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Abstract

Building software from reusable components is
considered important in reducing development
costs. Object-oriented languages such as C++,
Smalltalk and Java, however, are not capable of
expressing certain aspects of applications in a
reusable way. Software engineers may experi-
ence difficulties in composing and reusing appli-
cations from components, for example if compo-
nents implement code for multiple views, dy-
namic inheritance and synchronization [6]. If
these aspects have to be programmed, then ob-
ject-oriented languages may require a consider-
able amount of redefinition athough this may
not be intuitively necessary. Several researchers
termed these problems as inheritance anomalies,
cross-cutting, etc. [12][8][10][11]. Aspect-
oriented programming aims at addressing these
problems by specifying and composing the as-
pects of a program in a systematic way [10].
Composition-Filters is an aspect-oriented pro-
gramming technique where different aspects are
expressed in Filters as declarative and orthogonal
message transformation specifications. The as-
pect-composition process of the Composition-
Filters approach is general. Different aspects can
be expressed in filters and then be composed
together without building dedicated generators.
Composition-Filters can be attached to the ob-
jects programmed in different object-oriented
languages. This paper first illustrates some prac-
tical problems of the conventional object-
oriented languages and then introduces Compo-
sition-Filters solutions to overcome these prob-
lems.

Examples

In the following sections, we illustrate some as-
pect composability problems by using a number
of classes. Although intuitively unnecessary, if
an exiging class say A, cannot be reused by a
new class, say B, without modifying the imple-

mentation of class A, then this is termed as an
aspect composability problem.

Class Email

Consider asimple mail system, which consists of
classes Originator, Email, MailDdivery and Re-
ceiver. As an example, the interface methods of
class EMail is shown in the following:

Class Email interface
putOriginator(anOriginator);
getOriginator returns anOriginator;
putReceiver(aReceiver);
getReceiver returns aReceiver;
putContent(aContent);
getContent returns aContent;
send;

reply;

approve;

isApproved returns Boolean;
putRoute(aRoute);

getRoute returns aRoute;
deliver;

isDelivered returns Boolean;

Figure 1. Theinterface methods of class EMail.

EMail represents the electronic messages sent in
this system and provides methods for defining,
delivering and reading mails. For example, the
methods putOriginator, getOriginator, putRe-
ceiver, getReceiver, putContents, getContents are
used to write and read the attributes of a mail
object. The methods putRoute, getRoute, deliver,
isDelivered are used by class MailDelivery while
ddivering the messages from originators to re-
ceivers. The method reply is used to send areply
message. In this article, EMail will be used as
the base class for developing various kinds of
email objects.

Class USViewM ail

Now assume that likein a postal mail system, we
want to restrict accesses to email objects. We
therefore extend class EMail to USViewMail by
restricting the accesses to its methods based on
the type of the client object. If the client is of the
user type, it is allowed to execute the methods



putOriginator, putReceiver, putContents, get-
Contents, send and reply. The methods approve,
putRoute and deliver are used by the clients of
the system type. No restrictions are defined for
the methods getOriginator, getReceiver, isAp-
proved, getRoute and isDelivered.

Now assume that the identity of the client object
is available. There are mainly two possible ways
of reuse in the conventional object model: aggre-
gation-based and inheritance-based. In our ex-
ample, in case of aggregation-based reuse, the
interface object implements the view checking
operation. The aggregated object implements the
method to be executed. For example, the method
putOriginator can be implemented as follows:

USViewMail::putOriginator(anOriginator)
If self.userView then
imp.putOriginator(anOriginator)
else self.viewError;
Figure 2. Aggregation-based reuse of putOrigi-
nator.

Infigure 2, if the sender of the message is of the
user type, the message putOriginator is for-
warded to the aggregated object imp, otherwise
the error method viewError is invoked. Here,
imp is an instance of Email. Notice that in the
aggregation-based reuse, all the methods have to
be declared a the interface of USViewMail,
even though some methods do not require any
view enforcement.

