Abstract

1 In tro duction

Agora:

The Story of the Simplest MOP in the W orld

- or -

The Sc heme of Ob ject-Orien tation

W olfgang De Meuter (wdmeuter@vub.ac.b e)

Programming T echnology Lab

Department of Computer Science

V rije Universiteit Brussel

Pleinlaan 2 - 1050 Brussels - Belgium

This pap er rep orts on several years of research on the Agora pro ject. Agora is a

pure ob ject-oriented programming language (OOPL) which means that ob jects

are its only language v alues and message passing is its only control structure .

This is quite exceptional as OOPLs either allow a wide range of language v alues

such as primitive v alues, ob jects, classes and interfaces, or, they only feature

ob jects but then define many op erations on them such as message passing,

parent assignment, adding a slot to an ob ject, cloning and so on. When we

started the Agora pro ject, we felt that such constructions were often chosen ad-

ho c and have no general ‘theory’ b ehind them. That is why the Agora pro ject

was started with a minimal OOPL in which nothing but ob jects and messages

where incorp orated. W e planned to add richer features on top of this mo del in

This pap er discusses the design and implementati on of the Agora lan-

guage. Many ideas b ehind Agora come from Scheme, to our opinion, still

one of the p earls of programming languages.

The most prominent ideas of Scheme are 1) Everything is a first class

v alue, 2) Scheme programs lo ok the same as Scheme data structures, 3)

F unction appli catio n and sp ecial form applicati on are the only control

structures, and 4) The language can b e extended by writing new sp ecial

forms.

One of the contributi ons of Agora is to transform these features into

ob ject-orientation . 1) In Agora, everything is an ob ject. 2) Agora pro-

grams themselves are nothing but ob jects, the data structures of Agora.

3) The only control structures of Agora are messages and ‘reifier mes-

sages’, the ob ject-oriented analogue of sp ecial forms. 4) Agora can b e

easily extended by writing new reifier messages.

W e will show that all these Agora characteristics are an immediate

consequence of its extremely simple meta-ob ject proto col (MOP).

1

1

•

•

•

•

2 Researc h Criteria

T o reify means ‘to b ecome a thing’, ‘to materialize’.

is

pr agmatic p oint of view

language-the or etic al p oint of view

pr ototyp e-b ase d language

r efle ctive language order to study the semantic relationships b etween these features and the basic

message passing mo del. T o our own surprise however, it was p erfectly p ossible

to add these features to Agora without having to change the initial mo del at

all. Agora showed us that it p ossible to construct a layered language in which

the b ottom layer solely consists of ob jects and messages, and onto which new

layers defining inheritance, cloning and reflection can b e added indep endently ,

without having to change the original notions of ob jects and message passing.

Although this may sound like a trivial outcome, we will show that it is not.

Generally sp eaking, there are two ways of studying programming languages:

The studies languages from a programmer’s p er-

sp ective. The main issue here is how a language can improve the way

programmers think ab out their problems and structure their systems.

The studies programming languages

from a conceptual angle. Issues such as orthogonality

, semantic simplicity

and regularity are the main concerns.

In conceiving Agora, we were strongly inspired by Scheme b ecause we think

Scheme is an excellent combination of b oth p oints of view. On the one hand,

Scheme is conceptually well-understo o d and an easy-to-read formal description

of it exist [3]. On the other hand, Scheme is designed with sufficient pragmatism

in mind such that it can b e used to write realistic software.

Several pap ers on Agora have already b een published. These v ary from

ob ject-oriented calculi [11, 12, 10] and denotational semantics [15] that underly

Agora, towards more pragmatic explanations of how its constructions can b e

used to structure programs [8, 14, 4]. In this pap er, we follow the approach

taken in [13] and try to explain the big picture b ehind Agora, much in the

spirit of the famous Ab elson and Sussman course [1] that explains the entire

Scheme story in one b o ok. However the pap er is not just a reformulation of

other pap ers, but explains material that has never b een published b efore, such

as the reflective architecture of Agora. Still, the pap er contracts the ideas of

earlier Agora publications in one general philosophy .

