release of
Unix, from the Usiversity of California, Berkeley, contains 435,004 Hines of source:

" Bmalitalk-80 contains ondy 40,080 lines.
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Encapsuiation

Unix and Smalltalk-80 are ‘both
software development environments
of comparable age; both contain
compilers, editors, debuggers, net-
working sofiware, etc. S0 what ac-
counts for the fact that Smalitalk
was written in a teath as many lines
of code?

Part of the reason is different
functionality; Unix provides more
languages, but Smalltalk provides
more graphics. And there are at least
two other plausible reasons for this
dramatic reduction in code bulk:
encapsulation and inheritance {(Fig-
ure 3},

The following example shows how
encapsulation reduces code bulk. It
involves building a container that ac-
cumulates fwo fvpes selected ar
Bitrarily by the user-—point and rec-
tangle, for example—and then prints
the ensemble. We assume that print-
ing functions for each type, pro-
Point{ } and prnRectangle( ), are
defined elsewhere.

Containment is  easily  imple-
menied in C by means of an array of
pointers, But to print the contained
itermns correctly, there must be a way
to determine the type held in each
slot af runtime. A typical solution in-
volves festing the type explicitly (see
Figure 4.}

Since the nser has a hand in deter-
mining the type of data stored in
each slot, this problem cannot be
sobved with static binding. The prob-
tern requires dynamic binding, so the
programmer has added it with hand-
rools—conditional expressions. The
switch expression fulfills the en-
vironment’s responsibility for ensur-
ing that the printing functions are
called with the correct data type as
arguments. But the case labels have
made the container useless for
holding other kinds of contents. The
operator/operand model makes the
environment responsible for manag-
ing data type dependencies, so en-
vironmenial code like the container
cannot be reusable. It must be
changed whenever new data types
are added.
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“Containment really should be re-

‘usable, since it appears so often in
programming. Expression (ree nodes,
electronic maitbixxes, screen windows,
dircctories, buffers, and files are just
containers for different data types.
Yet each must be designed, coded,
and tested individually, and code to
support each occupies space in high-
speed memory and contributes to the
bulk that complicates soltware
‘maintenance. This is efficiency?

This problem is avoided by mak-
ing the objects responsible for choos-
ing implementations for their own
commands. For example, the con-
tainer would bhe expressed in
Objective-C as

for (i = 0 i< MAX, i+ +)
Islot[#] print];

“Fhe outer - brackets delimit a
message - expression,  which com-
mands the object in the ith slot to
print itself.  Rectangles implement

“print by running praRectangle( ),
and points implement print with pri-
S Point{ ). The container no longer
‘needs to probe dts contents (o learn
thelr type, so it can be reused to hold
‘mny data type that supports a print
command. Dynamic binding is pro-
“wided with power tools, and the way
" is then clear to deploy an additional
reusability tool--inheritance—for
customizing the generic container for
more specialized  uses; such as
Maitbox, Expression, or Desk.

'inheretaﬁce

Inheritance 15 -a technique {hai'

allows new classes'to be built on top
of older, less specialized classes in-
stcad  of being rewritten  from
Sseratch, Classes are oreated hy first
“inheriting  all  the variables and
“behaviors defined by some more
primitive class and then adding in-
creasingly specialized variables and
‘behaviors. In other words, program-
“mers create new classes out of old
“ones by specifying how the new ones
- differ.
_ As a technique for organizing in-
formation, inherilance is common in
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everyday experience.  When 1 say,
“That dog is a Yorkshire terricr,”
you immediately understand not on-
tv that it has the long hair, small size,
cotor, and remperament of its breed,
but also that it holds other character-
istics shared by all dogs. Dogs, in
turn, inherit the characteristics of
larger, less specialized classes, suchas
mammals, mammals inherit charac-
teristics of vertebrates, and so Torth.
To describe an object, | state its
¢lass, and the lstener automatically
uses inheritance to derive its general
propertics by tracing an inheritance
irec {rom one specific instance at the
end of a branch back toward primi-
tive concepis at the root,

In the ‘message/ohject model, in-

“heritanice  organizes the body of

aperators and operands and thelr in-
terdependencies. The message/ob-
jecl model is a way of capturing
operator/operand dependencies  at

Csystesm

“tainer

" their source {the programmer) and

storing them  explicitly inside the
inheritance is a way “of
organizing this information fdr ready
reference.

" For exampie, the Objective-C class

hbrary contains & class called A

ray’’ that supporis the storage and
retrieval of a fixed number of objects
by index. Figure 5 shows How a con-
class can - be written by in-

heriting the work that went into

huilding the array class.

Thig file states that containers dif-

for from arravs by having oné addi-

tional instance variable called first-
EmpivSlot, in additton to any vari-
ables declared by -Array and ds -
superclasses. The supérclass of Array
is Object, Object declares the in-
stance variable ““isa]”’ which every

‘object inkerits to . record ity class.
“These variables are concatenaied to
define Ake memory layout of con-

for {i = 0; 1< MAX; 1+~i}{
p = stotiil :
switch {p— >kind) {
case POINT:
praPaint{p); break;
" fase RECTANGLE:
nraRectangie(p)l; break;
defaunlt:
error( §;
ki

/* foad the pointer in the ith slot into p*/
/* Test the type of the ith %l(}t */

/% Printa point */ :

7% Printa rectangle */

/¥ unexpectéd type */

Fignre 4. Making the environment responsible for operator/operand type compatibitity
produces environmental code Tike this contaier, which is not reosable.

fidefine DEFAULTSIZE 10

~ add:anObject {

J# Print myself and my contents.

for{n =
printf{*“} ") return seif:

if {FirstBmptySlot > = capacity) return [seH error:*
else return [self AtfirstEmptySlot + 4+ PotianOhbject];

/# Holds a fixed number of objeci*; and prints ﬂmm Of deman{fi

= Comtainer:Array { short firstEmptySilot; 1

. /# Build an empty contalner with capacity DEFAULTSIZE.
/4 Send new: to-get other capacities.
+ new { return [self new:DEFAUL TSIZEL

A Put anObiect in my first emipty stot. Warn of overflows.

‘container v full”’]; -

— print { short n; printf(“*Container= ")
0: n < firstEmptySiot; n+ +} {[self Al mml}

Fisare 5. An Objective-C source file defining a simplified container. This implementa-
tion bepins by inheriting tested code in the Array class and then describes how con-

tainers differ from arvays.
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taingr instarices. For example, the
- default container produced by sen-
ding a “new’’ message to the con-
tainer factor is shown in Figure 6.
The rest of the file defines (1) a list
_-of behaviors for a factory that buiids
.~ conlainer instances and (2) a list of
behaviors for the instances them-
sebves. The two sets are distinguished
by leading + or ~ tokens and are
added to the behaviors inherited
from the superclass. The 1D of the
container factory is published in the
 global variable ““Container.”” It can
be instructed to create new container
instances.
Fach method declares a message
. selector, which can have formal
arguments, and an nplementation.
Hach compares to a C function
defipition, except that the code is

entered in a dispaich table to be
calied indirectly via messaging, not
directly by name. For example, the
last method declares that each con-
tainer instance will recognize a print
message; implemented by using an
At method {inherited from Array)
to access the ath element of the ar-
ray; and sending object a print
message, just as before.

Wilh the Smalltalk-80 scheme,
variables are inherited statically at
compile time. For example, Objec-
tive-C implements the € conditional
expression if

if {FirstEmptySlot > = capacity) . ..
by treating the two insiance variables

as offsets from the object base ad-
dress delivered in the (hidden) formal

_' e_xtem'iﬂ Lontalner:

i p; z""’"‘”"

p‘n [Container new];

\\i— ts?

print

- papacity
firstErmpiySior

= incexed imstarge varlsbles -

“Figure 6. A container, fresh from its factory, and the full class structures that support

it
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argument  self, This argument is
automatically provided to all
methods to  identify the object
receiving the message:

if (self — > firstEmptySlot> =
self — >capacity) ...

Conversely, behaviors (code} are
inherited dynamically during messag-
ing. Each class structure contains a
dispaich table associating the name
and implementation for cach method
defined in that class. When a mes-
sage is directed at any instance, the
messaging logic finds the class by
following a link from the instance. 1t
then searches the dispatch table 1o
find an implementation for the name
requested in the message. If this
search fails, the behavior is inherbted
by continuing the search through
each of the more primitive classes be-
iween the given one and the root of
the inheritance tree,

The power of this simpie scheme is
remarkable. The inheritance tree is
rooted on the most generic class, Ob-
Ject. By definition, all obiects inherit
the variabies and behaviers defined
there, For example, Object declares
the isa variable upon which the mes-
saging logic relies for determining the
class ol any object, and this
guarantees that every object in the
systemn will have a valid 1a vanable,

The Object class defines a sef of
generic behaviors that are inherited
by every object in the svstern. These
primifive behaviors know about oniy
the “*ia’” variable; but since “‘isa”’
identifies the class structure, this 1s
sufficient 1o provide a surprising
number of capabilities for literally
gvery object. For example, a piece of
environmental code can immediately
assume that any object has sufficient
behavior to reply its class 1D, reply
the set of messages it supports, test
whether (he object is an instance of
some specific class, and so forth.

To illustrate, suppose we decide 1o
have all obhjects recognize the ab-
stract operation print. We would
start by defining a print method in
the Object class. Although this code

can reference only the *fisa’ vart
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able, this provides enough informa-
tion to support a nenspecialized
printing capability {a" labeled octal
dump) by determining the object’s
class and, from that, the class name

cand the size of the object, Since

every -ohject auiomatically inherits
this behavior, the environment can
assurne that any object it encounters
can respend to the print message.
Specialized classes build on the
generic ¢lasses they inherit by

_appending - specialized  states  and
- behaviors, which often override ex-

isting generic behaviors. Say, for ex-
ample, we want instances of 4 Text-
Siring ¢lass 1o be printed as text
rather than octal numbers, We'd ac-

complish- this by defining a special-

ized print command inside the new

classthat overrides the primitive one

in Object. This done, TextSirings

- will he speciaily printed.

- Motice that a new data type has

' just been inegrated into an existing
©osystem without changing working
- code,

Automatic object
save/restore _

A remarkable amount of effort is
spent hand coding the logic for mov-
ing structured data between memory

_:and 170 devices. Many applications

involve parsing mput ddta, process-

Cing i, and then reconstituting the
Cdata oft the outpat stream. This 170
" pode is offen more tirhe consuming
o develop and test than the process-

ing togic, and it must be continually
adjusted as data structures evolve
during development. :
Objective-C provides "an  auio-
matic way ol moving  complete
graphs of objects between memaory
and 170 devices by elabordting on
the print -idea -described above. A
write routine is defined in the Object

- dlass. Tt works like pring, except that
1t uses lyping information captured

by the compiler and preserved in the
class structures o treat each instance
variable appropriately.

The output file represents the con-
tents of each variable of every object

in the graph, Object references

{edges.of the graph) are represented

.Ja'h!.:iary ?984 :

multiple invocations of the compiler
and keeps track of selector cades and

in the file as record numbers, A read
method is also provided; it interprets

the format produced by write. The

two routines work topether; a write
command to any object in an ar-
bitrary graph of objects generates a
file that read can use to -regengrate
that graph.

Since this is defined in the Olject
¢lass, every object automatically in-

herits the ability to save itseif in a

form that allows il 1o be mailed 1o

ather users for integration into their
environments. This is one gkample of

how electronic mail can be extended

to carry arbitrary data types. Or,

more generally, it is one way of mov-
ing arbiirary objects across arbitrary
compuling barriers.

To ilustrate, the ~program -in
Figure 7 builds a container, puts a

number of points and rectangles in

. and prints the ensemble. Next, it
tells the container to write #selfto a
file and then reloads the container
and #ts contents from the hlc, print-

mg the new instance.

- The Objective-C compiler uses this

save/restore capability to thaintain a

srmall dazabase, which makes the in-
heritance hierarchy available -across

method return types. The code (o

support this database ‘was not hand-
crafted,  but -was instead inherited

“from the Object class. The savings in

development time weré incalculable,

since compiler data striactures could
‘be changed at will withowt com-

plicated VO code updates.

Objects as models

A large class of computer applica-
tions parailel some physical or -con-
geptual - process.  Traditional - data

‘processing  applications - model the

financial state of a company; news-
room automation software models

the flow -of stories through -a news-

rao: a:compiler’s expression {ree

‘models the syntactic structure of the

program  being- L{)rnpa{cd and so

“forth.

Objects are ratarl mctaphom for
modet building in that each is a cap-
sule of state and behavior, a virtual
maching that -can be useéd as 4
computer-based executable  instance

of a corresponding . entity: in the

user’s problem dh-m_ain',- This poten-
tial for <dlosé correspondence - be:
tween computerand problem do-

Smiatns can b wseful in building ingx-
pensive; undeistandable systems,

The -aperator/operand  model -

“ofteir leads- to program structures

miain{ ) { FILE *Ed, open( 3; id

- p = [Container new10};
[p add:[Point x:135 ¥ "()]]'

: ) [;3 grim?z printf{*\n""'};
3 .
Se—-Runtie resultse
Container= {(10,200 {15,251(5,7) }

e Comients of container. jo-—-

§iHPoint 51020
12{#Rectangle 515 525 55 57 }

Container = {10,200 (13,25¥(5,7 }

. extern id Container,-Point, Rcctang]c, AsaFﬂcr # impmt factary, s

- /# Buitd a-container; load it and grint

CARBul acontainer of. capacuy T4
A Add a point: .

[p add:[Rectangle x:15 w123 dx:3 dy: 7)), /48 Add a regiangle

Ip print]; peintf*\n™) ~ 74 Print the lof . .

/# Save the container and contents in-a file
[AscFiler writC'p To:id = fopen{* comamer 10”, gt ] &Ime{lii)

./# Reload the canmmcr and contents ahd print agam
= [AscFiler readFromfd= fopen{'‘container.ic’, "’ }; fcloqe{fci)

48{#Conainer s10sZ @2 @3 @0 {(50 @i @0 @0 @t @() @0 i

Figure 7. A driver routine fo put the Container class threugh ity paces, It also

demonstrates automatic object save/restore.
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“radically different from the structure

of the problem domain. The two
current schools of software design,
furnctional decomposition and data

- decompuosition, offer the designer a

choice between mapping the prab-
fern domain into a set of operators
{functions) or a set of operands
{data).

- Many applications can be

designed by straightforwardly
examining the problem

domain, identifying the objects
found there and their

- behaviors, and deciding how

- to implement each behavior in

the computer.

By contrast, object-oriented de-
sign treats functions and data as two

- -indivisible aspects of objects in the

problem domain, Many applications
car be designed by straight forwardly
examining the problem domain,

identifying the objects found there

and their behaviors, and deciding
how 10 implement each behavior in
the computer., As a result, the de-
sigier i not forced to restate his
problem in computer-domain terms,
where everyihing must be cither an
operator or an operand.

However, problem domains often

“involve concurrency, and messaging
- provides ne new leverage for express-
_ing concurrent problems. While mes-
“saging could, of course, be redefined
to altow the sender and receiver to
*run concurrently, this seems no more

fruitful than proposing that all sub-
routine <¢alls release the called

Croutine 1o compute concurrently.

Mo, as far as concurrency is con-

“cerned, 1t seems more useful to con-

sider message/object programming
in the same light as Fortran, Lisp, or

“assemnbly fanguage with respect fo
Cconcurrency. They're all sequential
languages, but they can all be used to
-build higher level constructs that
-exhibit  concorrency.  Concurrent
“models, operating systems, and coor-

dination tools can be built from such
lower level objects as processes,
queuss,and  semaphores, just as
we've been doing ali along,

The screen application
generator experience

In 1981, I was in a research team
responsible for designing and build-
ing an advanced programming envi-
ronment. ““Buy the best and build
the rest” was our motto. We concen-
trated on constructing new tools that
might deliver order-of-magnitude
impact, and bought the more tradi-
tional ones (compilers, debuggers,
editors, configuration managers,
etc.}.

At that time, we were experiment-
ing with ideas for adding a consistent
user interface to the expected large
number of tools, T got the notion
that program generalor technology
might help, by generating parts of
the user interface automatically. | set
about building SAG (screen applica-
tion generator), a program genersator
that translated screen descriptions in-
to C programs that provided editing
tor arbitrarily complex screen forms.
[ took as its trial application the
editing of travel expense vouchers, a
task we were then doing manu-
ally-—one that considerably inconve-
nienced everyone in ¢ur group.

Special-purpose  languages are
rather easy to build using Unix’s
compiler-building tools, which gen-
erated the parser and lexical scanner
for the screen description language.
The language was soon working, and
I had a working prototype of the ex-
pense account in short order.

The expense accounting (ool was
an immediate hit, even though this
early protetype had no ability to save
transactions in files or produce hard
cony, Why then the enthusiasm?
SAG allowed the program to be de-
signed o the needs of the user,
rather than bow to the needs of the
implementor, For example, arbitrary
dependencies could be declared be-
tween fields; this ability allowed row
and column totals 1o be updated as
soon as the fields they depended on
changed. The users saw this as a
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significant convenience when bal-
ancing {rip expenses against the
amount advanced for the irip, par-
ticularly singe trips often involved
foreign currency complications. in-
spired by the enthusiasm ai the
demonstration, | set out to add the
missing 170} code,

That’s when my troubles started.
This part of the job icok months

Even theugh the expense
account tool was a success
according to its users, 1 came
to realize that my screen
application generator notion
had flopped.

—so long, in fact, that any savings
from the generator were submerged
in costs that were not reduced by the
investment in building SAG. The
problems arose because cxpense ac-
count records had to be stored in
files between runs, without losing
their internal structure {pointers).
5AG’s data structures were
somewhat complex, so the logic to
move them into files and retrieve
them was complicated. The eventual
solution  involved an  additionsl
language that represented the struc-
tures on disk and another parser for
interpreting  this  special-purpose
language. And since Unix typesetting
programs were used o print final
copy for the accounting department,
the parsing had to be reimplemented
in a simpler fashion inside every
nastprocessor!

Even though the expense account
tonl was a success according to iis
users, b came to realize that my
screen application generator notion
had flopped. After all, its whole
point was 10 test a new tool that
should allow guality user interface
programs (o be built cheaply, vet it
failed to help with the most time-
consuming part of the task. My ool
was no help for building the other
operators needed for the expense
transaction data type: printing,
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- wiiting to disk, reading from’ disk,
- and typesetting.
We needed similar repertoires of
o operators for each of the numerous
data types in the full-scale program-
ming environment. The number of
different programs io be written,
documented, maintained, and taught
“zrows with the product of the number
~of different data types multiplied by
the number of operators for each
data tvpe. With only a l4-characier

~ Unix fite name to distinguish them, -

how would anyone keep them all
“straight?

This led me to recognize that we
should think of expense account
Ctransactions as & pew data type, one
analogous to those already provided
- at the machine level by the hardware
- designers, but defined by software
rather than etched into silicon. We
“needed a way to build new data tvpes
_analogous to paper forms, cach

~holding a collection of data and ex-
~ hibiting a repertoire of behaviors,

such as the ability to display the data

for editing, move it (o a file for per-
“manent storage, and send Il o a
" priater for final copy.

Thie same idea could be extended
~ 1o ireat the enlire computing en-
wvironment as a large collection of
O abstract data types. Source pro-
‘grams, compiled programs, sched-
~ules,-calendars, memos, unformatted
~documents, formaited documents,
ard so forth ¢could all be treated as
tangible objects that Hve inside the
-machine and flow between role-
--plavers in - the programming project
team - just like paper obiects flow

- through offices.

" Object identifiers S
Omne key decision has not been
“discussed; the scheme used for iden-
tifying ohjects. These 1Ds greatly in-
fluence the ultimate power and effi-
~ giency of any implementation of the
object concept.
- Smalltalk-80 and Objective-C
both use TDs that are upigue only
within a personal address space. For
“gxampie, Objective-C uses the ob-

Cect’s memory address as its 1D, Such.
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“designs optimize efficiency while ob-

jects are in fast memory, bul com-
picate moving them ouiside of this

space, since the ID becomes mean- .

ingless  when  writien o disk or
transmitied to other role players in
the organization. Laborious schemes,
like Objective-C’s  automatic - 170
mechanism, must be used 1o locate
every such name and convert it into a
form independent of addrésses in

Memory,

The opposite extreme. Bot since
messaging, allocation, and dealloca-
tion are the only operations sup-
ported on object 1Ds, local changes
inside these three functions can sup-
port a move (0 the opposite extreme,
For exampie, the IDs could be taken
as globallv unigque numbers analo-
gous o those used inside operating
systems to identify shared files across
a population of file system users.
The messaging logic would include a
test {0 spot messages to nenresident
obiects and to load them on . de-

mand. Doing this would make the

aliocation/deallocation  logic mes-
sier, but the problems are analogous
1o those now being solved daily in-
side file systems. The main difficulty
would be to provide a policy for
resolving simullaneous updaté prob-
fems,

This scheme sacrifices some Tun-
time efficiency {the residence fesi) in
order to have the messaging routine
dynamically load objects into private

memory when they're needed there.

All IDs now have global validity; if
we make the further assumption that
objects only store machine primitives
and object s (i.e., no poinfers),
objects can be moved freely between
memory angd disk and gmong role
players in the organization.

