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Abstract

Smalltalk uses classes to describe the common properties of related objects. Unfortunately,

the use of classes and metaclasses is the source of a number of complications. This paper

discusses prototypes as an alternative to classes and metaclasses. In a prototype-based language,

copying rather than instantiation is the mechanism provided to the user for making new objects.

Inheritance constraints are proposed as a way of representing object hierarchies and supporting

the automatic updating of related objects when edits are made.

1 Introduction

The Smalltalk-80 language [8], as well as a number of other object-oriented languages, uses classes
to describe the common properties of related objects. Unfortunately, classes and the class-instance
relation are the source of a number of complications. First, for an object to have a distinct message
protocol, a separate class must be created for it. If, as in Smalltalk, classes themselves are objects,
then to allow di�erent classes to understand di�erent initialization messages, each class must itself be
an instance of a di�erent class (called a metaclass in Smalltalk). Metaclasses add to the complexity of
the language; a recent study [14] on di�culties encountered in teaching and learning about Smalltalk
indicates that metaclasses are uniformly regarded as the single worst barrier to learnability by both
teachers and students. Second, the emphasis on classes in the programmer's interface is at odds
with the goal of interacting with the computer in a concrete way. When designing a new object,
one must �rst move to the abstract level of the class, write a class de�nition, then instantiate it and
test it, rather than remaining at one level, incrementally building an object. This problem is most
apparent in systems for graphical or visual programming.

The alternative suggested in this paper is the organization of the programming environment
around prototypes rather than classes. A prototype is a standard example instance; new objects are
produced by copying and modifying prototypes, rather than by instantiating classes.

The remainder of the paper is organized as follows. The following subsections list some sources
of complexity in the current Smalltalk metaclass-class-instance mechanism, and then describe a
small gedanken experiment in language design, in which prototypes are used instead of classes. This
very simple language has several limitations, and a more realistic design is presented in Section 2.
Following this is an enumeration of the advantages and disadvantages of the proposal. The �nal
section provides comparisons and references to related work.

1.1 Some Sources of Complexity

One source of the complexity surrounding classes in Smalltalk is the interaction of message lookup
with the role of classes as the generators of new objects, which gives rise to the need for metaclasses.
Another source is the use of classes for several di�erent functions.

�Originally published in Proceedings of the ACM/IEEE Fall Joint Computer Conference, Dallas, Texas, November

1986, pages 36{40.
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In Smalltalk, when an object receives a message, the interpreter goes to the object's class and
looks in its method dictionary for a method for receiving that message. If a method isn't found, the
interpreter looks in the class's superclass, and so on up the class hierarchy. Classes are themselves
objects, and to make new objects, one sends appropriate messages to classes. In general these
messages will vary from class to class. For example, to make new points, one wants to send an x:y:

message to the class Point, so that the x and y coordinates for the new instance can be passed as
arguments. Given the way message lookup is done, this requires that the class Point be an instance
of a di�erent class from (say) class Rectangle, which should not understand the x:y: message, but
rather a di�erent initialization message speci�c to rectangles. This pragmatic need for class-speci�c
initialization methods was satis�ed by the introduction of metaclasses: each class is an instance of a
separate metaclass. However, as noted above, this design decision has had unfortunate consequences
for the teachability and learnability of the language.

In regard to the use of classes for several di�erent functions, some of the roles that classes play
in Smalltalk are as follows:

� generators of new objects

� descriptions of the representation of their instances

� descriptions of the message protocol of their instances

� elements in the description of the object taxonomy

� a means for implementing di�erential programming (this new object is like some other one,
with the following di�erences : : : )

� repositories for methods for receiving messages

� devices for dynamically updating many objects when a change is made to a method

� sets of all instances of those classes (via the allInstances message)

While some of the above items are related, it is clear that classes in Smalltalk are playing multiple
roles.

1.2 A Gedanken Experiment in Language Design

To help unravel the complexity, let's do a small gedanken experiment in language design. Consider-
ations of space and time e�ciency are to be ignored for the moment, to avoid needlessly intertwining
semantic and implementation considerations.

