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Abstract

In recent years considerable progress has been made in facilitating the specification and
implementation of software components. However, it is far less clear what kind of language
support is needed to enable a fldgiland reliable software compten approach. Object-oriented
programming languages seem to already offer some reasonable support for component-based
programming (e.g., encapsulation of state and behavior, inheritance, late binding). Unfortunately,
these languages typically provide only a fixed and restricted set of mechanisms for constructing and
composing compositional abstractions.

In this article, we will present a generic meta-level framework for modeling both object-
and component-oriented programming abstractions. In this framework, various features, which are
typically merged in traditional object-oriented programming languages, are all replaced by a single
conceft: the composition oforms Forms are firstlass, immutable, exteite records that allow
for the specification of compositional abstractions in a language-neutral and robust way. Thus, using
the meta-level framework, wean define a compositional model that provides the means both to
bridge between different object models and to incorporate existing software artifacts into a unified
composition system.
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1. Introduction

Component-oriented softwatechnology has become the major approach to facilitating
the developmerand ewlution of modern software systen35,39,43]. The objective of
this technology is to take elements from a collection of reusable software components, that
is, takecomponents off-the-shg#hd build applications by simply plugging them together.
Thus, the component-based software development approach enables the practical reuse
of valuable software assets and amortization of investments over multiple applications
[43]. By reconfiguring, adapting existing, or introducing new components we can bring
applications in line with changing requirements more easily than is possible using
“traditional” development approache3f|.

A successful component-based development approach, however, not only needs to
provide abstractions to represent difiereomponent models and composition techniques,
but also hago provide a systematic method for constructing large software systems.
This is because software composition takes place at two different levels: a system level
and a language leveb]. At the system level we have components, composition rules
and techniques, and a special-purpose language for describing composites. The language
level should be structured similarly. That is, it should be defined in a component-oriented
way. This allows not only for a seamless integration of different component models and
composition techniques, but also for extergithe language level with new compositional
abstractions on demand.

Object-oriented programming languages seem to already offer some reasonable support
for component-based programming (e.g., encapsulation of state and behavior, inheritance,
late binding). Nevertheless, these languages are not powerful enough to provide flexible
and type-safe component composition and evolution mechaniéms\We can identify
especially a lack of abstractions for building and adapting class-like components in a
framework or domain specific way, a lack of abstractions for defining cooperation patterns,
and a lack of support for checking the correctness of compositions.

Although all of these problems are of importance for component-based programming,
addressing all of them is beyond the scope of this work. In this article, we will therefore
focus on the first issue, that is, the specification of class-like components in a framework
or domain specific way. In particular, we will present a generic meta-level framework for
modeling both object- and component-oriented programming abstractions. This meta-level
framework provides the means to define composition specificationsqomposition recipes
[6]) that incorporate abstractions both to bridge between different object models and to
incorporate existing software artifacts into one unified composition system.

Several different models have been proposed for defining the semantics of object-
and component-oriented programming abstractions. However, even though most of these
models define objects and/or object-oriented abstractions as primitives, they either use a
hard-wired inheritance mode37], integrate concepts in a non-orthogonal waylp], or
do not incorporate important features found in object-oriented programming languages
(e.g., they lacknheritance 1]).

In our meta-level framework, various feadgrwhich are typically merged in traditional
object-oriented programmirlgnguages are replaced by a single concept: the composition
of forms Forms PR4,25 are firstclass, immutable, extensible records that define
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variable-free mappings from labels to values, which, in combination with a small set
of purely asymmetric operators, provide are language for defing compositional
abstractions. We argue that forms are the key concept for extensibility, flexibility, and
robustness in component-based applicatievelopment and enablihe definition of a
canonical set of compositional atesttions in a uniform framework.

Forms address the inherent problem of limited reusability and extensibility of position-
dependent parameters in componentrfiatges and compositional abstractioa$, [ 7,24].
For example, n the sandard A-calculus, the functions A(X, y).x and A(y, X).y are
equivalent, buk.(x, y).x andi(y, x).x are different, as position matters in thecalculus.
Moreover, even though the functiongx, y).x and A(X, y, 2).x both yield x, they are
different, because a function in thecalculus is characterized not by the parameters that it
effectively uses, but by the parameters that it declares. Thus, the need to use position-
dependent parameters results in a limited reusability and extensibility of the defined
abstractions.

Whereas the idea of having key/value gag nohing new (cf. XML/HTML forms [45],
Python [27], Common Lisp §2], Perl [4€]), the specific added value of the expressive
power of forms can be found in two composition operatpdymorphic extensioand
polymorphic restrictionIf applied to twoforms F and G, polymorphic extension allows
one to combine the features of bokhand G simultan®usly, but givingG’s features
precedence in the result. Onetlither hand, the polymorphic restriction can be used to
define a form that is restricted to all bindings Bfthat donot occur inG. Experience
has shown that the two operators are the main building blocks in a fundamental concept
for defining adaptable, extensible, and more robust software abstraci§s,40]. We
argue that a combination of these two operators in a single concept of form composition is
quite unigue and gives our approach the expressive power needed to define compositional
abstractions in a language-neutral and robust \2a&} [

The rest of this article is organized as follows.Section 2 we presenthe semantic
modd of forms illustrate their syntax, and sketch out their interpretationSéttion 3
we show how érms can be used to model object-oriented abstractions and identify the
key corcepts for extension and gemdization of this model irBection 4 Motivated by the
results of the previous sections, we define a generic meta-level framework for modeling
both object- and component-oriented programming abstractiddsdation 5We conclude
this article with a discussion of related work 8ection 6and a summary of the main
observations and outline of future work Bection 7

2. Forms

Formsare first-class, immutable, extensible records that define variable-free mappings
from an infinite set of labels, denoted By to an infhite set of abstract values, denoted by
V. Programming values such &tringsandIntegersor evenObjects Classesandforms
themselves are elements Bf We donot require any particular properties frandV
except that equality and inequality are defined for both.

