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Abstract. To our point of view, adaptability is a key characteristic of components and should be
at the heart of any proper component model. However, contrarily to the object crystal-boxr model of
reuse, which assumes full access to the object implementation, this adaptability should be strongly
guided in order to keep the necessary decoupling between the component producer and its con-
sumers, another key characteristic of components. It turns out that the current component models
and infrastructures fall short of conciling these two characteristics and only provide a superficial
form of adaptation. Taking full advantage of the notion of component requires a deeper form of
adaptation, which calls for considering program specialization tools and techniques as key elements
of the component-based software engineering toolbox.

1 Introduction

The adoption of the component as the unit of design and software construction, instead of an individual
class, let us reason in terms of component composition when constructing applications. In this context,
an application is conceived as a set of generic ready to reuse components connected to each other. But
then how do components differ from, let us say, DLLs on the one hand and objects on the other hand?
This is mainly a matter of adaptability. Adaptability refers to the ability of a piece of software to satisfy
requirements dedicated to the context in which it is used.

The DLL model of reuse is a black-box model of reuse. The implementation of a DLL, provided as
binary code, cannot be changed at all: there is no possibility of adapting a DLL to a specific use. On the
other side of the spectrum, the reuse model of standard object-oriented languages is a crystal-box model
of reuse. It relies on a very good visibility of the implementation of the units of reuse (classes). It is very
powerful, as adaptability is almost unlimited, but also very fragile [20, 15]. Some approaches, like the use
of design patterns [9], make it possible to avoid some of the pitfalls but at the cost of another layer of
vocabulary and techniques and therefore additional complexity (and new pitfalls).

A key benefit of introducing a notion of component is to provide a balance between these two extreme
visions of reuse. This requires introducing some shade of grey in the initial black-box model in order to
provide a very strongly guided form of adaptation. In this paper, we suggest that a general way of doing
so is to integrate program specialization techniques to the component development process.

This paper is organized as follows. Sect. 2 gives a basic definition of the notion of component taking
adaptation into account and introduces a simple component model in line with this definition. Sect. 3
shows how program specialization can actually be applied in such a setting, without breaking strong en-
capsulation requirements. Sect. 4 shows how specialization can be performed efficiently through generative
programming techniques, by introducing component generators. Sect. 5 concludes the paper.

2 Component Models

Starting from a black-box model, we can say that the implementation of a component (implementation
refers here to program text, whatever the form of this program text, native code, bytecode, source
code ...), provided by a component producer is essentially a black box, out of reach of the component
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consumer. However, in order for the component consumer to use a component in a composition, an
interface is provided by the producer. The role of this interface is to guide composition (rejecting, for
instance, incorrect compositions) from two main points of view: a structural point of view (a matter of
interconnections) and from a behavioral point of view (a matter of interactions) (see, for instance, [19,
8,23]). But, on top of this syntactic role, this interface has also a semantic role, being transformed at
composition time (at least conceptually) into a wrapper, encapsulating the core of the component (the
result of the transformation of the implementation). Whereas the implementation is a black box, the
interface is a white box. It is not a crystal box as it is neither as transparent nor as fragile, but through
parameterization facilities, it is possible to change the component and adapt it to the composition context
as proposed in [17].

To keep things simple, we have distinguished here two phases only in the life of a component: its
production and its use in a composition. Note that a component can also be instantiated (talking about a
component instance would then be more precise) and finally ezecuted. Also, component composition can
be incremental and take place either at compile time (the component may then still need to be deployed)
or at run time. Depending on the details of the model, the interface can be turned into a wrapper at a
different time than composition and this transformation could even be incremental.

This general model is actually compatible with all the industrial component infrastructures such as
the Enterprise JavaBeans (EJB) or COM+. In particular, it makes it possible to adapt components with
respect to predefined technical services (persistence, security ...). What is however disappointing is that,
in this model, there is no adaptation action on the implementation of the component. Along the different
phases of the component life many pieces of adaptation information are fed into the interface/wrapper,
but this has no effect on the implementation/core. It is however possible to go one step further using
program specialization.
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../Adder.cl
prinitive primitive Adder {
/ 7 provides IAdder;
interface
/ }
../IAdder. java
interface IAdder {

b int add(int opl, int op2);
> )

../AdderImp.class

S class AdderImp implements IAdder {
int compute(int opl, int op2){
return opl + op2;

required services provided services

aConposi te
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Fig. 1. Component Model: Structure.