In order to conduct our search for a minimal OOPL, we used a numb er of criteria

that naturally influenced the outcome of the research:

Although OOPLs come in several v ariants [19], the main thing they have in

common are ob jects and messages. While classes and inheritance are often

considered inherent to ob ject-orientation, they merely give us the ability

to group several ob jects together. Hence we started with the hyp othesis

of making a [17, 16, 2].

W e chose to design a . One of the reasons for making

Agora reflective was to enforce a well-designed semantics for it. Indeed,

by making a language reflective, it b ecomes p ossible to alter its interpreter

from within itself. Thus, one has to reify the implementation details into

2

2

•

•

3 The Agora Language

3.1 Agora Message Categories

(define

x 2)

x 2

x 2 define

3 + 4 + 3 4

x VARIABLE:3

                                                                                                                        VARIABLE: x 3

So far, Agora has b een implemen ted in Scheme, Smalltalk, C++ and Jav a.

the mo dular interpr eters appr o ach

to stick as close to Scheme as p ossible the language, and so the prop erties of the interpreter b ecome very im-

p ortant b ecause they eventually b ecome visible to the programmer. After

implementing Agora several times , we still think that adding reflection

op erators to a language is a go o d research metho dology to enforce its

simplicity

, orthogonality and consistency .

W e used [7], in which programming lan-

guages are constructe d starting with an empty language and adding fea-

tures one by one. Adding new features often requires additional semantic

structures which sometimes require a complete redesign of the existing se-

mantics b ecause they interact with the existing ones in a non-orthogonal

way . The mo dular interpreters approach favors a layered way of designing

languages such that the interactions b etween the different layers can b e

easily detected and studied. W e used the same metho dology: our goal

was to start with nothing but ob jects and messages and to investigate

how adding other features influenced this basic paradigm.

The final hyp othesis is that, in resolving the design alternatives for Agora,

we tried . Hence, Agora can b e re-

garded as the Scheme of ob ject-orientation. W e could not follow Scheme

when designing Agora’s reflective facilities, b ecause Scheme is not reflec-

tive. In these cases, the ob ject-oriented transp osition of Brown [18] was

chosen. Brown is a fully reflective ‘closure’ of Scheme.

This section intro duces Agora without taking reflection into account. In this

v anilla v ariant, the emphasis is completely on ob jects and messages. Section 3.1

explains Agora messages, sections 3.2, 3.3 and 3.4 show the nature of ob jects.

Scheme distinguishes b etween ‘ordinary functions’ and ‘sp ecial forms’. Whereas

Scheme normally uses applicative order ev aluation for its ‘ordinary’ functions,

sp ecial forms are ev aluated in a different way

. Consider for example the

expression. When encountering it, Scheme will apply the ‘define’ pro cedure

onto an unev aluated parameter and an ev aluated parameter. The fact that

is not ev aluated and that is ev aluated dep ends on . Each sp ecial

form uses its own ev aluation order.

Likewise, Agora knows two kinds of messages: ordinary messages and reifier

messages. Ordinary messages corresp ond to ordinary function applications. An

example is where is sent to the ev aluated with the ev aluated as

argument. Reifier messages corresp ond to the sp ecial forms of Scheme. An

example is which is used to define a v ariable in Agora by sending

the message to the identifier with the expression as parameter.

Hence, as in Scheme, the essential difference b etween ordinary messages and

reifier messages is their ev aluation order. Agora reifier messages always consist

of completely capitalized identifiers.

3

3

{ }

{ } { }

Example:

λ

r eceiv er l es s, r eceiv er f ul

or dinar y , r eif ier unar y , oper ator, k ey w or d

Note that this is just a lexical problem that do es not change the fundamental ideas of

Agora.

+

3 + 4

3 abs

dict at:"key"

message SUPER

myVariable VARIABLE: 4

- 5

myVariable

at:key put:athing

SELF

CURRENTLY:not IN:use

compute:value

compute:value METHOD: ((SELF try:value) + (5 abs))

METHOD:

compute:value

value

METHOD:

Besides the distiction b etween ordinary and reifier message expressions,

Agora distinguishes b etween receiverful and receiverless message expressions.

