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Abstract

The prototype-based programming model has always
been difficult to characterize precisely. Its basic principle
advocates concrete objects as the only mean to model
concepts. yet current languages promote methodolo-
gies reintroducing abstract constructions to manage effi-
ciently groups of similar objects. In this paper, we pro-
pose a rational reconstruction of delegation-based pro-
gramming languages that identifies programming mod-
els going beyond traditional prototypes. We also intro-
duce a new classification of delegation-based languages,
which clarifies these models, and we discuss their rela-
tive merits. We finally bring to the fore the existence
of more and more structured delegation-based languages
forming a continuum between pure prototype-based lan-
guages and class-based ones.

1 Introduction

Prototype-based programming languages have been pro-
posed more than a decade ago, yet it has been quite
difficult. to clearly characterize their exact programming
model. Part of the difficulty can be attributed to the dif-
ferent semantics they were attributing to the same prin-
itive operations, a problem we dealt with in [5]. But an-
other important source of confusion has been several pro-
gramming techniques and mechanisms invented to man-
age groups of similar objects, either in their behavior
(e.g. Self’s traits objects) or in their representation (e.g.
Self’s maps). A traits object is a repository for meth-

*DIRO, Université de Montréal, C.P. 6128, Succursale Centre-
ville, Montréal, Québec, Canada H3C 3J7, phone: (514) 343-7479,
fax: (514) 343-5834. e-mail : malenfan@iro.umontreal.ca This re-
search has been supported by FCAR-Québec and NSERC-Canada.

Permission to make digital/hard copy of part or all of this work for personal

or classroom use is granted without fee provided that copies are not made

or distributed for profit or commercial advantage, the copyright notice, the
title of the publication and its date appear, and notice is given that
copying is by permission of ACM, Inc. To copy otherwise, to republish, to
post on servers, or to redistribute to lists, requires prior specific permission
and/or a fee.

OOPSLA '95 Austin, TX, USA
© 1995 ACM 0-89791-703-0/95/0010...$3.50

ods (and “semi-global” variables) applying to the whole
group of its delegating objects. A map 1s a descriptor
that factors structural information out of objects in a
clone family, i.e. a group of structurally identical objects
obtained by cloning one another.

Traits and maps are clearly going against the very no-
tion of prototype-based programming as it has been orig-
inally defined, for example by Lieberman [9]. Traits in-
troduce a kind of abstract object while prototype-based
languages advocate a programming style based solely
on concrete ones. Maps introduce structural descrip-
tors akin to classes, while prototype-based languages
were an attempt to build languages around standalone
objects only. If indeed traits and maps are alien to
pure prototype-based programming, from them emerge
a much richer notion of delegation-based programming.
In fact, we show that delegation-based languages ex-
hibit much more diversity than it first appeared, because
these new mechanisms impose slightly different program-
ming models, which can hardly be put under the same
“prototype-based” hat.

This paper proposes a new classification of
delegation-based programming languages, a class of pro-
gramming languages defined by Wegner [19]. Our new
classification completes the one proposed by Wegner, but
also the one presented in the Treaty of Orlando [15] as
well as our previous one [5] dealing with the primitives of

based programming languages according to the number
of different kinds of objects and the number of differ-
ent kinds of links they manipulate. For example, the
parent-of link of delegation is one link manipulated in
all delegation-based programming languages. Simlarly,
a trait-based programming language manipulates two
kinds of objects: concrete ones and traits. We propose
that the number of kinds of links and objects manipu-
lated in a language bears important insights into the na-
ture of its programming model. We explore four classes
of delegations-based languages: languages with one kind
of object and one kind of link, ones with two kinds of ob-
jects and one kind of link, ones with two kinds of objects
and two kinds of links and finally ones with one kind of
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object and two kinds of links.

But, what constitutes a new kind of object, and what
exactly constitutes a link? To answer these questions,
our approach studies both the programming method-
ology and the semantics of four specific languages: a
prototype-based language in the line of Lieberman’s first
proposal, a trait-based language, a map-based language
and a descriptor-based language. Our observations al-
low us to point out exactly where in the semantics of a
language differences appear (or do not appear) between
subsets of objects. They also allow us to make clear the
participation of a link to the semantics of the language.

Prototype-based languages have always been criti-
cized for their lack of manifest organization in programs.
Our new classification brings to the fore the existence
of delegation-based languages with a more and more
structured programming model, forming a continuum
between pure prototype-based languages and class-based
ones. Not only this shows that the organization of a
program can be made more explicit without sacrificing
an object-centered programining model. it also suggests
a step by step (possibly automatic) transformation of
prototype-based programs into class-based ones, a pro-
gramming methodology advocated before [19, 15].

The rest of the paper is organized as follows. In Sec-
tion 2. we come back in more details on the prototype-
based programming model and justify the introduction
of a new terminology, namely object-centered program-
ming. to capture the essence of delegation-based lan-
guages. In Section 3. we introduce the basic category of
tanguages with one kind of object and one kind of links,
for which we propose a language based on Lieberman’s
basic assumptions. In this section, we develop the com-
plete syntax and semantics of this language, which will
serve as substrate to derive the three other languages. In
Sections 4, 5 and 6, we introduce the three other classes
in our classification and develop the semantics of three
typical languages illustrating each of them. We summa-
rize the classification in Section 7 and we finally close on
conclusions and future work.

2 Object-centered programmming

Prototype-based programming (1, 18, 9, 8, 15, 13] puts
forward the fundamental principle that people’s natural
way to grasp new concepts is generally to begin by cre-
ating concrete examples (objects) rather than abstract
descriptions {classes). This philosophical statement led
to languages that abandon the traditional view of object-
oriented programming, namely class-based languages, in
favor of an object-centered model. Prototypes are ob-
Jects that exist on their own, without classes to describe
and create them. They are collections of slots represent-
ing both instance variables and methods.
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display —> method for displaying points
add — > method for adding points

Figure 1: A point example.

For example, in Figure 1, a point object o1 has four
slots named x, y, display and add. The two first slots
contain values, and their activation by a message sim-
ply returns that value, while the two last ones contain
methods, and their activation executes the correspond-
ing method. The chief although not unique way to create
new prototypes is cloning, i.e. shallow copying an exist-
mg prototype. Cloning has the side effect that, as long
as the two clones don’t modify the value of their slots,
they will share these values. In [5], we have called this
form of sharing creation-time sharing, since 1t lasts for a
slot from the cloning until one of the clones changes its
value for this slot.

But there is more to prototype-based languages than
solely concrete objects. Inheritance is also traded for
delegation, a mechanism by which an object that cannot
answer a message can delegate it to its parent. Delega-
tion is to concrete objects what inheritance is to classes:
a mechanism for sharing information. For example, con-
sider the objects Clyde and Fred in Figure 2. If a mes-
sage legs is sent to Fred, no corresponding slot is found
in this object, which therefore delegates the message to
Clyde. As with inheritance, delegation does not change
the nature of the pseudo-variable self, i.e. the receiver
of the message. When sending a message to Fred, a
method found in Clyde is applied in the context of the
receiver Fred. In Lieberman’s original proposal, delega-
tion is used to make Clyde act as prototypical instance
of elephant; using this prototypical instance, we can cre-
ate Fred differentially by including only the slots that
differ from the prototypical mstance and use delegation
to share Clyde’s default characteristics.