The setV of abstract values contains a distinguished elerdentthe enpty value. In
the ontext of software composition, the empty value denotes the lackoairgonent
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F.G,H == () empty form V = S abstract scalar value
| F(=V) abstract binding extension | F nested form
| F-G polymorphic extension
| F\G polymorphic restriction S:= & emptyvalue
| F—1 form deeference | a abstract value

| F.I abstract projection

Fig. 1. The syntax of forms.

service Thatis, if a given label, say, isbound to the empty value, then the corresponding
component service is either currently unavailable or not defined at all.

The setF of forms is the smallesgtet tha saisfies the specification given Fig. 1L We
useF, G, H to range over the sef of forms,|, m, n to range over the sef of labels, and
a, b, cto range over the se&¥ of abstract values.

Every form is derived from{), the empty form denoting a component (or component
interface) that does not define any services. To extend a given Friwo distinct
constructs existabstract binding extensioand polymorphic extensionThe alstract
binding extensionF (| =V), represents form that defines at least one bindifig= V).

The effect of extending with (| =V) is that either a fresh service, named added or an
exiding service inF becomes redefined. On the other hgmalymorphic extensiocan be

used to add or redefine a set of services. Please note that the polymorphic exien&ion

not only guarantees that the services of bbtland G are properly composed, but also
will actually combine arbitrary sets of seces. No service that occurs either fnor G

may eventually be discarded. The effect of polymorphic extension is similar to asymmetric
record concatenatiod §]. Thus, if two formsF andG both define a binding for the lablel
thenonly G’s binding may be accessible. The readesdd note, however, that in contrast

to records, some labels in a fomaynot be observable. Therefore, it depends on the actual
bound value whethdf’s or G’s binding for a given label, saly isaccessible irfF - G.

The polymorphic restrictionwritten asF\ G, dlows for information hiding and yields
a form that is restricted to the bindings &f, whichdo not occur inG. Therdore, it can be
considered as a dual operation to polymorphic extension. The fundamental purpose of the
polymorphic restriction operator is the definition éfature encapsulatiof4Q].

Finally, to facilitate the spefication of structured component interfaces, forms can also
containnestedorms Like values, nested forms are bound by labels. However, a projection
of a nested fan yields the special valug, which denotes the lack of a component service.
The reason for this is that we want to distinguish between components and component
savices. To extract a nested form bound by a ldbela formF, we useform dereference
denoted by the expressién— |. If the binding involving label does not actually denote
a nested formthen the actual value & — | is ()—theempty form

In form expressions, an abstract bindingemsion has precedence over a polymorphic
extension, a polymorphiextension has precedence over aypmobrphic restriction, which
in turn has precedence over form dereference. A sequence of two or more polymorphic
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extengons is left associative, that if; - F> - F3is equivalenttqFy - F2) - F3. The same
applies to polymorphic restriction. Parentheses may be used in form expressions in order
to enhance readability or to overcome the default precedence rules.

The underlying semantic model of forms is that of interacting syste&3#ls Forms
and in particular the equivalence of forms are characterized in terms ofothesrvable
behavior Thus, whether or not a concrete key-value pair is observable depends solely on
the value. Moreover, the mabperations on forms are purely asymmetric and, as a result,
forms lack a canonical normal form.

Informally, the interpetaion of forms (that is, their observable behavior) is defined
by an evaluation functiofi]|F, which guarantees that feature access is performed from
right to left. The specific difference in the erpretation of forms, with respect to classical
records, has its roots in the wayojectionsandform dereferenceare evaluated within
the function[]F. In contrast to standard records, a given label may not be observable in
a form and, therefore, may not be used to redefine or hide an existing binding. A label
(that is, a binding) is observable if its value is neitdenor (). More precisely, given a
form F and some labdl, then he evaluations of.| andF — | must not yield¢ and
(), respectively. The reader shouldte that this characterization of a label’'s observability
is required in order to define a form equivalence relation that is preserved by all form
operations.

Toillustrate the effects of form evaluatiommsider the following example. Suppose we
want togive a designated service Bf bound by labem precedence over a service bound
by the same labeh in G. Thisoperation representcampositional styl§2] that defines a
conditional updatelt can be defined using the following expressibn:(G\ () (m=F.m)).
Depending on the actual features defined Byand G, we can distinguish three different
meanings thaf]]™ can assign to the expressibn (G\()(m=F.m)):

e If the labelm does not occur either i or G, then he labelm does not occur in the
composition ofF andG.

o If the labelm does not occur ifF, but in G, thenG’s binding for labelm occursin the
composition ofF andG.

e If the labelm occurs inF, thenF’s binding for labelm occurs in the composition df
andG.