In the inheritance-based reuse, view checking is
implemented within a method, and reuse is real-
ized though super class cdlls. Here, only the
methods with views have to be redefined; other
methods can be inherited from the super classes.

USViewMail::putOriginator(anOriginator)
If self.userView then
super.putOriginator(anOriginator)
else self.viewError;
Figure 3. Inheritance-based reuse of putOrigi-
nator.

In case of the aggregation-based reuse, US
ViewMail implements 16 methods. Among
these, 9 methods implement view checking and
forwarding (see figure 2), 5 methods are used for
forwarding only, and 2 methods implement the
views.

The inheritance-based implementation reguires
11 methods. Here, 9 methods implement view

! The exact number of methods depends on the lan-
guage used.

checking and super class calls (see figure 3), and
2 methods implement the views.

Class ORViewM ail

Assume that class ORViewMail partitions the
user view into originator and receiver views.
Only the client of originator type can invoke the
methods putOriginator, putReceiver, putContent
and send. The client of receiver type is alowed
to invoke the method reply. For other methods,
the restrictions defined by USViewMail apply.

Again, this class can be implemented using ag-
gregation or inheritance-based reuse. In the ex-
ample, in case of aggregation-based reuse, the
aggregated object is an ingance of class US
ViewMail. In the inheritance-based reuse, class
ORViewMail inherits from class USViewMail.

USViewMail and ORViewMail both enforce
views on some methods. There are two ways
how this ordering can be redlized: (a) First the
originator and receiver views then the user and
system views. This ordering is termed as last-
defined-first-enforced (LDFE). (b) First the user
and system views and then the originator and
receiver views. This ordering is termed as first-
defined-first-enforced (FDFE).

Implementation of LDFE ordering is relatively
simple because object-oriented models naturally
support it. In the aggregation-based reuse, after
verifying the constraints, requests are forwarded
to the aggregated objects. In the inheritance-
based reuse, verified requests are forwarded to
the super classes through super calls. However,
both reuse mechanisms require a considerable
number of re-implementations. Similar to class
USViewMail, in the aggregation-based reuse,
ORViewMail implements 16 methods. The in-
heritance-based reuse requires 7 methods. Here 5
methods are for originator and receiver view
checking and 2 methods implement the origina-
tor and receiver views.

The aggregation-based implementation of FDFE
ordering is somewhat more complicated, because
it requires reordering of the aggregate structures.
Consider the code shown in figure 4. If the
sender of the message is of user and originator
type, the message putOriginator is forwarded to
the aggregated object imp, otherwise the error
method viewError is invoked. Here, the method
userView will be unnecessarily invoked twice,
first by the ORViewMail object and then by the
USViewMail object. If a multiple invocation is
not desired, then the aggregate structure must be
reorganized. The aggregated objects must be



reconfigured as interface objects and vice versa.
This reconfiguration can be a rather complex
operation and may require additional method
definitions, such asretrieve, store and configure.
The methods retrieve and store can be used to
read and write the aggregated object, respec-
tively. The method configure is responsible to
establish the desired aggregate sructure. We
assume that the FDFE ordering requires at least 3
additional methods for reconfiguring the aggre-
gation sructure, resulting in total 19 method
implementations.

ORViewMail::putOriginator(anOriginator)
If imp.userView then
If self.orginatorView then
imp.putOriginator(anOriginator)
else imp.viewError;
Figure 4. Aggregation-based reuse of putOrigi-
nator in FDFE implementation.

The inheritance-based implementation of FDFE
ordering requires redefinition of the call patterns.
Nevertheless, the total number of required meth-
ods remains as 7. Consider the implementation
of the method putOriginator of class ORView-
Mail. Notice that here first userView and then
originatorView are verified:

ORViewMail::putOriginator(anOriginator)
If self.userView then
If self.orginatorView then
super.putOriginator(anOriginator)
else self.viewError;
Figure 5. Inheritance-based reuse of putOrigi-
nator in FDFE implementation.