The prototype-based model is dominated by the
properties of delegation. It is tremendously important to
understand that with delegation, we no longer share de-
scriptions, as with class inheritance, but rather concrete
representations, and so values of slots. In our previous
example, if the state of Clyde 1s modified, so 1s the state
of Fred, simply because Fred shares with Clyde (and
with any other object delegating directly or indirectly to
Clyde), the values of Clyde’s slots. Because this form
of sharing lasts as long as the two objects exist (if the
delegation link cannot be modified), we have called it
life-time sharing.
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Figure 2: Clyde and Ired.

Diversity in delegation-based languages

Another important aspect of prototype-based languages
that deserves a more complete treatment is the lack of
any notion of group of cbjects. Because there are no
classes, we cannot speak about the stances of a class.
so there 1s no clear notion of similar objects, either by
their behavior (responding to the same messages) or by
their structure (having the same slots). All objects in
prototype-based programiming are one-of-a-kind. This is
the direct consequence of its basic principle, which favors
concrete ohjects over abstractions. But obviously, when
similar objects are created, this lack of organization pre-
vents one from making assumptions about them. such as
their minimal protocol (something abstract classes nicely
give in class-based programming). It also inhibits the ef-
ficient representation of families of objects with identical
structure, such as the ones created by repeatedly cloning
a single prototypical object.

It’s no surprise that facing such needs, mechanisms
have been proposed to fill the gap. Self, the prototype-
based language that has attracted the largest implemen-
tation efforts to date, tackled these 1ssues by mventing
traits and maps, as we pointed out earlier. Such con-
structions are a threat to traditional prototype-based
programming because they reintroduce abstractness by
the back door. A first reaction could be to say that if ab-
stractness is needed, why not going back to class-based
languages? Unfortunately, there is something no class-
based language offers that delegation-based program-
ming do. namely the value sharing among concrete ob-
jects. Even though they will not replace class-based lan-
guages as mainstream tools in object-oriented program-
ming, delegation-based languages are a valuable addition
to the field and have an interesting application niche
(interaction languages, user interfaces, etc.). We take
the point of view that concrete objects with delegation
are the salient features much sought-after in delegation-
based programming languages, and therefore we propose
a more general notion of object-centered programming to
be contrasted with rraditional class-centered program-
ming:
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object-centered programming: a program-
ming paradigm where the main activity during
program design revolves around the creation of
concrete objects.

class-centered programming: a programming
paradigm where the main activity during program
design revolves around the creation of classes.

The important point here is that designing an object-
centered program really implies the creation of concrete
objects as the major activity. In this sense, abstrac-
tions like traits and maps are to object-centered pro-
gramming what assignments are to impure functional
programing languages like Scheme and ML: an orthog-
onal feature which nevertheless leaves the programming
model dominated by the major paradigm. As Scheme
and ML are dominated by their pure functional subset,
delegation-based languages must be dominated hy their
object-centered one. When introducing abstractions in
a delegation-based programming language. the designer
must be careful not to encourage (or worse, force) pro-
grammers to center their design efforts around them,
therefore switching to an abstraction-centered program-
ming model (of which class-based programmingis simply
an instance). We will see below that several strategies
can be applied to ensure this: not adding a sharing mech-
anism among abstractions (no inheritance between maps
for example}, preventing abstract objects from receiv-
ing messages or, creating them automatically. Keeping
these restrictions in mind. it becomes possible to intro-
duce more structure in delegation-based programming
languages without sacrificing their object-centered pro-
gramiing model.

3 Languages based on one kind of object
and one kind of hink

Wegner [19] divides object-centered programming lan-
guages into two classes: object-based languages, cor-
responding to one kind of object and no link, and
delegation-based languages, 1.e. “classless objects with
delegation”, the quintessence of languages with one kind
of object and one kind of link (the parent-of link).
Wegner’s classification underestimates the diversity of
object-centered programming langnages because it is
an attempt to characterize the whole space of object-
oriented language design. Moreover, at the time of his
writing, delegation-based languages were still underin-
vestigated. In this sense, we complete his classification,
being more precise in one of his original class.
Delegation-based languages where the space of ob-
Jects is completely homogeneous and where delegation
is used for sharing, correspond to the usual notion of



prototype-based languages. All objects are equally first-
class entities: they can be created dynamically, they can
be sent a message, they are all mutable, they can be
All of
them can be used as parent and cloned. We categorize
these languages as having one kind of object and one
kind of link, namely the parent-of link.

passed as parameters and returned as results.

We illustrate this first category using a minimal lan-
guage called LIEBERMAN, based on Lieberman’s original
proposal [9], whose (abstract) syntax appears in Fig-
ure 4. This language has standard expressions such as
constants (truth values, numerals, characters, strings or
symbols), identifiers (accessing the value of let-bound
variables). let-expressions, set-expressions (to mutate
let-bound variables) and if-expressions for alternatives.
Cloncerning object-centered programming. message pass-
ing is accomplished by send-expressions (send e m €*)
which sends the message m to the object denoted by ¢
with arguments denoted by the expressions list e*. We
also have self- and super-expressions, which correspond
to traditional message sending to self and super. Cre-
ation of objects is accomplished using a clone-expression
(clone e), which shallow copies the object denoted by
¢ and returns the new object as result. An alterna-
tive way to create objects is the newlnitials-expression
(newInitials ¢ (m*) (¢*)), which creates a new
ohject with slot names denoted by m* and slot values
denoted by the expressions €*; this new object, which is
returned as the result of the expression, will have the ob-
ject denoted by ¢ as parent. The root-expression (root)
returns as result the object root, the first object in the
system which serves as the root of the delegation tree.
Finally. we have method-expressions. akin to lambda-
expressions. to create methods.

Wrapper semantics

In the following, we propose a denotational semantics
for this minimal language. For that matter, we use
the wrapper semantics introduced by Cook and Pals-
berg [4], which models objects using fixpoints. Let an
object o1 be a function from selectors to values (1o be
defined later), whose semantic domain is defined as Ob-
ject. The idea is to obtain o1 by taking the fixpoint of
an objyect generator, a function of the form (Aself. .. ),
whose domain is Object — Object. When inheritance
or delegation comes into play, the child object is modeled
as a function of the form (AselfAsuper....), where the
super argument corresponds to the parent object. Such
a function is called the object wrapper, whose domain
1s Object — Object — Object (Figure 4 summarizes
the semantic domains for objects).