To facilitate the presentation of our meta-level framework, we will use the following
notation that can be thought of as syntactic sugar on top of forms. First, the expression
{li = v1,...,In = vp} denotes a form with the labels, ..., |, binding the values

Vi, ..., Vh. We usem = A(X) : b to denote a methoan with the method bodyb and the
(keyword-based) formal argumelt If the meaning of an expressioR.m is a method,
then we writeF.m(G) to denote a method call where the actual arguments (including a
self-reference) are encoded in the form expres&orrurthermore, we use’‘to specify
sequences of operations. For examplg; C, denotes a sequence whe&g is evaluated
prior to C,. Additionally, we employ the syntactic formlét v <— e; in &” to define a
private bindingv with the initial valuee; in expressiones. Within the expressiom, the
value of he private bindingy may be changed using the assignment operatér Finally,

we usefixy[ f (X)] to denote the least fixed-point of the functidn
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3. Towardsa common meta-model

In earlier work, we have shown that objects and components can most easily be modeled
if classes are represented as first-class enti#i6g ). Using this approach, it is possible
to incorporate various abstractions found in object-oriented programming. Unfortunately,
dueto position-dependent parameters, the reusability and the extensibility of the defined
abstractions are limited at both the base level and the meta-object level. To overcome these
shortcomings, we propose to utemsas the formal basis for modeling object-oriented
abstractions. Furthermore, we consolidate the definition of our framework by incorporating
approaches proposed by Bracha and C&kJook and PalsberdlLp], Van Limberghen
and Mens 44, and Rossie et al. 3§).

Cook and Palsberglp] have proposed an approach for modeling classes, mixins,
inheritance, etcusing the notion ofyenerdors andwrappers A generator denoted by
G, defines aconstructor-like abstraction for a particular class. The important aspect of
a gererator is that it does not bind an objec$slf-reference. To establish the correct
binding of self, a wrapper, denoted byW, is used. A geerator can be considered as a
unary function ovesself whereas a wrapper represents fixed-point operatorfor the
corresponding generator. Red@®y] proposed a similar approach, but he omits the explicit
separation beteen generators and wrappers.

This technique can be further refined using the method defined by Bracha and8Took [
A generator for a class can be modeled as the composition of its parent-class generator (or a
collection of parent-class generators in the case of multiple derivation) aindremental
modification written asA. We shdl use he termintermediate objecto denote the value
that is constructed by thevaludion of the composit&; - ...- G- A, whereGy, ..., Gy
are parent-class generators.

As an example, consider the Java code for the dtags (cf. Fig. 2). This class defines
two private instance variablesandy, two public functionsgetX andgetY to access the
values ofx andy, two public methodsnove anddouble to change thealues of thex- and
y-coordinates of #&oint instance, and a constructBoint to create @&oint-object and to
initialize its instance variables.

Using forms the chssPoint can be represented as follows:

class Point

{

private int x, y;

public Point (intix, intiy) { x = ix; y =iy; } I constructor
public int getX() { return x; }

public int getY() { return y; }

public void move (int dx, intdy) { x =x +dx; y =y +dy; }

public void double () { move (x, y); }

Fig. 2. Java code of clag®int.
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Apoint(l) = letx < Lix; y < Ly
in
{getX=X10 :x, getY=X10 Y,
move= A(Args) : X < X+Argsdx; y < y+Argsdy,
double= A() : (I — self).mové{dx=x,dy=y}) }

GPoint(| ) = APOint(I )
Weoint(l) = fixs [ Gpoint (I (self=s)) ]
Point = {G=Ax(l): Gpoint(l), W = A(l) : Whoint(1)}

The behavior of the clagoint is captured byl pgint denoting the increental modification
defined by this class. We usgpoint to define agenerator folPoint, Wpoint to stand for its
class wrapper, andas the constructor arguments required to correctly initialize instances
of the dassPoint. The epressionfixs [ Gpoint (I (self = s)) ] yields aPoint-object with

a boundself-reference, which is expressed by the bind{sglf = s). The chssPoint is
represented as a form, which defines bindifaggsits generator and wrapper. In order to
create an instance of the claBsint, one needs to call the meth&l with appropriate
constructor arguments. For examplé2@nt-object where the-coordinate is set to 3 and
they-coordinate is set to 5 is denoted by the expresBmint W({ix =3, iy =5}).

Please note that private instance variables are not addressed trselfigprivate
instance variables are encoded in a separate fehose scope is restricted to the enclosing
object. In this way, private instance variabl@e protected against uncontrolled access by
both clients and subclasses.

A specialization of the clas®oint can be defined in a similar way. Suppose, for
exampe, that we want thg-coordinate of @oint instance never to exceed a given upper
bound. We can define the claBsundedPoint as a subclass d®oint and introduce an
instance variableound in BoundedPoint, which encodes this bound. The Java source of
the clasBoundedPoint is shown inFig. 3.

class BoundedPoint extends Point

{

private int bound;

public BoundedPoint (int ix, int iy, int ibound) /I constructor
{ super(ix, iy); bound = ibound,; }
public int getBound() { return bound; }
public void move (int dx, int dy)
{if ((getY() + dy) < getBound() ) super.move( dx, dy ); }

Fig. 3. Java code of cla&oundedPoint.
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The behavior of the clad8oundedPoint is modeled by the incremental modification
Appoint, thegeneratolGepoint, and the wapperWgpoint:

in
{ geBound= A() : b,
move= A(Args) :
if (((I — self).getY)+Argsdy)
< (I — self).getBound))
then (I — super).moveArgs) }
Geroint(l) = let Parent < PointG(l)
in
Parent - (Agpoint(l (SUper=Parent)))

Wapoint(l) fixs [ Gepoint (I {(self=s)) ]
BoundedPoint = {G = A(l) : Ggpoint(1), W = A(l) : Wapoint(1)}

The composition of classes using inheritance requires $edftcalls are correctly
dispatched. Therefore, we have to beeatnl access inherited behavior such that code
reuse is feasible. Thus, the abstracti®gpoint not only requires a binding fagelf in the
parameter, but also a lnding for super to access the inherited behavior of its direct
super-class, it is, the clas®oint.