For the sake of this discussion, let us refine this general model into a simple component model. This
simple model presents similarities with a large number of the existing models used by the “connection-
oriented” languages [14,21,1,5,7], but the discussion of these similarities is outside the scope of this
paper. We distinguish two main parts in the component definition, the interface and the implementation.
Fig. 1(a) depicts these features representing the component interface as rectangles and the implemen-
tation as filled circles inside. The interface comprises required (empty triangles) and provided (filled
triangles) services. The implementation corresponds to the code block associated to each provided ser-
vice, which may refer to the required services. In the figure, the arrow from a required service to an
implementation block means that this block uses this service, whereas the arrow from an implementation
block to a provided service means that this block actually represents the implementation of the service.
Component composition is expressed through explicit connections from required to provided services in
the components (dashed arrows in the figure). The linking expressions belong to the enclosing composite
component definition and the enclosed components are called subcomponents. We distinguish primitive
components (e.g. prl, pr2 or pr3), constructed with an implementation language, and composite com-



ponents (e.g. aComposite), built up by composing both primitive and composite components. In terms
of use, a component consumer does not observe any difference between a primitive and a composite
component.

In fig. 1(b), we describe the component Adder by using a simple component language (CL). In this
example, the Adder component provides a set of services described through the IAdder interface. In CL,
an interface permits to classify a set of semantically related service definitions (e.g. int add(int op1,
int op2)) behind an identifier as it can be found, for instance, in Java. For the sake of simplicity, we use
Java as the single implementation language of the primitives components. One possible implementation
of the component Adder may be AdderImp as described in fig. 1(b). The association between a compo-
nent interface and its implementation is done separately (e.g. through a .config file) to decouple the
implementation from the interface.
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../DefaultComputationUnit.cl

IAdder composite DefaultComputationUnit {
Adder AR provides IComputationUnit;
:: subcomponent {
! o IMultiplicator Adde? a?der;
‘> Mul tiplicator \ Multiplicator mult;
,' ComputationUnit compUnit;

connection {

adder.IAdder to mult.IAdder;

adder.IAdder to compUnit.IAdder;
mult.IMultiplicator to compUnit.IMultiplicator;
compUnit.IComputationUnit to IComputationUnit;

}

../IComputationUnit. java

interface IComputationUnit {
int addition(int opl, int op2);
int multiplication(int opl, int op2);
int subtraction(int opl, int op2);
int division(int opl, int op2);

}

../DefaultComputationUnit.config
implementation = {DefaultComputationUnit.class};
subcomponent = {
Adder = AdderImp.class;
Multiplicator = MultiplicatorImp.class;
ComputationUnit = ComputationUnitImp.class;

Def aul t Conput ati onUni t

}

Fig. 2. Component Model: Component Composition.

Fig. 2(a) shows the DefaultComputationUnit composite component constructed by the composi-
tion of the Adder, Multiplicator and ComputationUnit primitive components. The files associated to
this component application are shown in fig. 2(b). DefaultComputationUnit.cl contains the component
definition using the component language mentioned above, IComputationUnit.java defines the interface
provided, and finally, the .config file links the component definition and its implementation. We shall use
this component definition to exemplify the component specialization process in the following sections.

3 Component Specialization

Specialization Opportunities: Program specialization techniques make it possible to automatically
transform a program into a specialized version, according to an execution context. Let us introduce two
well-proven program specialization techniques partial evaluation [12] and program slicing [24,16]:

Partial Evaluation A partial evaluator is a program that transforms a program by compiling away
the computations based on static (i.e. known) information and reconstructing the remaining dynamic
computations to form the specialized program. This technique has been studied mainly in a functional,
logical, or imperative setting, but has also lately been applied to the object paradigm [3,18].



Program Slicing It is a method for automatically decomposing programs by analyzing their data and
control flow. Starting from a subset of the behavior of a program, slicing reduces the program to
a minimal form that still produces the behavior. For instance, this technique can be applied to
determine the statements affecting a particular output statement of a program. Then, if this output
statement is no more useful, these statements can be eliminated leading to another kind of specialized
program. Initially applied to imperative and functional languages, some work has also been started
on object-oriented languages [22].