Class GViewMail

In the next example, we reuse ORViewMail in
GViewMail by extending the views to a group of
originators and receivers. This may be required,
for example, in offices where more than one per-
son is responsible for sending and receiving
mails. In case of the aggregation-based reuse, the
implementation of class GViewMail is similar to
the one shown in figure 4. In total 16 methods
have to be implemented: 5 methods are used for
view checking, 9 methods are used for forward-
ing messages only, and 2 methods implement the
views.

In case of the inheritance-based LDFE reuse, the
methods originatorView and receiverView of
ORViewMail can be reimplemented in
GViewMail as group originator and receiver
views, respectively. Here, the method putOrigi-
nator can be inherited from class ORViewMail,
and therefore it is not necessary to declare it in

class GViewMail. The self.originatorView call in
the method putOriginator will then refer to
originatorView implemented in GViewMail.
Only 2 methods are required for re-implementing
the views.

The agregation-based FDFE implementation
reguires in total 19 methods. Among these, 3
methods are used to configure the aggregation
structure.

In the inheritance-based FDFE implementation,
because of the required changes in call patterns,
the method putOriginator must be redefined in
GViewMail. Namely, view checking must be
redlized in the reverse order, first the views of
USViewMail and last group views must be veri-
fied. In total 7 methods are required: 5 methods
are used for view checking and 2 methods im-
plement the views.

ClassHistoryMail

Assume that class HistoryMail extends class
GViewMail with a history view. If a method is
invoked more than once for the same mail object,
awarning message is generated.

Figure 6 shows a aggregation-based LDFE or-
dering of the method putOriginator. It is esti-
mated that both the aggregation and inheritance
based implementations require 15 methods. 14
methods of Email have to be re-implemented for
call administration, plus the method sngle. This
method accepts a name as an argument, and re-
turns true if the name, which corresponds to a
method, has not been used before on the mail
object.

HistoryMail::putOriginator(anOriginator)
If self.single(‘putOriginator’) then
imp.putOriginator(anOriginator)
else self.giveAWarning;
Figure 6. Aggregation-based LDFE ordering of
putOriginator in class HistoryMail .

It is estimated that the aggregation and inheri-
tance based FDFE orderings will require 18 and
15 methods, respectively. The additional 3 meth-
ods for the aggregation-based reuse are required
for reconfiguring the aggregate structures.

Class SyncM ail

Consider, for example, class SyncMail, which
inherits from HistoryMail. This class provides 2
additional operations called locked and unlocked.
If the method locked is invoked, then al the
messages are delayed until the invocation of the
method unlocked.



We can utilize a semaphore to delay and activate
messages. In the aggregation-based reuse, the
semaphore can be implemented at the interface
object. An inheritance-based implementation of
LDFE ordering isshown in figure 7.

SyncMail::putOriginator(anOriginator)
If self.locked then sema.wait;
super.putOriginator(anOriginator)

Figure 7. Inheritance-based LDFE ordering of
putOriginator in class SyncMail.

Both the aggregation and inheritance based
LDFE implementations require in total 17
method definitions. Here, 14 methods are over-
ridden for semaphore implementation, 2 methods
are required for lock and unlock operations, and
1 method is used for implementing the sema-
phore.

The aggregation-based implementation of FDFE
ordering requires 20 methods. Here, three addi-
tional methods are needed for reconfiguring the
aggregate structure. The inheritance-based reuse
requires 17 methods.

Evaluation and Requirements

In the previous section we introduced a set of
classes which are derived from each other. Class
Email is used as a base class and defines 14
methods. USView mail illustrates that a consd-
erable number of methods of EMail have to be
re-implemented if two views are enforced on 9
methods. Class ORViewMail shows that view
partitioning requires re-implementation of the
corresponding methods. In addition, if the view
enforcement is applied from the most general to
specific views (FDFE ordering), the aggregation-
based reuse becomes problematic due to the en-
capsulated objects; this requires a complete re-
configuration of the aggregated objects. Class
GViewMail illustrates that the inheritance-based
reuse may be advantageous with respect to the
aggregation-based reuse, if only the implemen-
tation of views is changed. However, if the views
are verified in FDFE ordering, then the methods
with views have to be redefined, because the call
patterns to the super classes have to be modified.
Class HistoryMail shows that demanding a his-
tory information requires modification to dl
methods. Similarly, SyncMail illustrates that
adding a ample synchronization constraint like
locking causes redefinition of all the methods.