Receiverless message expressions are exactly the same as ‘receiverful’ message

expressions except that their receiver is syntactically missing. If we wouldn’t

have them, it would b e imp ossible to write realistic programs b ecause the only

way to write programs using messages and ob jects is to write down messages to

messages to . . . to messages to ob jects. Although orthogonal and simple, this is

to o much -calculus like to b e of any use for writing real programs: it would

not even b e p ossible to declare a v ariable since the name of the v ariable is not

an ob ject, nor a message. At this p oint in the pap er, the meaning of receiverless

message expressions is not yet imp ortant but it is not wrong to think of them

as function calls.

As a final note on Agora’s syntax we mention that all messages come in

unary

, op erator and keyword form, just like in Smalltalk. Hence, Agora features

12 kinds of messages that v ary along the dimensions ,

and . The complete system of

messages is summarized in figure 1. W e do not give an example of op erator

reifier messages, since there is no capitatised analogue of things like . Until

now we did not need them in our text-based v ariants of Agora. In a decent Agora

environment (like the Smalltalk implementation), reifiers are denoted b oldfaced

instead of capitalized, and then reifier op erators are p erfectly p ossible .

Receiverful Op erator

Ordinary Unary

Keyword

Op erator

Reifier Unary

Keyword

Receiverless Op erator

Ordinary Unary

Keyword

Op erator

Reifier Unary

Keyword

Figure 1: Agora Syntactic Message Categories

The following expression elab orates on the Agora syntax. The in-

formal meaning of the expression is to install a metho d in the

ob ject in which the expression o ccurs.

This is a reifier keyword message . Its receiver is the receiverless or-

dinary keyword message expression , here acting as a formal

pattern. The argument is a receiverless ordinary unary message expres-

sion. The argument of the message is an ordinary op erator message

4

4

3.3.1 V ariables

3.3.2 Metho ds

3.2 Agora Ob jects

3.3 Basic Agora Reifiers

The exact technicalities of the reifiers discussed here come from Agora98, the most recent

instantiation of Agora in Jav a [5].

+ 5 abs

SELF try:value SELF

SELF

null

lambda

[ ...; ...; ...; ... ]

x

VARIABLE:4

define-macro

VARIABLE:

VARIABLE:

x x

VARIABLE: 5 x x:

x

x:

METHOD:

METHOD:

expression with as argument. The receiver of the op erator message is an

ordinary keyword message expression with as receiver.

is a receiverless reifier unary message expression.

The simplest way to create an Agora ob ject is to denote it by means of a

literal. Agora supp orts integer literals, float literals, character literals, string

literals, b o olean literals and . The corresp onding ob jects are native and

the ev aluator automatically creates them up on encountering a literal.

Besides these built-in ob jects, the Agora programmer can also create her own

ob jects by simply writing them down, similar to the way Scheme programmers

can make a new function by simply writing it down using the sp ecial

form. In Agora, such an ‘ex nihilo’ created ob ject is constructed by listing the

slots of the ob ject b etween square brackets, separated by semicolons.

The entries of the ob ject must b e v alid Agora message expressions. This in-

cludes ordinary and reifier messages. Using reifier message expressions like

, the programmer can install attributes in the ob ject.

A particular v ariant of Scheme is defined by the implemented sp ecial forms.

This prop erty is often used (using ) in programming language

courses, where Scheme is enriched with new constructions. Likewise, v ariants

of Agora are defined by the implemented reifier messages. Therefore, Agora is

a language family instead of a language. This section explains the elementary

reifier messages defined in most mem b ers of the family . Most of these reifiers

install new attributes in the slots of ex nihilo created ob jects.

The simplest kind of attributes one can install in an ob ject’s slots are v ariables.

V ariables are created by sending the reifier message to an identifier

with the initial v alue of the v ariable as argument. The message

installs two slots. Whenever a v ariable is declared by sending the message

, a reading slot named and a writing slot named are installed.

These slots are accessor metho ds to the v ariable. As in Self, users of the ob ject

can read the v ariable by sending to the ob ject. They can mo dify the v ariable

by sending with the new v alue as an argument.