The constructor arguments encoded in the forwhich are passed ta\gpoint, provide
initial values forix, iy, andbound. ThegeneratoGgpoint is defined as a composition of the
intermediate objedParent (instantiated by the generat@point, Which uses the bindings
ix andiy in |, while ignoring any other non-relevant bindings with respedbtgin;) and
the incrematal modificationApgpoint. Findly, the fixedpoint operator inNgpoint eNSuUres a
correct binding okelf within the resulting object in both theelf-contextBoundedPoint
and thesuper-contextPoint.

Analyzing the enadings of the classeRBoint and BoundedPoint, we can observe
that the corresponding wrappeV¥epoint and Wispoint differ only in the generators used.
Furthermore, the composition of the intermediate object (thatPaent) and the
incremental modification (that iglgpoin) in Gepoint iS Very similar to the way inheritance
is implemented in Java, and it can therefore be assumed that the underlying inheritance
mechanism being used to define a particiar of classes will not differ in the same
sanantic model. Thus, by appropriately pardareng the corresponding generators and
wrappers, the same abstractions @andW can be used to represent different classes.

This motivates a first preliminary specification of the abstrac@tass that defines a
Java-like class model:

Class = A(A) : fixyselr [ {G = A(l) : let Parent < (A — supen.G(l)
in Parent - (A.A(l (super=Parent))),

W = A(]) : fixg[Mself.G({init=1, self=s})]} ]
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Class is afunctionwith one formalkeyword-based argumeri. If Class is applied to

an actual argument that defines appropriate bindings for both an incremental modification
A and a parent-class representation, then the result of this invocation is a meta-object that
represents a class with Java-like inheritance and method dispatch semantics. Thus, the class
Point can be constructed using the following expression:

Point = Class ({A = Apoint, sUper={G = A(1) : ), W= x(1): (0}}

where the form{G = A(l) : (), W = A(l) : ()} denotes theootclass of the corresponding
class hierarchy. Conceptually, the definitiof the root class depends on the underlying
semantic model. For example, in C++ we do not have such a distinguished root class.
Therefore, the sole purpose of the fof@ = A(l) : (), W = A(l) : ()} in a nodel of C++

is to terminate the recursion in class specifications.

Onthe aher hand, object-oriented languages such as Java and C# define a distinguished
root class calledObject, which defines some common behavior that is shared by all
classes. Therefore, the expression that desbte root class is usually enriched with some
additional features (e.gtoString() or clone() in Java) that every aks implements and
possibly overrides. Note, however, that the root class must not contain any references to
super.

Summarizing our first observations, we argue that generators and wrappers define the
semantianodel (that is, the underlying inheritance model, the method dispatch strategy,
etc.) for related families of classes, whereas incremental modifications (that is, specific
A’s) and colkections of parent-class generators specify the behavior of concrete classes
within a particular semantic model.

The concept of generators and wrappers constitutes a fometa-leveprotocol[23].

A gererator creates intermediate ebjs of the parent-class(es) add and canposes

these objects according to a given semantidel. The way in which these intermediate
objects are composed may be different for each semantic model (e.g., in a Java-like model,
methods of a class have precedence over the methods defined in a parent-class, whereas in
a Bet-like model pg], the parent-class methods havegedence), but the “ingredients”

of the composition are the same for all semantic models. Hence, it seems appropriate to
split the functionality of generators into a static protocol part and a variable model part,
denoted asoncreteandmodelgenerators, respectively. Moreover, it seems to be sufficient

to defineonly one concrete generatarédparametrize it with appropriate model generators

[40]. A similar separation can also be achieved for wrappers.

4. Mixins

In an ideal world, there is always a component available that precisely implements a
given set of requirements that an application has to satisfy. Unfortunately, this is seldom the
case and, so, we might run into the situation where we need to add some aspects of behavior
orthogonal to or independent of the originaHavior supported by a given component. In
the context of object orientation, various authors have proposed the notianixiristo
achieve the necessary adjustmetd4], but the underlying concepts are also applicable
in other areas.
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Fromour point of view, the main idea is that a mixin can be composed with (or mixed
into) different parent-classes (or components) to create a related family of modified classes
(or components). Using the terminology of Van Limberghen and Mens, we will call such
a compostion a mixin application[44]. Applying a mixin M to classA, written M * A,
results in a new class, which combines the behavior of bbnd A with precedence of the
behavior ofM. The tue value of nixins lies in the fact that they can also be composed with
other mixins. Such aoperation $ calledmixin compositionMixin compaosition takes two
mixins M1 andM» and yields a composite mixiM1 x M2, whichcombines the behavior of
M1 and M2, but gives precedence to the behavioldf. By defirtion, mixin application
and composition are associative, thatldy * M2) * A = M1 x (M2 % A) [8].