Despite of al these composability problems, the
object-oriented moddl has many useful features.
In order to cope with the problems, however, the

current object-oriented languages must be en-
hanced. Since more than one problem can be
experienced for the same object, multiple en-
hancements must be specified independent from
each other. Here comes the aspect-orientation to
the picture

Aspect-Oriented Programming Using
Composition-Filters

We will now investigate natural solutions to the
composability problems. Assume for example
that we want to take a picture of a flower, which
is too close to our camera, and the ambient light
isnot suitable for the film. As aresult, the cam-
era cannot provide a satisfactory picture. In other
words, the camera cannot express this image;
this is an example of a modeling problem. A
cost-effective way to solve this problem is en-
hancing the camera using two extensions. a lens
to sharpen the picture and a color filter to filter
out the unwanted light effects. These are called
modular extensions because the expression
power of the camera is enhanced without
changing its basic structure. The lens and filter
can be used together because their functionality
is orthogonal to each other.

The expresson power of the object-oriented
model can be enhanced similar to the photo cam-
eraexample. Independent extensions can be used
to effect the incoming messages without modi-
fying the basic object-oriented mode. This is
illugtrated by Figure 8.

A photo camera with a standard lens is a meta-
phor for the conventiona object-oriented model.
A photo camera with a set of extensions is
ana ogous to the Composition-Filters model. The
claim here is that the expression power of the
conventiona object-oriented model can be im-
proved through modular and orthogonal exten-
sions rather than building increasingly complex
object structures.
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Figur e 8. Enhancing objects with modular and
orthogona extensions

Each message that arrives at an object is subject
to evaluation and manipulation by the filters of
that object. In this section, we will briefly intro-
duce how composition-filters can help in reusing
components without unnecessary re-definitions.
Composition-Filters can be attached to objects
defined in current object-oriented programming
languages such as Smalltalk and Java without
modifying these languages.

Filters are defined in an ordered set. A message
that is received by an object isfirst reified, i.e. a
first-class representation of the message is cre-
ated. The reified message has to pass the filters
in the set, until it is discarded or dispatched. Dis-
patching means that the message is activated or
delegated to another object. Each filter can either
accept or reject a message. The semantics asso-
ciated with acceptance or rejection depend on the
type of the filter.

In the following, the filter specification of class
USViewMail is shown:

USViewMail
mail: Email;
inputfilters
USView: Error =
{userView =>{putOriginator, putReceiver,
putContent, getContent, send, reply},
systemView => {approve, putRoute,
deliver},
true => {getOriginator, getReceiver,
isApproved, getRoute, isDelivered};
Execute: Dispatch = { true=> {inner.*, mail.*}};

Figure 9. Composition-Filters extension of US-
ViewMail.

Class USViewMail has two attached (input) fil-
ters. Thefilter USView is an instance of an Error
filter. If an error filter accepts the received mes-

sage, then it is forwarded to the following filter.
Otherwise an exception will be generated. The
filter Execute is an instance of Dispatch filter. If
a digpatch filter accepts the received message,
then the message is executed.

The conditions userView and systemView are
Bool ean methods defined by class USViewMail.
If userView is true, then the messages putOrigi-
nator, putReceiver, putContent, getContent, send
and reply are accepted by the error filter. Simi-
larly, the messages approve, putRoute and de-
liver are only accepted if systemView returns
true. The remaining 5 methods are not restricted
by the error filter, because the condition is speci-
fied as constant true.