As illustrated b efore, sending the reifier message installs a metho d in an

ob ject. The receiver of that message must b e a receiverless message expression

acting as the formal pattern of the new metho d. The argument of

can b e any expression serving as the b o dy of the metho d. If more than one

5

5

{

}

3.3.3 Cloning Metho ds

3.3.4 Views

These views are also called ‘functional mixin-metho ds’ in previous versions of Agora.

SELF

CLONING:

new

listnode new listnode next

elmt null

SELF

listnode VARIABLE:

[ next VARIABLE: null;

elmt VARIABLE: null;

new CLONING:

{ SELF next:null;

SELF elmt:null

}

]

circle: point

point VARIABLE:

                                                                         [ x VARIABLE:0;

y VARIABLE:0;

circle:r VIEW:

{ radius VARIABLE:r;

inCircle:p METHOD:

{ ((p x) sqr + (p y) sqr) sqrt <= (SELF radius) }

}

                                                                         ] expression determines the b o dy

, they may b e group ed b etween curly braces (as

in Jav a) and separated by semicolons.

F ollowing the ob ject-oriented tradition, recursive metho ds are programmed

by sending messages to . Ev aluation of this receiverless reifier unary message

expression always returns the ‘current’ receiver.

Agora do es not supp ort a primitive cloning op erator b ecause we did not want to

augment our message passing language by additional built-in op erators. Instead,

a sp ecific kind of attribute, called a cloning metho d, must b e used to clone

ob jects. A cloning metho d is installed by sending the message to

a pattern, just like an ordinary metho d is declared. Up on invo cation of an

installed cloning metho d, its b o dy is executed in the context of a clone of the

receiver instead of the context of the receiver itself. The following example

illustrates this. In the example, a cloning metho d is installed in the ex

nihilo created ob ject. Up on sending to the , the

and v ariables in the copy are initialised to . By default, the result of

a cloning metho d is the copy of the receiver to which the ‘cloning message’ was

sent. Note that the ev aluation of in a cloning metho d returns the copy of

the receiver.

Agora do es not feature built-in op erators to add or delete slots to and from

ob jects. Instead, a sp ecial kind of attribute, called a view, can b e installed in

an ob ject . A view is a metho d whose b o dy contains a group (b etween and

) of expressions which will b e ev aluated in a new ob ject that has the receiver

as parent link. The following expression gives an example of a p oint onto which

circle views can b e laid by sending messages to the ob ject.

6

6

3.3.5 Mixins

3.3.6 Other Reifiers

In previous pap ers, these mixins where termed ‘imp erativ e mixin-methods’ as they really

change the receiving ob ject.

circle:

point point

circle: point radius

inCircle:

radius inCircle:

point VARIABLE:

                                                                         [ x VARIABLE:0;

y VARIABLE:0;

circle:r MIXIN:

{ radius VARIABLE:0;

inCircle:p METHOD:

{ ((p x) sqr + (p y) sqr) sqrt <= (SELF radius) }

}

                                                                         ]

                                          SUPER

                                          TRY:CATCH:

                                          RAISE

                                          IFTRUE:IFFALSE:

                                          WHILETRUE:

                                          UNTILTRUE:

                                          FOR:TO:DO:

A view do es not destructively change the receiving ob ject. When a

message is sent to the , a new ob ject is created with the receiver ( )

as parent-of link. The slots of this extension are determined by ev aluating the

b o dy of the view in the context of the extension. The extension is the result of

sending the ‘view message’.

While views do not destructively change their receiver, mixins do . In the

following example, sending to the ob ject, really adds a

v ariable and an metho d to the original p oint. All ob jects that can

access the p oint, can now also access and .

It is imp ortant to understand the difference b etween views and mixins. While

views only put an extra inheriting layer around an ob ject, with the original ob-

ject as parent, mixins really change the ob ject. Everyone refering to the ob ject,

including views, will notice that the ob ject has b een destructively extended.

Mixins thus allow one to change an entire ob ject hierarchy in one stroke.

It is imp ortant to notice from sections 3.3.1, 3.3.2, 3.3.3, 3.3.4 and 3.3.5

that Agora is a full-fledged OOPL with inheritance and cloning. Nevertheless ,

ob jects are its only language v alues and message passing is its only built-in

op eration.