It is relatively straightforward to incorpate mixins into our model: a mixin is again
represented as an object at the meta-level, that is, as a class abstraction with an unbound
parentsuper. In order to handle mixin application and mixin composition uniformly,
we define he concept of &omposer abstractigrdenoted byC, which is a neta-level
operation that is defined for both classes and mixins. A composer is a binary function (or
method) that combines the left-hand side operand (that is, a class or a mixin) with the right-
hand side operand (that is, a mixin). For example, a mixin applicaAicnA is modeled
asA.C(M), whereas a mixin compositioM; * M2 is encoded ap,.C(My).

A first specification of aMixin abstraction is given as follows:

Mixin = A(A) :

fixmself [ {G = A(l) : let Parent < (I — super.G(l)
in Parent - (A.A(l (super=Parent))),

W = A(l) : fixg[Mself.G({init=1, self=s,
super=1 — supen)],

C=A(l): Mixin(G = A(J) :
I.G(J(super=(J— supern.C(Mself))))} ]

In contrast toClass, Mixin is a function thaonly requires a binding for an incremental
modification A, but not a parent-class representatidinat is, if we want to instantiate
a mixin, using a oncrete parent-class (e.goinf), this parent-class has to be passed as
argument to the generator of the mixin.

To enable interoperability between classes and mixins, the composer absti@ction
specified below needs to be added to the abstraciass:

C =x(l):Class (G = A(J) : I.G(J(super=Mself)))

The two composer abstractio@sspecified above (that is, for botflixin andClass) create

new meta-objects by solepassing a gearatorG to either the abstractiodixin or Class.

Using this approach, we override the default generator behavior of the underlying protocol
[40). As a mixin only specifies partial behavior of objects, the reader should note that,
in general, it isnot possible to define a wrapp@ for the Mixin abstraction. However,
defining a mixin wrapper as a function over a parent-class representatioR, gaybles

us to createanonymouslasses of the fornM x P. This mncept has hower limited
applicability as it can only be used in combination with single inheritance.
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self binding

. semantic model: [ Tinati
Meta-meta-class level :  method dispatch, G W C ' mixin application,
© derivation policy | 1 composition

L L LI
Meta-class level P b MMCM L A
: parent behaviour E I—| E incremental
""""""""""""""""""""""""""" derivation
: constructor
Class level : arguments

Fig. 4. A conceptual view of the meta-level framework.

Now, reconsider the specification of the clasBeint and BoundedPoint. The chss
BoundedPoint redefines the methodhoveof Point to guarantee that thg-coordinate
never exceeds a given upper bound. The aspect of restrictiggaberdinate in the method
moveis independent of the behavior of the claBsint and can, therefore, be factored out
into a mixin, calledBound. The chssBoundedPoint can now be defined as an application
of the mixin Bound to the clas$oint, that isBoundedPoint = Bound * Point:

Bound = Mixin({A= Agpoing)
BoundedPoint = PointC(Bound

5. A meta-level framework

So far, we have illustrated how forms can be used to represent classes, mixins,
and objects using generators, wrappers, corEand incremental modifications. This
approach can now be generalized intmata-level frameworkor modeling object- and
component-oriented abstractiofi$is framework, illustrated ifrig. 4, defines a hiearchy
of meta-level abstractions for modelingeta-classeslassesandobjects It substartially
benefits from the features provided by forms. In particular, polymorphic extension is
the key feature usedtmodel various types of inheritance, whereas only polymorphic
restriction dlows us to efficiently model attribute hiding and/or method encapsulation.

The core of the meta-level framework isveeta-meta-claskevel abstraton, denoted
by MMCM (as an abbraation for Meta-MetaClass Mbde). It is used toinstantiate
meta-classandclasslevel abstractions of a semantic model and it provides the common
behavior of all class and mixin abstractions, the corresponding meta-protocol, and hooks
for concrete generators, wrappers, and posers. To istantiate a specific meta-class
level abstraction (e.qg., farlasses mixing or encapsulations a corresponding generator,
wrapper, and composer needs to be pluggedMitaCM.
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Any meta-class level abstraction created frtfiiCM can be further configured by
plugging in suitable parent behavior, denoted®yand incemental derivation, denoted
by 4, in orderto create a specificlass level abstraction (e.g., the claBeint or the mixin
Bound). Finally, to instantiate objects, a constructor argument, denoteld bgs to be
provided to the corresponding class level abstraction.

5.1. TheMMCM abstraction

The MMCM abstraction defines the common protbfr all meta-class abstractions,
that s, it provides a@efault constructo®, a defwult wrappeW, and a default composer.
MMCM is a function that returns an instantiation of a meta-class abstractionGtags)
for a concrete semantic model. In order foe timstantiation process to work correctly,
the actual keyword-based argument (denotedSphas tocontain bindings for a model
generatoGy, a model wrappeiVy,, and a nodel composeCy,.

The result ofMMCM is itself a function, which is used to create concrete model-
specific meta-classes. fact, we can think oMMCM and its result as functions from
forms to environments aexgicit namespace§3]. When insantiated MMCM returns an
environment that defines the rules by which a concrete component model or object model
is governed. Similarly, the instantiation of a meta-class abstraction suClass yields
an environment in which one can define new user-defined classes that adhere to the rules
defined at the metavel. The absactionMMCM is defined as follows:

MMCM = A(S) : (A(Arg9 : fixmserr[{G, W, C} - Args))

where{G, W, C} denotes thstaticprotocol part(that is, the meta-protocol that is the same
for all semantic models). The static protdpart has the following structure:

G =A(l): SGy(l - Argy
W = A(l) : fixgs[SWn({l =1, G=Mself.G, self=s})]

C=xM):
(MMCM(S)
({G = A(l) : SCyr({mixin=M, | =1, Mself=Mself}H)})

The expressiofixysef[{G, W, C} - Argg] yields the least fixed-point of the static protocol
part. Thus, this expression denotes a meta-object with the self-refeMsel for
accessing its methods.