The specification “inner.*” and “mail.*” means

that the dispatch filter cgepts all the methods

declared by class USViewMail and Email. The
pseudo-variablenner refers to instance of US-

ViewMail.

Since filters are fully separated from the class,
they can be reused separately. For example, the
programmers can implement the above men-
tioned classes in any object-oriented language
without attaching filters. Filters can be stacked
and attached to any of these classes, whenever
necessary. This allows the programmer to im-
plement both LDFE and FDFE ordering strate-
gies. Note that the Composition-Filters imple-
mentation of USViewMail requires only 3 new
method definitions: These are 2 view imple-
mentations and 1 Composition-Filters specifica-
tion.

In the following the filter extension for class
ORViewMail is given:

ORView:Error =
{origView =>{putOriginator, putReceiver,
putContent, getContent, send },
recView =>reply,
true ~> {putOriginator, putReceiver,
putContent, getContent, send, reply},
Execute: Dispatch = { true=> {inner.*, mail.*}};

Figure 10. Composition-Filters extension of
ORViewMail.

If the vieworigView is true, the messagestO-
riginator, putReceiver, putContent, getContent
andsend are accepted. These messag#istinen

be dispatched to objectail of class USView-
Mail. If USViewMalil is also extended with fil-
ters, the accepted message will pass through the
filters of USViewMail object as well. The con-
dition recView is used to enforce theeceiver
view. The operator “~>" means all messages are



accepted except the specified one. The Compo-
sition-Filters implementation of ORViewMail
reguires only 3 new method definitions. These
are the implementation of views and the filter
specification.

The Composition-Filters implementation  of
Class GViewMail does not require any specific
filter definition. Since conditions are methods,
they can be inherited from class ORViewMail.
However, in GviewMail, these methods must be
re-defined as group originators and receivers.

Consider now class HistoryMail with its filter
extension:

count: Meta = { [*] inner.count }
execute: Dispatch = { true=> {inner.*, mail.*}};

Figure 11. Composition-Filters extension of
HistoryMail.

The Metafilter is used to reify a message. If the
received message matches, in this specification it
always matches ([*]), it is reified and converted
to anew message with the original message as an
argument of the new message. This new message
is then passed to the method count. This method
reads the attributes of the original message. In
this case it reads the method name used in the
original call. After that, if the same request has
been invoked before the current message, it gives
awarning signal and converts the message back
toits origina form. The dispatch filter then exe-
cutes it. A more detailed information about
Metafilters can be found in [4]. The Composi-
tion-Filters implementation of HistoryMail re-
quires only 2 new methods: a filter specification
and the method count.

Finally, class SyncViewMail has the following
filter specification:

queue: Wait = {locked => unlock, unlocked => *};
execute: Dispatch = {true=> {inner.*, mail.*}};

Figure 12. Composition-Filters extension of
SyncViewMail.

If the condition locked is true, then only an un-
lock message matches the filter. If the condition
is unlocked, then any message matches the filter.
If await filter matches a message, then the mes-
sage is forwarded to the next filter. Otherwise it
is queued until the message can be accepted.
Note that the Composition-Filters implementa-
tion hererequires only 3 new methods. These are
the methods locked and unlock and the filter
specification.

Evaluation

From the perspective of reusability, the conven-
tional object-oriented modd performs unsatis-
factorily. The examples show that reusing com-
ponents using aggregation and inheritance
mechanisms may not always be successful, if
objects implement aspects like multiple views,
history information and synchronization. The
aggregation-based reuse requires 94 and 106
method implementations, for LDFE and FDFE
orderings, respectively. The inheritance-based
reuse performs better, but cannot implement dy-
namically changing behavior easily. For both
LDFE and FDFE orderings, the inheritance-
based reuse requires 66 method implementations.
In this example, the Composition-Filters exten-
sion requires only 27 implementations. The
Composition-Filters approach clearly performs
better, snce filters avoid unnecessary method re-
definitions. Besides, filters are largely language
independent and therefore can be attached to
objects implemented in various different lan-
guages.