Specialization Scenarios: Currently, program specializers, particularly partial evaluators [6,18], re-
quire from the user a deep knowledge their internal functioning. For this reason, we follow the proposal of
Le Meur et al [13], whereby the definition of specialization opportunities are grouped in a declarative and
modular way into specialization scenarios. A declarative approach improves component reuse since the
specialization constraints are also visible to the component consumer. Besides its interface, the compo-
nent consumer knows more about the component, emphasizing in this way the gray-box abstraction [4]. A
modular approach allows the component producer to keep control of the specialization process performed
on the components and it is also possible to reuse specialization scenarios by combining them.

The specialization opportunities within the scenarios are defined by the producer during the construc-
tion of the component. In our work, we use an approach based on constraints to define such scenarios. A
specialization constraint (constraint for short) will express a specialization opportunity according to one
of the two techniques previously described. Such a constraint therefore deals with dependencies between
the service input and output parameters. Partial evaluation requires to describe the forward dependencies
between the input and the output binding time whereas slicing requires to describe the backward depen-
dencies between the output and the input usefulness. Basically, the binding time of an expression tells
whether the expression can be computed at specialization time or not. The expression is said to be static
in the first case, dynamic in the latter. The usefulness of an expression tells whether its computation is
useful or useless. In the following, we will annotate static, dynamic, useful, and useless expressions as S,
D, F, and L, respectively.

Both techniques, partial evaluation and slicing, involve code analysis that is not a simple task. It is
hard to do manually and error-prone as well. Such an analysis is however necessary in order to iden-
tify specialization opportunities in order to create the scenarios. For this reason, we assume that the
component producer is provided with a proper tool to perform such an analysis, the analyzer.

Then, it is up to the component producer to propose constraints on provided and requires services to
begin the construction of the specialization scenarios. This initial set of constraints and the component
implementation constitute the input of the analyzer. From such an analysis, the component producer
acquires information about the wviability of a constraint and derived constraints as well. In the former
case, the analyzer should be able to know about the benefits obtained, or not, when the specialization
is performed, avoiding some well-known drawback in program specialization (e.g. over-specialization and
under-specialization). In the latter case, extra constraints are computed from the propagation of the
initial constraints through the component implementation.

Partially Evaluating Components: Without explaining in details the different steps that take place
during partial evaluation, we may say that, given a program and the binding-time information of its
parameters, it is the analyzer that determines which parts of the program are static (e.g. annotated as
S), and which are dynamic (e.g. annotated as D).

In a component setting, it is possible to guide the component specialization by relating the binding-
times information to the provided and required services. Fig. 3(a) shows the specialization scenarios on the
Adder primitive component. One important issue here is that the specialization opportunities are related
to one particular implementation, in this case AdderImp (see fig. 1(b)). In our example, all consistent
alternatives have been enumerated, but with respect to the implementation of the service add it makes
sense to consider only the scenario where both parameters and the resulting value are static. In the other
cases there is not any specialization opportunity. The syntax we use here for primitive constraints is a
service signature where type information has been replace by binding-time information, and the interface
name the service belongs to is included to avoid service name clash in the constraints. This information
will be used by the specialization program, the specializer, to specialize the service. In the example, we
consider a set of values op1=2 and op2=3 that represents a concrete usage context for the specialized
service add$op1_2$o0p2_2() as shown in fig. 3(b).



(a) (b)

S IAdder.add(S,S); Specialization process:
D IAdder.add(D,S); 1) target: AdderImp.class
D IAdder.add(D,D);
2) scenario(satisfied): S IAdder.add(S,S);

3) context: opl=2; op2=3;

4) result:
public int add$opl-2$op2_2() {return 5;}

Fig. 3. Specialization of AdderImp.

Each component including the Adder primitive component as subcomponent, and selecting AdderImp
as its implementation, should be able to use the specialized version of the services provided by AdderImp
when its specialization scenario is satisfied.