Wrapper application creates an object o1 with parent
02. The wrapper of o1 1s applied to the generator of 02
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(...) list formation

11k Eth member of the list [ (1-based)
#l length of list [

1§t concatenation of lists [ and ¢

1k drop the first & members of list {

z|p projection of the value z of some

sum domain into the summand D

D (2) injection of the value z in the
sum domain D
ong{z)  projection of the value 2 of some
product domain onto its :th component
L

Figure 3: Summary of notation.

by first distributing a new self to the wrapper and the
generator and passing the bound generator to the wrap-
per as its super. The two resulting components are then
combined in such a way that a message not answered
by o1’s now ground wrapper will be forwarded to 02’s
ground generator. Wrapper application is defined by the
operation > taking a wrapper and a generator and return-
ing a generator, while left-biased object combination is
defined by the operation ©:

b= AQ.T) 2. let o= I'(6)in Qo)(o) & o

Y —

(2

Ao, 01).Am. let tmp = o(m)
in if is0 ?(tmp) then o1 (m) else tmp endif

For more information about wrapper semantics, the
curious reader can refer to [4, 7].

Denotational semantics of LIEBERMAN

In its broad lines, our semantics is written in direct style
and it 1s built around a few important semantic domains.
In the following we assume a familiarity with the basic
concepts of object oriented programming and some ex-
posure to denotational semantics. We have tried to focus
on semantic issues relevant to our classification, defering
technical details that can be skipped over at first read-
ing to the appendix. Valuation functions for expressions
(see Fig. 5) take an expression, a sell and a super de-
noting the current object context, an environment for
let-bound variables and miethod formal parameters, an
object memory which stores what we call memory ob-
Jects and methods, and finally a store for other storable
values. The store and environment algebras are pretty
standard (see [12]). Self and super are values of the
domain Object introduced before. The last unusual se-
mantic domain is the object memory.



Syntactic Domains:

ke Constants

m € Selectors

v € Identifiers

¢ € FExpressions

¢ = k| v ]| (send emn €") |

Eou= #t | #f | Nwm | Char | String | Sym

Semantic domains:

Semantic domains for objects:

Semantic domains for the object memory:

¢ € Oop = PointerE O

mo € MObject =
a ¢ OmV = MObject & Meth
g e Om = Oop— (OmV &T)

(self me™) | (super me™) | (method (v™) €*) | (clone ¢) |
(newInitials ¢ (m™) (7)) | (let (v e) €¢™) | (if e e ¢) | (set! v €) | (root)

Domains for literals and characteristic semantic domains:

r e T = {1, true, false}

n € Num = unspecified

¢ € Char = unspecified

s € String = unspecified

¢ € Sym = unspeci fied

v e V = T & Num ¢ Char ¢ String$ Sym

7 € RV = V& Oop

t € LV = Loc

§ ¢ DV = EV = PV = SV = RV&LV
Semantic domains for environments and stores:

€ O - {—l—o» T}

v ¢ Ide = unspecified

p ¢ Pointer = unspecified

I e Loc = Pointer+ O

p € Env = Ide — (Loc+T)

o € S = Loc— (SV&T)

m € Selector = Sym

A ¢ Dict = Sym — (Locae T)

f € Fun = OmoS)—>PV' 5 (EVoOmoS)
~ € Meth = (Object & Object) — Fun

o € Object = Selector = ((T — Fun) + O)

I' € Generator = Object — Object

Q ¢ Wrapper = Object— Object — Object

Object x Generator x Sym” x Loc¢™ x Generator

Figure 4: Syntactic and semantic domains for the language LIEBERMAN.

In order to share them among other objects, but also
to implement object identities, objects are stored in an
object memory, which is a function from object identi-
fiers whose domain is Oop, into object memory values,
whose domain is OmYV. The domain of object memory

is Om (see Section D). Because we also want to be
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able to share methods among objects, the object mem-
ory contains not only memory objects, whose domain is
MObject, but also methods. whose domain 1s Meth.
Hence. object memory values are in the sum domain
OmV = MObject & Meth. Notice that we have di-
vided storable values among the object memory and the




L Constants - V
LIk] = unspecified

£ i Expressions — (Object ¢ Object) — (Env ® Om ¢ S) - (EV $ Om & S)
E[K] = M. @) Alp, e, o) (inEV(inRV (L[]}, . 7)

Elv] = M, ). Mp, . o). (inEV (inLV (p(v) [Loc)). pt. o)

E(send € m e")] =
Mo, @) AMp. u, o). let* (g%, uy, o)) = RL[permute({)§e" ) (o, 9} o, 1. )
and (e.e]) = split{unpermute(e™))
in if £[m] Jsym=s,m ’set
then on (bound-object(e |ry|oep )(11) IMobject JET L1 |RVIV]Sym) [(Torun) (false)(p1, o1 )(e] T1)
else ony (bound-object(c |rvices {11) [Mobject L] |sym) [T oFun) (true)(pr, or)(el)
endif

E(self m €] = Mo, @).Ap, p, o). let* (¥ ui,01) = RL[permute(e)](¢,¢)(p, . 0)
and ¢} = unpermute(c”)
in if £[m] |sym=z,m 'set
then o} Lilrv|visym) [(rorue) (false)(ur, o3)(e] 1 1)
else d(L[m] Isym) |(r=run) (true)(pr, a1i(e])
endif

E[(super m €] = Mo, @) Ap. p. o). let* (¥, uy . o1) = RL[permute(e”)](, ¢ ) p, 1. o)
and ] = unpermute(e™)
in ifLIm] |sym=sym ’set
then (e} dilrv|visym) [(rorun) (false)(pi, a1)(e] T1)
else o(L[m] |sym) [(rorun) (true)(pr, o1)(el)
endif

E[(method (b*) €M)] = Al@.0).A(p, p,0). let (e, 1)) = make-meth(1™, *, p)in (&, 111, 0)

E[(newInitials e (m*) (")) = A, ¢).Mp, p, o). let¥ (*, w1, 01) = RL[permute({e)§e™)] (o, ) (p. 1. 7)
and (e, e}) = split{( unpermute(c™))
in allocate-new-object(e, LLImM™],eT. 1. 01)

E[Qet (v &) €] = Mo @) Mp,u, o). let* (e,pu1,01) = R[e](@,¢)(p, 11, 0)
and (/, 02) = allocation(o)
and p1 = overlay(binding(v, 1), p)
and gz = store(l, s, a2)
in &' o, o) pr. 1. 03)

E[GE e a1 e)]= AMo. o) Ap o). let e, u,01) = Re]{e,@)(p, . o)
in ife |avivir then Ee](o.¢)(p. 1. 01) else E[e2](0. ¢)p. 1. o) endif

E[(clone e)] = A&, ). Ap,p.0). let (g, 1. 01) = R[e](d. )} p, u. o) in clone(e, 1. 01)
E(sett v ] = Mo.p)Mp p. o) let (e, pu1,01) = RIel(@. ) (p. . o) in (unspecified. p1, store(p(v) [Loe. €. 1))

E[(root)] = A, ). Ap,p, ).(inEV (inRV (root-oop)), i, o)

Figure 5: Valuation functions for the language LIEBERMAN. (see also Figure 10)

store in order to clearly distinguish object identifiers, sponding locations in the store is made by a dictionary,
which are (storable) r-values, from locations which are l.e. a function from symbols (slot names) to locations
l-values. This 1s an important distinction often skipped (see Section A.1). A slot value can be either a constant
over. in V, or an object identifier in Oop.