Although many reifiers exist, figure 2 gives an overview and a short description

of a few frequently used ones. See the language manual [5] for more details.

F orwards a message to the parent ob ject.

T ries an expression and catches an exception when needed.

Raises an exception.

T ests a conditional and ev aluates one of the branches.

Leading-condition lo op.

T railing-condition lo op.

Bounded lo op.

Figure 2: F requently Used Reifiers

•

•

• ev al ev al

ev al

4 Ev aluating Agora Expressions

3.4 Lo cal and Public A ttributes

4.1 General msg:arg

msg:

msg:

SELF

SELF SELF

VARIABLE: METHOD: CLONING: VIEW: MIXIN:

LOCAL elmt

next

listnode VARIABLE:

                                                                                                            [ elmt VARIABLE: null; // same as elmt PUBLIC VARIABLE:null

next LOCAL VARIABLE: null

                                                                                                            ]

PUBLIC

id:x PUBLIC LOCAL METHOD: x id:

SELF id:4

id:4

Up until now we have explained what ordinary and reifier messages are go o d

for. The semantics of receiverless messages has not yet b een explained.

Agora ob jects actually consist of a lo cal part and a public part. The public

part can b e accessed by anyone. The lo cal part can only b e accessed by the

ob ject itself, and this is what receiverless messages are go o d for: receiverless

messages are messages to the lo cal part of the ob ject in which they o ccur.

Thus, when encountering a message there are two p ossibilities. If the

message is receiverless, then there must b e a message in the lo cal part of

the ob ject. The other p ossibility is that it concerns a receiverful message. Then,

there must b e a message in the public part of the receiver of the message.

Inside an ob ject, this receiver will b e . As such, an ob ject can send two

kinds of messages to itself. Receiverless messages are sent to its lo cal part, while

receiverful messages to are sent to its public part. is a receiverless

unary reifier message expression that always returns the current receiver.

Declaring an attribute using , , , or ,

by default installs that attribute in the public part of the ob ject in which the

declaring expression o ccurs. In order to define an attribute lo cally

, the unary

message can b e used. In the following example, the v ariable is ac-

cessible to everyone while the v ariable is only visible to metho ds declared

inside the list no de.

The default mo difying unary message is . One can also use b oth mo difiers

such as in . In this case, the metho d is

accessible from the outside. F rom the inside, it is accessible by

b ecause it is public, as well as by b ecause it is lo cal.

In order to completely understand Agora, it is necessary to have a lo ok at its

semantics. Again the parallel with Scheme will b e drawn.

Lo oking at the internal details of a Scheme ev aluator [1], it essentially consist

of the following ingredients:

A memory of cons cells containing Scheme data structures and programs.

Both are internally represe nted as Scheme lists.

A pro cedure that can b e applied to any Scheme list. dispatches

over its argument list and calls the appropriate ev aluation rule for it.

An environment system binding names to their v alues. is parame-

terised by an environment parameter with which it ev aluates the expres-

sion at hand. The environment is recursively passed down the ev aluator.

7

8

7

8 only

•

•

•

•

•

• appl y

ev al

appl y

ev al appl y

ev al

ev al

ev al

ev al

send

send appl y

ev al appl y

ev al send

send ev al

appl y

appl y

g etLexical E nv g etF or mal s g etB ody

appl y

Notice that we have also created an ev aluator in Scheme, but still, closures were used to

implement the implemen tation structures. Closures can b e regarded as ob jects.

In denotational semantics terminology

, one says that the ev aluator must b e fully abstract.

A pro cedure to apply a function onto a suite of arguments. When

this happ ens, the b o dy of the function is ev aluated with which might

again consist of function applications that are handled by . This re-

cursive game b etween and ends when basic syntax like numb ers

is ev aluated.

An Agora ev aluator is implemented in an ob ject-oriented language and this

is part of the definition of Agora, just like functional list pro cessing (i.e. applying

pro cedures on lists) is an inherent part of a Scheme ev aluator. But b esides this

difference, each of the ab ove ingredients can b e found back in Agora, alb eit

translated into its ob ject-oriented equiv alent:

A memory of ob jects. These ob jects represent data structures (i.e. Agora

ob jects) and parse trees (i.e. Agora programs). Hence, just as in Scheme,

programs and data structures are represe nted in the same way .