(a) (b)

../IMultiplicator. java S IMultiplicator.multiply(S,S);
interface IMultiplicator { D IMultiplicator.multiply(S,D);

int compute(int opl, int op2); D IMultiplicator.multiply(D,S);
}
../MultiplicatorImp.java
Class MultiplicatorImp implements IMultiplicator { (C)
public int multiply(int opl, int op2) { Specialization process:
int result = 0; 1) target: MultiplicatorImp.java

if (opl >= 0) {

for (int i = 1; i <= opl; i++) 2) scenario(satisfied): D compute(S,D);
result = adder.add(result, op2);
} else if (op2 >= 0) { 3) context: opl=3;
for (int i = 1; i <= op2; i++)
result = adder.add(result, opl); 4) result:
} else { public int multiply$opl.-3(int op2){
int _opl = Math.abs(opl); int _op2 = Math.abs(op2); int result = 0;
for (int i = 1; i <= _opl; i++) /* unfolded loop
result = adder.add(result, _op2); result_1 = adder.add(result, op2);
} result_2 = adder.add(result_1, op2);
return result; result_3 = adder.add(result_2, op2);
} return result_3;

Fig. 4. Specialization of MultiplicatorImp.

Now, let us take a look at the implementation of MultiplicatorImp, associated to the component
Multiplicator, as shown in fig. 4(a). It seems reasonable to define some specialization scenarios for the
multiply service when opl and op2 are bound to a static and a dynamic value, respectively. Based on this
information the specializer eliminates the conditional structure, unfolds the loop, etc. The set of scenarios
is listed in fig. 4(b). Fig. 4(c) shows the specialization of the multiply service in the Multiplicator
component implementation.

Unlike the Adder component, Multiplicator requires IAdder services. The producer of
MultiplicatorImp has not access to the implementation which will provide these services (in our case
AdderImp) in a determined component composition, for example, as shown in fig. 2. But, even if it is not
possible to reason in terms of a concrete specialization scenario defined for AdderImp, it is possible to
make hypotheses about the specialization scenario associated to the required services. For example, let
us consider the following hypothetic rules:

S IAdder.add(S,S) -> S IMultiplicator.multiply(S,S)
D IAdder.add(S,S) -> D IMultiplicator.multiply(S,S)

The first rule says that if the component providing the service IAdder.add includes the constraint
S IAdder.add(S,S), then the service IMultiplicator.multiply can be specialized according to the



constraint S IMultiplicator.multiply(sS,S). Otherwise, if nothing is know about the return type of
TAdder.add, then the service IMultiplicator.multiply can be specialized according to the constraint
D IMultiplicator.multiply(S,S), as it is expressed in the second rule. Both rules are added to the
initial set of constraints described in fig. 4(b).

Slicing Components: In many cases, a generic component provides more services than required by
a given composition. Then, the unused services can be sliced away according to the corresponding con-
straints. Let us consider the ComputationUnit primitive component included as a subcomponent of the
DefaultCalculationUnit composite component shown in fig. 2(a). One possible implementation of this
primitive component is given in fig. 5(a)). An analysis of the dependencies between the provided and
required services in ComputationUnitImpl gives the possible specialization opportunities. A dependency
graph is depicted in fig. 5(b), where an arrow means that the source depends on the target. Since no
service depends on the division service, this service can be removed. The following constraint expresses
such an opportunity: L IComputationUnit.division(L, L).

(a) (b)

../ComputationUnitImp. java
public class ComputationUnitImp

implements IComputationUnit { int | Adder. add(int, i nt) - _7 o
public IAdder adder;

public IMultiplicator multiplicator;

N
: - : - - e o
public int addition(int opnL, int opnR) { int IMiltiplicator.mltiply(int,int) /
1

return adder.add(opnL, opnR); ,

I
} p
public int multiplication(int opnL, int opnR) { -
i
I

return multiplicator.multiply(opnL, opnR);

public int subtraction(int opnL, int opnR) { 7777
return this.addition(opnL,

this.multiplication(-1, opnR));

Conput ati onUni t1np.java

public int division(int opnL, int opnR) {
int result = 0; int x= -1;
if (opnR != 0) {
if ((opnL >= 0) && (opnR > 0)) x = 1;
if ((opnL < 0) && (opnR < 0)) x = 1;
int _opnR = Math.abs(opnR); int _opnL = Math.abs(opnL);
while (_opnL > _opnR) {
result = this.addition(result, x);
_opnL = this.subtraction(_opnL, _opnR);

}

return result;
} else {
System.out.print ("Error"); System.exit(0);
}

return result;

Fig. 5. Service dependencies in ComputationUnitImp.