Suppose that objects are completely self-contained, so that an object consists of state and be-

havior. One can send messages to an object asking it for information, asking it to change its state,
or asking it to change its behavior. The only way to make a new object is to make a complete copy
of an existing object, copying both state and behavior. Once the copy is made, there is no further
relation between the original and the copy. (Creating new objects by copying eliminates the need
for metaclasses, since creation and modi�cation messages are sent to prototypes or other individuals
rather than to classes.)

This is a clean model, and would be easy to teach about. It handles object creation, modi�cation,
and representation. What is missing? First, there is no notion of classi�cation of kinds of objects,
either by message protocol or by representation. Second, there is no way to update a whole group of
objects in a similar manner at one time (the equivalent of such actions as adding new methods to a
class in Smalltalk). These are both important, and so the model needs to be augmented to support
classi�cation and updating.
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2 A Proposal for a Prototype-Based Language

In this section a proposal for a more realistic language is presented, in which the simple model
described above is augmented to support object classi�cation and updating. Many of the ideas used
here have arisen from the author's work on constraint-oriented languages and systems [1, 2, 3], where
a constraint describes a relation that must hold. In this proposal, constraints are used to express
inheritance relations among objects. However, the set of inheritance constraints used here is limited
and straightforward to maintain, and a general-purpose constraint representation and satisfaction
mechanism is not required.

In this proposed language (as in the language described in the gedanken experiment), an object
has state and behavior. The state of an object is represented by a set of named �elds. We will on
occasion be interested in an object's �eld names, and this list of names can be accessed separately
from the contents of the �elds. There are two components of an object's behavior. The �rst
component is a method dictionary, which is similar to that in Smalltalk, except that there may be
several methods for receiving a given message. (The way in which one method is chosen, or several
are combined, is discussed in Section 3.2.) The second component is a protocol that describes the
set of messages the object declares that it can understand, the protocols required of the arguments
to the messages, and the protocols of the results returned by the messages.

New objects are produced by copying other objects. Thus, to make a new point, one would
make a copy of the prototypical point, with new values substituted for the x and y �elds. Once a
prototype has been copied, there would be no hidden relation between the prototype and the copy;
any further relations that were desired would be explicitly represented using constraints.

2.1 Inheritance Constraints

The proposed language does not include a general constraint mechanism. Rather, there is a �xed
set of inheritance constraints|constraints on an object's �eld names, methods, and protocol|built
into the language. These are as follows:

inherits-�eld-names(x,y) This constraint holds if every �eld name of y is also a �eld name of x.

inherits-behavior(x,y) This constraint holds if all of the methods in y's method dictionary are
also in x's method dictionary.

inherits-protocol(x,y) This constraint holds if the protocol of y is a subset of the protocol of x,
i.e., if every message that y can understand is also understood by x, and if each object returned
by x in response to one of these messages also obeys the corresponding protocol declared in y.

In general these three constraints are independent. For example, an object x might inherit the
protocol of y but not its methods (x would implement the necessary methods in completely di�erent
ways). If an object y does not use all of its �elds, then x can inherit the behavior of y but not all
its �eld names. Of course, the constraints are not totally independent|for example, if x inherits
behavior from y, all of the �eld names used by y must also be �eld names of x.

Nevertheless, it will often be the case that these three constraints will be applied together, and
so a descendant constraint is de�ned as follows:

descendant(x,y) � inherits-�eld-names(x,y) ^ inherits-behavior(x,y) ^ inherits-protocol(x,y)

2.2 Object Creation Messages

There are two messages available for creating new objects: copy and descendant. The copy method
makes a complete copy of the receiver and returns it. There is no further relation between the
receiver and the copy. The descendant method makes a copy, and also sets up a one-way descendant
constraint between the original and the copy.
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2.3 Examples of Use

In place of the class Point would be a prototype point. The prototype point would have x and y

�elds, each initialized to 0. (Alternatively they could be left as nil.) It would understand messages
such as +, printOn:, and so forth. To make a new point, one would evaluate

point x: 4 y: 6

which would make a descendant of the prototype point, and then set its �elds to 4 and 6. The code
for point x:y: is as follows:

x: newx y: newy
" point descendant setx: newx sety: newy

The message setx:sety: is de�ned as in Smalltalk:

setx: newx sety: newy
x  newx.
y  newy.