The Composition-Filters approach is capable of
expressing various different kinds of aspectsin a
uniform manner. In this paper, a few of these
aspects has been described due to the space
limitations. The following table gives a list of
aspects and filters published in the literature.
Each filter also provides extensibility within its
aspect domain, such as reusable synchronization
specifications [8]. In addition, each aspect ex-
pressed by a filter can be composed easily with
other aspects.

Agpects Reference
Inheritance, multiple views, his- | This paper
tory, synchronization

Inheritance, delegation [1]
Atomic delegation [2]
Multiple views [3]
Dynamic inheritance [3]
Queries on objects [3]
Coordinated behavior, constraints | [4]
Real-time [5]
Synchronization [8]

Real -time synchronization [9]
Distributed synchronization [7

Table: Aspects and references to thefilters.

Since filters are declarative aspect specifications,
the aspect composition process can be realized
both at run-time and compile-time. In case of
compile-time composition, the time performance




is better. In run-time composition, however, as-
pect specifications are preserved and therefore
new aspects can be introduced dynamically. The
aspect compasition process is smple and gener-
ally does not require aspect specific generators.

References

[1] M. Aksit and A. Tripathi, Data Abstraction
Mechanisms in Sina/ST, Proceedings
OOPSLA '88, ACM SIGPLAN Notices,
Val. 23, No. 11, pp. 265-275, November
1988.

[2] M. Aksit, JW. Dijkstra and A. Tripathi,
Atomic Delegation: Object-oriented Trans-
actions, |IEEE Software, Vol. 8, No. 2,
March 1991.

[3] M. Akst, L. Bergmans and S. Vural, An
Object-Oriented Language-Database Inte-
gration Modd: The Composition-Filters
Approach, ECOOP '92, LNCS 615,
Springer-Verlag, 1992.

[4] M. Aksit, K. Wakita, J. Bosch, L. Bergmans
and A. Yonezawa, Abstracting Object-
Interactions Using Composition-Filters, In
object-based distributed processing, R.
Guerraoui, O. Nierdrasz and M. Rivelll
(eds), LNCS, Springer-Verlag, pp. 152-184,
1993.

[5] M. Aksit, J. Bosch, W. v.d. Sterren and L.
Bergmans, Real-Time Specification Inheri-
tance Anomalies and Real-Time Filters,
ECOOP '94, pp. 386-407, LNCS 821,
Springer Verlag, July 1994.

[6] M. Aksit, Separation and Composition of
Concerns, ACM  Computing  Surveys
28A(4), December 1996,
http://www.acm.org/surveys/1996/.

[71 M. Aksit and L. Bergmans, Composing
Multiple-Client-Multiple-Server Synchroni-
zations, in Proceedings of the IEEE Joint
workshop on Paradld and Digtributed Sys-
tems, pp. 269-282, April 1997.

[8] L. Bergmans, Composing Concurrent Ob-
jects, Ph.D. thesis, University of Twente,
The Netherlands, 1994.

[9] L. Bergmans and M. Akst, Composing
Real-Time and Synchronisation Con-
straints, Journal of Parallel and Distributed
Computing 36, pp. 32-52, 1996.

[10] G. Kiczales, J. Lamping, A. Mendhekar, C.
Maeda, C. Lopes, J-M. Loingtier and J
Irwin,  Aspect-Oriented  Programming,
ECOQOP '97 Conference Proceedings, LNCS
1241, Springer-Verlag, 1997, pp. 220-242.

[11] C. Lopes and G. Kiczales, D: A Language
framework for Distributed Programming,
Xerox PARC, February, 1997.

[12] S. Matsuoka and A. Yonezawa, Inheritance
Anomaly in Object-Oriented Concurrent
Programming Languages, in Research Di-
rections in Concurrent Object-Oriented
Programming, (eds) G. Agha, P. Wegner
and A. Yonezawa, MIT Press, April 1993,
pp. 107-150.