The default generatd& polymorphically extends the constructor arguments denoted
by | with the model-specifiarguments denoted b4rgs. Theresulting form is used as
the agument for the model generat@y,. Thedefault wrappelV yields the least fixed-
point of a meta-level abstraction (e.glass). In other words, the result of applying
the constructor guments, denoted by, is a metasbject that provides model-specific
operations for defining class level abstractions. The compgoseeates a new class meta-
object based on the model abstraction pass&tM&€M and the model composEiy,.

Our framework supports also the specification of class members (ttstiati;instance
variables and methods as in C++, Java, or C#) at every level. Class members are uniformly
treated as meta-operations, which areceled as additional values in the parametggs
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The proper binding of class-basedlf-references is again guaranteed by the fixed-point
operatoffixyseif[{G, W, C} - Args).

Finally, we use dynamic methdiinding in the definition ofV in order to allow for the
composect to override the default genator. Thus, the generator created by the composer
C adds an additional layer to the generator defines some overridden behavior) that
controls mixin composition and mixin application.

5.2. TheClass abstraction

In this section, we disceghe instatiation of theClass abstraction. More precisely, we
illustrate how to define model specific generators, wrappers, and composers for a single
inheritance class model.

Common to all (single inheritance) class abstractions is that they require an incremental
modificationA and a parent-class meta-objsaper. Furthermoreall single inheritance
models use the same wrapper and composer denotwﬂnﬁmd C%, resgectively. The
corresponding definition is given below:

WS = A1) : 1.G({init=1 — init, self=1 — self})
CE=a(M): (M — mixin).G((M — I)(super=M — Mself))

The single inheritance model wrappé$ receives a formi that containsindings for
a moncrete model generator, the constructor argumentssalfidvhich isthe least fixed-
point of the object being created. The model comp@%r on theother hand, defines
the behavior requirecbf mixin application, that is, when a model specific class object is
applied to a mixin.

UsingW$ andCS, wecan now define the abstracti@ass as a function over a model
generator:

Class = A(G) : (A(A) : (MMCM(G - (WS, CSH)(A)

Whenapplied to a concrete model generaflass yields an environment for creating
model specific instances of classes that support single inheritance.

The main difference between the concrete class abstractions for various single
inheritance class models can be found in the way that the corresponding model generators
are defined. Consider, for example, the definitions giveRign 5 The nodel generator
Gﬂn"“’a defines a Java-like class model, that is, objects in this model use dynamic method
Iookup.GEFta, on theother hand, defines a Beta-style class model usipgefix tyle of
inheritance, wheree@ﬁf"’“defines a model generator for static method dispatch.

Using Gava GBe® GStat gn(d tre abstactionClass, we can now create model specific
meta-objectsafolows:

JavaClass = Class({GSmall)
BetaClass = Class({GE¢%®)
StaticClass = Class({G3219)

However, prior to theise of these abstractions, we need to defiRea@tclasscalledObject
that does not define any methods. Thus, its sole purpose is to terminate the recursion in
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Gava_ (1) : let Parent < (I — supen.G(l)
in Parent - (I.A(l (super=Parent)))

GBefa_ (1) : let Parent < (1.A(((I — supen = Ajnner) - (| = Ajnnen) - 1)
in Parent - ((I — supen.G(l - Parent))

G%tat: A(l) : fixgels [ let Parent < (I — super).G(l (self=self))
in Parent - (I.A(l (self=self) (super=Parent))) ]

Fig. 5. Single inheritace model generators.

the class specification of a single inheritance hierarchy. The €dmsctis defined as
follows:

Object= JavaClass{G = A(l) : (), A=x(l): )}

whereG = A(l) : () defines a special generator thag¢a&ires an intermediate root object.
The reader should note that= A(1) : () will override theJavaClass generator binding,
because projection is performed from right to left. We can nowJasaClasgo create a
Point-classmeta-object:

Point = JavaClasgObject A = Apgint))

In order to create Roint-object where tha&-coordinate is set to 3 and tlyecoordinate is
set to 5, we use the lowing expression:

PointW({ix=3, iy =5})
5.3. Model abstractions for mixins and encapsulation

Both mixin application and mixin compositiarequire a distinguished model composer
Cm. In the case of mixin applicatiorM = A, the reguired model composer i€, as
illustrated in the previous section. ThBS yields an intermediate object by passiAg
as parent to the generator df.

In the case of mixin composition, the situation is different. The corresponding model
composeCn'\{' needs to guarantee thaiper is correctly interpreted in all mixins; hence
we get

CM = A(M) : let Pareniy < (M — init) — super.C(M — Mself)
in (M — mixin).G((M — init)(super=Pareniy))

The subexpressiofM — init) — super.C(M — Mself) creates a new class meta-object,
which defines the applicatioof the rightmost mixin to the clas met-object that the
composite mixin will be applied onto. This class meta-object is then being used to bind
super in the leftmost mixin.
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The model wrapper for mixins, denoted\&é,‘{', is defined as illustrated below and can
be considered as an abstraction for creating anonymous classes of thd feiPn!