Farresching consequences, Since
objects represent any data {ype, the
consequences of the scheme de-
scribed above are profound. Classes
and the executable code they contain

are objects, so they also become
dynamically toadable and the need

for linkers and loaders vanishes, Ob-

jects are automatically moved back -
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10 -disk - when ‘memory space runs -

short, so-there’s no longer any need

Cfor 1/0 routines-to save information
-in hles. And since objects are now

shareable;, moving arbitrary objects

by electronic mail becomes as simple
“as posting the D of the mailed ob-

ject in the receiver’s mailbox.
Of course,. the ramifications of

“such schemes are so far-reaching that

it becomes hard. to predict “how

‘Smalitalk-80 and Objective-C
both use IDs that are
unigue only within a

personal addréss space.

usable such a sysiem woild be, For
one thing, this is a thinly disguised
argument for replacing all memory
pointers with peinters into a much
targer shared address space. Efficien-
cy could be extremiely poor without

" special haidware support, The gar-
bage collection -problem, - hard

enough now inside fast memory, is -
moved onto disk where it snight
prove completely intractable—or
fade to-insignificance when huge,
nonerasable memaories Jdike optical
disks are applied. The usual barrier
between memory and disk vanishes,

" so what is gained by discarding our

linkers, loaders, and /0 routines

- could -be lost in reliability if the

whole disk becomes vulnerable fo
And  what . is gained
through bhetter communications
ameng organizational role plavers

“could be lost if the whole system

becomes exposed to the mistakes of

-any individeal. Even it these prob-
Clems are solved, we've only moved
“the computing bariier outwards one
. notch, to encompass small groups

that share a single CPU and a single
object address space. | o
Altlrough the messags/ohject con- -
cept can provide a-aniform concep-
tual framework for working with
shared object systems, exploiting this

-potential is not a straightforward
task, especially when dealing with

hardware not optimized for message




passing or global naming. Although
objects could provide a single,
uniform  computational  metaphor
that spans ali levels from CPU to file
system, all known implementations
. compromise  uniformity at  some
level, Smalltalk-80 exploited unifor-
mity  within a personal  virtual
memary space, but stopped short of
“the Tile systern. Objective-C sacrific-
ed uniformity at the language level,
but retained much of C's computa-
tional cfficiency. The Cola’ com-
- mand language suppeorts obiects at
_the file system level by relying on the
_Hydra operating system and its
utilities to supply the lower levels.

Efficiency

- Message/object programming
secks 1o remove work from the user
cand give i to the machine, so it
trades machine cycles to gain the
benefits described in this article.

It is, of course, guite difficult to
estimate costs precisely because mes-
sage/object programming is a con-
. cept that can be explored in many
different implementations, each with
very different cost factors. For exam-
pe, we won’t fearn much by compar-
ing C and Smalltalk-80¢ directly
because the comparison would in-
clude not only the cost of the
message/object model, but also the

©ogosts of Smalltalk-8¢"s  automatic

© parbage collection, interactive tool
environiment, and graphical user in-
terface,

Comparing € and Objective-C
could be more meaningful, since
these languages are identical in these

respects.
compticated by the Tact that Objee-
tive-C is a hybrid of two languages of
opposite philosophies, each designed
for very different jobs. Programmers
have considerable freedom to apply
each tool to the job at which it ex-
cels. For example, a compiler
developer would normally favor C
CONStYuCts over message expressions
within the lexical analyzer because
this code requires maximum efficien-
cy—C's forte—and Hitle bulk and
complexity. In the rest of the com-
piler, these factors flip in impor-

Message/object programming
seeks to remove work from
the user and give it
te the machine.

tance, and the Smalltalk-80 coding
stvle, with heavy use of message ex-
pressions, would be favored.

Comparing the speed of message
expressions with function calls is one
way to gvaluaie costs, if one keeps in
mind thal message expressions per-
form tests that function calls do not.
In a real application Hke the Con-
tainer example, the cost of this test
would have to be charged against
function calls whenever argument
types could not be predicted at com-
pile 1ime.

Message speeds can be  varied
almost arbitrarily by trading space
for speed. The slowest technique in-
valves searching for the selector in

3 _ L Table 1.
- Miessaging speed and sihroutine call speed compared.

MICROSECONDS RATIO

_TEST SEARCHED IMDEXED  SEARCHED INDEXED
T SUBROUTINEG, i) 5] 5] 100 1.00
10 mol; 138 105 2.67 2.03
[CO m9%: 368 105 7.12 2.03
C0 self]: 9] 105 17,24 2.03
1C9 rath: 138 105 2.67 2.3
109 m9i: 368 105 7.12 2.03
[C9 selfl; 3483 105 67.37 2.03
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But even this would be

the method dictionaries of a linked
st of inherited classes. The fastest
involves keeping a table of all
methods in each class so that look
ups can be done just by indexing this
table. And various compromises are
possible, such as holding the resuits
of the full look uwp in caches of
various capacities.

Ohbijective-C supports each of
these via a library of message rou-
tines, A cached implementation is
the defauli; the indexed implementa-
tion ¢an be enabled by calling a fune-
tion that builds this table for classes
the user feels are time critical. Table
I compares messaging speed with
subroutine call speeds using 10
classes (CO-CY) of 10 methods each
(m-m9). 0 inherits Objeet, C1 in-
herits CO, and so forth. Al methods
perform  the same € instruction,
return seff. The effect of deep in-
herilance 13 gauged by sending a self
message inherited from the Object
class. The measurements in Table 1
were taken on a Fortune Systems
32:16 system, which is based on the
Motorola 88000 microprocessor.

The ratios show that messaging
can be from 2.67 to almost 70 times
slower than an equivalenl subrouting
call for the slowest technigue,
though the extremes are limit cases
rarely encountered in real applica-
tions. With the fastest technigue,
message times are constant at 2.03.
Alithough not shown in the table, us-
ing & cache of 1000 gives message
speeds of about 2.90.

These speeds can still be improved
considerably, since the method dic
tionartes are searched by the straight-
forward linear search and both are
coded in C; assembly language
would be worthwhile in this small,
heavily used subroutine.

he Smalltalk-80 user interface s
Eradi‘caily different from what
Most programmers are accustomed
to—sa different that it has diverted
attention away from other attribuies
that could be even more relevant to
today’s software crisis.

This article has shown that Small-
talk’s dynamically bound message/
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object paradigm solves several key

problems that can prevent us from
" building highly malieable, reusable
software. Static binding requires afl
data types to be known at compile
time. This makes environmental
code explicitly dependent on the type
of contents known when the code
was  developed—when new data
types must be introduced, the change
ripples throughous the environment.
The late binding provided by messag-
ing weakens this dependence so that
environmental code can often be
reused without change as new data
types are added over time.

Objective-C demonstrates that tate

gnd early binding need not com-
pete—conventional languages can
coften: be extended with Smalltalk
constructs to provide hybrid lan-
guages that -have the strengths of
both ‘parents. Although -these lan-
guages sacrifice the conceptual puri-
1y of Smailltalk, they do provide late-
binding tools when and where they
are most needed—today, on the

- workbench of the programmers who |

are struggling to keep large software
systems up to date in a changing
world, _ L]
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BY KURT . SCHMUCKER

An overview of the languages and their capabilities

CURRENTLY, A LARGE NUMBER of object-oriented
-languages are available, and more are being designed and
implemented every year. Some of these languages now
on the market or in development are for the Apple Macin-
tosh, an ideal computer for object-oriented languages be-
cause of its processing power and the nature of its user
interface. In this article | will survey some of the Macin-
1osh object-oriented languages. 1 will also present a table
" detailing each language’. object-oriented characteristics,
such as whether it can access the MacApp class library
{see my article "MacApp: An Application Framework™ on
" page 189) or whether it provides for ¢lass methods, After
describing the languages, | will discuss the mechanics of
‘programming with them on the Mac.

- SMALLTALK
The Smalitalk language is the ancestor of all object-
" oriented languages. It was implemented on the Macintosh
by Apple as part of an experiment to demonstrate Small-
talk's portability and debug the Smallalk specification.
- Anple currently distributes Smalltalk for the Mac as an

. unsupported, low-cost product. but a fully supported and

greatly enhanced version is expecied soon. A fact sheet
on Smalltalk and the other languages 1 describe in this
article is presented in table 1
Smalltalk has a message-sending syntax that often
seems unusual to the novice object-oriented programmer,
“but it quickly becomes the natural way of doing things.
Smatltalk syntax and the syntaxes of all the languages |
discuss herein are shown in table 2.

New classes and methods are defined by editing stan-
dard templates in an interactive source-code browser. The
class library for the Macintosh version of Smalltalk con-
tains over 200 classes with special classes for accessing
the Macintosh file system, the Macintosh Toolbox (in-
cluding the QuickDraw routines), and the Applétalk net-
work added by Apple. Since Smalitalk has been described
in previous BYTE articles and elsewhere, | will not elabo-
rate on its language features.

OBJECT PASCAL
(Object Pascal is Apples second oblect-oriented extension
of Pascal. (The first. Clascal. was only for the Lisa Office
System and thus is no longer supported by Apple) The
syntax for Object Pascal was jointly designed by Apple’s
Clascal team and Niklaus Wirth, the designer of Pascal,
who was invited 1o Apple's Cupertino headaquarters speci-
fically for this profect. In addition to implementing Ob-
ject Pascal on the Mac, Apple has put the Object Pascal
specification in the public domain and encouraged others
to implement compilers and interpreters for it Several
such developments are under way,

Chject Pascal implements classes as an extension of

Kurt 1, Schmucker, director of educational services for Proguctivity
Products lnternational (Severna Park Mall. B & R Block Office, 575
Richie Highway, Severna Park, MDD 21146), feaches seminars on
obicci-orionted programming. Kurl has wrillen lhree books on com-
puter science, including the fortheoming Object-oriented Program-
ming for the Macintosh (Hayeden, 1986,
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Pascal's RECORD structure, in Pascal, records have only
data as their component fields, but in Object Pascal, ob-
ject types (as classes are called in Object Pascal) have data
fields {instance varables} and method fields. Messages are
Cgentusing the same syntactic construct used in ordinary

-Pascal for field qualification—the period. _
Thus, in Object Pascal, accessing an instance variable
and accessing a method (that s, sending a message) are
accomplished with the same syntax.
New classes are defined using one new compiler key-

Za
Table 1. Summary of object-oriented languages.
3 s
& &
SR § /e
& P & &
g /& N >
& & /& & &
< & O G s)
Devaloper Apple Apple Kriva Expar Produchivity Appie Coral
. Computer Computer Systems Teligence " Products - Computer “Software
' Base language Nare Pascal FORTH .. Lisp c 88000 Logo &
w : i aszembter Commontisp
£ SRR RO .
: é Current version 02 10 15 20 31 10 10
Toolhox access Yes, bt Yes Yes e Yes Yes Yes
difficult
Supports 128K ROM No Yes Yes Yes es Yesg Yes
Instance vanables and Yes Yes Yes Yes Yes Yes Yers
instance methods
| Class variables Yes No Mo - Yes Yes, but Mo Yeg
% : cannat be '
£ ~irherited
£ | Class methods Yes No No Yes Yos Mo Yos
o .
11 Mutiple inheritance Mo Mo Mo Mo Mo Mo Yos
o -
?,3 Unigue instance methods No No No MNo Mo No e
i -f% Number of classes in ADDIOX. Approx. Appros. ADOIOX. Apprax. Approx. ADoK,
O olass library 300 30 - 40 45 in 25 30 : 30
ExparCaste .
MacApp access Yes Yo Flanned Planned Planned Yag Flanned
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with other of design ‘oriented o other '} - Iregtment of
Smalltalks features; machines chigcts
library size
Greates! weakness spead fimited “unusual” LISF sl not & lirmitadt tonger
obyect symtax of an rative object- learming
= orientad FORTH “urugual” compiter oriented tima lor
£ concepts language Ceoncepts -1 expanenced
3 (no class inoclass © | obieck
e methods) methods) - oriented -
) DrOgrammers
Chher fequires supported NUMEerus {note: not — (naote: not (note: not
100GK of by Apple USEr groups, | - shipping shipping. Cshipping
RAM for Computer bimanthly al press al press at press
SENOLS newsietter ©time) firme) Hme}
WOTK, ’
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word, OBJECT. The basic schema is
TYPE

ClassMame = OBJECT (SuperclassName)

< instance variable declarations >

< mathod header definftions =

END;
where < »> denote optional portions of this schema,
Methods are defined as ordinary Pascal procedures or
functions that have been qualified with the name of the
class:
FROCEDURE ClassName. ProcadureNarme{argumentlist);
BEGIN

END;

Object Pascal is a “bare bones” object-oriented lan-
Cguage, It makes no provision for class methods. class vari-
ables, multiple inheritance, or metaclasses. These concepts
were specifically excluded in an attempl to streamiing the
learning curve encountered by most novice object-
oriented prograrmmers,

The Object Pascal class library is MacApp.

NEON
_The language Neon is, depending on your programming-
language point of view, either an object-orlented exten-
sion to the FORTH language or an incisive and efficient
implementation of Smalltatk as a threaded interpreted fan-
guage. Regardless of which view you take, Neon is a re-
.- markably concise language that nicely bridges the gap be-
~tween the object-oriented languages (3 la Smalltalk) and
the threaded languages (@ la FORTH). Neon was developed
by Kriya Systems expressly for the Mac and was first
shipped in 1984,

The basic Neon syntax shows its strong FORTH heritage:
From the point of view of most of the other languages
discussed in this article. Neon's syntax is backward. (To
be fair, many programmers consicer the Smailltalk syntax,
which has the chject precede the message. 1o be back
ward compared to the procedure call used in most lan-
guages, so perhaps Neon, with the message preceding
the object. is one of the few cbject-criented languages
10 get it righti)

New classes and methods are defined using special
Neor compiler words that delimit class definitions
CECLASS and [ CLASS) and method definitions ¢ M and ;M.
The basic schemas are

CLASS ClassName < Super SuperClassName < n indexed =
<instance variable names >
< method definitions >

CCLASS

and

M Selecior: < { named arguments \ local variables — resulls b o
< methad body >

M .

where < > denote optional portions of these schemas

~One of the most usefu] features of Neon is the provi-

sion for both named arguments and local variables In
rethods. Named arguments let you assoclate a name with
the arguments placed on the stack prior to the invoca-
tion of the method and then simply refer to these argu-
ments by name when vou need them in the body of the
method. Local variables let vou declare and use temporary
variables in the method body. Both features simplify the
use of Neon compared to the complex stack manipula-
ticns often required in FORTH.

Neon allows you to choosge between the efficiency of
static binding and the flexibility of dynamic binding (cailed
early Binding and late Binding in the Neon manual) on a
message-by-message basis. Early hinding will resolve at
compile time a message sent 10 a given object into an
invocation of a particular method in a particular class; late
binding will leave this resclution until run time. The
compile-time determination is made based on the de-
clared classes for the reference variables. {Thus, Neon is
like Object Pascal, which allows a reference variable to be
declared of a certain class. and unlike Smaikalk, in which
all object references are equal) The Neon line Get: mylnt
will send the Get: message to the object referred to by
myint, with the resclution of that message determined at
compile time by the declared class of myint. The line Get:
i myint | will send the Get: message to the object referred
to by mylnt, with the resolution of that message deter-
mined at run time by the run-ime class of mylnt. Late bind-
ing can be used with any construct that generates an ob-
ject reference. such as Get: [ 1 all myArray | to send the
message Gel: to the object referred to by the ith element
of the array object myArray, with the resolution of that
message determined at run time by the run-time class of
the object stored at that element in the array

The basic approach of the current Neon class library—
unlike that of MacApp. which provides a completely func-
ticnal application framework—is to "lift” the Toolbox data
types to the level of classes. Accordingly, Neon has classes
like Point, Window, Dialog, and Event, which provide a
more functional set of building blocks than do the basic
Toolbox data types and procedures for the Pascal or C

Table 2: A comparison of the syniax of each langudage.
The message, Msg. with argument. arg. is sent fo the
object referenced by obj.

Byntax Language

ab)] msg: arg Smalitalk

obj msglarg): Ohject Pascal

arg msg obj MNeon

{ob] 'msg < arg>) ExperCommonLisP
{obi msg: arg); Chijective-C

arg(ABI-(SF)

RACVE W Ubject Assembier
MOVEL  objfA6)-(5F)
MethCall Nsg

teli cobyj imsg “arg) Ohject Logo
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programmer, but not quite the type of building blocks thit
the MacApp classes provide for the Object Pascal
ProOgrammer.

: EXPERCOMMONHSP : "
_The language ExperCommonll ‘SP is'one of the most com-
prehensive object-oriented languages for the Macintosh
in that it implements all of the features of object-oriented
languages (éxcept unique instance methods), provides a
set of classes that mirror the Toolbox data types, and, with
“the ‘next release, will provide MacApp access. Exper-
CommentiSP was developed by Experfelligence expressly
for the Mac. It was derived from the ExperLISP product
available for the Mac since early 1985,
ExperCommonLISP syntax shows its strong” LISP
heritage: Message sending, setting object reference vari-
ables, accessing instance variables, and other object-

o oriented programming language features are accom-

plished with list functions.

{setq Triangle {send Object ‘subclass)) defines a new
subclass - of Object, named Triangle, by sending the
message subclass to the Object class. (setg trit {send
Triangle New)) instantiates a new instance of the Triangle
class and stores a reference to this new instance in the
variable trit. (send tri1 height) sends the message height
to the object referenced by tril.

Actually. the definition of a new class in ExperCom-
- monkiSP can be much more detailed than this simple ex-
.. ample shows. The full class-definition schema includes pro-

“visions for instance and class variables and instance and
 class methods, |

Mote: LISP users will observe that this schema uses
terms like arg__lists rather than the traditional fambda-
list style commaon o LISP The lists are written here in a

. “nonrigorous, informal natation. This is to make this ex-
. planation of ExperCommonLISP more understandable o
..those who do.not have a reading knowledge of LISE

(sefq NewClass{CLASS (superclass, superciass,.. superclass,)
(VS {iv v v
:{Methods (method,(arg._iai(body))
{method:(arg,listi{body))

. {methad {arg_Jistibody)ly -
(CVS (wi}{sv,) {iv.p
(Mehmeihods{method (arg__list{body)

(method {arg__listi{body))

(method,(arg...ist(body i)

where

e VS is a keyword for the instance-variable-definition
clause. Edch portion of that clause names an instance vari-

- able and provides its initial value and attributes,

& Methods is a keyword for the method-definition clause.
“Each portion of that clause defines & message, its argu-
" ment list, and the method that will be invoked when that
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Perhaps the greatesi
strength of Ob,'eciwe{ is

that it is available on a - |

large number of machines.

message is received by an instance of this ¢lass,

& (V5 is a keyword for the classvariable-definition claGse,

Like the instance-variable-definition clause, each portion _
of the CVS clause names an class variable and provides

~its initial value and attributes,

& Metamethods is a keyword for the class-methad-

definition clause. Each portion of that clause defines a
class message, its argument list, and the class method that
will be invoked when that message is received by the class
object, . :

. "Evéﬁ%'his detailed schema does not present a full pic-
ture of the facilities in ExperCommonLISP As one exam-
ple of & capability in ExperCommaonLISP that is not ex-

“hibited by this schema and is not present in any of the

. other object-oriented languages discussed ini this article,

-consider the more- detailed format of the following
- Instancewvariable-definition clause: (VS (instancevariable,

classby-class basis, and within a class ori-an instance- -

-definition) - (instance-variable;-définition) .. (instance-
variabie,-definition)) where an instancevariable definition
has the form {< instarice~variable-name > . < default-
value-form >« set > < gat ).

- The keywords get and set specify whéther the instance
variablé can be accessed from outside the object, If the -

keyword get is used, thevariable can be read from out-

side; if the keyword set is used, the variable-can be writ-
ten. Thus, the degree of encapsulation can 'be seton a

variable-by-instancevariable basis. This is & much more

“flexible middle ground bBetween the unrestricted access

provided by Object Pascal and the total lack of access pro-

“vided by Smialltalk,

The ExperCommonLISP class library includes a set of
classes that "lift up” the Toolbox data types to the level
of objects as well asthe MacApp classes. As with Small-
talk, Neon, and Object Logo, this MacApp access is
achieved by & reimplementation of the MacApp class func-
tionality by ExperTelligence.

- OBIECTIVE-C : o '
‘Obijective-C brings the basic notions of ol ect-oriented

programming to the C language in. a manner that is

- machine-independent. This is accomplished by a compiler

that accepts Objective-C source code and -outputs an
equivalent C source code. The resul ting C source code

-can then be compiled Eor execution o the target machine
- This has resulted in a Tanguage that can (and does) exist

on both the IBM PC and the VAX-[1/780 and on many -

‘machines in-between: Objective-C was developed by
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Productivity Products International (PPI) and first shipped
in 1983.