The object wrapper is build by the following function

Consider now the denotational model of objects. Be- taking a dictionary A and returning a wrapper:

sides the wrapper semantics, we need a denotational
model of the object slots. Slot values are allocated in make-wrapper =
the store. and the mapping fron slot nanies to the corre- AA DD Ap. Am.
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case tmp = A{m)of
wsLoc? =
case [ = imp |Lo. Of
150 ¢ = in((T — Fun) + O})(
AT A (. @) AT Ligvaomes)) »
sPointer? =
in((T — Fun) + O)(
Ar.if 7 then
A, o). An™.
case ) = o(l) |sv|rv oOf
isOop? = case a = pu(Y |oop) lomv Of

isMeth? = o |mew (0. 9) (1, o) (1),

1sMObject? = (inEV(9), u, o)
endcase |,
isV?= (mEV(J),u, o)
endcase
else A, o)An" (unspecified, u, store(l, ®* |1, o))
endif )
endcase
35T?= m((T - Fun) + O)(Lo)
endcase

Recall that the purpose of a wrapper 1s to correctly
bind the self and the super within what denotes an object
in the model, namely a function from selectors into the
denotation of slot application, which is itself a function.

The object obtained from the above wrapper will re-
spond to a selector in the following way. If the selector
1s unknown, bottom is returned (things can go wrong if
either there is no slot corresponding to the selector or
if, for some reason, the location recorded in the dictio-
nary is invalid). If the selector corresponds to a valid
location, the object returns a function T — Fun. This
function implements mutation of objects: if this function
is passed true, then a function applying the slot value
1s returned, but if false 1s passed, it 1s a function updat-
ing the slot value that is returned. In both cases, the
returned function f is in domain Fun. f takes an object
memory (Om) and a store (S) and returns a function
taking a list of actuals (PV*) and returning the result
of the message, a new object memory and a new store.

An updating function f stores the result of the sole
actual (extracted from the list 7*) in the location corre-
sponding to the slot. On the other hand, a non-updating
function f simply returns the value or the object iden-
tifier respectively when the slot value is a constant (in
V) or a memory object (in MODbject). Methods are
denoted by values of domain Meth, which are functions
taking a self and a super and returns a function f in
Fun. When a slot value is a method, it is applied by
passing 1t the self, the super to get f, which 1s executed
by passing it the object memory, the store and the ac-
tuals.

A method value from Meth is created by the func-
tion make-meth (see Section A.2), which takes a list of
formal parameters, a list of expressions (the body of the
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method) and an object memory. Make-meth allocates
the new method in the object memory and returns its
corresponding object identifier.

The semantics of a send expression is the following.
First, we evaluate the arguments and the receiver of the
message. Because the order of evaluation should be irrel-
evant (unspecified), we follow [3] by applying arbitrary
permutations permute and unpermute (which must be
inverses) to the arguments before and after their evalua-
tion. The receiver must evaluate to an object identifier,
which 1s used to get the corresponding memory object in
the object memory. If the selector is *set, then we have
a mutation message, in which case the name of the slot
to be mutated is the result of the first actual. We pass
this first actual to the object and then we pass false
to get a function that will mutate the value of the slot
in the store. If the selector is not ’set, then we pass
the selector and then true to the object to get a func-
tion that will either return the slot value or apply the
method. The valuation function is given in Figure 5.

The self- and super-
expressions are similar, except that instead of accessing
the object memory to get the receiver, we use either the
argument self or super as receiver (see Fig. 5).

In the valuation function for send-expressions, the
careful reader may have noticed that we first project
a memory object on its first component before passing
it the selector. In fact, a memory object is a record
containing an object (value of domain Object) in its first
component. [t also contains its own generator, the list of
its slot names, the list of the corresponding locations
the store and the generator of its parent object. Hence
a memory object is a value of the domain:

valuation functions for

MObject = Object x Generator x Sym*
x Loc¢* x Generator

This representation comes from the fact that an ob-
We must be
able to create a child object, which means that we need

Ject does not only respond to messages.

the object generator. We must also be able to clone an
object, which means that we can get its slot names, its
current slot values (through the locations in the store)
and use its parent generator to create the clone. For ex-
ample, the valuation function for newlnitial-expressions
(see Fig. 5) evaluates the new object’s slot values, slot
names and parent object and call a function allocate-
new-object to create the new object. Allocate-new-object
takes the object identifier of the parent of the new ob-
Ject, a list of slot names, a list of slot values, an object
memory and a store. It first allocates the slot values in
the store, then it creates the new object and allocates 1t
in the object memory. It finally returns the object iden-
tifier, along with the updated object memory and store
(see Section A.3).



The function clone, called by the valuation function
for clone-expressions, also looks up the object memory
to retrieve the object to be cloned. It collects the val-
ues in the store corresponding to the cloned object and
then calls the function create-object using the cloned ob-
Ject’s slot names, current slot values and parent genera-
tor. The new object is then stored in the object memory
using a new object identifier (see Section A.3).

Observations

This completes the semantics of our first language.
Other semantic functions are given in Figure 5: they are
pretty standard and should be self-describing. A last
point. worth mentioning concerns the run-time represen-
tation of objects in this semantics. The preservation of
object generators at run-time is an unsurprising yet im-
portant aspect!. In practice, it insists on the fact that
the pseudo-variable self cannot be bound within indi-
vidual objects, an important difference compared to ob-
Jects in class-based languages. The late-binding of self in
class-based languages arises because methods can apply
to instances of their defining class or any of its subclasses.
Within one specific object, the self is perfectly known
and an implementation willing to pay the price (in terms
of space obviously) may copy into individual objects the
methods applying to them. In each copy. all references to
self can be bound to the object’s self. While it is not
the standard way to implement references to self, this
observation has been used several times to implement
run-time optimisations (look at Self’s multiple compila-
tion of methods [2]). Prototypes lack this known self
property.

Even though they are attached to objects, methods
in prototype-based languages retain the same kind of
late-binding of their references to self as in class-based
languages, because they can apply to any (new) descen-
dent object. You can copy them to bind self, but the
object ends up having two copies of the same method.
one with an “open self” and cone with a bound self (this
is the Self approach to multiple compilation). However,
the object itself has no bound self. The self is rather
bound to the receiver on a per message basis. at message
reception time.

4 Two kinds of objects, one kind of link

Typically, a language with one kind of object and one
kind of link will evolve towards one with two kinds of ob-
Jects when some objects become exceptional compared
to others. Objects can become exceptional because of
a particular programming methodology that must be

I'This has been independently brought to the fore by Steyaert
and De Meuter [16] whose discussion is enlightening.

supported at the language level in order to have all
its strength. They also become exceptional when their
“first-classness” is severely restricted, such as being im-
mutable or abstract (in the sense that they cannot an-
swer messages). They may not be cloned or used as
parents. We illustrate this category of languages with a
trait-based programming language.