WM = (1) : 1.G(I (super= (I — init) — supen)

Using themodel generatoG;2¥3 the miin model compose€, and tfe mixin model
wrapperWM, the abstadion Mixin (supporting Java-like semantics) can now be defined
as follows:

Mixin = A(A) : (MMCM({G}ava wM cM1y)(A)

In order to define a claBoundedPointhat is governed by a JaMike semantics, we can
combine the clasBoint, defined &ove, witha mixin Bound

Bound Mixin({ A= Agpoint)
BoundedPoint = PointC(Bound

Going a step furthein our example, consider the mixihinearBound, which is a
specialization of the mixirBound that ensures the invariant that tiiecoordinate never
exceeds the-coordinate (thatisy < x):

LinearBound= Mixin({A ={getBound= 1() : (I — self).getX)}}) = Bound

If we want to define a clas®oubleBoundedPointvhich combines the behavior of both

the mixinsLinearBoundand Boundwith the classPoint (that is, they-coordinate never
exceeds both th&-coordinate and a given upper bound), it is not possible to define the
classDoubleBoundedPointsing the expressidnnearBounds Bound x Point, because

the methodgetBoundin the mixin LinearBoundoverrides theBoundmixin's getBound

method and, as a consequence, the test for the upper bound will never be performed. This
problem can be solved, however, bycapsulatinghe nethodgeBound of the mixin

Bound we replace dynamically dispatchedlf-cdls to geBoundin Boundwith static calls

and removgeBoundfrom the intermediate object created by the corresponding generator.
We thencomposd.inearBoundwith the encapsulateBoundmixin and the clasfoint

EncapsBound= (Encapsulate({A={geBound= A() : {}}})).C(Bound
DoubleBoundedPoint= LinearBounds EncapsBound: Point

The concept of method encapsulatéan be seen as a variant of thideoperator presented
by Bracha and Lindstron®]. It ensures that encapsulated methods become invisible to any
client of a class or mixin that the encapsulation is applied to.

In order to build theEncapsulate abstraction used above, we need to define the

corresponding model genera®f;"“*"*as follows:

1This wrgpper is applicable only in combination with single inheritance.
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Encaps__

m =A(l):
fixserr [ let Pareny < (I — supen.G(l (self=(I — self) - self'))
in Parent\ (I.A(l (super=Parent)(self=(I — self) - self’))) ]

Reusig theMixin’s model compose@n’\{' and model wrappe\Nn’Y', we can now define the
abstractiorEncapsulate as follows:

Encapsulate = A(A) : (MMCM({Gg"“®PS WM CM}))(A)

The abstractiofencapsulate, like Mixin, is an abstction overA. Thus, the meta-object
created byEncapsulate has to be considered as a mixin meta-object and, therefore, it can
be applied to lasses as well as mixins. However, the purposd @ different, since it is

not being used to specify an incremental nfigdition, but to define a set of features to be
encapsulated.

6. Related work

Several researchers have proposed foundational models for object- and component-
oriented programming. Although most of these models are strongly based oniyped
calculi with subtyping, stylistic differences make a rigorous comparison difficult. Some
models, for example, are presented as translations from a high-level syntax into the syntax
of a typeda-calculus whereas others map high-level syntax directly into a denotational
model or focus on the object syntax as a primitive calculus in its own right.

Examples of such foundational models are the recursive-record encodings of Cardelli
[12), Reddy B7], and Cook [L4], existential encodings proposed by Pierce and Turner
[36], Bruce’'s model based on existential and recursive tyf6k pnd the type-theoretic
encoding of a calculus of primité objects defined by Abadi et all][ Further work in this
area includes a calculus for delegatiorséablanguages by Fisher and Mitchelld] and a
calculus of classes and mixins proposed by Bono ef7al A detailed conparison of all
thesei-calculus based approaches is beyond the scope of this work (ref¢otq L 1] for
further discussions).

While formal models based on thecalculus emphasize aspects such as encapsulation,
classes, inheritance, and incremental modification (e.g., method update), they do
not support several important aspects of modern component-based systems, such as
concurrency, distribution, active objects, and synchronization. The simplest foundation that
seems appropriate to serve as a foundation of concurrent models is that of communicating,
concurrent agents, which are based on some process calculus (e.g2Z[SEJS B1],
mr-calculus B3], join-calculus RQ]) or on (asynchronous) actor modef§.[For a deailed
survey offormal models for object orientation that address concurrency, ref@gjo [

The concept of mixins has been proposed by several researchers in order to overcome
some of the problems with multiple inheritan&14]. Van Limberghen and Mens give
a denotational semantics for their mixin model, where mixins, mixin composition, and
encapsulation are primitives. However, they do not incorporate an explicit notion of classes
[44]. On the other hand, all these concepts ategrated asnmitives in the calculus of
classes and mixins proposed by Bono et4l.Ancona and Zucca have studied a rigorous
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sanantic foundation for mixins independently from the notions of classes and objects,
starting from an algebraic #ing for module compositiorq.

A slightly different approach is used by Flatt &. where a gbset of Java is extended
with mixins [19]. Their system supports higher-ordmixin composition, a hierarchy of
named interface types, and resolution of accidental name collisions. In contrast to explicit
encapsulation, the collision resolution system allows the “original” and the overriding
method definitions to coexist. The two methods are distinguished using so-cidlesl
on objects, which is carried with the objectrantime and altered at each subsumption
step. As a consequence, method lookup is sensitive to an object’s history of subsumption.