The Objective-C language is a strict superset of the C
language. The object-oriented extensions are achieved by
adding a new expression type to the C language, the mes-
sage expression. Syntactically, this message expression
is delimited by brackets (see table 2). The message ex-
pression brackets can be distinguished from the standard-
array subscripting brackets used in ordinary C by context.
The internal message syntax is similar to that of Smalltalk;
it even fallows Smalltalk’s syntax for keyword messages.
This new expression type exists on an equal level with all
C expressions. The result is that an Objective-C statement
message expression can be used anywhere that an ex-
pression can be used in C. A sample statement that shows
the resulting flexibility is: [Point x; foo( ) + 7 y: [box top]].
In this statement, the keyword message x:y: is being sent
to the Point class. The first argument (of the x: portion)
is the result of a function call and an addition ( foo( )+ 7 ).
The second argument (of the y: portion) is the result of
sending the message top to the object referred to by box.

New classes are defined in a special class-description
file of the following form:

= ClassName: SuperClassName (PhylaList) { Instance Variable Declaralions }
+ ClassMethodName {Method Implementation}
- InstanceMethodName {Method Implementation}

Only one class may be defined in any such file, although
the number of class-method definitions and instance-
method definitions may vary.

One object-oriented programming concept that is
unique to Objective-C is phyla. Phyla in Objective-C are
groups of classes, just as phyla in biology are higher-order
organizations than the biclogical notion of a class. When
you indicate that a new class belongs to a particular
phylum, you are stating that this class will often be used
together with the other classes in that phylum. When the
Objective-C source code is compiled, this information is
used to generate a more efficient method table structure,

The Objective-C class library consists of some 25 classes
that implement collection classes, basic geometric notions,
and standard data structures—all in a machine-independent
way. The fact that the Objective-C language is available
on a large number of machines and that its class library
is machine-independent is perhaps its greatest strength.
Productivity Products International coined the term
“software-IC" to describe such a machine-independent
class, although the term is now used to describe any well-
designed class. (The concept of a software-IC has been
described in "Software-1Cs” by Lamar Ledbetter and Brad
Cox, June 1985 BYTE)

OBJECT ASSEMBLER

Object Assembler is a set of macros for the Motorola
68000 assembly language that provides easy access to
the MacApp class library and to class-definition facilities.
It is built on top of the macro assembly language provided

by the Macintosh Programmer's Workshap assembler. Ob-
ject Assembler was developed by Apple expressly for the
Macintosh and it will be officially shipped late in 1986.

The Object Assembler macros let vou define new
classes, define method bodies, instantiate objects, easily
reference instance variables by name, and invoke methods,
including inherited ones. A few examples will demonstrate
the use of these Object Assembler macros. The basic
schema for defining a new class in Object Assembler, for
example, is

MACRO
ObjectDef &TypeName &Heritage &FieldList,&MethodList

and an example of the use of this macro is:

ObjectDef ShapeObject,
((boundRect 8),
{borderThickness,2),
(color.2)),
((Draw),
(MoveBy),
(Stretch))

ObjectDef Arc,Shape,
((startAngle,2),
(arcAngle.2)),
((Draw,QVERRIDE),
(GetArea),
(SetArcAngle))

(The backslash is required by the assembler when con-
tinuing a statement from one line to the next)

Let me demonstrate defining a method and referenc-
ing an instance variable by name with some examples.

L e b e

T PO L

Defining a method:

Schema
MACRO
&ProcMame ProcMethOf &lypeName

MACRO
EndMethod

Example

Draw ProcMethOf Arc
<code>
EndMethod

Accessing an instance variable:

Schema
MACRO
QObjectWith &TypeName

MACRO
EndObijectWith

Example:

ObjectWith Arc

MQOVE.L startAngle(Al), - (SP)
PEA boundRect(A1)
EndQObjectWith

In this example of accessing an instance variable, A1
must already be loaded with an arc object reference. The
ObjectWith macro simply qualifies startAngle and bound-
Rect for you. Note that the ProcMethOf (and the corre-
sponding FuncMethOf) macros automatically invoke the
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- ming and e

-~ ObjectWith macrs with the given class. making references
to the instance variables of that class easy.
in terms of its chject-orented semantics, Object Assem-
- biler is just like Object Pascal. MacApp access is provided,
as is access to any class implemented in Obiject Pascal.
-t also is possible to subclass Object Assembler classes
-in Object Pascal, No easy access is possible 1o classes im-
" plemented in other languages.

OBJECT LOGO
| Object Logo is the most unusual ob;ecz»or ented language
“for the Macintosh hecause it is implemented as a class-
“less language-an objectoriented language in which there
- is no firm distinction between an instance object and a
factory object (a class) that makes those instances, Ob-
ject Logo was developed by Coral Software Corporation
expressly for the Mac, and it is scheduled to be shipped
Cint the sumimer of 1986
In designing a language that has no distinction hetween
classes and instances. Coral Software’s programmers left
out a concep: that is commonly used in the implementa-
tion of abject-oriented languages. Classas, after all, are
“really an implementation convenience—a way of econo-
mizing on the amounts of memory required to write
object-oriented programs. From Coral's point of view. the
conceptual issies in using an objectoriented language are
more important than implementation efficiency concerns.
. By removing the class “artifact’” Coral has designed a lan-
_guage in which all obiects are treated uniformly, which it
believes is easier to learn than traditional chiect-oriented
“languages.
. There are a number of technical consequences of this
philosophical decision to remove distinctions between
- classes and objects. In Object Logo, obiects can be given
" instance variables and methods “on the fly” during an in-
“teractive session. You could, for example create an ob-
Cject, give it two instance variables, then define a couple
of methods, use those methods, done the object (ie. copy
- all relevant obiect information), add some instance variables,
“remove some methods, and then clone the object. In terms of
the vocabulary | have developed up to this point vou have
created an instance (from no template), redefined the
_structure of an instance while it existed, added new
- methods while it existed, and then used it as a factory
to produce a new instance just like itself—all notions that
- don't make sense with the traditional object-oriented
vocabidary, The problem isn't with the vocabulary, The
problem Is that many of the notions of object-oriented

- programming that we have spent so long acquiring just

don't apply to Object Logo as well as they do to other
languages. Consequently, Object Logo is somewhat harder
to learn than the other object-oriented languages de-
scribed in this article, if you are already {amiliar with other

- objecroriented languages. Object Logo requires that vou

unlearn some concepls about object-oriented program-
arn some new ones that dor't fit in with your
~conceptual model of how objects, classes, messages, and
methods interrelate. For example Object Logo is the only
danguage described in this article that provides for unigue

BYTE + AUGUST 1986°

instarice methods—méthods not associated with a data

structure shared among objetts with a similar format, but

rather methods directly “attached” to objects. In Object _
Logo such a a concept is natural; in the other languages -
discussed here, it is most unusual,

Because conceptual simplicity was cne of the major

“goals in the design of Object Logo, Object Logo-adds only

a few new primitives to the Logo language.
KINDOF anQbject creates a new object which inherits .

~from anObject. TALKTO anOCbiect makes anChject the

“current object.” {At any time during the execution of an
Object Logo interactive session, there is exactly one cur-
rent object, All references v variables-and procedures are

resolved in the context of this current object) HAVE word

thing adds the instance variable word to the current ob-
ject. The initial value of word, in the context of the cur-
rent obiect; is thing. HOWTO procedureName adds the

method procedureName to the current object. USUAL -

irvokes the inherited method. {This is essentially equiva-
lent to the Objedt Pascal INHERITED and to sending mes-
sages to super in Smalltatk ) And TELL anCbiect instruc-
tionbist .execytes a list of instructions in the context of
anObject without making anObject. -

Object Logo is one of the few languagés in this article
that implements multiple inheritance. In Oblest Logo, a
suiclass can invoke all methods for a message common
to its immediate ancestors. This style differs considerably
from that of Smalltatk. (For legal reasons, the version of

- Smalitalk for the Mac does not have rultiple inheritance.

This is the only major technical difference with other
Bmalitalk implementations.) .
Al the time of this writing, no comprehansi ve listing of

‘the Object Logo class tibrary was available, However, the

plans for Object Logo class library include a complete re-

implementation of the MacApp classes using their Logo

primitives for accessing the Toolbox. Like Nebn and Exper-

LCommenLiSP this reimplementation will -oroduce a

semantically similar set of classes so that the MacApp pro-

- grammer coiild move from Object Pascal or Neon o Ob-

ject Logo with very little .additional - trammg about the

MacApp class library,

PROGRAMMING WITH A .M&f: 50-‘BiEC’r>0'RiﬁNT£i:)
LANGUAGE
Objectoriented languagés for the Macintosh can be

divided into two sets—those that have interactive inter-
preters and those that don't. The languages with inter-
active interpreters—Smalltalk, Neon, ExperCommenLiSk
and Object Logo—have self-contained development en-
vironments consisting of a text editor,-an interpreter, a
compiler {sometimes), and other application building
tools. These development environments are generally in
accordance with the Macintosh User interface Standard.
New classes are developed interactively with réasonably

functicnal debugging facilities. Wher debugged. the new

classes are loaded into a working image that then can be
saved in & snapshot: Many such stapshots can be saved
on disk, each representing a different development effort,

‘a different project, and so on.- Classes are used as incre-
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- ental building blocks: As soon asa new class is defined,

it is available for use. The results of developments in dif-
ferent images can be combined in a single image. usually
by recompiling the source code versions of the new
classes and methods. None of these languages can use
procedures written in standard languages like Pascal or
- C or classes written in other object-oriented languages,
with the exception of ExperCommonLISP which can ac-
cess Pascal and C procedures,

In the languages that do not currently have interactive
interpretzrs on the Macintosh—Object Pascal, Object
Assernbler, and Objective-C—classes are developed first
[using a standard text editor) and compiled with the ap-

o8

propriate compilers. Then a main program using these
classes is written, compiled, and linked with the clasgses.
Al of these languages can access procedures and fune-
tions writter! in either Pascal. € or assembly language.

Most of these languages, whether compiled or inter-
preted, contain all the facilities to construct & stand-alone
Macintosh application. For example, they have special
routines to construct menus and to link the choice of a
particular menu item with the execution of a certain
method. Each of these object-oriented languages has its
particular strengths and weaknesses as an implementa-
tion Janguage depending on your application and back-
ground. @
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CommonLoops

Merging Lisp and Object-Oriented Programming

Daniel G. Bobrow, Kenneth Kahn, Gregor Kiczales,
Larry Masinter, Mark Stefik, and Frank Zdybel
Xerox Palo Alto Research Center
Palo Alto, California 94304

CommonLoops blends object-oriented programming
smoothly and tightly with the procedure-oriented
design of Lisp. Functions and methods are combined
in a more general abstraction. Message passing is
tnvoked via normal Lisp function call. Methods are
viewed as partial descriptions of procedures. Lisp data
types are integrated with object classes. With these
integrations, it Ls easy to incrementally move a program
between the procedure and object-oriented styles.

One of the most important properties of CommonLoops
is its extensive use of meta-objects. We discuss three
kinds of meta-objects: objects for classes, objects for
methods, and objects for discriminators. We argue that
these meta-objects make practical both efficient
implementation and experimentation with new ideas
for object-oriented programming.

CommonLoops' small kernel is powerful enough to
implement the major object-oriented systems in use
today.

Introduction

Over the last decade many systems have been written
that add objects to Lisp (e.g., Flavors, Loops,
ObjectLisp.) Each of these has attracted a group of
users that recognize the benefits of message sending
and  specialization and have endorsed an
object-oriented style. The object languages in these
systems have been embedded in Lisp with different
degrees of integration.

Lisp continues to be an important and powerful
language for symbol manipulation and is widely used
for  programming in  artificial  intelligence
applications. One of Lisp's interesting strengths is its
ability to absorb other languages, that is, its use as a
base for implementing experimental languages.

Permission to copy without fee all or part of this material is granted provided
that the copies are not made or distributed for direct commercial advantage,
the ACM copyright notice and the title of the publication and its date appear,
and notice is given that copying is by permission of the Association for
Computing Machinery. To copy otherwise, or to republish, requires a fee and/
or specific permission.

© 1986 ACM 0-89791-204-7/86/0900-0017 75¢

September 1986

Within  the procedure-oriented paradigm, Lisp
provides an important approach for factoring
programs that is'different from common practice in
object-oriented programming. In this paper we
present the linguistic mechanisms that we have
developed for integrating these styles. We argue that
the unification results in something greater than the
sum of the parts, that is, that the mechanisms needed
for integrating object-oriented and procedure-oriented
approaches give CommonLoops surprising strength.

We describe a smooth integration of these ideas that
can work efficiently in Lisp systems implemented on a
wide variety of machines. We chose the Common Lisp
dialect as a base on which to build CommonLoops (a
Common Lisp Object-Oriented Programming System).
because Common Lisp is supported on almost all
commercial  Lisp  workstations. A portable
implementation of CommonLoops is available and is
being used in many Common Lisp implementations.

With respect to Lisp, CommonLoops has tried to
satisfy a number of different, sometimes conflicting
goals:

Compatibility: CommonLoops is compatible with
Lisp's functional programming style. Message
sending uses the same syntax as function call. Method
definition is an extension of Lisp function definition.
This is described in section I, Object space is defined
as a natural extension of the Common Lisp type space.
This is described in section II. Integrated syntax and
type spaces allow incremental conversion of programs
from a functional to an object-ariented style.

Powerful base: CommonLoops is rich enough for
building interesting applications without the need for
higher level object languages. It also provides several
desirable extensions to object-oriented programming.
Method lookup can be based on the class of more than
one argument (a "multi-method"). Behavior for an
individual object can be specified.

Portability: CommonLoops provides a small kernel
that is easy to integrate into Common Lisp

““CommonLoops: Merging Lisp and Object-Oriented Programming™ by D.G.
Bobrow, K. Kahn, G. Kiczales, L. Masinter, M. Stefik, and F. Zdybel from
the Proceedings of the Conference on Object-Oriented Programming Systems,
Languages and Applications, 1986, pages 17-29. Copyright 1986, Associa-
tion for Computing Machinery, Inc.. reprinted by permission.




‘implementations. CommonLoops is currently running
in five different implementations of Common Lisp.

Flexihility: CommonLoops can be used Lo implement
_the major object languages in use today {e.g., Flavors,
Smalltalk and Loops) as well as new languages like
Objectlisp. CommonLoops supports intercallability
among chjects from these different languages. The use
of meta-objects in CommonLoops supports variations
in chiect representation, methed syntax, combination
and optimization. This makes Commonleops
open-ended  encugh to  support research and
experimentation with future object and knowledge
“representation languages, while providing a base for
standardization.

.Efﬁcieney: Using proven software technlques,
deseribed in section I, CommonLoops can run
efficiently without special hardware support, This is
“important because Common Lisp runs on a wide
variety of hardware bases.

' 1. Methods and Funetions

" In Lisp, functions are applied to arguments. The code
Cthat is run is determined only by the name of the
function. The lisp form

(foo a h)

can be interpreted in terms of a function calling
primitive, funcall as:

{funcall {function-specified-by "foo).
a b).

'_ In object-oriented systerns one "sends messagss” to
objects. The code that is run is determined by both the

_name of the message and the type {class) of the ohject.
Methods defined for a particular selector are
associated with a eolass. In the next section we wil

indicate how we merge the ideas of Lisp datatypes and
ohject classes. The following message using selector
sel:

{send a 'sel b)
can be interpreted as the function call:

{(funcalt
(method-specified-by “sel {type-of a})
a bj.

The collection of all methods defined for se 1 define the
"generic” function for that selector. Which method is
" run when a generic function is invoked is determined
by the type of the first argument. Thus a method is a
partial deseription of a generic function restricted to
objects of a particular type. With thiz understanding of

‘method invocation, we can reinterpret all standard .

iisp calls:
{foo a b)

as meaning

{funcall
{method-specified-by "foo {iype-of a))
a by,

if there is a method defined for foo and {type-of
at. Home of the ideas deseribed bere were
independently invented and implemented in New
Flavors [MoonKeene88], Because of their similarity,
we will contrast Commonboops with New Flavors
where appropriate. We adapted their term, generic
funciion, to describe the collection of methods for a
selector,

A method Tor move applicable only when the first

argument is of type b 1ock isdefined in CommonLoops
as foliows:

{defmeth move ({ob] bhlogk}) x y)
<code for moving a block >)

The code for this method is added to the generic
function for move, and is invoked for objects of type
block, or any subtype. I there was an existing
method for the same selector and type, defmeth
replaces that method. To inveke this method, one
simply writes:

{move hlockl x-pos y-pos)

Civen that blockl is of type block, the code above
will be invoked. Other methods for move could he
defined for first argument being a window, a sketeh,
ete. If more than one method is applicable (because of
subclassing), the most specifie method is used.

Default Methods

If one uses the defmeth form without specifying any
type as in:

{defmeth move (thing x y) co )

this code i3 run when no more specific method of the
generic function for move is applicable. When only
such a default method is supplied, it is like defining an
ordinary Lisp function, There is no speed penalty for
using such default methods instead of functions.

The difference between defining a default method and
defining an ordinary Lisp function is that the latter is
riot atlowed to be augmented by specialized method
definitions. This protecis users from inadvertently
overriding or specializing predefined functions where
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perhaps special compilation optimizations have been
used. For example, in most Lisp implementations
calls to the primitives car, cdr, and cons are
compiled specially for efficiency. Specializing these
functions could either have disastrous effect on system

efficiency, or no effect on previously compiled code.

However, it is often useful to be able to define methods
which specialize existing Lisp functions. To make the
Lisp function print specializable, one uses:

(make-specializable "print
"(thing stream))

This declares that the pre-existing lisp function print
is to become the default method for the generic
function, and that additional methods can be added.

Multi-Methods

CommonLoops extends Lisp's function call even
further, It allows the method to be specified in terms
of the types of any number of arguments to the form.
It interprets the form:

(foo a b)
as
(funcall
(method-specified-by 'foo
(type-of a)
(type-of b))
a B

Thus, unlike most other object-oriented schemes,
CommonLoops allows method-lookup to be based on
more that the class of the first argument. For example,

(defmeth insidep
((w window) (x integer)

-)

defines the method for insidep when the first
argument is a window and the second and third
arguments are integers.

(y integer))

For any set of arguments, there may be several
methods whose type specifications match. The most
specific applicable called. Method
specificity is determined by the specificity of the
leftmost type specifiers which differ. However, as
discussed below, other regimes can be implemented
using the meta-objects facility.

method is

Method and Discriminator Objects

In CommonLoops all the data-structures used to
implement the system are objects. In particular,
defining a method creates three objects, the method,
the discriminator and the discriminating-function.
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discriminating function

code to choose
applicable
me thod

discriminator object
(may update existing one)

name of selector MOVE

list of methods ( 3 : ¢
method object

name of selector MOVE

type specifiers (block)
method code {codeX

Figure 1: These three objects are used for interpretation
of acall. The discriminating function is the code object
that selects the method to be called. The discriminator
object describes the generic function and is used to
It uses the
information in the method object; the method object is
also used in the compilation of the code for the specific
method.

construct the discriminating function.

The method object represents the method being
defined. The method object contains the
type-specifiers and the code for the method. The
discriminator object contains a list of all the methods
defined on a particular selector. Hence, it describes
the generic function. Together, the discriminator and
all of its methods produce the discriminating function,
a piece of Lisp code which is called when the selector is
invoked to determine which method to call, Because
the method-lookup and calling mechanisms are under
control of the discriminator and method objects,
specialized method-lookup and method-combination
mechanisms can be implemented by defining new
classes of discriminators and methods which specialize
parts of the method-lookup protocol.

One such special class are methods which are
specialized to individuals. By this we mean that some
methods are applicable only if called with a specific
object as argument. For example, this would allow a
special-case for a connection to a particular host on a
network for some period of time when special
rerouting needs to be done. Standard protocol makesa




method appiicable to an individual more specific than
any method just specified on types,

Method Combination

‘Frequently, when one specializes behavior for a given

class of object, the desire is o add only a little behavior
to the methods of the super-classes.

The primary mechanisim for method combination in
LommeonLoops is run-super which is defined to run
the most specific method matching the arguments of
‘the current method that is more general than the
method in which the run-super oceurs. Ifthere is no
such method an error is signaled,

‘Forexample,
{defmeth move

{{w bounded-window)

{x integer)

(y integer))

(cond {{in-bounds-p w x y)
{run-super})

{t 1y move to closest point ingide

{ru.n—sug}er) H

defines a method which specializes the move methad
on window so that it always moves in-bounds.

The rur-super is essentially the mechanism of
method combination found in Smalitalk, Loops,
Director and Object-Lisp. It is hoth powerful and
simple. Tt allows arbitrary combination of inherited
code with current code using Lisp as the combination
language.

Sometimes it is more useful to have a declarative
means of specilying method combination. In Flavors,
for example, before and after parts ean be specified
for any method, and these will be run before and after
any directly specialized method without requiring any
‘statement in the specialized method. Before and
after parts can be attached any place in the
Inheritance chain, and are combined In a single
method at definition time. In CommonLoops we
implement this feature using a special discriminator
ohject that indexes these parts and does the method
combination. We have implemented in Commonloops
the interface for user defined method combination
specified for New Flavors.

Method and  discriminator objests used io
-implement both run-super and the user defined
method combination mechanism. This provides the
flexibility of choosing either of the standard kinds of
combination in use today. In addition, the existence of

are

these meta-objects allows experimentation with other

kinds of combination and invecation. We are

currently fooking at integrating logic programming
into  the CommonlLoops Logic
programming  requires specialized method and

framework.