The trait-based programming model [17] proposes to
segregate the slots of a prototypical object in two parts:
the “internal” representation part and the “external”
protocol part. Typically, the external protocol part con-
sists of slots holding method values while the internal
part will consist of slots holding either object identifiers
or constant values, but this need not to always be the
case. In our first example (Figure 1), the internal part of
a point object would include the slots x and y. while the
external part would include the slots display and add.
A traits object is an object holding the external part, the
idea being that this object can be shared among several
copies of the representation part {themselves represented
as objects, see Figure 6). Wegner [19, p. 173] had already
invented traits defined in the following way:

“The notion of virtual operations of Simula and
other class-based languages may be defined more
generally for delegation-based languages. Virtual
operations arise when an ancestor specifies re-
sources that will be implemented later in a de-
scendant:

virtual resource (operation): A resource (op-
eration) named and specified in an ancestor whose
implementation will be provided by a descen-
dant.”

However, what Wegner as well as the Self team for-
got to insist on is that, in prototype-based programming,.
while assumed to be a concrete object, the traits object
will fail if sent the message add or display since presum-
ably these methods will try to send the receiver (self)
messages x and y which will fail. Wegner noted that.:
“The dynamic resource sharing provided by delegation
has its costs in object autonomy. It is as though objects
are connected to ancestors by an umbilical cord which
they can never cut.” But he should also have added
that ancestors themselves are also linked to their chil-
dren objects by the very same umbilical cord! In fact,
for trait-based programming to work properly, traits ob-
jects must never receive messages. And we propose that
the language must make sure that it happens like that.

So our example of a language with two kinds of ob-
jects and one kind of link is a trait-based programming
language whose semantics i1s given below. In this lan-
guage, traits are abstract objects that cannot receive
messages. As an interesting side-effect, preventing traits
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Figure 6: A point example using a traits object.

to answer messages also enforce in some sense the object-
centered programming model of the resulting language.
Nevertheless, we admit that trait-based programming
model is at the extreme abstraction-centered end of the
spectrum among the ones presented here.

The trait-based programming methodology encour-
ages the creation of delegation hierarchies which look
like an inheritance one in its higher levels made of traits.
At the leaf. we find concrete objects, somewhat like the
Instances in class-based programming. Trait-based pro-
gramming leaves more flexibility in the creation of ob-
jects, but traits are not classes: they are less flexible and
abstract. Our trait-based language is minimal; we do
not include operations taking advantage of traits. TFor
exanmiple, we should add an operation traitof return-
ing for an object its first parent traits object. Testing
whether two objects support the same protocol would
then boil down to test whether or not the two object’s
traits are the same or have a parent i counmon. In this
sense, trait-based programming encourages a methodol-
ogy where the notion of similar behavior among objects
becomes very important.

Semantics of trait-based programming

We obtain a trait-based programming language from our
previous one by adding one new kind of expressions: the
newTraits expressions, which create traits objects. The
original newlnitials expressions are preserved to create
concrete ones. The essential idea of the semantics is to
segregate the domain of memory objects (MObject) in
two subdomains: a domain of concrete objects (COb-
Jject) and a domain of traits objects (TObject). Hence,
we replace the old domain MObject by the following:

CObject = Object x Generator x Sym”
x Loe™ x Generator
TObject = Generator x Sym™ x Loc”
x Generator
MObject =CObject & TObject

Notice that because traits will never receive messages,
there is no need to keep the object itself (the value of the
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In fact, our
language imposes two restrictions on the use of traits:
traits cannot be sent a message, and they cannot be
created as children of a concrete object. The second
one 1s debatable, but this is the way we envisaged it at
this time. This leads to a few minor modifications in
the previous semantics. Two different functions must
be introduced to allocate and create either concrete or
traits objects. Cloning must also take into account the
status of the cloned object 1o create a concrete object if

domain Object) in their representation.

the cloned one is concrete or, in the contrary, to create
a trait. We also assume the root object to be a trait.
The section B provides the definitions of the valuation
functions for newlnitials- and newTraits-expressions.

The valuation function for send-expressions now ac-
cepts only concrete objects as receivers:

Ef(send € m €")] =
Mo, e)AMp,p, o).

tet* (e%, p1, o1) = RLpermute({e)§e* ) [ (.2} (p, 11, 0)

and (g, 7} = split{unpermute(e™))

inif L[m] |sym=sym 'set
then on; (bound-object(e |rv]oop )(11) |Mobject |cobject )

(eTdilrvivisym) l(1spun) (false) (. o1){e] 11)
else on (bound-object(s |rv|oop (1) [Mobject|GObject )
(L] [sym) l{Torum (true)(pr. or)(e])

endif

Actually, the object that we obtain by looking up
the object memory is explicitly projected into CObject.
This assumes that everything goes right, sinice we don’t
deal explicitly with errors in this semantics to keep it
simple and more comprehensible.

5 Two kinds of objects, two kinds of links

Languages with one kind of link will typically have a
delegation, or parent-of link, which implements shar-
ing akin to inheritance. Adding a second kind of link
suggests Introducing a structural description link simi-
lar to the class-of link. In traditional prototype-based
languages, each object being one-of-a-kind, it gets both
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Figure 7: The point example using maps

its slot names and slot values. When a large number
of structurally identical objects are created, it becomes
tempting to share the structural information, a line of
reasoning that pushed the Self team to tuvent maps [2].

Maps, illustrated in Figure 7, are similar to standard
prototypes, except that the slot values are replaced by
indexes giving the relative position of the slot values in
the object, now represented merely as a vector of slot
values. In fact, Self goes bevond that by putting in the
map the values of immutable slots, an existing concept
in this language. When an object receives a message, the
selector is used to look up the map to find a slot index,
a value or a method. If a value is found, it is returned;
if a method is found, 1t 1s applied in the context of the
recelver; if an index n 1s found, the content of receiver’s
nth slot is retrieved and either returned if it is a value
or applied if it 1s a method. In Self, maps are created
automatically behind the scene and if an object is cloned,
the two clones will share the same map. They give Self
the same space efficiency in the representation of objects
as the one of class-based languages.

A map-based language is constructed by making
maps true objects. Because their slots contain indices
to be reinterpreted in the context of the receiver. maps,
as objects, cannot answer messages. So we make them
abstract objects unable to answer messages. With maps
represented as objects, it becomes possible to take ad-
vantage of them in the programming methodology. A
map-based language encourages a programming method-
ology where the notion of structurally similar objects be-
comes very important. In such a language, we can speak
about a group of structurally identical objects. Our lan-
guage is a minimal one, but map-based operations to
add or delete a slot to all objects in a clone family, etc.
could readily be implemented.