The following messages would build a new kind of object, threepoint, and de�ne an addition
method for it.

threePoint  object descendant.
threePoint hasFields: 'x y z'.
threePoint hasMethod:
'+ p " threePoint x: x + p x y: y + p y z: z + p z'

: : :

Naturally, there would be user interface support for the creation and modi�cation of prototypes.
This could be done using a browser, which could have much the same appearance and functionality
as the browser in the current Smalltalk system.

3 Implementation

The descendant method should be implemented as a primitive, and the primitives for new and new:

eliminated. It might also be useful to implement copy as a primitive. To make new variable-length
objects, one would make a copy or descendant of an appropriate prototype, and then grow or shrink
the copy as needed. It might be useful to combine copying and growing in descendant: and copy:

methods.
To test the scheme, it could be implemented using the present Smalltalk bytecode set by simu-

lating the new primitives. Classes would be given an additional �eld named prototypes that points
to the collection of prototypes for that class. (Usually, a class would have a single prototype, but
multiple prototypes are possible.) Below is the Smalltalk code for simulating Object copy and Object

descendant, along with some auxiliary methods.

copy
"if I am a prototype, need to copy my class; otherwise just

make a simple copy"

self isPrototype
ifTrue: [" self class copy prototype]
ifFalse: [" self simpleCopy]
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descendant
self bePrototype. "make sure that I'm a prototype"

" self simpleCopy

simpleCopy
"return a complete copy of me, taking account of

substructure. IdentityDictionary is a

dictionary in which == is used for key comparison"

" self copyWithDict: IdentityDictionary new

copyWithDict: dict
j copy f j

(dict includesKey: self) ifTrue: [" dict at: self]
"make the shell of the new copy, then �ll it in"

copy  self class new.
dict at: self put: copy.
1 to: self class instSize do:
[:i j f  (self instVarAt: i) copyWithDict: dict.

copy instVarAt: i put: f.
" copy

bePrototype
"make me into a prototype, if I'm not already"

j newSelf j
self isPrototype ifTrue: [" self].
newSelf  self class newSubclass prototype.
1 to: self class instSize do:
[:i j newSelf instVarAt: i put: (self instVarAt: i)].

self become: newSelf.

isPrototype
" self class prototypes includes: self

These general methods would be overridden for classes, and for primitive objects such as numbers.

3.1 Classes

For objects such as points and rectangles, the �eld names, method dictionary, and protocol will be
the same for many objects. In an implementation, then, it is reasonable to group these together into
a class. Further, rather than having multiple methods in a given dictionary, the methods could be
partitioned among sub- and superclasses, as in Smalltalk. Thus, there would be classes as well as
prototypes. However, classes in general won't have global names, there won't be any metaclasses,
and the user will usually interact with a prototype rather than a class.

3.2 Multiple Inheritance

An object can have descendant constraints that relate it to several parents, i.e. multiple inheritance
is supported. Each of the three constraints that compose the descendant constraint (inherits-�eld-
names, inherits-behavior, and inherits-protocol) establishes the correct relation when multiple inher-
itance is used. The only di�cult question is which method (or methods) to execute in response to
a given message, if there are several con
icting inherited methods. However, this problem arises
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equally in class-based systems, and the same sorts of choices are applicable. For simplicity, for the
present the rules described in the Smalltalk multiple inheritance implementation [4] are to be used.

4 Evaluation

In this section, a (doubtless biased) listing of the bene�ts and drawbacks of the proposed scheme as
opposed to that in the standard Smalltalk-80 language is presented.

4.1 Bene�ts

Some bene�ts of this scheme over the current one are:

� The initial explanation of the language is much simpler. One can just talk about objects as
having state and behavior.

� Even at a deeper level, there are fewer concepts|metaclasses are no longer needed. It is
simpler to explain how message lookup occurs when teaching about the language.

� Fields are automatically given default values in newly created objects (by copying the contents
of the corresponding �eld in the prototype).

� A prototype-based language would provide better support for concrete, visual programming
systems.