-discriminator objects to combine method clauses using

hacktracking search,
Processing of method code

The code that implements a method is interpreted and
compiled in a context in which the method ohject is
gvailable. The method can use information from the
type-specifiers to opilmize parts of the method body, or
to provide special syniax within the hody of the

"method to access the slots of arguments to the method.
‘Because this processing is done using a defined

protocol of messages to the method object, it can be
extended by users.

I, Defining Classes

CommonLoops uses defstruct to define its classes,
extending the syntax of the construct found in
Commeon Lisp for defining composite structures.

{defstruct position
(x~coord 0)
{y-coord 0))

defines a class named position, and specifies that
instances of that class should have two slots,
k-coord and y-coord, each initialized to . As a
side effect of defining this structure, defstruct also
defines a function to make instances of type
pesition, and functions position-x-coord and
postticen-y-coord toaccess the slots of an instance.
An updating form using setf and these access
functionsis used to change the values in the slots, e p.;
{self {position-x-coord i-1) 13}
In addition, defstruct can define an extension of
spreviously defined class.

idefstruct (3d-position
{:include position))
{z-coord 0}}

The new structure is a subelass of the old. and includes
all of its slots and may add slots of its own. Thus
3d-position has slots x-coord, y-coord, and
z-coord, and inherits all defined on
nosition,

methods

Meta-classes

In CommenLoops, as in Smalltalk, classes are

themselves instances of other classes. These special
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classes are Krown as meta-classss, The figure helow
indicates the relationships of the classes defined.
-above, and their meta-class strugture-class.

STRUCTURE-CEAS

5
__,_.»-""/

‘C"iass:
POSITION

»—"/’

SR

. Llass: Class:
.BDMP{)SQK{)&, MARKED-POSITION
PR c I
. sub~class e
'1 instance of: instance w
- p

30-POSITION

. F.'zgii're 2" Three di fferent r‘e[aiiané are il(ﬁstraied in

“this diagram. S8d-position and marked-position are .

both subclasses of position, and inherit s siructure

and behavior. pl 13 an instance of 3d-position, the thres
- position classes are instances of siructure-cluss. We

call structure-class the "meta-class "of pl, since it (s the
class of s class.

Meta-classes control the behavior of the class as a
-whole, and the class-related behavior of the instances
such asinitialization, as do Smalitalk meta-classes. In
Flavors, the Flavors themselves are not instances of
- any Flaver, and hence their behavior is uniform.

In . CommonLloops, meta-clagses have important

~ additional  roles. A meta-class  controls  the
interpretation of the defstruct form; it alse controls the

" representation of instances of the class; it specifies the
order of inheritance for classes; finally, it controls
allccation and access to instance siots.

Interpreting the Defstruct Form

“Because some meta-classes need to provide defstruct-
options  not . provided by other meta-classes,
- Commonloops -separates the interpretation of the
defstruct form into two parts. In the first part, the
defstruct is checked to make sure it conforms to basic
- tdefstruct syntax and the meta-class is determined
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by - '-'i{:()k]ng for & - :class option. Then

expand-defstruct is called on the meta-class and -

the defstruct form. - This allows the meta-class to

- process the defstruct form and interpret the options

as it chooses.

‘Representation of Ohjects -

Meta-classes control the representation of instances.

Consider the follawing definitions of the ciass position:

{defstruct (position - .
: (:class structure-class)) -~
{x-coord 0) e :
(y-coord 0}))
(defstruct (position (
{x~cotrd 0}
{y~coord 0}}

cclass class))

~In . the first definition, .the- étf*’uc%ur‘é*c?as‘s :

meta-class 13 specilied; An inistance {Sf"positiancreamd
using this definition will be represented as a linear
block of storage with -two data -items,- - This . very
efficient in space.. The second definition specifies the
ineta-class ¢1ass which causes the instances to he

crepresented in a more flexible way, with a level of

indirection between a header and the storage for the .
data. This allows such an instance to track any
changes-in its class (adding or delsting iatance

variables) without users of the instance needing to do -~
anything to update the instance. Automatic updating

oceurs when access to slots is requested, The instance -

~ean -even change ifs ¢lass, and invisibly update its
“structure, Because the meta-class is résponsible for
~the implementation . of  the

it is also .
We

instance,
regponsible for access to slots of the instance.
return to this below.

Multiple inheritance

‘Many meta-classes allow multiple inheritance. These -

meta-classes extend the syntax- of “the :include

defstruct option to allow a:list of inclided classes. For:” B

exarmple,

(defstruct

o (titled-window

(rinclude {window titied-thing})))

defines a new-class, 11 bled-wi n[iéw; _W;hipk includes

“ both-window and titTed-thing as -super-classes.

Under-control of the meta-class, the new class will
inherit slots from the super-clagses. - Although the
usual inheritance for slots is to take the union of those -




specified in the included-¢lasses, some meta-classes
could signal an error if there were an overlap in
. names.

The class being defined is the root of a sub-lattice from
~which descriptions are inherited. The specified order

 of the included classes deiermines a local precedence
among the classes. This is used as the basis of the

precedence relation for specificity. The specificity of
classes with respect to this new one is cached in the
class as an ordered list that we call the class
precedence 15t

" The meta-class determines the algorithm  for
 computing the class precedence list from the local
precedences.  The algovithm used by the meta-class
class is left to right, depth first up to joins, with the
constraint that the loeal ordering of any local
precedence list must be maintained. Except for the
last constraint, this is the same as the algorithm used
in Loops. The constraint is violaled when a iocal
precedence list contains C1 before 2, and C1 is
somehow a super of C2, In this case, CommonLoops
“signals an error. This algorithm produces the same
ordering as the one used in New Flavors,

OBJECT

,m*’””;”ﬂﬁwﬂﬁm‘\mx““aa

POSITION

ESSENTIAL-CLASS

CLASS BUILT-18-CLASS

MUMBER  SEQUENCE

for structures of Commonlisp, the built-in types, and
the meta-clags ctass designed to facilitate

_exploratory programming [Sheil]l. The user can define
& new meta-class to provide other functionality for a

different object system  For example, with Gary
Direscher, we have looked at defining a metaclass that
supportes  OhjectLisp [Drescher) and
behavior.

inheritance

Slot-Options in Class

The representation of instances used by class allows
three additional allecation strategies for siots in
addition to the usual direct allocation of storage in the
instance. These provide facilities that have been
found useful in a number of object systems. In each
case, the user of the class does not need to change the
form of access to change the form of allocation.

A :class allocation specifies that the slot is stored
only in the class; no storage is allocated for it in the
instances. Thus, the slot is shared by all instances of
the structure. Updating the value in ene instance is

seen by all. This option provides functionality similar
1

SYHBOL

LisT VECTOR

3D-POSITION

Figure 3. Classes in italics are instances of built- in~ctass, all others are instances of
class. t is the super-class of everything in CommonLoops. It corresponds to the Common
Lisp type specifier of the same name essential-class is a primitive class nsed fo

implement meta-classes.

All meta-classes have essential-class as o super-closs. It

defines defanlt behavior which all metaclasses must have.,

Initial elasses in Commonkoops.

- CommonLoops uses the flexibility provided by
meta-classes to define classes which correspond to the
primitive Lisp types. These classes are part of the

~ sarne class lattice as all other CommonbLoops classes.
Thus the Lisp data-type space is included ip the

 CommonLoops class lattice. This means that methods

can be defined on the Lisp built-in classes as well as on
types defined by defstruct.  This is a significant
difference from New Flavors.

" As shown in Figure 3, CommeonLoops provides several
pre-defined meta-classes which provide functionality

174

to clacs variables in Smalltalk and Loops, except that
CommeonLoeps class variables share the same name
space with instance variables,

A :dynamic allocation specifies that storage for this
slot should be alloeated in the insiance, but enly when
the slot is first used. If the first access is a fetch, then
storage is allocated, the default-init form is
evaluated, the value isstored in the slot and returned.
I the first access is a setf, then storage is allocated,
the value is stored in the siot, and returned. This
aliows infrequently used slots to have initialization
declarations, but take storage only if needed.
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An allocation option of ‘none means that the slot
-should not exist in this instance. This is used to
override inheritance of slots defined by a super class.
The meta-class c1ass also allows objects to bave slots
that donot appear in the defstruct declaration. This
gives ohjects their own property lists: this is analogous
to Flavor's plist-mizin flavor. It differs from a

plist-mixin in that there is uniform access to slots
~independent of whether they were daclared.

'--'ﬁiﬁ-(lommdhi;(mps Implementation

Commonloops can be implemented efficiently, even

Do eenventional machines. The most important cases
- Aor time-critical applications are well understood and
- have ‘heen implemented in several object-oriented

systems.
“Method Lookup. .

Implementation of method lockup c¢an be specializad
with respect to four cases: where there is only one
- method defined for a particular selector, where the
only method has no type specification, where all the
methods have specifiers only on their first argument,
and the general case.

- Bingle Method: In ‘this case there is only one

- hon-default method defined an the selector. A static

analysis of Loops and Plavers code shows that
approximately 50% of the selectors fall in this
-category. In thiscase the method can be compiled with
a type check to make sure it is applicable. The
- method-lookugp time is only the time required to check
- the types of the arguments.

- Default Method Only: This esse is similar to the
single méthod case except that the method has na type

_specifiers at all, su it is always applicable. In this case
there is no type check required. It is implemented as a
if it were defined as a function.

Classical Methods Only: When there are multiple
“methads, all of which only have type specifiers on their
first argwment the situation is the same as in
-Bmalitalk and Flavors. We call this "classical” to
© stress its eguivalence to classical object programming
- gystems. On stock hardware this can be implemented
. using any of the proven method-lookup caching
schemes, The cache can either be a global cache, a
“selector-specific cache, a callee cache, or a caller cache.
Variations have heen used in Smalltalk-80 systems
[Krasner],” Loops, and Flavors. On specialized
- hardware this can be implemented using the same
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“mechanisms as in Flavors A default method can
easily be combined with a set of clagsical methods,
ealling it instead of a standard error.

Multiple Multi-Methods: In the re’n‘miﬁing’ case, d.

‘selector has more than one method, and at least one of -

them has a type specifier on other than the first
argument, A standard case miight have type specifiers
for the firsi two arguments, e.g. where the types for
show could be '

(Squave,disp‘?éy~str‘eam) o

Jisguare,print-stream

{circte,display-stream)

In:"our cwrrent implemeniation  of multi-method
invocation, we have implemented o straightforward

. extension of the caching technigues used for classical

method lookup. We do not have enough experience

cwith multi-methods to know what other common

patterns should be optimized.

In elassical  object-oriented  programming, thiso

exampie could be handied by introducing a second

level of message sending, Instead of having separate - .
-multi-methods for each case, one could {hy convention)

write two methods for each case. Thus, -the show .

-message for square would send a -second message to .-
" the stream {show-sguare-on) that would embed the

type information ‘about square implicitly in the -
selector.

Multi-method lookup in Comerionloops {3 faster than

- o muitiple sequential method lookups. The overhead for
~ deing lookup is the time of anextra finetion call{a call -
to the discriminator function which then calls the

chosen method) plus the time of 4 {ype check for each

- specialized argument. .

Slot access and Mela-classes -

Slot access can be implemented in a variety of ways.
The meta-class class uses a caching technique
similar to that used in.Smalitalk.  The meta-class
structure-class, because it “doss not _
multiple inheritance, ¢an compile outthe slot lookups -
in the standard way, Another meta-class could use the
self-mapping-table technique used in Flavors,

allow

" We have also experimented with ways to compile out
-the rost of method lookup and-slot lockup entirely.

Having meta-classes and diseriminator objects allows

~-the specification of special ways of accomplishing a” -
ccall to a selector when the Lypes of some the arguments

are ‘known ai compile-fime.
appropriate  method

In - certain cases the-
can  he determined  at

ccompile-time so that no method lookup need cccur at




T multiparadigm

run-time. ~The body of the method can even be
compiled in-line,

Compilation of calls to accessor functions is a common
case where in-line expansion works well. The
code can the slot directly.

- resulting BUCESS

Meta-classes which do this kind of optimization are
. useful in produciion versions of applications where the
time to change a pregram vs. program execution speed

*‘tradeoffs can be pushed completely towards execution
speed.

Flexihility to different  slot-access  or
" ~method-lockup schemes based on the meta-class is an
" important feature of CommonlLoops. Efficiency is 2
. matter of tradecffs, Object systems without
meta-classes must choose one set of tradeoffs and
implement it as well as pessible. Then, users have to
live with if. In CommonLoops, several different sets of

use

“tradeoffs can be implemented as well as allowing users
to choose which set of tradeoffs is appropriate for a
given situation.

1V. CommonLoops and other Systems

In this section we  consider several impertant
object-oriented languages. All of these languages
have been influential in the design of CommonLeops,
and we try o note similarities and differences. A
_general overview of features of object languages and
can  be

_systems found in

- [BtefikBobrow86]

Loops

Loops [BobrowStefik83] is a multi-paradigm system’

for knowledge programming implemented o
Interlisp-I). It is integrated into the interactive
“gnvironment provided by Interlisp-D. It also provides
special environmental capabilities, such as class
browsers and ohject inspectors. The design of
CommonLoops draws on our experience with Loops,

‘but is a major departure from it.

CommeonLoops provides new functionality but also
introduces many minor incompatibilities and lacks
-gome functionality of Loops as discussed below.
Features of Loops sich as composite-objects that are
appropriately implemented in  terms of the
Commonloops kernel are not discussed, Modifying
- Loops to run on- top of CommonLaeps will require a
substantial programming effort.

Class variables, Loops supports the notion of class
variables that are accessed via special functions.

i76

- value gt creation time.

CommonLoops provides ¢lass variables which provide
nearly equivalent functionality. There are not,
howevear, different name spaces for instance variables
and rlass variables as there are in Loops. We now
helieve that the advantages for modifiability of a
program outweigh the advantages of multiple name
spaces.

Default values. Loops supports the notion of a default
value which at slot access time finds the default value
in the class or the super classes of the class,
‘CommenLoops provides init-forms in siot-descriptions
that specify how to compute the default value at
creation time, The essential difference is thatin Loops
an instance tracks the slot deseription until given a
iocal value while CommonLoops always gives a local
The Loops behavior can be
implemented in Commonleops using annctated
values as deseribed in the section on open design
questions. In our experience, initial values are
satisfactory for most of Lhe applications of default
values.

Slot properties. 1In Loops a siot can have named
properties in additien to a value. This provides a
convenient way to store more information about a
value without interfering with access of the value.
This can be supported using annotated vaiues,

Active values. In Leops a value can be active, so that
specified functions can be run when a slot containing
an active value i3 aceessed.  CommonLoops can
provide eomparable capabilies, as discussed below in

- the section on open design questions.

Smalltalk-80 System

The Smalitalk-80 systern [{GoldbergRobson] is both an
ohject-oriented  programming language and a
vertically integrated programming environment that
is uniformly object structured. The strength and
importance of the Smalltalk-80 system rests not only
with its ohiect-criented programming style, but also in
the carsful engineering of the set of kernel classes and
their behavior that define the Smali{alk-80 image.

In terms of its provisions for class definition, name
lookup, method and method
combination Commeonloops can be viewed as a
superset of Smalltalk-80, with notable
exceptions:

diserimination,
s0me

The Smalltalk-80 virtual machine directly supports
only single superclass inheritance. Nevertheless,
additional inheritance schemes can be implemented
{by changing the manner in which new classes are
defined) and multiple superclass inheritance is
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‘included as part of .the standard Smalltalk-80
environment. It operatessubstantially the same as in
CommonLoops, except that multiply
methods for the same selector must be redefined at the
common subclass, or else an error will result when the

“method is" invoked. This Smalltall-80 feature is
. inconvenient for mixin classes that specialize standard
methods as used in Flavors and Loops.

The

provides am explicit scheme for method combination:

objects can send messages to themselves in a way that
. specifies from which superclass method lookup is to
" wproceed. This is done by compdsing the name of the
“superclass with the selector, e, an Instance of
- ReadWriteStream may send itself the message
ReadStream next to indicate that the ReadStream

- superciass is to supply the method. This explicitness .

can cause -problems because methods build in as
constants’ information about the class hierarchy,
- which may change,

" {lasses and meta-clagses hear thie same félatidnshi;} to

each other and there is some overlap of funetion in

both systems. However, there are some significant

" differences in functionality, Instanees of all Smalltalk
~classes (except for the cotirpiled method class) are _
- realized in terms of just three basic implementations:

pointer objects, word objects, and byte ohiscts. The
Celass  definition  directly  determines  which
implementation is to be used.
- Smalltalik each elass has a unique meta-class.

In Smailtalk enumerating the instances of a class is
intended to be computationally hearable (just how
. bearable -depends on implementation dependent
_ factors, e.g. whether and how virtual memory is
implemented) As a result, Smalltalk classes can
broadeast -to their instances. This makes them
“extensional, ag well ag intensional, characterizations
of sets of objects. Since even integers have a class in
- CommonLoops, it is net generally useful to enumerate
all instances of every class. It is straightforward in

. CommonLoops to implement a meta-ciass that allows

a class to keep alist of instances it has created.

" In the Smalltalk-80 system, one can find all references
to an most types of shjects. It is even pessible to
interchange all the references to an object with all the
- references to some other object, regardless of their

respective classes. In effect, the two ohjects exchange
-identities. This operation is inexpensive if the objest
‘memory indirects references via an obiect table, which
“is the standard practice. This capability enables,
~among other things, cheap re-sizing of instances of
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By convention in

Smallialk-80 - multiple . inheritance -scheme -

177

CommenLoaps  in

va‘r.iai':}ie Tength classes. In ComemonLodps, instances o
of classes created by the meta-class c1ass can easily - =
‘modify their contents and class pointers to achieve the

sarme functionality.

Smalltalk provides :'éla'és -.'va'riablés,. which are shared

by all the instances of a class and its subclasses, and ©

pool variables, which 4re shared by all ‘instances of

. some set of classes and their subclasses. The effect of

class variables is directly achieved in Commonloops .

- through the :allocation class slot optien. The effect of
Smalltalk’s pool variables can be achieved through the . .-
expedient of defining a common superclass among the - -
- classes 46 be "pooled”, which contributes nothing but a

- shared glot) :

Smalltalk  differs  more . Fﬂnéame'ntaﬂj from
that . Smalltalk ohjects are
encapsulated, and control primitives are based upon
message passing. In Smalltalk, unlike CommonLoops.

-only methods of an ohject ¢ar access and update the

state '_'éirectly (this s not strictly ‘true, but the
operations provided for breaking encapsulation are

‘wiewed as just that, and used primarily for building

debuggers, viewers etc.), All other methods must send

messages.-

. Coziaitionéls, iteration, and the like in Smalltalk are-

done via message passing, and contexts (stack frames)
are first class objects, CommonLeops relies upon the

- Commen Lisp control constructs which in general are

spacial forms and cannot be specialized. .

‘Hew Flavors

CommonLoops is practically a superset of New

- Flavors, CommonLoops and Flzvors share the notion
- of generic function. In developing CommanLoops we
- have inciuded the Flavors mechanisim for tser-defined

method combination.

The New Flavors -algorithm  for  computing -

class-precedence is a refinement of ‘the old Flavars .
 algorithmy which solves problems found inm pld Flavors,

Loops and earlier versions of CommonLoops, We have
described our equivalent o the New Flavors
algorithm, :

‘To be. entirely compatible - with New Flavors;

CommonLoops would need to provide some syntactic

-support*for the mechanisms for defining vlasses and

also
the

methods. Machine -dependent support is
necessary - land  easily - added) to  provide
performance on microcodéd machines:

" The important difference between CommonLoops and

New Flavors is the existence of meta-objects in




. CommenLoops. - Meta-objects -make CommonLoops
much mare extensibie, Meta-objects  allow
 experimentation with other kinds of ohject systems.
They allow CommonLoops to treat primitive Lisp
“types as classes. Methods can be defined on those
types, and the standard CommonlLnops mechanisms

“for accessing the slots of a structure can be used to
aceess the fields of primitive Lisp objects.

Other Object languages

ObjectLisp (Drescher] also integrates objeets and Lisp,
Unlike CommonLoops, Objectlisp distinguishes
fundamentally between Lisp types and ObjectLisp
ohiects. This means that one cannot define metheds on
existing types. Another difference is that ObjectLisp
supports only classical methods.

T shares with CommonLoops the common syntax for
message sending and function call. Like ObjectLisp, T
supports only clagsical methods and there is no
‘integration of Lisp types with objects. [ReesAdams]

IV, Open design-guestions

"In this section we present some extensions to
CommonLoops which seem  atiractive, and which
suggest directions for future research.

Complex type specifiers

Extending Commonloeps to handie more complex
tvpe specifiers is attractive, The simplest extension Is
to allow logical combinations of the simpler type
specifiers, for example

{or block window)

 Another extension would be to allow an arbitrary
‘predicate to be used. Yet another extension would
-allow specification based on the number of arguments.

“The problem occurs when there are ambiguities about
which method to use. For example, which of the two:

{ar block window) {or biock house)

is more specific with respect ta block,

For this reason, we have chogen to disallow method

type-specifiers which cannot be ordered by specificity
in the kernel of CommonLoops. A user who wants to

add such methods to Commonloops can do so by
defining a special methed class and using the
method-lookup  protocol  to speecify  different
method-lookup rulas,

- We believe that handling incomplete type specifiers
- and the possible resolutions (backtracing, unification,
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production system rules) is & fertile area for language
design and research, and perhaps a foundation for a
graceful merger of Lisp, Prolog and production
systems.