Semantics of map-based programming
T order for o w L\r\r\/\r] oo Lo imats lﬁn_h NP |
411 LULUCL 10 a i wascll a 15L1a5t lU D€ uul)lt:l cied,

nap-
we must first have a notion of contiguous locations in the
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store as well as a location arithmetic that will allow to
implement concrete ohjects as vectors of slot values. The
three functions locations, reservations and contiguous-
allocations add to our store algebra the necessary con-
cepts. The function locations returns n contiguous loca-
tions, which are used by the functions reservations and
contiguous-allocations (see Section (V).

Using this augmented store algebra, we can create a
concrete object. with n slots by allocating n contiguous
locations in the store.
object, we can collect the current slot values in n con-
tiguous locations.

Also, when cloning an existing

Maps are infered automatically when an object 1s cre-
ated by a newlnitials-expression. Maps are very similar
to objects (values of the domain Object) since the im-
plementation will query them with a selector to obtain a
value. We therefore implement them using similar tech-
niques, except that there is no need for a wrapper se-
mantics since they don’t have to answer real messages
and they don’t have parents. Also, a map in our lan-
guage contains only indices giving the position of the
correspouding slot value in the concrete object. A map
1s viewed as a function from selectors nto functions of

stores Into Indices:

build-map =

Md* . o)
A

9 .U).
let* n* = create-indices(g*)(0)
and_ ”* o) = allocate-slot-value s( n* o)

A L, 01 aoal o)

n ]et A = make-object-dict(q")({")
in Am. case tmp = A(m) of
sLoc? = in((S — Num) + O)(
)\02-02(”7111 ILoc) |sv|Rv|v|Num) .
5T ?= in((S — Num)+ O)(Llo)
endcase .o;)

where the function create-indices takes an integer n and

PR . 1

return the list of lubt'g,mb from !
A concrete obJect on the other hand needs the full

VIapper se mantics.

PR
Lo n.

However, the function make-wrapper
is slightly different from what we had in the previous




languages because we have to replace the object’s dic-
tionary by the map to which they are hinked. Hence
make-wrapper takes the map as first parameter. When
the object is activated with a seleclor, the map Is ap-
plied to it. If the selector is known, the map returns a
function which is applied to the current store to get the
corresponding index n. This index 1s used to retrieve the
nth slot value in the concrete object. This value is then
used as in the previous version of make-wrapper:

make-wrapper =
ATLALAG A Amn.
case tmp = I1l{m)of
13(S -5 Num)“ =
wn({T — Fun) + O}

AT ifr
then
Alp, o). Am".
case V¥ = oladd-to-loc(l,
tmp |(s—>Num) (o)) |SV|R.V of
1500p? = casea = u(V |oop) lomv Of
isMeth? = o |vewn (@, @) (. o)(7"),
sMODbject? = (inEV(d), u. o)
endcase ,
sV e= (mEV(),p o)
endcase
else

A, o)y AT,
(unspecified, .
store(add-to-loc(l. tmp |is Snum) (7)), o))
endif ),
1507 = n((T — Fun) + O)(Lo)
endcase

The new function allocale-new-object first creates a
map for the object, allocates the map in the object mem-
ory and calls the function create-object to create the con-
crete object. This latter function allocates the slot val-
ues, calls make-wrapper to create the new wrapper and
allocates the concrete object in the object memory:

allocate-new-object =
MMe,g¢" . e u, o).
let* ' = onz(p(e |HV100p) ‘O|nV|MObjectiCObJect)
and (11, o1) = build-map(¢*. o)
and (g, 1) = allocate-oop(pt)
and sty = bind-object( ) inOMV (:nMObject(I1)))(u1)
and (mo.o2) = create-object(Il, p, e*, oy, ')
and (g, pz ) = allocate-oop{ 2 )
and ps = bind-object{ 0 )(:nOMV (mo)){ye2)
in (irEV(nRV (g1)), pa.o2)

create-object =
ML g. g%, 0, T).
let (I*. 0,) = allocate-n-slot-values(e*) (o)
in(letT), = make-wrapper(IN)(I* 1) T
in inMObject{(ix(T' ). Ty, 0. ' L1, #*.T)) ,01)

Memory objects are now represented using the fol-
lowing semantic domains:

CObject = Object x Generator x Oop x Loc
x Num x Generator

Map = Selector — ((S — Num) + O)

MObject= CObject & Map

A concrete object contains its object (used to answer
messages), its generator (used to create child objects),
its map object identifier, 1ts first location, the number
of contiguous locations in the ohject and the parent’s
generator (used for cloning).

The valuation functions for message passing expres-
sions (send-, self- and super-expressions) are exactly the
same as In the trait-based language presented earlier.
We simply add two new expressions: a mapof-expression
(mapof ¢) which retrieves the object identifier of an
object’s map, and a clone?-expression (clone? ¢ ¢;)
which tests whether two objects are clones of one an-
other by testing the equality of their respective map’s
object identifier. The valuation functions are:

E[(mapof €)] =
Al ) Alp.p, o).
let (e, p1,01) = R[ef(¢. @) p 11, 0)
in (nEV (inRV(
O”B(H(&' |Rv\00p) |()rnV|MObject|COb_iect ))) H1. 71 )
Ef(clone? e )] =
Ao, p)Alp p.o).
let* (e, 1, 01) = RL[permute({e. e1))](&, ) p 1. o)
and e} = unpermute(c”)
ande =] |1
ande;, =7 t 144
in {:nEV (inRV (inV{
0”3(#(5 le|00p) |On1V|MObject|CObject) =0Qop
071?-(11(51 IRVIOOD) hOmVIMObject|COhjent))))-
1, 01)

In the first, we retrieve the object identifier of the
map in the object representation. In the second. we test
whether two objects are clone by testing if they have
the same map. In fact, the property that we test is not
structural equivalence but whether or not two objects
have been obtained through a series of cloning operations
originating on the same object.

6 Two kinds of links, one kind of object

Typically. a language with two kinds of links and oune
kind of object can be obtained by some rationalization
of a language with two kinds of objects (and two kinds
of links). For example, consider the map-based language
proposed earlier. Can we transform maps i order to
make them standard objects capable of answering mes-
sages withoutl impairing the programming model? The
answer 1s ves. The problem with maps begins when
we send them messages whose result needs a reinterpre-
tation n the context of a concrete object 1 order to
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Figure 8: The point example using descriptors.

make sense. But maps don’t need to be implemented
like standard prototypes. A simple idea, illustrated in
Figure 8, is to replace the map by a descriptor object
with one slot called slotsDict, which points to an ob-
ject implementing a slots dictionary. The slots dictio-
nary is not an ordinary prototype (despite a similar yet
not identical aspect in Figure 8), but rather an object
similar to Smalltalk’s method dictionary. We draw it as
a box with round corners and it is actually an object an-
swering at : {some selector) returning its associated value
and at:(some selector) put:(some value) messages like
a Smalltalk dictionary.