In order to model the mechanism for inheritance of several object-oriented languages,
Rossie et al. defmthenotion of inheritance in terms of so-calledbobjectd38]. From
their point of view, a clas<C represents a collection of members (that is, the methods
and instance variables that are shared by all instancé&®).o0fVhen a clas®D inherits
from C, the underlying inheritance mechanism may either attempt to merge the members
of C with those ofD or collapse members with the same name into a single definition.
Alternatively, all members of are inherited as an indivisible collection. This collection,
when instantiated, is known as a subobject. Each instance of the Bldss a distinct
subobjectD/C as well as a subobje@/D; the Idter is also referred to as th@imary
subobjectof D. Subobjects are meant to support sulsslaolymorphism: each subobject
represents a different view of an object, allowing it to be viewed as an instance of any of
its parent-classes. Subobjects are very similar to intermediate objects defined in our model,
and generators can be seen as an abstraction that appropriately composes “subobjects”.

7. Conclusions

In this article, we have discussed forms, a special notion of first-class, immutable, and
extensible records, as the main foundation for defining a generic meta-level framework
for modeling both object- and component-oriented programming abstractions. Form
composition, that is, polymorphic extension and polymorphic restriction, we argue, is the
key mechanism for defining the abstractions of the framework using a uniform semantic
model. One of the main insights in using forms for modeling objects is that they allow
for acompositional vievef features found in object-oriented programming languages and,
therefore, enable us to achieve a stronger separation between functional elements (that is,
methods) and their compositiom particular, inheritance does not need to be taken as
a fundamental operation, but can be consédeas an application of form composition.
Thus, forms and the cornesnding composition mechanismman be viewed as an enabling
technology for evaluating and implementingject models, which in turn facilitates the
mediation between differenbject and component models needed in a successful, flexible,
and reliable approach for component-oriented software development.

Representing classes aeht-objects allows us to integrate programming abstractions
such as class variables and methods, various inheritance mechanisms, and different method
dispatch strategies. The resulting flexibilityaishieved by introducingitermediate objects
(that is, objects with an unboursklf-reference) specifying partial behavior of objects,
generators defining compositions of intermediate objects, and wrappers, which apply a
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fixed-point operator over composed intermediate objects to establish a sound interpretation
of self. As a resilt, different objectmodels can be represented uniformly and, therefore,
provide us vith the means for a seamless incorporation of software artifacts into one
unified composition system. Moreover, the meta-level framework presented in this article
ismuch more general and defines fewer restrictions than similar language approaches (e.g.,
Common Lisp B2, Smalltalk R1], and Python27)).

The generalization of the concepts of generators, wrappers, and composition of
intermediate objects can beagsnot only to define classes and class abstractions, but also
to model mixins, mixin application, mixin composition as well as method encapsulation.
By (i) splitting the functionality of generators and wrappers into a static protocol part and a
variable model part and (i) introducing the concept of a composer abstraction, it is possible
to derive all object-orientkabstrations from a single meta-model abstraction. Whereas
the resulting meta-model abstraction (thatvByICM) defines he generic behavior of all
meta-class abstractions and a corresponding meta-protocol, so-calkkd generators,
wrappers, and composers specify the common behavior of specific semantic models (e.g.,
JavaClas}

Software composition takes place at both a system and a languagegle@lif meta-
level framework is targeted at the language level as it is open with respect to the support
of different component models. In fact, thengsts no predefined or preferred component
model. A new component model can be added to the system by using the meta-meta-class
abstractionMMCM and an appropriate generator, wrapper, and composer to instantiate
a meta-class level abstraction representing the newly supported component model. A
specific set of composition techniques constitutes a specific semantic model. Thus, adding
a rew technigue requires a new set of semanticdel abstractions and a corresponding
instantiation ofMMCM. New component models and composition techniques created in
this way enrich the underlying composition 8% (and language). Therefore, our form-
based meta-level framework can be seen aspem, flexible meta-composition language.

One aspect of wdeling compositional abstractions is the implementation of code
reuse mechanisms. The most prominent mechanism used in object- and component-
based technology today is inheritance. Unfortunately, inheritance gives rise to the so-
calledfragile base tass poblem[3(0]. Our meta-level framework does not eliminate the
occurrence of this problem by default. However, an appropriate definition of the model-
specific generator, wrapper, and composer meguce the risk for the fragile base class
problem, or may even eliminate its occurrence completely.

So far, we have defined our meta-level framework without considering any typing
issues, mainly due to the fact that forms are untyped. However, the definition of an
appropriate type theory for forms and, therefore, for our meta-model will be of major
concern for ensuring theorrectness of compositiofhus, future work in this area will
include the definition of an appropriate typing scheme for forms and an investigation of its
applicability in the context of object- and compot@riented prognmming abstractions.

Early results from recent work in this area4[34] indicate that the definition of a
sutable component type system will go beyondatitional” type theories. In fact, a new
type theory for flexible and reliable software composition will have to provide a framework
for detecting mismatches at component irded level, ensure component compatibility,
and check behavioral properties of component-based software systems. Furthermore, a
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sutable component type system should be able to express both the services required
by components and those that are provided, even in the presence of incomplete system
knowledge.
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