Structural versus Procedural Views of Objects

The object-oriented programming community is split
on the issue of whether the specification or interface
description of a class of objects should be strictly
pracedural, or whether it should he split inte
procedural and structural parts. In the procedural
view an object is defined by its message protocols, Asa
matter of principle, programs that interact with an
object should make no assurmptions about the internal
representations of the ohject, A procedural view of a
complex number is defined in terms its response to
messages such as X, ¥, rho, theta, plus, print ele.
CommonLoops continues the Common Lisp convention
by usually generating access methods for structural
COMponenis.

A description which includes a structural description
eould {nclude the fact that x, y, rho, and theta are
structural components of & complex number, that {s,
these named pieces are intended to have memory-cell
semantics. Notice that the structural description need
naof be isomorphic with the implementation structure.
For example, a complex number may be implemented
as a pair x and y, with rhoand theta computed.

Those that faver including a struetural description
argue that language forms should support this way of
thinking. In CommonLoops, & uniform procedure ref
is available to access structural parts by name, e.g.
{ref some-complex 'tLhetal,
ingtead requiring the use of an access function for each
(complex-number-theta some-complex}.
Use of the ref form allows one to write code that can
iterate through the slots of a structure, for example, as
in a comparison routine. Also, in CommonLoops, the
developmental meta-class supports stots in instances
that are not declared in the class. The ref form
provides a uniform way of accessing both declared and
undeclared slots, The ref form has some advantages
with respect to expressivity.
{ref x vy}
is equivalent to the wordier
{funcall
{find-accessor-function
(class-of x}
¥)
X ¥y
A ref form is alse generally an appropriate first
argument for setf, unlike funcall, because ref is
used with memory-cell semantics,
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“oaddition  to

A shorfcoming with a structurzl &es'crip'tiori' ig that
© sometimes one wants procedures to be invoked upnn

aceess to a structural component. A way to achieve
this within the structural framework uses annotated
values as described below.

- Annotated Values - Views and Implementations

Access-oriented programming is one of the popular
- features of Loops and several frame languages such as
KEE, UNITS, and STROBE. The merits of this
U féature-are often confounded with the merits of its
- various implementations, In this section, we try to
- separate these issues, and indicate alternative
- implementations available in CommonLoops,

I access-oriented programming, feiching from or .

~ storing in an object can cause user-defined operations
to be invoked. Procedural annotations {or active
values) associate objects with slots so that methods are
"invoked when values are fetched and stored. 1t is also
useful to associate other information with a slot in
its value.  Structurol for property)
annotations associate arbitrary extendible property
lists with a value in an object. Collectively these kinds
of annotations are called annotated values. These
“annotations can be installed on slots and ean be nested
- recursively.

Annotated values reify the notion of storage cell and
are a valuable abstraction for organizing programs.
“Btructural annotations can he used for in-core
documentation. They are also used for attaching
records for different purposes. For example, such
.annotations  can record histories of changes,
“dependencies on other slots, or degrees of helief.
Procedural annctations can be used as interfaces
between programs that compute and programs that
‘monitor those computations. For example, they can
répresent probes that connect slets in a simulation
‘program to viewers and gauges in a display program.

Annotated values are conveniently represented as
objects, and must satisfy a number of criteria for
efficiency of operation and non-interference [Stefik].
‘When multiple annotations are installed on the same
value, the access operations must compose in the same
-order as the nesting, Annotated wvalues can be
implemented in different ways that optimize
performance depending on the expected patterns of
coBImon use.

One  implementation of annofated values in
CommonLoops  would  reguire the  slot-access
-primitives of the meta-class check whether the value
iz an active value obhject, The active value check can
be made fast if the active value objects are wrapped in
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: Altéma%,iveiy, &
~annotated valves could be built upon the ability in

a u:ﬁique'éata type.. Thig technigie for implementing
active values has been used sucessfully in Loops.

Hardware or microcode support of this fast check
would allow the use of annotated values in erdinary
Lisp structures {e.g. in cons-cells), greatly extending
the utility of this abstraction.

procedural - impleméritﬁtio‘n cof

- CommonLoops to specialize methods with respect.to

individuals, For those slots for which a special action

is desired upon access, one van define methods for
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~implementation.

- computational

—and methods separated,

- those accessors and objeets that do the special action.

capable of supporting  either
In addition, we believe that it is
appropriate in CommonLoops to provide meta-classes
that -can support annotated values according to the
needs. of optimization.  If active values are o be
attached  and  detached frequently, checking
dynamlcally for annotated values may be preferable to
changing the discriminator frequently,. If probes are

CommonLoops s

“usually installed only once, then one may prefer the

lower overhead of the procedural implementation. If
access bo properiies Is relatively rare compared with
the access to values, then differentiating property

_access at compilé-time might be preferred.

¢ .05 useful to be able to view a program that uses
annotations in terms of that abstraction, rather than
in implementation terms. The issue of supporting
views of programs is discussed maore gensrally in the

-nextsection,

© Programming EnvirdnmentSiu'pp-@i*-t o

environments must provide .
éuppoz‘t for particular views f(or
perspectives) of programs [BobrowStefik86]. A view is
said to support a partienlar programming abstraction
when-the elements of the view are in the terminology
of the abstraction and the operations possible within
that viewsr are those apnropriate for the abstraction.

FProgramming

For example, a viewer that supports the view of a
program in terms of annotated values would show
annotated values, not-methods or wrappers that make
up their implementation. The installation and nesting

of annotated values are the appropriate BCtIOHS_ _
available in the viewer,

Another impartant and popular view of object-oriented
programs is that classes are defined by their slots and
methods. While program listingsoften show structure
it is useful to view such
brograms as organized in terms of classes with access
to slot and method descriptions, . CommonLoops




. the object-oriented style.

~yigwers in definition groupy [Bobrow] also provide
access to any multi-method from all of its associated

¢lasses. Thus, CommonLoops supports the classical
view with appropriate extensions,

Views of classes can be organized arcund semantic
pategories, as in the standard Smalltalk-80 browser, or
- around a graph of the class inheritance lattice of some
- portion of the system, as in Loops, and Commonloops.
.. In the latter case, certain operations become natural to
. perform directly through the lattice browser — for

- example, promoting methods or slots to more general

- ¢lasses, or changing the inheritance structure,
Changing the name of a slot or selector through a
browser can invoke analysis routines that can find and

change all cecurrences of the name in code,

Viewers on. CommonLoops also support a procedural
abstraction. For example, they provide static browsers
of program  calling  structure, each
discriminator is considered as a single function.
- However, through these browsers, one can get access
to  individual method defipitions from  the
-corresponding discriminator.

where

To provide viable suppert for programming with an
abstraction, the viewers must be integrated with the
‘debugging system. For example, to support a view of
program in terms of metheds, it should not be
‘pecessary  to  understand  how  methods
~implemented 1o refer metheds  created
automaticaily by the system. Rather, debugging
should use the same terms that the programmer uses
‘in writing the program,

are

or to

V. Summary and Conclusions

Over the last ten vears many systems have been
written that add object-oriented programming to Lisp
fe.g., Flavors, Loops, Object-LISP.) Each of these has
attracted a group of users that recognize the henefits of
message sending and specialization and have endorsed
The object-languages in
these systems have been embedded in Lisp with
‘different degrees of integration.

Interest in object-oriented programming has also been
spurred by work axpert systems, Several
knowledge programming systems [ABE, ART, KEE,
Strobe, UNITS, etc.} have emerged. These systems
have included extensions
object-oriented programming and toels for creating
knowledge bases in terms of ohjects. As research
eontinues, additional  knowledge programming
systems will emerge. Each of these will have their
advocates and perhaps their niche in the range of

in

variations and on

s of the applications.
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- applications and computer architectures, All of these
- systems can benefit from an object-oriented base that

is efficient and extensible.

The creation of a good base involves both theoretical
language  design concerns,
CommonLeoops has attempted to respond to several
kinds of pressure on the design of such a system.

and  engineering

The applications community wants to use a system for
its work, The language must be suitable for
state-of-the-art applications and systems that they
build on top of it. The language must have an efficient
implementation. It is an advantage if the language is
g praceful extension of Common Lisp because existing
code and skills
preserved.

existing programming can  be

Vendors share these interests. They want their
systemns to provide a suitable base for a large fraction

They want the kernel of the
janguage to be lean, easy to maintain, and efficient;
they want the kernel o be principled and free of
idiosyneratic features with no enduring value beyond
their history, Vendors don't want to implement
maultiple versions of ohject languages, gratuitously
different and ineompatible,

The regearch community has somewhat different
interests. Like the application community, it needs to
we ahle to share cade, but it is concerned with being
able to try out other ways of doing things. New ideas
for languages come out of the experience of the
research community. To build higher level languages,
the base must provide mechanisms for open-ended
experimentation.

CommonlLoops has responded to these pressures by
providing a hase for experimentation through the use
of meta-objects, while capturing in its kernel the
ability to implement the features of current
object-oriented systems. By integrating ciasses with
the Lisp type system, and using a syntax for method
invocation that is identical to Lisp function call,
CommonLloops possible a  smooth
incremental transition from using only the functional
paradigm for user code to using the object paradigm.
As a portable system implemented in a2 widely
available base, it allows users the choice of hardware
and environments, and a road to the future.

makes and
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any of the ideas behind object-oriented programining
have roots going back to SIMULA (Dabl & Nygaard,
1966). The first substantial interactive, display-based im-
plementation was the SMALLTALK language {{Goldberg
& Robson, 1983). The object-oriented style has ol
ten been advocated for simulation programs, systems pro-
gramiming, graphics, and Al programming. The history
cof ideas has some additional threads mcluding work on
message passing as in ACTORS (Lieberman, 1981), and
multiple inheritance as in FLAVORS (Weinreb & Moon,
1981). 1t iz also related Lo & line of work in Al on the the-
‘ory of frames {Minsky, 1975) and their implementation in
knowledge representation languages such as KRL (Bobrow
& Winograd, 1977), KEE (Fikes & Kehler, 1985), FRL
{Goldstein & Roberts, 1977} and UNITS (Stefik, 1979).
Ome might expect from this long history that by now
~there would be agreement on the fundamental principles
of ohject-oriented programuming.  As it turns out, the
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programming language community is still actively exper-

imenting, Extreme languages can be found which share
the description “object-oriented” but very little else. For
example, there are object-oriented operating systems that
nse a much more general notion of message sending than
in most of the languages described here.

This article is an introduction to the basic ideas of
programming with objects. A map of the field s naturally
drawn from where one stands. Most of the examples will
be from the authors’ own system, Loops {Bobrow & Ste-
fik, 1981}, and we will describe other object languages from
that vantage point. We have nol {ried to be complete in
our survey; there are probably fifty or more object-oriented
programming languages now in use, mostly with very lim-
ited distribution. We have selected ones we know that
are widely used for appiications in artificial intelligence or
have a particularly interesting variation of an issue un-
der discussion. For pedagogical purposes we begin with a
white He. We introduce message sending and specializa-
tion as the most fundamental concepts of ohject-oriented
programming. Then, we will return to fundamentals and
see why some object languages don’t have message send-
ing, and others don’t have specialization.

Abstract

Owver the past few years obiect-oriented programming lan-
guages have become popular in the artificial intelligence com-
munity, often as add-ons to Lisp. This is an introduction to the
concepts of object-oriented programming based on our experi-
ence of them in Loops, and secondarily a survey of some of the
important variations and open issues that are being explored
and debated among users of different dialects.
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-Basic Concepts of @hjecz—@rie_ﬂtéd Programming -~ (‘.}zé,ngéé. ‘Inheritance reduces the need to specify redun- -

‘The term object-oriented programming has been used to
mean different things, but one thing these languages have
Cin commeon 15 objects. Objects are entities that combine

“the properties of procedures and data since they perform

computations and save local state, Hniform use of objects
contrasts with the use of separate procedures and data in
-~ tonvéntional programming.

All of the action in object-oriented programming
‘eomes from sending messages between obiects. Message
sending s & form of indirect procedure call. Instead of
 naming & procedure to perform an operation o an object,

ane sends the object a message. A selector in the message
“specifies the kind of operation. Objects respond to mes-
sages using their own procedures (called “methods™) for
perforising operations. _
"~ Message sending supports an important principle in
‘programining: datd absiraction. The principle is that eall-
“ing programs should not make assumptions about the im-
plementation and internal representations of deia fypes
-‘that they use. Its purpose is to make it possible to change
underlying implementations without changing the calling
~programs. A data type is implemented by choosing a rep-
resentation for values and writing a procedure for cach op-
‘eration. A language supports daie abstraction when it has
& mechanism for burdling together ali of the procedurces
for a data type. In object-oriented programming the class
~represents the data type and the values are ils instance
.variables; the operations are methods the class responds
to. -
Messages are usually desipried in scts to define a unik-
form interface to objects that provide a facility. Such a
set of related messages is called a profocol. For exam-
ple, a protocol for manipulating icons on a display screen
- could include messages for creating images of icons, mov-
“ing them, expanding them, shrinking them, and deleting
“them. When a message protocol is designed for a class, it
- should be made general enough to allow alternative imple-
" mentations.

There 1s additional leverage for building systems when
the protocols are standardized. Thiz loverage comes [rom
. polymorphism. In gencral the term polymorphism means

“having or asswming different forms.” but in the context of
ohject-oriented programming, it refers to the capability for
different classes of objects to respond to exactly the same
protocols. Pratocols enable a program to treat uniformly
‘objects that arise from different classes. Protocols extend
the rotion of modularity (reusable and modifiable pieces as
“enabled by data-abstracted subroutines) to pelymerphism
" {interchangeable pieces as enabled by message sending).
" After message sending, the second major idea in
“object-oriented programming is specialization. Specializa-
tion is a technique that uses class inheritance to elide in-
~formation. Inheritance enables the easy creation of objects
- that are slmost like other objects with a few incremental

dant information-and simplifies updating. and modifica- -
tion, since information can be entered-and changed inone -/
place.. o L _

- We have observed in our applications of Loops that
changes to the inheritance network are very eommon in.

“program recrganization.  Programmers often create new

classes and reorganize thelr classos s they understand the -
opportunities for factoring parts of their programs. ‘The
Loops programming environment facilitates such chanyes”
with an mteractive graphics drowser foradding and delets
ing classes. renaming classes, splitting classes, and re--
routing inheritance paths in the lattice.

Specialization and message sending synergize to sup-

- port program extensions that preserve mportant invari-

ants. . Polymorphism extends downwards in the inheri--

tance network because subclasses inherit protocols. In-

stances of a new subelass follow exactly. the same proto-’

“cols as the parent class, until local specialized methods are - -

defined. Splitting & class, renaming a class; or adding a .

new class along an inheritance path does not affect simple

-Variations on Message Sending.

message sending unless a new method is introduced. Simi-
larly, deleting a eluss does not affect message sending if the
deleted class does not rave a-local method involved in the

‘protocol. Together, messsage sending and specialization

provide a robust framework for extendhig and modilying
programs.

Fundameéntals Revisited

Object languages differ, even it the fundaimentals, - We
next consider object languages that do not have message
sending, dnd one that does not have specialization.

When object lan-

" puages are embedded in Lisp, the simplest approach to
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providing message sending is to define a form for message
sending such as: : o

. {send obisct selector argl arg? o.u) -

- However, some language designers find the use of two -
distinct forms of procediwe eall to.be unaestheétic and a
violation of data abstraction: a programimer is forced to be
aware of whether the subsystern is implemented in terms .
of oljects, that is, whether one should invoke methods or
fanctions. .

An alternative is tounify procedure call with message
sending. Various approaches to this have béen proposéd.

The 'l (Rees & Meehan, 1984) programniing langnage uni- - L

fies message sending and procedwre calling by using the. .
standard Lisp syntax for invoking either methods or fuiie-

tions. For example, (display obj x v could he used either

to invoke the display method associated with obj, or to-
inveke the display lisp function. A name conflict resulting
in ambiguity is an error.

CommenLoops - (Bobrow, Kan, Kiezales, Masinter,

Stefik, & Zdybet, 298'5} takes this unification another step.
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Lisp function call syntax is the only procodure calling
mechanism, bat ordinary Lisp functions can be extended
by methods to be applied when the arguments satisty cer-
tain restrictions. In Lisp, functions are applied to wrgu-
ments. The code that s run is determined by the name of
the funetion. The Lisp form (foo a &) can be viewed as

(Funcall (function-specified-by foo) a b}

Seriding a message (seng a foo b) i object-oriented
programing can be viewed as equivalert to the invoration
of:

{funcall {method specified-by foo {type-of a) ) a by,

“Fhe code that is run is determined by both the name of
fhe message, foo, and the Lype of the objeet, a. A method
is invoked only if its arguments mateh the specifications.
In this scheme a method with no type specifications n ils
arguments is applied if no other method matches. These
methods are equivalent to ordinary functions, when there
are no other methods for that selector. From the point of
view of the caller, there is no difference between calling a
Function and invoking & method.

' CommonLoops extends the notion of method by infro-
direing the notion of “multi-methods” to Common Lisp. It
Ainterprets the form (foo a b ...} as

{funcall (method-specified-by 'foo (type-of a)
{type-of ). ) a b .. )
. The familiar methods of “classical” object-oriented
programuming are a special case where the type (class) of
only the first argument iz used. Thus there is & contin-
“wum of definition from simple functions to those whose
arguments are fully specified, and the user need not he
aware of whether there are multiple implementations that
depend on the types of the arguments. For any set of ar-
“guments to & selector, there can be several methods whose
type specifications match. The most specific applicable
method is invoked. '

A wvarlation among objeet oriented languages s
whether the method lockup procedure is “built-in.” In

the languages we have described here, there is a standard
‘mecharism for interpreting messages - with the selector
always used as a key to the method. In Actors, the mes-
“sage is itsell an object that the receiver processes however
it wishes. This allows other possibilities such as pattern
matching on the message form, It also allows “message
plimbing” where the receiver forwards the entire message
to one or more other objects. Splitfing streams o allow
one outpul to go to two sources s a simple example of the
use of this feature.

Varistions on Specialization.  Specialization as we
have introduced it so far is a way to arrange clasges so
that they can inherit methods and protocols from other
classes. This is a special case of a more general concepts
the concept is that objects need to handle some reessages
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themselves, and to pass along to other ohjects those mes-
sages that they don't handle,

M aclor languages (Licherman, 1981) fhis notion s
called *delegation™ and it is used for those programuming
sitnations where inheritance would be used in most other
object languages,  Delegation is wore general than spe-
eialization. because an actor can delegate o message to an
arbitrary other obicct rather than being confined to the
paths of a hierarchy or class Jattice.

[f delegation was used in its full gencerality for most
siliations in actor programming, the specifications of del-
egation could beeome quite verbose and the advantages
of abstraction hievarchics woulld be lost. Actor programs
would be quite difficult to debug. In practice. there are
programuning cliches in these languages that emulate the
usual forms of inheritance from more conventional shject
languages, and macros for language support.  However,
sinee there 18 no standardization on the type of inheri-
tance, it makes it more diffeadt for o reader of the code to
nnderstand what will happen.

Classes and Instances

In most object languages ohjects are divided into two ma-

jor categories: classes and instances, A class 15 a deserip-

tion of one or more similar objects. In comparison with
procedural programming languages. classes correspond to
types. For example. if “number™ is a type (class). then
“47 ig oan instance. Inoan object language. Apple would
bhe a class, and apple-d and epple-2 would be instances
of that class. Classes participate in the inheritance lat-

5.

tiee divectly: instances participate indirectly through their

elasses. Classes ard instanees have a declarative structure
that is defined in termns of object variables for storing state,
and methods for responding to messages.

Fven in these fundamentals. object languages differ.
Some obieet languages do not distinguish between classes
and instances. At least one object language does not pro-
vide a declarative structure for objects at all, Some lan-
guages do not distinguish methods from variable structure,
Langnages also differ in the extent to which variables can
Iy annotated.

Themes
We hegin be deseribing classes and instances as they are
conceived 1 Loops. We will then consider some variations.

What’s in a Class? A class in Loops 15 a description
of one or more similar objects. Tor example. the class
Apple provides a description for making instances, such
as apple-1 and apple-2. Althougl we usually reserve the
term instanee to refor to objects that are not classes, even
classes are instaneces of a class {usually the one named
Cless). Every object in Loops i an instance of exactly

one class.




~ GLOSSARY FOR OBJECT-ORIENTED PROGRAMMING

class. - A class is a description of one or more similar objects,
For example, the class Apple, is a description of the struc-
Aure and behavior of instances, such as apple-1 and apple-2.
"Loops and Smalltalk classes describe the instance variables,
‘class variables, and methods of their instances as well as the
- position of the elass in the inheritance lattice,
clags inheritance. When a class is placed in the rlass lai-
tice, it inherits variables and methods from its superclasses.
This means that-any variable that is defined higher in the
" lass lattice will also appear in-instances of this class, If a
variable iz defined in more than one place, the overriding
-value is determined by the inheritance order. The inheri-
tance order is depth-first up 1o joins, and left-to-right in the
list of superclasses.

torelags variable. A class variable s a variable stored in the

class whose value is shared by all instances of the class.
Compare with tnstance variable.

composite object. A group of interconnected objects that
are instantiated together, a recursive extension of the no-
tion of object. A composite is defined by a template that
deseribes the subobjects and their connections.