The advantage of this representation is that now
we can send legitimate messages to descriptors, namely
slotsDict. as well as to slots dictionary. In fact, our
descriptors look pretty much like Smalltalk classes. A
descriptor-based language similar to the previous map-
based one can be designed very simply. In order to pre-
serve an object-centered programming model, descrip-
tors should be created automatically, like maps were.
Nonetheless, descriptors are so much like classes that
we are at the frontier between abstraction-centered and
object-centered programming here. An important miss-
ing feature that makes the language still promote an
object-centered programming model is the lack of a shar-
ing mechanism between descriptors that would have a
semantics similar to inheritance. By taking care not to
introduce such a link between descriptors, we don't en-
courage programmers to design their applications mainly
around descriptors. Due to the lack of space, we don’t
provide a formal semantics for a descriptor-based pro-
gramming language (see [11}).

7 The classification

The Figure 9 summarizes our classification. We have
represented five categories of languages: four described
here with one example language in each, and one corre-

sponding to Wegner’s object-based languages in which
he classifies Ada [6].
each class is by no mean closed. For example, another
path towards a language with two kinds of objects but

The list of possible languages in

one kind of link appears when considering the status of
prototypical ohjects in Lieberman’s first proposal. In
Lieberman’s mind, the standard way to represent a con-
cept is to provide a prototypical instance of this concept
(Clyde is the prototypical elephant) to which other ob-
jects of the same concept can delegate for default proper-
ties. Because modifying a prototypical object has an im-
portant, and often undesirable, effect on all other objects
delegating to it, we can make them immutable objects,
hence stressing their particular role. In the Clyde-Fred
example. Clyde would no longer be mutable, therefore
making it impossible to indirectly modify Fred by mu-
tating Clyde. A safe version of such a language designed
in this line provides another example of a language with
two kinds of objects and one kind of link.

It is also worth noting that the classification using
the number of kinds of objects and links needs not to
be restricted to object-centered languages. We have al-
ready noted that our descriptor-based language is at the
frontier of abstraction-centered programming. If we take
this language and add an inheritance link between de-
scriptors, we end up having a language with one kind of
objects but three kinds of links (parent-of. descriptor-of
and descriptor inheritance) which cannot be character-
ized as object-centered. Moreover, consider a language
where metaclasses are first-class objects as Cointe's Ob-
JVlisp. Such a language has two kinds of objects (in-
stances and classes, since metaclasses are simply classes
whose instances are classes) and two kinds of links: m-
stantiation and inheritance. However, it is certainly not

acterize object-centered programming languages. but it
is not restricted to this class of languages.

An interesting work now is to assess existing lan-
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Figure 9: The classification with example languages.

guages in the light of our classification. For example,
in our view Self is not prototype-based but it is cer-
tainly object-centered. It is our opinion that using the
notion of object-centered programming with abstract ob-
jerts presented here, the design of Self can be positively
enhanced. Our preferred path of upgrade would be to
introcluce traits as abstract objects like in Section 4 but
to make maps first-class objects in the line of our de-
scriptors (Section 6). This would make Self a delegation-
based programming language with two kinds of objects
and two kinds of hinks.

8 Conclusion

1 the current classifications of object-oriented program-
ming languages, there is an underlying assumption that
delegation-based and prototype-based languages are the
satne. In fact, this assumption has introduced confu-
sion over the meaning of prototype-based programming.
In the first papers proposing the prototype-based ap-
proach, authors insist on a programming model admit-
ting only concrete objects. On the other hand, several
real prototype-based programming languages have ab-
stract features going against this basic principle.

In this paper, we have contributed towards a bet-
ter understanding of delegation-based programming lan-
guages by introducing the more general notion of object-
centered programming, which admits some kinds of ab-
stract. devices, such as traits and maps. provided that
the programming model is still dominated by the object-
centered subset of the language, i.e. the major appli-
cation design activity revolves around the creation of
concrete objects. Using this more general notion, we
have proposed a new classification of delegation-based
languages, primarily used to show the diversity of pro-
gramming models we can obtain by introducing different
abstract entities into delegation-based programming. In-
deed, this classification brings to the fore the existence
of more and more structured delegation-based languages
forming a continuum between pure prototype-based lan-
guages and class-based ones.

Our future work is to assess existing languages in the
light of this classification and to study more thoroughly
the new programming models introduced by the different
languages proposed in this paper.
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A Additional functions for LIEBERMAN

A.1 Object dictionaries
empty-dict = Aq.in(Loc & T)(false)

add-slot = AgAAA N T g=z,m ¢
then in(Loc F T)(I)
else A(q,)
endif

allocate-slot-values =
As* Ao let (I*, 01) = allocations(#<*) (o)
in (I, assign(I*, £*){01))

make-object-dict =
fix(Af Aq".
fix(Ag. A" if ¢" = () then empty-dict
else add-slot(¢" L) L) (f(g" T D" 11))
endif ))

A.2 Method creation

make-meth =
Alp*, €™, ).
let v = inOMV(A(¢, @) A(ur, o). An™.
let* (I*, 0y) = allocations(#7* (o)

and oy = assign(l*, 7% )(o1)
and p = bindings(v*, I")
in R*[" T, 0} p, p1,02) )

in let (g, p1}) = allocate-oop(p)
in (inEV (inRV (p)). bind-object{ g)(7){(101))

Observations

The reader should notice two important points concern-
ing methods. First, methods do not create closures as
traditional lambda-expressions. This is our choice be-
cause we don't want to close methods over slots local
to an object. A method normally accesses only the slot
local to the objects in which it is held. If a closure is
created at method m’s creation time, we must be aware
that the method expression is executed in the context
of another existing object, say ol. Building a closure
would make o1’s slots visible inside the new method m,
which will be held by another object 02; an activation of
m in 02 could then result in side-effects on the slots of o1
and break its encapsulation. Therefore, instead of cre-
ate a closure for m, we rely on references to self to access
the owner’s slots. Second, the representation of methods
needs to be passed the self and super 1 the context of its
application. We cannot bind them in the method, since
it can apply to all of the latter’s descendants. We also
insist, following the natural implementation of methods
in object-oriented programming, that a method can be
shared among several objects.