Now, let us consider the component ImageFilter depicted in fig. 6(a). Fig. 6(b) shows
IFConvolutionImp, an implementation of the ImageFilter primitive component which applies a mask to
each point of an image. A look at the code of applyMask(int x, int y) shows that only the addition
and multiplication services provided by DefaultComputationUnit are used. Therefore, the following
set of constraints can be asserted:

L IComputationUnit.division(L, L)
L IComputationUnit.subtraction(L, L)

As with partial evaluation, the specialization constraints can be propagated, in our example from
IFConvolutionImp (ImageFilter) to ComputationUnitImpl (ComputationUnit),so that the uselessness
of required services in IFConvolutionImp entails the specialization of ComputationUnitImpl.

Of course, slicing may also affect only part of a service.



(a) (b)

../IFConvolution. java
| Conput at i onUni t 1i 1 IF lutionI.
Def aul t Conput at i onUni t pgb 1¢ chass COHYO utionimp
\ implements ImageFilter {
1
=7 public IComputationUnit compUnit;
’
| mageSour ce ’\ " I mageF| | ter private int[][] theImage;
[ private int factor = 2; private int maskSize = 3;
LAY
[ ) -
N | mageFi | ter > > public IFConvolution(int factor, int size) {
this.factor = factor; this.maskSize = size;
| | mageSour ce
Def aul t | mageFi | t er public int[1[] getImage() {return theImage;}
public void setImage(int[]1[] almage) {this.theImage = almage;}

public void applyFilter() {
// appply applyMask(int, int) on every point of thelImage
}

private void applyMask(int x, int y) {
int result 0;
for (int i -1; i <= 1; i++) {
for (int j = -1; i <= 1; j++) {
result = compUnit.addition(compUnit.multiplication(
theImage[x + il[y + j],factor),result);}

theImage [x] [y] = result;} }

Fig. 6. Component Specialization by slicing services.

4 From Components to Generators

Packaging components with valid specialization scenarios is key to making component specialization
compatible with a black-box model.

Let us first assume a simple case where all the components are implemented using the same language,
delivered as source code (high-level bytecode could also do). We also assume that each developer has
access to the same standard analyzer and specializer. Then, the assembly can be analyzed and specialized
as a whole, with the analysis guided by the specialization scenarios. The main point here is that the
component consumer does not need to care about the details of the analysis, which simply replays the
analysis performed at production time to build and validate the specialization scenario. Of course, some
assembly could be rejected because of some scenario incompatibilities, but this would relate to component
interfaces available to the component consumer.

This first scenario can be refined and its hypotheses relaxed in the following ways.

As a first step, each packaged component could include one (or several) annotated version(s) of the
implementation, corresponding to the specialization scenarios (the analyzer is no longer needed) as well
as a specific specializer. The problem is that this makes packaged components heavy-weight.

As a second step, a component could be packaged as a component generator. Similarly to the generating
extension technique, developed in the partial evaluation community [12, 2], the structure of the component
generator would express the specialization opportunities present into the initial component definition. It
can be seen as a specialization of the generic specializer mentioned above with respect to the concrete
component implementation and the specialization scenarios. One issue could be here, in the case of a large
number of scenarios, to find ways of properly structuring the generator using some forms of polymorphism.
Resorting to a polymorphic binding-time analysis [10] could be of help here.

Note that, with component generators, components can be packaged as binary code. Also, component
assembly is turned into component generator assembly. This is the collaboration of these generators which
builds the specialized composition.

5 Conclusion

We have shown that adaptability is a key component feature and proposed a basic component definition
taking this feature into account. This has hopefully made clear that component adaptation brings many
optimization opportunities but that taking advantage of the opportunities associated to the component
core calls for sophisticated program specialization techniques. We have further illustrated these ideas on



a simple component model, considering dual specialization techniques, partial evaluation and slicing. A

ke
of
to

v to not breaking encapsulation is then to use specialization scenarios, as introduced, in the context
C, by Le Meur et al. [13]. This can be complemented with the use of component generators in order
further decouple component production and use. We are currently working on a component model,

language, and infrastructure based on these ideas.
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