~data abstraction. The principle that programs should not
make assumptions about implementations and internal rep-
resentations. A date fype is characterized by operations on
its values. In object-oriented programming the operations
are methods of a class. The class represents the data type
and the values are its instances.

‘default value. A value for an instance variable that has not
been set explicitly in the lnstance. The default value is found
in the class, and tracks that value until it is changed in the

Cinstance, This contrasts with nitial values.

delegation. A technigue for forwarding a raessage off to be
handled by another abject.

initial value. A value for an instance variahle that s com-
puted and installed in the instance at object creation. Dif-
ferent systems provide initial values and/or default values,

instance.. The term “ingtance” is used in iwo ways. The
phrage “instance of? describes the relation between an oh-
ject and and its class. The methods and structure of an

Cinstance are determined by ibs class. Al objects in Loops

{including classes) are instances of some class. The noun
“nstance” vefers to objects that are not classes.
instantiate. Tvmake a new instance of a class.

instance wvariable. Tnstance variables (sometines -calied
slots) are variables for which local storage is available in
instances., This contrasts with clagss variables, which have
storage only in the class. In some languages instance vari-

- ables can have optional properties.
lattice. In this document we are using “lattice” as a direrted

mraph without eycles In Loops, the mheritance network is
Carranged in a lattice, A lattice g more general than a trée
becanse it admits more than one parent. Like a tree, s laitice .
rules out the possibility that a class can {oven indirectly)
have itself as a superclass,
metackags. This term is used in two ways: as a relationship
applied to an instance, it refers to the class of the instance’s
class; as a noun it refers 1o 2 class all of whose instauces are
classes. '

crregsage. The specification of an operation to be performed

on an ohject, Shmilar to-a procédure call, except that the -
operation to be performed is named indirectly through a se-.
lector whose interpretation is determined by the class of the
ohject, rather than a procedure name with a single interpre-
tation.
miethod. The function that hnplements the response whien a
message is sent to an object. In Loops, a class associates
selectors with methods.
mixin. A class designed to augment the description of s
subclasses in a multiple inheritance lattice. For example, -
she mixin NamedObject allocates an instance variable Tor
~holding an object’s name, and connects ihe value of that
rarizhle to the object symbol table, : .
object. The primitive element of object-oriented prograii-
ming. - Ohjects combine the attributes of procedures and
data. Ohjects store data in variables, and respond to mes-
sages by carrying out procedures (methods).
perspective.  Aform of composite objeet intetpreted as dif-
ferent views on the sarme coneeptisal entity. For exam-
ple, one might represent the concept for “Joe™ in terms of
JoeAsAMan, JocAsAGolfer, JoeAsAWelder, JoeAsAFather. |
‘Une can access any of these by view name from each of the
others. _ _
polymorphism. - The capability for different classes of ob-~
jects to-reipond to exactly the same protocols. Protocols
~enable aprogram to treat uniformly objects that arise from
- different classes. A critieal featureé is-that even when the |
Csanie message is sent from the same place in code. it can
invoke different miethods, S _
protocel. A standardized wir of messages for implemeniing
something. Two classes which hmplemsént the game set of
messages are said to follow the same protocol. o

~slot. See instance variable .

specialization. The process of modifying a generie thing for |
a specific use, :

gubclass. A class that is lower in the Inheritance lattice than”
a given £lass. .

super clase. A eiass that is higher in the inheritance lattice
than a given class.
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Figurs | shows an example of 2 class in Loops. A
elass definition is organized in soveral parts  a class name,
a metaclass, super classes, variables, and methods. The
‘metactass part names the metaclass {Olass in this case)
“and uses a property list for storing documention. A meta-
¢lass describes operations on this elass viewed as a Loops
abiect., The super class part {supers) locates a class in
the inheritance network. The other parts of a class defi-
nition describe the places for speeifying daln storage and
p-l"(}(’.(’,dlll.‘{‘.iﬂ?.

Truck
MetaClags Class
EditedBy {*dgh “25-Feb-85 {:82)

doe [ **This sample closs dlustrates the syntax of classes in
Laops.

Temmentary 1s maeried in a stondard property in the closs.

v.g. Trueks are ..}
Supers {Vehicle CargoCarrier]

ClassVariables
| tankUapacity 79 doc(*gallons of diesel)
InstanceVariables

owner PIE doc/®awner of truck)

highway 66 doef *Eoute number of the highway.)

milePost O docf *location on the highwey)

cargoList NL doef*List of cargo descriptions. }

totalWeight 0 dec{*Current wewght of carge in fons. )
Methods

Drive Truck.Drive deci*Moves the vehicle in the stmulation)

Park Truck.Park docf*Parks the truck in o double space. }

Display Truck.Display doc/"Diraws the truck in the display.)

The class, calied Truck, inherits variables and methods from both of
its super classes (Velude and CargoCorrer). The form of the defini-
tion here shows the additions and substitutions to inherited infor-
mation. In this example a valne fir the class variable tankCapoeity
iz introduced, and six instance variables (highway, midePost, direction,
curgudast, and folad Weight) ave defined, along with their default values.
The Msthods declaration names the procedures (Interlisp functions)
that implement the methods. For example, Truck Drive is the name of
a function that unplements the Drve method for instances of Truck,

Example of a Class Definition in Loops.

Figare 1.

Vartables in objects are used for storing state. Loops
- supports two kinds of variables: class variables and in-
stance variables. Class variables are used to hold infor-
mation shared by all instances of the class. [nstance vari-
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ables contain the information specific to a particular in-
stance. HBoth kinds of varinhles have names, values, and
other properties. We eall the instanee variable part of a
class definition the instance variable descriplion, because
it specifies the names and defanlt values of variables to
be created in instances of the class. It acts as a tenplate
to guide the creation of instances. Tor example, the class
Point might specify two Instance variables, o and y with
defanlt values of §, and a class variable associated with all
points, lastSelectedPoint. Each instance of Point would
have its own x and p instance variables, but all of the
instances would use the same lastSeleciedPoint class vari-
able; any changes made to the value of lastSelected Pomnt
would be seen by all of the instances. Default values arc
the values that would be fetched from the instance vari-
ables if the variables have not been assigned values par-
tienlar to the nstance. As motivated by Smalltalk, Loops
also has indexed instance variables, thus allowing some
instances to behave like dynamically alloeable arrays.

A class specifies the hehavier of its instances in terms
of their response to messages. A message is made of argun-
ments and a selector. The class asseciates a selector (e.g.,
the selector “Drive” in Figure 1.} with a methed, a proce-
dure to respond to the message. When a message 1s sent o
an instance, its response is determined by using the selec-
tor to find the method in a syimbol table in the class. The
method is located in the symbol table and then executed.
Since all stances of a class share the same methods, any
differenice in response by two instances is determined by a
difference in the values of their instance variables.

What'’s In an Instance? Most objects in a Loops
program are instances {that is, not classes). For example,
in a tratfic simmlation program there may be one class
named Truck and hundreds of instances of it representing
trucks on the hishways of a simulation world. Al of these
truck instances respond 1o the same messages, and share
the class variables defined in the class Truck What each
instance helds privately are the values and properties of
its instanee variables. and perhaps an object name. The
variables of an instance are initialized with a special token
indicating to the Loops access functions that the variables
have not heen i()(iaily set yet. Figure 2 shows an example
of an instance object. '

Instantiation and Metaclasses., The term melaeloss
iz used in two ways: as a relationship applied to an in-
stance, # refers to the class of the instance’s class; as a
noun it refers to a class all of whose instances are classes,
The internal implementation of an instance is determined
bry its metaclass.

For example, to create a new instance of the class Mac-
Truck o New message is sent to MacTruck. This creates
a data structure representing the truck with gpace for all
of the instanee variables. The method for creating the




Automohile-1
Class Automobile
InstanceVariables
highway 66
U milePost 38
direction East
driver
~fuel 7

Saniay

Tnstances have local storage for thelr instance variables. 1§ no ookl

walue haz heen set yet, default values for instance variables are ols.

‘tained from the class, In this example, the “?" In the value place
for the instance variable fuel indicates that the actnal value is to be
abtained by lookup from the class Awlomobde. Methods and class
variabies are not shown since they are accessed through the class,

instance of an Automobile
in a Traffic Simulation Model.
Figure 2.

- daty strueture is found in MaeTruek’s metaclass— (lass.
~To create a new class {e.g.; the class PueklUpTruck, an in-
stance of the class Class), a New message is sent to Class.
The method for creating and instaliing the data structure

e found in the metaclass of Class called MetaClass. The
New method creates a data structure [or the new class,

with space for class variables, instance variable descrip-

tion, and a4 method lookup table. The new class iy also
CAnstalled in the inheritance network. Figure 3 illustrates
“this process of mstantiation.

AbstractClass s an example of a useful metaclass in
~Loops. 1 is used for classes that are placcholders in the
inheritanee network that it would not make sense to in-
stantiate, For example, is response to a New message is

" te cause an errar. Other metaclasses can be ereated for
representing -some-classes of objects as specialized LISP
- yecords-and data structures. "

- Classes and Instances, Revisited.-
The distinction between classes and instances is usual n
bject languages. In applications where instances greatly
outnumber elasses, a different internal representation ai-
Clows economies of storage in representation. It also pro-
wides a natural boundary for display of inheritance, and
dence helps to limit the visual clutter in presentations of
the inheritance network.

. The object language of KEE {Fikes & Kehler, 1985)

- Cidoes not provide distinet representations for classes and in-

stances. “All objects, or *units,” as thev are called in KEE,
have the ame status, Any object can be given “member”

MetaClass

Vehicle

Mac Truck PickU;}Truck . N ;
i ) e SUDET Class
' ' o e instance of
: T s T {some links edited)

MacTrick-1 -

PickUpTruck-1 .

Tustantistion s the provess of making a new object. In Loops,
this process beging when a New message is sent to a class. . In this
figure, the instance MocTruck-f is created by sending a New mes- -
sage to MatTruick, The line between MoeTruck I and MdaoTrack ndi-
cates the instance-of relationship between the instance and its class,
Similarly, a class like PickUpTruck is created by sending a New mes.
sage to Cless. - The line between PickUpTruck and Class indicates the’|:
ingtance-of relationship between the clasy PuklpTruck and s metas
class Clags. Every object bas an instance-of relaticnship with exactly
one class. Class and MetaOlass are called metaclasses; gince all of thely
“instances” are-classes. Another important metaclassis AbstractClass:

. {not shown), AbstractClass is the metaClags Tor classes not meant to

be instantisted {eg., like Vehicle). _
Instantiation.

- Figure 3. |

slots which will be inherited by instances of this object.

Proponents.-of this more uniform approach have argued
that for many applications, the distinction does little work
and that it jnst adds unnecessary complications. Similarly
there is o such distinetion i actor langiiages {Ligherman,

1881 Inheritance of variagbles irithese tatiguges 18 geners .-

ally replaced by a copying operation. ThingLab{Boerning, .

1979}, a-constraint driven object language used prototypes -

rather than classes to drive object .creation, and special-

ization was simply instantiation followed by editing.

In Object Lisp {Drescher, 1985), the declarative strue--

- tures.conventionally associated with ¢lasses are dispensed
“with. . Objects are simply binding environments, that is
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“etosmres.” An operation is provided for ereating and nest-
ing these environments, Object vartables are Lisp variables
bound within an ehjeet environment: methods are function
~names bound within such an environment. To et the of-
fect of message sending, one “ASKS” {or a given form to be
evaluated in the dynamic scope of a given oblect. Nested
“envirorments are used to achieve the layered “inheritanee”
- effect of specialization. Use of an "ASKS” form. however,
precludes the unification of message-sending and proce-
dure call that is now appearing in other object languages.

Mot all object languages have metaclasses. Since Fla-
vors are not objects, instances of Flavors have no meta-
classes. AH Flavor instances are hmplemented the same
way: as vectors. Loops uses metaclasses to allow variations
in nplementation for different classes. For example, some
ohjects provide g tevel of indirection to their variable stor-
“age, allowing updating of the object if there are changes in
its class definition. Smalltall-80 has metaclasses, and nses

“them primarily to allow differential initialization at ob-
" ject crestion time. Commonloops {Bobrow, el ol 19585)
~makes more extensive use of metaclasses than Loops, us-
ing them as a sort of “escape mechanism”™ for bringing
flexibility to representation and notations of objects.

Another difference in systems s whether instance vari-
-ables of an object can be accessed Prom other than a
arethod of the object. Proponents of this strict encap-
sudatzon, as in Smalltalk, base thelr argument on lmiting
knowledge of the internal representation of an object, mak-
g the locus of responsibility for any problems with the
cobject state well-bounded. A counter argumment is that

Cencapsulation can be done by convention. Loops allows

direct access to object variables 1o support a knowledge
- representation style of programming. This is partioularly
useful, for example, in writing programs that comparce two
nhjects.

Not all object languages provide property annotations
for variables.  In Smalltalk, Flavors, and Object Lisp,
variables have values and nothing more, However, lan-
guages intended primarily for knowledge engincering apph-

Crations tend to support annolations. For example. KEE,
STHOBE (Smith, 1983). and Loops, which are all direct

“descendants of the Units Dackage, have this. Annotations
are useful for storing aunxiliary information such as de-
pendency records, documentation, histories of past values,
constraints, and certainty information.

In Loops, the approach to anunotating variables has

“evolved over time. In its most recent incarmation, property
annotations have been unified with a means for triggering
procedure cail on varlable access (active values) (Stefik
Bobrow, & Kahn. 1986, These annotations are contained
in objects and 1t is possible to annotate annotations recur-
sively.

The digtinction between clags variables and instance
variables varies aeross object languages. Smalltalk makes
the same distinetion as Loops {and was the source of the
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tien for the Loops developers). Flavoers does not have class

“wvartables, KIBE provides own and member deelarations for

1%y

slots, serving cssentially the same purposes as the distine-
tion between class and instance variables. CommonLoops
provides primitives for deseribing when, how, and where
storage s allocated for variables. From these primitives,
the important notions of class variables can be defined, ex-
copt that they share the same name space as other objoct
variahles.

Muost abjeet languages treat variables and methods
ag distinet kinds of things Variables are for storage and
methads are for procedures. This distinetion is blurred
somewhat by active values in Loops, which make it poss-
ble to annotate the value of & variahle in any object 5o that
aceess will trigger a procedure. The distinetion is hlurred
also o languages ke KEE. STRODE, and the Units Pack-
age I which methods are procedure names stored in in-
stance variables {which they call slots), In these languages
there is an additional kind of message sonding: sending a
message to a slot. For specified kinds of messages, the
value returned can be just the value of the slot.

Another mportant extension in the Units Pack-
age. KEE, and STROBE is that slots are annotated by
datatypes. The datatype distinguishes the kind of data
being kept in the slot, be it an integer, a Hist. a procedure,
or strething defined for an application. An object repre-
sonting the datatype provides speclalized methods for such
operations as printing, editing, displaving, and matching.
These datatype methods are activated when a slot mes-
sage 18 not handled by a procedure attached to the slot
itself. The form of message forwarding and representation
of datatypes as objects provides another epportunity for
Tactoring and sharing information. Thus, what all slols of
a given type share, Independent of where they oceur, i
characterized hy methods o the corresponding datatvpe
object.

inheritance

Inheritance is the concept in objeet languages that 1s used
to define ohjects that ave almost lke other objects. Mecha-
nisns like this are lrmportant beeause they make it possible
to declare that certain specifications are shared by mulsi-
ple parts of a program. Inheritance helps to keep programs
shorter and more tightly organized. The concepis of in-
heritapce arise in all object languages, whether they are
based on speclalization or delegation and copying.

We begin with the simplest model of inheritance, hi-
erarciical inheritance. We will then consider multiple in-
heritance. as 1t is done i Loops and other languages,

Hierarchical Inheritance,

In a hicrarchy. a elass is defined in terms of a single super-
class. A specialined elass modifies its superelass with




Twindow

wicdth 100 doc {* width in pixels)

height 100
- Gatige LatticeBrowser
reading 0
* Irgtrumiént LeD
pracision 4
height 14
width 44
_LCDA
Cwidth 44 doc (7 width in pixels)
height 14
reading O
precision 4

In hiefarchical inhériance in Loops, the description of a class is
inheritex] by every subclass, unless it is overridden in the subclass.
The instances of the class LOT have a class precedence list for getting
description-— LOD, Gouge, Window, Object. The default value for the
instance variable width is 44 (rather than 100), becauvse LOD is closer
“in the search path than Window. In this example, the doe property
of the instance variable wedih is still inherited by instances of LOD-—
passing along documentation about the use of the variable.

Hnerarchaca% inheritance of Instance Variables,
Figure 4.

WINdow 1 joaate Window Update)

(tMove Window. Move)

- Gauge (Update GaugeUpdate)  LatticeBrowser

Instrument  LCD (SHowReading 10D ShowReading)

In Bierarchical inheritance in Loops, the description of a method is-
inherited by every subclass, unless it is overridden in the subclass, |

This Inheritance can be characterized as a first-found search throngh
superciasses. In this fHgure, the Move method for the class 20D s
inherited from Windou
Hierarchical Inheritance of Methods.
Figure 5,

[R:

additions dnd substitution
tlon of new variables, properties, or méthods ina class;

Airst lookup.

Addition allows the introduc:

which do not appear i one of its superclasses in the hier-
archy. Substitution [or overriding) is the specification.of a

new value of a variable or property. or a new method for
a selector that already appears in some superclass, Both -
kinds -of changes are covered by the following rule.
descrizitions in a clase (variables, properties, and meth-
ods) are inherited by a subclass unless Gverridden in the
subclass, (See Figure 4.3 _

The values to be inherited carn be characterized ih
terms of 4 class precedence lisi of superclasses of the class
determinined by going up the hierarchy one step at a time. -
Defanlt values of instances are determined by the closest
class in the superciass hicrarchy. that is from the first one
in theclass precedence Hst, Flgure 5 ilustrates essontially
the same lookup process for methods”

There is always an issue about the qmnulamttj of tnh mu'
ftance. By this we mean the division of a deseription into -
independent parts, that can be changed without affecting
other parts. In Loops, any named structural element can
be changed independertly —methods, variables, and their
properties. For example, substituiing a new defaunlt value
for one instance variable does not affect the inheritance of
the properties of that variable, or the inheritance of other
instance variables. Figure 4 shows this for the indepen--
dent inkeritance of documentation ’who n adefault value is
changed.

Several approaches for nnpi{!m:‘rmnfr inheritance are

possible offering different tradeoffs in required storage, -

tookuyp time, work during updating, and work for com- -
pilers. For example, the lookup of default values need not
involve s run-tyme search of the hierarchy. In Loops. the -
default values are cached in the class, and updated any
time there is o change in the class hierarchy.

The position of & variable is deterfnined by lookup in’
the class, but the position of this variable is cached at

In Flavors, the position of an instance vartable is

. stored in g table assoctated with a methed, and is ac-

cessed directly by the code. This gives faster access, bui

- requires updating many method tables for soume changvs St

in the hierarchy.

Multiple Inheritance in a Lattice.

Inberitance is a mechanism Tor elision: The povwer-of inher-

Atance s in the economy of expression that results when a
class shares deseription with its superclass.

Mulliple inher-
itance increases sharing by making it 3)0%1%)19 ta combine
descriptions from several classes. :

Using multiple inheritance we can id{ tor “informa-

tion in a way that iz not possible in hierarchical inheri- .. -

tance. Figire 6 illustrates this in a fattice of commodities:
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Changes in the hierarchy affecting position -
- of instance variables simply require clearing the cache.. .




Commodity Transportability

Refrigerator

Television

FragileCommodily

—

Egg

PerishableCommodity —

Strawherry

Apple

Appliances < Grape
Groceries £ Vegetable Tomato
o Carrol
Commodity ¢ LuxuryGoods StereoSystem
Dishes Gold
Hardware Hammer Diamond
Gasoline Saw
AriSupplies
OfficeSupplies < Book
Xerox 1100
SportingGoods wiw Baseball
Bicycle
Ciﬁthfﬂg o Bants
M“: Shirt

This latlice iHustrates the use of mliiple superclasses to factor inherited information n a network of classes. Multiple inheritance
allows increased brevity i specifications by increasing the ability to share deseriptions. For example, the class StereoSystem in
this lattice inlerits information from Lusury(eods, Applinnees, and Fragile Commodity. In a strictly hierarchical systern, it would
be necessary to duplicate information in the hierarchy —for example by ereating classes for FragileApplionces or Frague Luzurydp-
“plianees. I a hierarchical scheme, the methods and variables associated with “fragifity” would need to be replicated for each

different use.

Multiple Inheritance in a Lattice.
Figure 6.

The elass StereoSystem inherits descriptions from Luzu-
ryGoods, Appliances, and FragileCommedity. The meth-
ods and varizbles describing fragileCommodily are also
used for Egg, StercoSystem, and other classes. 1t would
" he necessary to duplicate the information shout Tragility

. in several classes such as FragileApplionees, FragileGro-

certes, FrogileFruit, and FrogileLuzuryGoodsAppliances in
a strictly hierarachical system. In contrast, multiple inber-
itance lets us package together the methods and variables
for FrugideCommodity for use at any class n the network.