A3 Object creation and cloning

Allocate-new-object first looks up the object memory for
the parent object and gets its generator. It calls in turn
the function create-object, which allocates the slot val-
ues, builds the new wrapper and returns a memory ob-
ject. Allocate-new-object then obtains from the current
object memory a new object identifier for this new mem-
ory object, which is finally stored in the object memory:

allocate-new-object =
Me, " e" 1, 0).
let* (0,1, ¢",.I".T1) = pi{e |nv]ooe) lomviMobjeet
and (mo, 1) = create-object(¢*, ", 0, 1")
and (g, u1) = allocate-ovop( )
and p, = bind-object(g)(:nOMV (mo)) (1)
in (inEV(inRV (0)), p2,01)

create-object =
Mg .e" 0, T).
let (I, 01) = allocate-slot-values(<*) (o)
in (let "y = make-wrapper(make-object-dict{ ¢"){(I*}) > T’
in (fix(T1), Ty, ¢, 5, 1) 1)
clone =
Me,p, o) let* (o, I, ¢", I, T'1) = p(e [iuvloop) lomv|mobject
and w” = collect-values(l*. 7)
and (mo, 01) = create-object(q”,w”, 0,1"1)
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and (g, 1) = allocate-oop(pt)
and pp = bind-object( 0)(nOmV (mo))( 1)
in {mEV( RV (g)), u:.01)
collect-values =
A o) fix(Af AL LI = () then ()
else <0'([*1l1 ) }sv>§f“*1 T1)
endif )(I*)

A.4 Initial object root

The first object in the system is the root object whose
identifier s bound to the variable root-oop. root-ovop 1s
also used to bind the root object in the initial object
memory, iitial-om. to be used to evaluate programs:

root-gen =
Ao dnin((T = Fun) + O) (AT AMu, 0). A7*. Lievgomas))
root-oop = let (g, u) = allocate-oop(empty-om) in o
matial-om =
let (0. pt) = allocate-oop( empty-om)
in band-object(g)
(nOmV ((fix{root-gen). root-gen. {), (), Laenerator)))
(4e)

B Trait-based programming

Allocate-new-conc-object and  allocate-new-traits-object
are respectively called by the valuation functions for
newlnitials and newTralts expressions:

parent-gen = Ac. case mo = @ |mobject OF
1sCObject ? = on2(mo |covject )
sTObject? = oni(mo |robject)
endcase
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allocate-new-conc-object =
Ae g™ e . o).
let* I' = parent-gen(p(e |aviocep) |omv)
and (mo, 1) = create-conc-object(q" . c*, 0. T")
and (g, p1) = allocate-oop(p)
and pz = bind-object(9)(inOmMV (mo))(u1)
in (nEV{inRV (o)), pt2,01)

allocate-new-traits-object =
AMe,q", " u o).
let* T' = oni(p(e |av]|coe) lomv|mobject | Tobject )
and (mo, o) = create-traits-object(q*,c*, o,T)
and (g, py ) = allocate-oop(pt)
and p; = bind-object( ) (nOmMV{mo))(p1)
in (imEV(inRV(g)), p2,01)

We also have to introduce two functions for the cre-
ation of new objects, one for concrete objects, the other
for traits:

create-conc-object =
Mgt g% 0 1).
let (I".01) = allocate-slot-values(e™) (o)
in (let I'y = make-wrapper(make-object-dict(¢g*)(I*)) > T
in inMObject((ix(I'1}, "1, ¢*, ".T)) ,01)

create-traits-object =
Alg" g™, o T).
let (I", o1 ) = allocate-slot-values(e™ ) (o)
in (let I'y = make-wrapper{make-object-dict{¢")({")) > T
in inMObject((I'1, ¢". I",T)) ,o1)

The function clone now creates a concrete object
when a concrete one is cloned, and a traits if it’s a traits
that is cloned. Also, the first object root will now be an
empty traits object:




clone =
Als. p, o).
let tmp = p(e lav]ocoes)
in case mo = tmp lomvimobject Of

1sCObject ¥ =
let* (0., ¢", ", T1) = mo |cobject
and w* = collect-values({*, o)
and {mo;, o1) = create-conc-object(q*, w”, o, 1)
and (g, tt1) = allocate-oop(p)
and py = bind-object(0)(inOMV (mo1))(u1)
in (:nEV (inRV(g)),p2,01)
sTObject? =
let* (T, ¢*. I* ., T1) = mo |rovject
and w” = collect-values(I", o)
and {moy. 1) = create-traits-object{ ¢*. w*,
and (g, 1) = allocate-oop(p)
and g2 = bind-object(g)(inOmMV (moq))(p1)
in (mEV{inRV (g)). 2, 01)
endcase

a,I)

matial-om =
let (0. pt) = allocate-oop(empty-om)
in bind-object( o)
(znOmMV {(inMODbject((root-gen. (), (), Laenerator))))
()
newlnitials- and

The valuation functions for

newTraits-expressions are:

E[(newInitials e (m") (e"))] =
Mo, @) Alp, i, o).
let* (™, p1, 01) = RL[permute({e)§e*)] (&
and (e,}) = split(unpermute(e™))
LL[m* ] et o1, 00)

Y p, . )
in allocate-new-conc-object(=

E[(newTraits ¢ (m") (e"))] =
Mo, p) Alp. . o).
let* (&”, p1,01) = RL[permute({e)§e"}](0,
and (e, £]) = split{unpermute(e*))
in allocate-new-traits-object(e, LL[m*], e}, p1, 01)

e u o)

C Map-based programming

The three following functions add to our store algebra
the concepts of contiguous locations:

locations(n, o) = unspecified

reservations =
fix(Af Al fix(Ag. Ao if I" = () then o
else f(I" t 1)(reservation(l* i, o))
endif )}

contrquous-allocations =
An.ifn = 0then Ao.({}), o)
else do. let* I' = locations(n, o)
and 71 = reservations(l*){(o)
in(l",o1)
endif
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Allocate-n-slot-values allocates n slot values in the
store while collect-n-values collects the values of n con-
tiguous locations:

allocate-n-slot-values =
Ae* Ao let (I*, 01) = contiguous-allocations(#e* ) (o)
in (I, assign(*, ") (o1))
collect-n-values =
AL n o) fix(Af Ani. if n = n) then ()

else (o (add-to-loc(l, ny)

endif )(0)

) lsv)8f(n + 1)

The function create-indices takes an integer n and
return the list of integers from 1 to n:

create-indices =
fix(Af.A¢" fix(Ag.An.if#4¢" = 0then ()
else (m)§f(q" 11)(n + 1)
endif ))

Cloning is defined by the following function:

clone =
Ale, p, o).
let* (0,1, 0,4, n,T'1) = ple lav]ocos) lomv|Mobiect|cobject
and «* = collect-n-values(l, n, o)
and (mo, o,) = create-object(1(0) |omv|mobject Map
o,w” o ')
and (g1, u1) = allocate-oop(p)
and po = bind-object(o1)(inOMV (mo})(gt1)
in (nEV(inRV (g1)), 2, 01)

Finally, root must now be a concrete object:

initial-om =
let (o, 1) = allocate-oop{ empty-om)
in bind-object(g)
(:nOmMV (inMObject({fix(root-gen), root-gen, Loop,
Lioe, 0, Laenerator)))) (1)

D Object memory functions
from the store algebra of [12]

adapted

emplty-om =

Ag.in(OmV & T)(false)

reserve-oop =
Ao A Ao
if ¢ =0, 01 then in{OmMV & T)(true) else u(g1) endif

bind-object =
Ag A Ap.Agr.
if 9 =c., 01 then in(OmV & T)(a) else pu(p,) endif

bound-object = Ap.Au. case tmp = pu(p)of
sOmV? = tmp|omv,
isT? = lomy
endcase

new-oop(p) = unspecified

allocate-cop = Ap.let o = new-oop(u)

in (g, reserve-oop(o){pt))