� Any object can be given individualized behavior. This could be useful for example in debug-
ging, when one might want to set a halt in the method for one particular object, and not for
all instances of a class.

� The semantics of inheritance are described in terms of constraints; sharing is regarded as simply
an implementation technique. This distinction might be useful when building distributed
systems, systems that run on multiprocessors without shared memory, object servers, or the
like. In such systems, sharing would not be the only technique used to implement inheritance.

4.2 Drawbacks

� The use of prototypes seems natural for things like windows, but unnatural for such basic
objects as integers. What is the prototypical integer? The decision here is that all integers are
prototypes, that is, that a change to the methods of any integer a�ects all integers. Alternate
possibilities are that 0 or 1 is the prototypical integer, or else that the prototype is a special
integer whose value is unde�ned. None of these possibilities seems completely natural.

� A related drawback is that the concreteness of prototypes may be inappropriate for describing
such standard data structures as stacks or queues. Rather than talking about a prototype
stack, one wants to talk about stacks in general.

� There is a danger of inadvertently modifying a prototype. One can of course inadvertently
modify a class in Smalltalk, but this seems less likely since it has a di�erent message protocol
from its instances.

� There is an e�ciency problem in regard to making new objects by copying. For example, when
building a new rectangle the system will make a copy of the prototype rectangle, probably only
to replace its origin and corner �elds immediately with new values.
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The �rst drawback listed above applies to the extreme situations in the language. This seems to
be analogous to the situation in Smalltalk itself. Objects and messages are a great idea most places,
but they seem bizarre for things like integers (\3 + 4 means sending the message +4 to the object
3??"). However, the bene�ts of uniformity are such that making 3 be an object that understands
messages is the right choice in Smalltalk.

Regarding stacks and similar data structures, the explicit existence of classes in this scheme may
a help, since one can still talk about classes if one wants.

Regarding inadvertently modifying a prototype, I believe that the solution to this is not to
introduce a di�erent message protocol for prototypes, but to introduce some form of protection.
For example, one might make prototypes read-only except in particular environments. One should
also be able to designate some messages (e.g. setx:sety: for points) as being private, and allow this
message to be sent only by self.

Regarding the e�ciency problem, an obvious step is to code the descendant primitive e�ciently.
Beyond that, it appears that code sequences like point descendant setx: newx sety: newy will occur
frequently. Therefore, in addition to the descendant primitive, for each object the system might
automatically compile a method for e.g. descendantWithx:y:, which would accomplish the same thing,
but more e�ciently. This would call a new primitive that makes a clone of the receiver and then
sets all of the instance �elds in the clone. (Since this message exposes the object's representation,
it is best regarded as a private initialization message.)

5 Related Work

The idea of prototypes is not new, and discussions of prototypes from a variety of perspectives appear
in the literature. (However, the idea of using constraints to establish and maintain inheritance
relations does appear to be new.)

One sort of system in which prototypes have often been used is systems for visual or concrete
programming. In such applications, prototypes are more useful than classes, since it is more straight-
forward to display them for viewing and manipulation by the user; their concreteness also makes
them valuable for less experienced users. Examples of systems of this sort that have been built in
Smalltalk include ThingLab [1, 2], Programming by Rehearsal [9, 10], the Alternate Reality Kit [16],
and Animus [5, 6].

Languages in the Actor family are general-purpose programming languages that use prototypes.
Rather than inheritance, the Actor languages use a more general concept of delegation, in which
any object may be delegated to handle a message for another; Lieberman [13] provides a useful
and readable discussion of both prototypes and delegation. LaLonde [12] describes an exemplar-
based Smalltalk (an exemplar is the same as a prototype); this language allows a given class to
have multiple exemplars, an idea that has been borrowed and used in the design described here. In
Biggertalk [11], an object-oriented language implemented in Prolog, instances are like classes in all
respects, except that they cannot be further re�ned. Finally, prototypes are often used in arti�cial
intelligence representation languages [7] to store default or typical information.

The language proposed in Section 2 does not include type declarations. However, if type declara-
tions were to be added, protocols would be the logical entity to use in the declaration and checking of
type. An object-oriented language that does have strong typing, along with a separation of protocol
and implementation, is Trellis/Owl [15].
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