A class inherits the unlon of variables and methods
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from all its super classes. If there is a conflict, then we
use a class precedence list {o determine precedence for the
variable description or method. The class precedence list
is computed by starting with the first (leltimost} superclass
in the supers specification and proceeding depth-first up to
jorns, For example, the precedence order for DhigiMeter in
Figure 7 first visits the classes in the left branch (DigiMe-
ter, Meter, Instrument), and then the right branch (LOD],
and then the join {Geuge), and up from there.

The left-te-right provision of the precedence ordering
makes it possible to indicate which classes take precedence




ifr the narhie space. The “up tojoing” provision can he in-=’
] J I

~derstood by looking at examples of mixins, Mixins often
stand for classes that it would not make sense to instanti-
ate by themselves. Mixins are special classes that bundle
Sup descriptions and are “mixed in” 1o the supers lists of
‘other classes in order to systematically modify their behav-
r. For example, Perishable Commedity and FrogileCom-

o modity are mixins in Figure 6 that add to other classes

the protocols for being perishable or fragile. Another ex-
;ample of a mixin is the class NamedInstanee, which adeds
the instance varlable name o its subelasses, and overrides
methods from Obfject so that appropriate actions in the
Loops symbol tables take place whenever the value of a
name instance variable is changed., DatedObyect is another
Jmixin which adds instance variables that reflect the date
“and creator of an object. Mixing usually precede other
classes in the list.of supers, and are often used o add
independent kinds of behavior. _

When mixing are independent, the order of their m-
cluston in a supers list should not matter. Like all classes
in Loops, mixins are subclasses of Olject. I the “up to
Jjoins” provision was eliminated from the precedence or-
-dering, then the depth-first search starting from the first
mixin woukld cause all the other default behaviors for Ob-
Jeet to be inherited —interfering with other mixins later in
“thesupers list that may need to override some other part of
- Object. Changing the order of mixins would net eliminate
~osuch interference, gince most mixing need to override the
“behavier of Object in some way. The “up-to-joins” provi-
~sion fixes this problem by insuring that Object will be the
last place from which things are inherited. Although this
effect could also be achieved by treating Object specially,
we have found that analogous requirements arise whenever
several subclasses of 4 common class are used as mixins.
The up-to-joins provision is a general approach for meeting
this requirement.

‘Multiple Inheritance, Revisited. .
A major sonurce of variation in object lanpuages that pro-
" vide multiple infieritance is their stand towards precedence
refations. In Smalltalk, multiple inheritance i3 provided,
“bat not used much or institutionalized. Smalltalk-80 takes
the position that ne simple precedence relationship for
“arultiple inheritance will work for all the cases, so none
should e assumed at all. Whenever a method is provided
by more than ooe superclass, the user must explicitly indi-
cate which one dominates. This approach diminishes the
value of mixing to override default behavior,

Flavors and Loops both use a fixed precedence rela-

tionship, but differ in the details. The two approaches
can be seen as variations on an algorithm that first ln-
carizes the list of superclasses (using depth-first traversal)
and then eliminates duplicates to create a class precedence
clist. In Flavors, all but the first appearance of a duplicate
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for M1 that would have been inherited. -
sage sending {«) in 4 local method can not work for this,
because the message would just invoke-the local met ?md

“HIe (‘imnmi t"ﬁ n L()Opk all bm the last appéaraice: 01" a’
duplicate are eliminated. _ _ '

CommonLoops takes the position that experimenia-
tion -with precedence relationships is-an open issue in

In  CommosnLoops,  the
precedence relation for any given ¢lass is determined by !
ity metaclass, which provides message protocols for com- -
puting the class precedence list.

Method Specialization and Combination”

One way to specialize a class is to define a local method.,
- This is useful for adding a method or for substituting foran -
“inherited one. Ineither case a message sent to an instance
~of the class will invoke the local method. The grain size of
change in this approachis the entire method.

A powerful extension to this is the incremental spe- .

ciahzation of methods, that is, the ability to make incre-. .

mental additions to inherited methods, This is important -

in ohject-oriented programming beeause it enables fine

grained modification. of message protocols. In the follow-

ing we consider two mechanisms for mixing of inherited be-.
havior. The first mechanism «— Super (pronounced “send
super™) allows procedural combination of new and isher-

ited behavior. It derives initially from Smalltalk and is .

~used heavily in the Loops language. Then we will consider

an interesting and complementdry approach pioneered by

the Flavors-systera in'which there is 4 declarative lan Tuage
for combining methods.

Procedural Sﬂﬁiaiﬁixaéticﬁm of Methods.

~Incremental modification requires language features hes
yond method definition and message sending, In Loops.

«— Sugper in a method for selector M1 invokes the method
Regular wmes-

again, recursively. .

An-example of its use is shown i -_.z:‘agm 8. 'ln this
exawple, GFouge is & subclass of “Window., The method
for updating a Gauge needs to-do whatever the method:
for Window does, plus some initial setting of parameters .

“and some other caleulations after the update. The idior

for doing this is to create an pdate method in Gauge .
that imcludes a +— Super construct to invoke Window's
method. This i better than dupli
Window {which miight néed to be changed), or invoking -

- Window’s method by procedure name {since other classes

might later be inserted between Window and Guauge ).
«— Super provides a way of specializing a method with-

out knowing exactly what s done in the higher method, or

how it is implemented. -« Super uses the class precederice -

Clist to choose when a method appears in more than one
superclass.. The precedence ordering is the same as that -

used for object variables,
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/Gauge \
Instrument LCD
Meter
.

.
CigiMeter

_. l.ocat supers of DigiMeter:  {Meter LCD)

Order of Inheritance:
{DigiMeter Meter Instrument LCD Gauge...)

1 In multiple inheritance it is possible to inherit things from several su-
perclasses, The precedence of different inherited values is determined
by a search as shown.

QOrder of Inheritance in a Lattice.
Figure 7.

. = Super uses the class precedence st in order to pre-
serve the correctness of protocols under changes to the in-
heritance lattice. The most obvious definition of « Super
would be to search for the super-method from the hegin.
ning of the class precedence list. This fails for nested ver-
“gions of e Super, and even for a — Super in a method
whichi is not defined locally, but is inherited. A second in-
© eorrect implementation would nse the class precedence list
-of the class in which the method was found, This gives in-
correct resulis for classes with multiple super classes. To
insure that protocols work the right way o subclasses,
e Huper starts the search in the object’s class precedence
list at the class from which the current method is inherited.
Becauge «— Super is defined this way, inherited methods
using « Swuper consistently locate their “super methods”
and common changes to the lattice yvield mmvanant opera-
tion of the message protocols.
' Combination of several inherited methods is also im-
portant. A simple version combines all of the most-local
‘methods for a given selector, that is, all of the methods
that have not themselves been speclalized. These meth-
nds are called the fringe methods, and the construct for
Jnvoking them all is called — SwuperFringe, For example,
in Tigure 9 the class DigiMefer combines the updating
processes for LOD and Meter by using < SuperFrivge to
invoke the ShowReading methods of s superclasses.
Tor selective cormbination of methods from different
classes Loops provides a construction called DoeMethod.
-DoMethod allows the Invoceation of any method from any
class on any obiect. It can be viewed as an escape mecha-
“ism, allowing one to get around the constraints imposed
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Window

Place window

Titledwlsr*sdaw

Write title

Gauge

Update reading

{Gauge.Upda‘te. {s&il)
{* Firgt updgta the quage parameters
{+ self SetParameters)
{r Now update using the method lrom g super olass.)

{+Super self Update)

£ Nowe (o ather tkings |

In this example, Ceuge 15 o subelass of other classes {say Window).
which have thelr own methods of npdating. The Update method for

| Glauge needs to do whatever the method for Window does, except that

some parameters need 10 be get first and then some other computsa-
tions need to be done afterwards. This effect is achieved by using
the « Super construct, which allows embedding an invocation for
Window's method inside new method code for Gouge.

Example of Using —Super.
Figure 8.

by message sending. It also steps outside the paradigin
of object-oriented programming and opens the door to a
wide variety ol programming errors. When programs are
written using standard message invorations, then proto-
eols keep working even when comumon changes are made
o the inheritance latiice. This happy situation is not the
case when programs use DoMethod. Since DoMethod al-
lows specification of the class in which the message will
be found. i encourages the writing of methods that make
strong assumptions about the names of other classes and
the current configuration of the inheritance lattice. Pro-
grams that use DoMethod are likely to stop working under
changes to the inheritance laltice,

Declarative Method Combination

Flavers supports a declarative language for combining
methods at compile time. An hmportant new distinction
made in Flavors is that there can be three named partstoa
method——a before part, an after part, and a mamn method,
cach of which is optional. By default, the main method




Window

Place window

TiiledW!nd()w

Write title

Gauge

o/

Ubdate'feading-

T,
Instrument

Meter

DigiMeter /

[DigiMeter ShowReading  (seif)

% Show displayval both on dial and on digits }

(¢ SuperFringe self ShowReading reading)
-]

4 Inithis example, DigiMeter combines the classes of LOD and Meter. To
show a reading, a DigiMeter must carry ont the ShowReading methods
in both its LOD portion and s Meter portion. This combination
‘of protoenls can be done by using the — SuperFringe consiruct

- o tnvoke the ShowReoding methods for all of the superclasses. The

method above invokes the original ShewReading methods of both Mefer
and LOD.

- Example of Using *W'Su_berﬁinge.
Figure 9,

“overridesqany inherited main method, but the before and

“after parts are all done in a nested order determined by
- the cass precedence list. Thus a supplier of a method in
w mixin can ensure that whatever the main method, its
before method will be executed.

A declarative langnage used in a newly defined method
ean apecify other than the default behavior Tor comnbina-
tion of inherited method parts. For example, and combi-
nation of beford methods allows the execution of the entire
method to stop if one of the before methods returns nil
.._T}fl(‘. defwhopper combinator allows a compile time con-

struction o[ the oqmmivm of « hupe

The concept of organizing methods andt variables let{)'
classes that can be mixed together for use in combination -
admits at least two distinet philosophies for assigning re- .
sponsibility for the viability of the cowbination: In Flavors -

responsibility Is assigned, at least in part, to the suppliers,

that is, to the classes that are being combined. Com-
binator specifications include things ke do this method
before the main method, or do it after the main method,
ar do parts of it at both times. The ntention is to get the ™
specification right onee in the supplier so that consumers
need not know about it. When this kind of specification-
is guecessful, it reduves the total amount of eode i the
system sinee consumers need only speeify the order of su-
perclasses. '

In Loops, responsibility for siiethod {(}Hll)]ndh{}‘ﬂ is s
signed to the conswmer; that is, the local method uses -
the procedural language and the special form «— Super to
combine the new behavior with behavior inherited.

It is important to consider the effects on program
change when evaluating alternatives like this. How often
are suppliers changed? consumers? To what extent are
suppliers independent? Do mixing need notations for in-
dicating what kinds of classes they are compatible with?
What kinds of changes in the suppliers require changes in
the consumer classes?

CommonLoaps takes the position -that both philoso-
phies are worth exploring, and that continued experimens
tation in the refinemient of method ¢ombinators is called
for. Tt provides n primitive RumSuper (analogous to the
Loops + Super) in the kernel. Methods are represerited
as objects in CommonLoops; this means that a system can -
have different kinds of methods with different tec

methods would be a special kind of object with exird spec-
ifications for combinators. These specifications would Tre - -
interpreted at appropriate instatlation and reading thmes
by Flavors-style discriminator objects for those methods,
_ Composite Objects. _
A composite object is a group of interconnected objects
that are instantiated together, a recursive extension of the
notion of obiect. A composite is defined by a template

that describes the subobiects and their connections. Fa-
cilities for creating c:om;mmte objects are not common i

the object languages we know, although they are common -
“in application languages such as those for describing cir-

cuits ani layout of computer hardware: The eurrent Loops

faeility is based on ideas in Trillium {Henderson, 1986),
-which is a language for describing how user interfaces for
" copiers are put together.

- Principles for Cgmpasiie'ﬁh}ects}

Comiposite ohjects in Loops have been designed with the
- following features:
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e Composite objects are specified by a class con-
~taining a description indicating the classes of the
parts and the interconnections among the parts.

The use of & class makes Instantiation uniform so that
composite objects are “first class” objects.
s I[nstantiaiion creates instances corresponding to
all of the parts in the description.

The instantiation process keeps track of the correspon-
dence between the parts of the description and the parts in
the instantiated object. It flls in all of the connections be-
~ween objeets. It permits multiple distinet uses of identical
parts.

e The instantiation process is recursive, so that
composite objects can be used as parts.

For programming convenience, the instantiation pro-
- ¢pss detects as an error the situation where a description
specifics using another new instance of itself as a part, even
indirectly. Instantiation of such a description would result
in trying to build an object of unbounded size. An alter-
pative is to instantiate subparts only on demand. This
-attows the use of a potentially unbounded object as far as
needed.
¢ It is possible to specialize a description by
adding new parts or substituting for cxisting
paris.

This reflects the central role of specialization as a
mechanism for elision in object-oriented programming.
The language of description allows specialization of com-
posite objects with a granularity of changes at the level of
parts.

-An Example of a Composite Object.

Clomposite objects are objects that contain other objects
-as parts. For example, a car may be deseribed structurally
*as consisting of a body, a power system, and an electrical

system. The body has two doors, a hood, a chassis, and
-wther things. Parts can themselves contain other parts: a

“door has various panels, a window, and a locking system.

Objects can also be parts of more than one container: the

fan helt can be viewed ag a component of the cooling sys-
tem or of the eleetrical charging system.

The hoxed figure in the next column shows the Loops
cclass definition of Mercedes2400 defined as a composite
object.
Mercedes240D 15 a subelass of the mixin Composite Oh-
ject that supports protocels for instantiation that will in-
“terpret descriptions of parts. The value of the instance
- variable engineSystem will be filled by an instance of the
class Diesellingine. In that instance of Mesellingine, the
valze of the instance variable numCylinders is initiglized
40 4 and transmission to 45peed.
The body instance variable of the Mercedes2{0D will
~ be initialized %o and instance of Bedy800. Tts mstance
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Mercedes2400
MetaClass Class

EditedBy {*dgb “15-Feh-§8 14:327)

doc (*This class is a CompostteObject representing «
car and 1ts parls.)
Bupers (CompositeCObject Automobile)
ClassVariables

Manufacturer DaimlerBenz
StandardCarbtud ({color
(Gcolor) Yowner{@owner)). . .)

InstanceVariables

yearManufaciured NIL
owner NIl
style traditional
color ivory
engineSystern NIL
part {DieselEngine {numCylinders 4)
{transmission {QUOTE 4Speed)}).. )
baody NIL
part {Body300
{style (@style)
{color (@eotor)
StandardCarStufl})
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rariable style is set to the value of the sfyle from the Mer-
cedes240D, that s, fraditionel. In addition, the color prop-
erty of the style nstance variable wiil be set to ivory. These
exemplify the propagation of values from the containing
mstance to those parts contained in it

The class variable StandardCarStuff indicates a num-
her of variables for the body part that will inherit values
from the car. For example, the color of the body is the
eolor of the car. Finally, the instance variabie parts will be
set to a Hst of all the Inunediate parts of the Mercedes240D.
I any of the parts are themselves CompostleQbjects, their
parts will be mstautiated too.

Perspectives.

Perspectives are a form of composite object interpreted as
different views on the same conceptual entity. For exam-
ple, ene might represent the concept for “Joe” in terms
of views for JoeAsAMan, JoedsAGolfer, JoeAsAWelder,
JoeAsA Father, We will first describe perspectives ag they
are used in Loops, and then contrast this with other lan-
guages.

Perspectives in Loops.

Perspectives in Loops are implemented by independerit
linked objects representing each of the views. One can
access any of these by view name from each of the others.




Mark
asa
Loops ~ Trombone Traveler  Father  Xerox
Teacher Player o ‘Employes
Invérter"n' 1
Display -~ Switch ' Layout
Obiject Description

For some applications, 1t 18 '.imptjz*tant to hive different perspectives

or views of an entity, with independent name spaces. In the upper
portion of this figure, the entity Mark is shown with perspectives
for LoopsTencher, TrombanePlayer, Traveler, and so on. Bach perspec-
tive offers a different view of Mark in a distinct object with its own
variables and methods, For example, the TrembonePlayer perspective
would contain Information relevant to Mark's ability to make mmusic.
In the example of an inverter, shown in the lower part of the figure,
7 wariables with the same name, such as sCoordinate and yCoordinate,
may have one meaning in the perspective DisplayOlgect and another
meaning in the perspective LayoutDescription.

Perspectives,
Figure 10.

Becanse the linked objedéts are independent, the same in-
- .-stance variable name in more than one of the objects can
. mean different things, and can be changed independently.
For example, Figure 10 illustrates an object Inverter-1
-which has the perspective DisplayOhsect as well as the per-
gpective LayoutDescripltion. Both perspectives may have
Chnstance variables named xCoordinate and yCoordinate,
“but with different interpretations. For a DisplayObject,
the variables could refer to the coordinates in pixels on a
workstation display. For a LoyouwiDesceriplion perspective,
‘the vartables could refer o coordinates in the silicon chip
“on which the mverter is fabricated.
Perspectives were designed in Loops to have the fol-
lowing properties:
e DPerspectives are accessed by perspective names,

f(}rm a i{m(i of cquwaleme class.
® Pmspm’tzve% are instantiated on detiand.

Th}s eontrasts with wsual composite objects in Whlch o
all the parts are created at instantiation time. Additional
views can be added as needed to any object.

Perspectives can be compared with class inheritance:
In igheritance only one variable is created when there is
“coincidence” in the names of variables inherited from.
different, superclasses; Thus inheritance assumes-that the
same name is always intended to refer to the same variable..
For perspectives, variables of the same name from different

classes are used for different views and are distinet. When

classes are combined by inheritance, all of the instances of
the combined class have the same structure (that is, vari-
ables and methods) and ail of the structure is created at
onee. For perspectives, the situation is different. Irmtances. '
have varying substructure. '

Wariations on Perspectives. _

The term perspeciive was first used for different views
of the same conceptual ohject in KRL, and later in PIE
{(Goldstein & Bobrow, 1980). Each view had an indepen-
dent name space for iis slots. However, in neither PIE
nor KRL was a perspective a full-fledged object; access to

the view could only be obtained through the containing

ohject.

Although the terminology of pcrbpectwes is not
widespread, some other object languages (e.g., Snyder,
1985) have a similar capability to combine the structure of
multiple classes in this way. Snyder suggésts that name ci-
incidence in multiple inheritance ought oot imply identify.

He believes that this violates an important encapsulation .- .

principle of object orlented programming--that users of
objects vught not to have privileged access to the internals
of those abjects. He extends that notion to classes which -
inherit from previcusly defined classes: For his language,

~inheritance from a super class means the embedding of an -

mstance of the super class in the subiciass. Messages of the

super class are to be inherited explicitly, and implemented o

by passing the message on to the embedded instance.

Given an object, one can ask for #s Traveler perspec- -

tive using the name “Traveler.” A given perspective name
has at most one perspective of an object. Perspectives
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' levels:

Examples of Object-Oriented ‘Programming
Sxamples of programming can he '_pf’ea’énized at several .
This section considers three exarmples of object-".
oriented programming that illustrate important idioms of -~

. programming practice. The first illustrates the use of mes-

sage sending and specialization: The second example i<
hastrates choices among technigues of abject vombination!
The third example Hustrates common techniques for redis-
tributing information among classes ds programs evolve.

Programming the Box and the BorderedBox.
‘Object-oriented programming has been used fof many pro--
~grams in inferactive graphics, The following example was -
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motivated by these applications. . We will consider vari-
ations on a program for displaying rectangular hoxes on
a display screen., This example explores the use of mes-
sage sending and specialization in a program that is being
extended and debugged.

Figure 11 gives our initial class definition for the class
Hoz. Instances of this class represent vertically aligned
rectangular regions on a display screen. The four instance
variables store the coordinate and size information of a
box. The origin of a box in the coordinate system is <e-
termined by the variables #Origin and yOrigin and the
default origin is at (100, 200). The size of a box is deter-
mined by variables zlength and ylength and the defauit
size is 10 x 30, Operations on a box lnclude moving it to
a new origin, changing its size, and changing the shading
inside the box. In the following we will specialize the [fox
class and alse uncover a bug in if.

Message protocols define an interface for interacting
with hoxes. Instances of Box are created by sending it
a New message. Size and position of an instance arc es-
tablished by sending it a Heshape message. Shade is es-
tablished by sending it a Shade message. These messages
provide a structured discipline for mteraction with boxes,

ihat is, a data abstraction. Outside agents need only know
the relevant messages. They need not know the implemen-
tation of a box in terms of its instance variables.

Suppose that we wanted to create another kind of box
with a vigible border that frames it in the display. This
BorderedBor would be essentially a Hor with a border.
This suggests that we employ inheritance and specialize
the class definition of Hox

In programming RorderedBox several choices about
the interpretation and representation of the border need
to be made. The foremost question is about the treat-
ment of coordinates of the border, that is, whether the
border frames the outside of the box or is included as part
of the box. For example, is the horder included in the
length measurements? I the horder is on the outside, 1s
the origin on the inside or the outside of the border? The
answers to these questions do not come from principles of
object-oriented programming. but rather from our inten-
tions aboul the meaning of the DorderedBox program. The
answer affects the meaning of the instance variables z0-
rigin, yOrigin, xLength, and ylength nherited from Hox
For this example, we will assume that the borders are in-
tended only to make the boxes easier to visnalize in the

Box
MetaClass Class
[EditedBy (™ dgb “81-September-84 11:237)
_ doc (* Rectilinear box that can be displayed.)