All Agora parse tree ob jects understand the message . While the

Scheme dispatches over the expressions it has to ev aluate, this dis-

patching is automatic in the Agora implementation: is sent to a parse

tree such that the message automatically arrives at the right implementa-

tion.

The message is parameterised by a context ob ject that represe nts

the environment in which the expression is ev aluated. This context ob ject

recursively travels through the ev aluator. It contains a reference to the

‘current’ lexical scop e, the ‘current’ self, the ‘current’ parent etc.

Each Agora ob ject is internally represente d by an implementation level

ob ject. This implementation level ob ject understands a message

which takes a message and a list of arguments and pro duces another Agora

ob ject. W e consider as the ob ject-oriented analogue of .

In the same way that the execution of a Scheme program can b e considered

as a recursive game b etween and , the execution of Agora programs

can b e seen as an alternating interaction of and . This is a very

fundamental notion which forms the basis for all the language design decisions

that have b een made for Agora. The following prop erties further elab orate on

the fundamentality of and :

Seen through the eyes of the Scheme ev aluator, functions are represe nted

as an abstract data typ e onto which is the op eration. Once

is called on a function, it can access the internal details of the func-

tion consisting of its formal parameters, its lexical environment and its

b o dy co de. However, these constituents are invisible outside the func-

tion concept. It would not b e a go o d idea to define op erations like

and and on functions, since this

would reveal the internal representation of functions . Therefore, Scheme

only defines on functions. In the same way

, seen through the eyes

•

{ } n

n

n

n

n

n

1

1

1

1

1

1 no

abstr act

4.2 Agora Abstract Syn tax

4.3 Ob ject Structures send

appl y appl y

send send

send

ev al

b

e , . . . , e

e , . . . , e

e.m e , . . . , e

e.M e , . . . , e

m e , . . . , e

M e , . . . , e

send send of the Agora ev aluator, is the only message on Agora ob jects. Defin-

ing more meta messages on ob jects would reveal more information ab out

ob jects than necessary [15].

In Scheme, takes a function and a list of arguments. ev aluates

the b o dy of the function using the environment of definition, augmented

with new bindings of arguments to formal parameters. The same is true

for the message in Agora. takes the name of the message to b e

sent together with a list of actual arguments. It uses hidden arguments

like self reference s, environments or whatso ever, but ev aluates the metho d

corresp onding to the message in the context of the receiving ob ject and

the actual arguments.

The remainder of section 4 will discuss these notions in depth. Section

4.2 summarizes the abstract syntax of Agora. Section 4.3 elab orates on the

way Agora ob jects are constructed and what lo oks like in detail. Finally ,

sections 4.4 and 4.5 fo cus on .

Figure 3 gives an overview of the Agora syntax. It consists of basic

literals, ex-nihilo created ob jects, groups of expressions in metho ds, ordinary

messages, reifier messages and their receiverless equiv alents. The difference

b etween op erator, unary and keyword messages exists only at a lexical level and

do es not influence Agora’s abstract syntax b ecause a unary message is nothing

but a message with zero parameters and an op erator message is just a message

whose pattern is made up of sp ecial op erator symb ols.

Basic Literals

Ex-nihilo Ob jects [ ]

Group ed Expressions

Ordinary Message Expressions ( )

Reifier Message Expressions ( )

Ordinary Receiverless Message ( )

Reifier Receiverless Message ( )

Figure 3: Agora Abstract Syntax

As already explained, an Agora ob ject consists of a lo cal part and a public

part. Internally

, these are tied together by an ob ject identity

. Hence, every ex

nihilo created ob ject (a ‘self ’) has a reference to an ob ject identity

. The ob ject

identity has a reference to the public part and the lo cal part of the self (i.e. the

ob ject). An example of such a typical ob ject structure can b e found in figure

4. The reason for making a distinction b etween ob jects and their identities will

b e given in section 4.5.

The self is the only part of the ob ject users are allowed to see. It is the entity

on which the message is implemented. Internally is implemented by