Supers (DisplayObject)
InstanceVariables

xLength 10 doc {* length of the hovizontal side.)

yLength 30 doc {* length of the veriical side.)

- xQrigin 108 doe (* = coordinaie of origin

yOrigin 200 doe (F y coordinate of origin—lower lefi corner.)

Methaods

Move Box. Move

args (newX Crigin newYOrigin)

“Reshape Box Reshape

tower left corner.)

doc {7 Moves box {change originlin the display)

doc {* Changes the location and azes of the boz.)

- args (rewX Origin new YOrigin newX Length newYLength)

-~ Shade Box.Shade

Diraw Box. Draw doc {*Diépfays the box.)

doe (% Fulls the inside of the boz with o new shade. ) args (newShade )

Instancss of this class represent vertically aligned rectangular regions on a display screen. The four instance variables store the coordinate
and size nformation for a box. For example, the origin in the coordinate system is determined by the variables zOrigin and pOrigin and the
default origin is at {100, 200}, Operations on the box are defined by messages to the box. Fhey include moving it to a new origin, changing
the size of the box, and changing the shading inside the box,

Class Definition for the Box.
Figure 11.
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display and that for this purpose they will be treated as

part of the box,

The next step is to decide whether any of the methods
of Bor need o be specialized In BorderedBox. Since a
border needs to be redrawn when a box is increased in size,
Tt s clear that at least the Reshape method needs some
‘revision, Figure 13 shows a specialized Reshape method
~that uses — Sdper to invoke the Reshape method from
“Boz. The specialized Reshape also nvokes local methods
“to Drow and Erase the boundary. These methods plus

- one for setting the size of the boundary must be added

1o HorderedBor. The Draw and Frase methods are for
internal use, but the SetBorder method will become part
of the external protocol. Figure 12 shows these methods

" together with a new Instance variable for recording the size

of the border,

The use of a variable for borderSize brings up a ques-
tion of how the methods of the original Box class work for
‘shading. in fact, they cannot work if the shade is not saved
as part of the state of an mstance (or is otherwise com-
putable). Box's Reshape method should use the current
shade tn order to All new areas when a box is expanded.
“To fix this deficiency, we can now go back to the definition
“of Hozxto add a shade Instance variable that will be saved
by the Shade method. We can also modify Boz’s Reshape

ethod to use this new variable.

After the shade bug is fixed, we should ask whether the
specialized class BorderedBox must also be changed. Bor-
‘deredBox will inherit the shade instance variable and the
‘revised Shade method. Furthermore, the specialized Re-
~'shape method in BorderedBox, which uses — Super, will
-effectively “inherit” the shade changes from Boz'’s Reshape
method. In this example. the inheritance mechanisms of
the language work for us in just the right way. This ik
lustrates how language features can provide leverage for
“accomimodating change.

~Programming the DigiMeter,

C 7 Gauges are favorite pedagogical examples in L(mps by

cause they use features of both object-oriented and access-
oriented programming. They are defined as Loops classes
dnd are driven by active values.

Figure 14 dlustrates a collection of gauges in Loops.
" Gauges are displayed o a window, an aclive rectangnlar
region in the bitmap display. They have a black sitle bar
for labels and a rectangular center region in which they
display values. Instances of LOD (for “Hitle character dis-
- play™ ) show their values digitally, but most gauges simu-
late analog motion to attract visual attention when they
. (‘haugo Tor example, subclasses of VerticalSeale and Hor-
wrontalSeale simulate the movement of “mercury” as i a

'th{-}rl’]'lon’xetw. Instances of subclasses of RoundSeale move

A “needie” in a round face.
JFor some purposes it is convenient to combine digital
and analog cuiput in a single gauge. The digital output

makes it edsy to read anexact value from the gauge. The
-analog output makes 1t easy to notice when the gauge is
" changing and to estimate the position of the current value
in a fixed range. With gauges like this it is easy to tell'at
a glance that something is “hatfl full”

The programming of combination ganges gives rise to
4 choice of programming techiigues for combining classes:
Figure 14 shows the DigiMeter as an inheritance combi- -
nation of a Meter and an LCD. Such & gauge needs to

‘combine the programmed features of the two classes. In

the following we will consider the arguments for choosing _'

an appropriate technique of ohiect combination.

the classes for Meter and LCD In order 1

Here are some goals bearing on the design of a ThgiMe~
ter

» The DigiMeter s;hm:%d respond‘in the stzmdarc%
way to gange protocols.

For example, a single request to Set the DigiMeter

‘should suffice, without having to send separate messages

for the meter and the LUD. Both gauges should display

the same correst valie.

e The DigiMeter should use a single window to
display both gauges.

'The combination gauge should not have two separate
windows and bars, The component gauges should ap-
pear in a single window on the display screen that is large -
enough for both of them.. '

¢ The combined deseription should make direct
use of the clagses for LOD and Meter.

DigiMeter should u§e some toethod for combining Me-"
fer'and LOD-This does not preclude making changes to
to make them com-s
patible for combination, but we do not want to dupiicate -

- code or deseriptions in DigiMeter. The class descriptions

showld continue to work whether the classes are used alone
or in combination.

The three technigues of object combination supported .-

“in Loops are pergpectives, composite ohjects, and multiple .-
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inheritance,

(Ising perspectives for combination, we would ¢reate

“as IhgiMeter with one perspective for the meter and one
“for the LODL Unfortunately,

the direct approach {o this
would result in the creation of separate windows for each

gange.-We could fix this for ail.of the gauges in the lat- . o
‘tice, for example, by making a window be a perspective
“of a gauge. The main utility of perspectives is that they -

support switching among multiple views and instantiat-

ing these views on demand. In this application, we always

need to create all of the views and the views are very close-
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BorderedBox
MetaClass Class
EditedBy (* mys “I-Cct-8f 01:67")
doc {* Like a Bor ercept displays a black border. The origin s the outside of the border.)
Bupers {Box)
InstanceVariables
borderSize 2 doc {7 width of the border.)
Methods
Reshape BorderedBox. Reshape
SetBorder BorderedBox.SetBorder doc (* Set o new border size.) nrgs {newBorderSize] -
FraseBorder BorderedBox. EraseBorder

DrawBorder BorderedBox. DrawBorder

A BorderedBor is Tke a box except that it'is drawn with a varisble-sized border in the display. Borderedoz i implemented by specializing
Roz. A new instance variable borderSize is added to rocord the size of border. The width of the border Is ncluded as part of the dimensions
of the bow.

Class Definition for the BorderedBox,

Figure 12.

{BorderedBox.Reshape (self newXOrigin newY Crigin newXLength newYLength)

{ self BEraseBorder) {* Erase old border.]
{* Now Reshape box as before)
{+ Super self Reshape newXOrigin newY Origin newXLength newYLength)

{+- self DrawBorder) {* Draw new border.}

The specialized Reshape method needs to redisplay a revised border when the shape of the box changes. + Super s nsed to invoke the
Feshape method from Hoz. The specialized Reshape also invokes methods to Draw and Erese the boundary. These methods plus one for selting
the size of the boundary must be added to BorderedBox. The Lraw and Erese methods are for internal use and the SetBorder method is part
of the external protocol.

Reshape Method for BorderedBox.
Figure 13.
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iauges -- Defined by Classes, Driven by Active Values -

-E‘fann};"éanjay Mark-

' zmtrummt RoundScale <——Meter: o :
=*Gaugawiﬁiii - % o Digitieter,
: LCG - IS TE TS i}“s_g*ehi&t&f‘ N
arwzmntaﬁc&}a—m:& m'gwmm B P

Mvartmamcawmw—————%rmw - %Df‘ami’f}etﬁ‘r‘

W SelfScalelixin == — *S%arf}hart

BoundedMixin-

Gauges are tools used to monitor the values of thject variables. They can be thought of as having probes that can be inserted
-on to the variables of an arbitrary Loops program. Gauges are delined in Loops as classes and driven by dctive values—the
“computational mechanism behind access-oriented programming in Loops. A browser at the bottom of the figure Hlustrates the
‘relationships between the classes of gauges. From this fignre, we can see that the DigiMeter is a combination of a Meter and an .
" LOD. Other kinds of gauges, ndmicing oscilloscope traces or chart recorders, woutd also be useful,

Gauges in Loops.
Figure 14,

9o THE Al MAGAZINE




1y associated.  Hence. the main features of perspectives
don’t do much work for wus. Using composite objects as the
method combination, we would create o DigiMeter with a
meter as one part and an LOD as another part. Again,
the straightforward combination would vield a separate
window for each gange. As before, we could revise all of
the gauges in the lattice, perhaps treating a window as a
part of a gauge. In addition, the [HgiMeler description
would need to identify the window parts of the meter and
LOD as referring to the same window. The main benefit of
roimposite obiects is to deseribe for instantiastion a richly
connected set of oblects and to differentiate hetween ob-
jects and their parts. In this application, the connections
hetween the parts are relatively sparse and the part /whole
distinction doesn’t do much work for us.

Using multiple inheritance for combination, we would
create a DigiMeter as a class combining an LOD and a
meter, Since the LOD and Meler classes inherit their win-
dow descriptions from the same place, multiple inheritance
yields exactly one window. As in the other cases, we may
need to tune parts of the window descriplion to make
sure that it is large enough for both gauges, but this is
a straightforward use of the inheritance notion. In multi-
. ple inheritance it is roportant to ask whether same-named

“variables in the combined class refer to the same thing. For
this application, we need to be on the alert for the use of
variables in Mefer and LCD that have the same name but
different meanings, but there are no such conflicts in this
case,

The preceding arguments suggest that multiple inher-
itance s the most appropriate technigque of object com-
bination for this application. The next step in designing
a DigiMeter is fo understand and design the interactions
between the constituents. The main interactions are:

& The window should be large enough to accom-

modate both gauges.

# The methods for displaying both gauges should

bre invoked together.

The first interaction can be handled by specializing the
wéthod {UpdateParamicters) that establishes the window
parameters. The major window sizing constraints rome
“from the Meter, which must provide room for the cali-
hrated cirele and #ts interior needle. In the Loops imple-
mentation the DigiMeter method uses «— Super to invoke
the parameter-setting code for the Meier and then revises
them to allow extra room: at the top of the window for the
LCh,

The second interaction can be handled by specializ-
g the ShowReading method for showing a reading, As
shown earlier in Figure 9, this method consists of a simple
application of e Super Fringe which invokes the original
-ShowReading methods of both Meter and LOD. Tn Flavors
" this would have involved the application of a progn method
combinator.
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The Evolution of Classes—Gauge Examples.
Most of our applications of Loops take place in a research
environmment in which new goals and ideas are always sur-
facing. In such an environment frequent revisions and ex-
tenslons are a constant part of programming. To cover
the kinds of reorganizations that we carry out in our work
we have developed some idicms for svstematic program
change. This section considers three eycles of revision in
the design of Loops gauges. Tach cyele of revision has the
following steps:
& A new goal or requirement is introduced for the
design.
s A confiict in the current organization is recog-
nized between sharing of code and flexibility,
e A new factoring of information is chosen to ease
the confliet.

Cyele 1. In our first example we will consider the ad-

Adition of a DipSeale to the class inheritance lattice. A

DHgiSeale will be a combination of a HorizontalScale and
an LOO as in Figure 15 A major design constraint for
this example is that the DigiSeale must be visually com-
pact. To make 1t small we want to omit the tick marks
and labels from the horizontal scale portion. Such a gauge
wouid present both an exact digital value and an analog
indication of the value within its range.

However, the plan of omitting the tick marks also in-
teracts with the inheritance of existing code from it Hor-
izontalSeale and Instrument. In particular, the display of
instruments s governed by the Showlnstrument method
of Instrument, which carries out the following sequence of
steps:

¢ Draw the nstrument structure {circular dials,
an so forth)

& Draw and label the tick marks.

e Print the scale factor. B

For the IigiScale this organization is too coarse. This

“Hlustrates a common situation where inheritance in a gul-
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class requires finer granularity of deseription than was pro-
vided in the super class. The situation arises often enough
in cur programming that we have a name for it—-a grain-
size conflict. In Loops, pleces of description which are
intended (o be independently inherited must he indepen-
dently named-~e.g., methods have their own selectors and
instance variables have their own variable names. A spe-

i
cific fix in this case is to decompose the Shewfnsirument
method into several smaller methods that we can indepen-
dently specialize, reorder, or omit,

Cycle 2. Sometimes a grainsize conflict is the frst
stage in recognizing new possibilities in & design. In the
previcus example, we considered the creation of a spe-
cial kind of horizontal scale that has no tick marks. We
could generalize that idea to have vertical scales or even
roand scales without tick marks. Another observation in




.Iruem: LCD

_RehrﬁdScle VerticalScale  HorizontalScale

- . Proposed

Meter

DigiMeter

685

- DigiScale

The proposed DigiSeale will be a combination of a HorizentalSeale and an LOD. An unusual programmniing constraint in this’
-case js that we want to omit the tick marks from the horizontal scale pdftion. At issue is the fart thét the code inherited fr{:m
Insirument bundles in one chunk the drawing of the gauge and the drawing and labeling of the tick marks.

Programming the DigiScale.
Figuere 15,

Wt

V1 ' v
M1 I M1

X X

Ofter there is a motivation to move structure up in the class lattice inorder to mcrease sharing, We call this promoiion of
structure. In this case a method M, and an nstauce variable V) are mitially d'&lph{‘dﬂ‘d in two sibling classes. Promoetion would
move them $o their common superclass.

Promoting Methods and Variables.
Figure 16.

" the same vein is that the round scale ganges differ [rom the gauges use space filling—-like the sliding of a column of
“others In the way that they indicate their values. Round  mercury. Several other kinds of gaiges are possible-—such
“seale ganges-use a needle. Vertical and horizontal scale as & Piebcale gauge -a round scale gailge thal nses an -
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-expanding “slice of pie” to indicate its value,

This suggests that there are some independent prop-
" erties of gauges that we could recognire:
e Calibration — gauges can have tick marks and
seale factors or not.
o Indicator style—pgauges can use needles or space
filling to present their values.

The recognition that a particular distinction arising in -

Ca mibelass can be generalized is a common accurrence in
-object-oriented programming. Offen there is a motivation
“to move structure np in the lattice to increase the amount
“of sharing. We ¢all this promotion of structure. Figare 16
illustrates a simple case of this where a method M and
an instance variable V1 are initially duplicated in two
sibling classes.

Promotion wonld move them to their common super-
class. The Loops environment encourages and facilitates
-such activities by making them easy to do with inferactive
browsers that show the inheritance structure, and allowing
menu driven operations to make changes.

Figure 17 shows a first attempt to organize a class lat-
“tice for these distinctions. In this attempt, insiruments are
“partitioned into Calibratedinstrument and Uncaltbraiedin-
strument, This partitioning tries to exploit the observation
-that the best-looking uncalibrated instruments are also the
space-Alling ones. The classes VerticalGroph, Horizontal-
Graph, and PleGroph are created as uncalibrated space-
filling ganges. The main problem with this approach is the

- duplication of code. For example, code is duplicated be-
tween HorizentalScale and HorizonialGraph, and between
VerticatSeale and VeréicalGraph., This leads to a dilferent
proposal for a lattice as shown in Figure 18,

I the second proposal, a mixin is ereated for the code
that generates tick marks and labels. The gauge lattice
appears essentially the same as before the reorganization
except that the classes are now uncalibrated. Classes like
Verticol{raph have calibrated subelasses ke VerticalSeale
that use the CalibratedScole mixin, The mixin establishes
the procedural connection between instriment drawing
and tick mark drawing. Each subclass also supplies spe-
cialized local methods for arranging the tick raarks and
fabels.

Cyele 3. Gauges have upper and lower bounds for the
ralues that they display. When data go out of range, the
standard behavior is to light up an “out of range”™ indicator
and to “pin” the gauge to the maximum or minimum value.
This highlights a nuisance with analog gauges. Their read-
ings become useless when data go out of range. One idea
is to have gauges automatically recompute their extreme
points and scaling factors as needed. For example, if a
gauge goes out of bounds, it could antomatically mcrease
the maximmm reading by about 25 percent of the new high
value subject to some constraints of display aesthetics,
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The rescaling requirement is independent of the style

of display, that is, 1t is Independent of whether we are

spinning a needle or driving mercury up and down. This

Tsuggests using & uniform technique lor revising the scale

for all the gauges. The natural choice for additive beliavior
is a mizin.

Unfortunately there is a difficulty in doing this for the
BarChart. The BerChart is unigue among the gauges in
Figure 14 in that it displays several values at once. A
SeifScalingMirin could be easily defined that would work
for all of the gauges except the HarCharf. This mixin

‘would just use the value of the gauge in computing a new

-maximum. For a BarCharl, it 1s necessary to look at all of

the bars to determine the maximum. This seems to lead
to the following design choices for using mixins:

e We could design two mixins. One for the Bar-
Chart and one for all the other ganges. {Equiv-
alently we could jusl mandate that the gauge
mixin should not be used with RBarChart.)

We could design one mixin that worked differ-
ently for the BarChart and the cther gauges.
The method for computing the maximum would
need to check whether it was being used in a
vlass with HarChart as a super class.

We could modify the definition of the single-
value gauges by adding a method to simply re-
turn the value when asked for the “maximum”
value.

The first two choices do not extend well if we later add
additional multi-value gauges. In our Loops implementa-
fion, we chose the third opilon.

Uisnally we think of mixing as classes that we can mix
in with any class whatsoever. For example, when the Date-
d0bgect mixin is added to class i causes instances to have
a dafe instance variable initialized with their date of cre-
ation. Some kinds of mixins are designed to be used with a
more limited set of classes. This example iHlustrates a case
where the “mixees” can fruitfully be modified slightiy to
accommodate the rhixin, The modification broadens the
set of cineses with which the mixin is compatible.

Conclusion and Sumimary
Ohjects are a uniform programming element for compu.‘t—

ing and saving state. This makes them ideal for simulation
problems where 1t 18 necessary to represent collections of

‘things that interact. They have also been advocated for

applications in systems programming since many things
with state must be represented, such as processes, directo-
ries and files. Augmented by mechanisms for annotation,
they have also become important in the current tools for
knowledge engineering,
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This Iattice shows gguges partitioned into CalibratedInstrument and Uncalibratedinstruiment which exploits the observation that
the best-looking uncslibrated ipstruments are alse the space-Blling ones. However, code is duplicated, for example, between
HorizontalSeale axd Horizontal Graph.

Rearranging the Lattice of Gauges. =
' Figure 17. )
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In this arrangement, a CalibratedSecale mixin is ereated for tick marks and labels, In this reorganization there is & CalibratedSenle -
mixin which is added to uncalibrated classes to create sick marks. For example, VerticolSeale is a subelass of VertieolGroph and |
uses the CalibrotedScale mixin,

Rearranging the Lattice of 'ﬁéuges, Again,
Figure 18.
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As object langnages have become widespread, consid-
erable interest has been expressed in developing standards
so that objects could be used as a portable base for pro-
grams and knowledge bases. Towards this end, the Com-
-mon Lisp Object-Oriented Programming SubCommitiee is
now considering several proposals to extend Cominon Lisp
with objects.

The diversity of language concepts discussed here sug-
gests that research is very active in this ares. Standards
will need to provide the kind of open-endedness and Hexd-
bility that enables languages to endure.

As object-oriented programming has taken hold in
the mainstream of Al languages, they have reinforced a
cmore general prineiple. There are multiple paradigms
for programming. Procedure-oriented programming and

~ objeci-oriented programming are bul fwo of a larger set
of possibilities that includes: rule-based programming,
access-oriented programming, logie-based programming,
and constraint-hased programming. Different paradigms
are for different purposes and fill different representational
niches,

In this article we have not tried to describe all of the
ways in which features of object orviented programming
have been achieved in the context of other systems. For
example, logie programming has inspired a numboer of in-
teresting mergers. In Concurrent Prolog (Shapire, 1983),
objects are represented by processes, and messages are
passed to the process along a stream. Delegalion s used to
achieve the effect of inheritance. In Uranus (Nakashima,
1982) objects are bundles of axioms in a database, Inher-

- dtance is done by following links in the databases. nsing a
logic-based language to express the methods.

In Uniform (Kahn, 1981) objects are represented by
éxpretssion& and methods as operations on objects that
Cwould unify with the “head”™ of the method.  Inheri-
tance is implemenied by viewing one expression as an-
other {through an axiom that states, for example, that
{SQUARE X)) is equivalent to (RECTANGLE X X}). This
has the nice property that “inherilance” can go in both
directions —from specialization fo super, and from super
with the right parameters to specialization.

Languages that combine muliiple paradigms grace-
fully are known as hybrid or integrated languages. Lan-
guages that succeed less well might be called “smorgas-
bhord” languages. In any case, language paradigms are no
“longer going their separate ways and attempting to do all
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things. Separate paradigms now co-exist and are begin-

ning to co-evolve,
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