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Abstract such an implementation will be to keep current with an evolving
design.

An important part of both comprehensibility and traceability is that

the implementation resemble the design. As the design is refinedAn important part of both comprehensibility and traceability is that

to a concrete implementation, it is important that concepts have the implementation resemble the design. As the design is refined

a clear correspondence to implementation artifacts — even if this to a concrete implementation, it is important that concepts have a

mapping is not one-to-one. This holds true for crosscutting — or clear correspondence to implementation artifacts — even if it is not

aspect-oriented — behaviors as well. We illustrate by investigating one-to-one. For example, an association between classes in UML

the Observer pattern, modeled using subject-oriented extensions tacan be bi-directional, unlike the references offered by programming

UML, and implemented in AspectJ, identifing three mismatching languages, but it is not difficult to implement bi-directional associ-

properties between design and implementation. We conclude thatation semantics using references.

these are due tompedance mismatdbetween the abstract design

and the concrete language. The traceability requirement applies equally to the implementation
of crosscutting behaviors. The expectation is that the increased ex-
1 Modeling Aspects pressiveness of aspect-oriented programming languages will allow

implementations to more closely resemble designs.

Modeling is a key phase in software engineering, allowing the soft-
ware production process to be represented at a variety of stages an
levels of detail. At first glance, modeling should be a natural fit
for aspect-oriented programming or multi-dimensional separation
of concerns, as the act of modeling naturally represents the sam
program in a variety of views, much like modeling will present the
same program from a variety of viewpoints. However, for a model
to take advantage of the powers of AOP, aspects need to be capture
as modeled entities in their own right.

gVe investigate how well this works on a well known example,
expressed as a subject-oriented design and then implemented in
Aspect]. We find that while AspectJ does a significantly better
eiob of maintaining traceability than plain Java would, several mis-
matches between design and implementation remain. We believe
that these mismatches are fundamental to the differing assumptions
8f the abstract design language and concrete implementation lan-
guage we have chosen for the comparison. We call such differences
impedance mismatcheand identify three such mismatches in the
example. Lastly, we briefly illustrate how the situation would fare

if the design were implemented in a language that more closely re-
gembled the subject-oriented design language.

The issue of modeling crosscutting concerns is covered by Clarke

[Cla02]. She identifies the mismatch between how object-oriented

design and the requirements are typically decomposed, and present

subject-oriented desigrthat aim to align more closely to the re-

quirements. The crosscutting nature of such designs is captured? Design to Implementation

usingcomposition relationshipsvhich specify how design models

relate, illustrating bottmergeandoverriderelationships. We'll illustrate our concerns by investigating the Observer pat-
tern, modeled using the subject-oriented extensions to UML from

Clarke and Walker [CWO2] suggest mappings from subject- [Cla02], and implemented in AspectJ. Figure 1 shows the subject-

oriented designs and their composition relationships to Aspectd oriented design of the familiar Observer pattern, and how it is com-

[KHH*01]. Their strategy allows such designs to be implemented posed with a base application two times.

using popular aspect-oriented languages, but it is unclear how easy

The Observer Pattern’s design consists of two roles: Watched and
Observer, which contain some behavior, and an association between
the roles! The roles’ behavior contains both concrete and deferred
methods. Watched provides a methygmtiObservers  that returns

an array of the observers, while the Observer provides a similar get-
ter for its end of the association. To keep the presentation concise,

Permission to make digital or hard copies of all or part of this work for personal or Methods to manipulate the association have been omitted.
classroom use is granted without fee provided that copies are not made or distributed

for profit or commercial advantage and that copies bear this notice and the full citation 1n the Observer Pattern. an Observer normally observes a Sub-
on the first page. To copy otherwise, to republish, to post on servers or to redistribute . !

to lists, requires prior specific permission and/or a fee. ject, but this is easily confused with teabjectconstruct in subject-
oriented design.
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ObserverPattern Lobserver> . _ |
Watched -
+getObservers(): Observers[]
+watchedOp(<any>): <any>
______ > |+notify(Observer): void gbﬁervers
Lot Observer
. +getwatched(): Watched
l\
~ ~ P notify(Observer): void A
bind[<TextEditor, edit()> .
<TextLogger>] L
Base A
TextEditor File
+edittT(): \{?)idT . +write(String): void
+getText(): Tex +getBytes(): Bytes -
TextLogger getBytes(: Byt FileLogger
+logText(Text) +logFile(Bytes): void
Figure 1. The Observer Pattern as a Subject-Oriented Design.
Watched has two deferred methods: these musprbeided via [HKO02] to investigate reusable implementations of design patterns
composition, in a later design stage. The genertchedOp is using AspectJ. Figure 2 illustrates using this strategy to implement

advice for the method whose invocation triggers the observer. Its a reusable Observer pattern, while Figure 3 shows how to compose
implementation is specified as iterating over the array of observersthat implementation twice with Base. We have omitted showing
and passing each Observer as an argument tootife  method. Base, as it is assumed to be implemented in plain Java.

The last methodnotify is declared as deferred on Watched, tak-

ing an Observer as argument, rather than the other way arfound. The following sections highlight the salient properties of the imple-
Sincenotify  will be invoked by the implemented methods in the mentation that are not apparent in the design and vice-versa.
ObserverPattern subject, its eventual implementation is constrained

to have the same signature as the place-holder. 2.1.1 Symmetry

The ObserverPattern subject is composed twice with Base, once t
observe TextEditoedit s, and once to observe Filgite s. The
arrows andoind relationships corresponding to each composition
have been colored the same color: this should translate to different
greys on a laser-printer. Both TextEditor and File have associated
Loggers, which become the corresponding Observersnatig
methods are provided Hyg methods that are defined outside the
subject. We signify that the actual implementations of these meth-
ods are provided by the composition by putting them outside the
Observer or Base subjects.

OThe design symmetry of Base and ObserverPattern is not reflected
in the implementation: some roles become interfaces, other become
classes, and the bi-directional arrows of the model have become di-
rected “implements” arrows. This implementation strategy would
not suffice if we wanted Base to advise some events in Observer-
Pattern.

Another reflection of the symmetry of the design being imple-
mented in an asymmetric manner is that a composition should really
produce a new result, whereas our implementation side-effects the
Base. Symmetry is attractive, as this would allow us to compose
complex aspects from smaller aspects, and to increase comprehen-
sibility by reusing designs at multiple levels. While the design is
symmetric, the implementation language constrains us to imple-
ment an asymmetric version.

It is unclear how subject-oriented design deals with compositions
that are not purely crosscutting nor merging. We have attempted to
model this in a similar fashion to the examples describing subject-
oriented design:bind is used for crosscutting behavior, while a
merge arrow indicates corresponding operatiar@ify in this

case). We say that there is aimpedance mismatchetween the design

language and the final implementation. As the design language ex-
2.1 An AspectJ implementation plicitly allows hierarchical designs, the impedance mismatch goes
from aesthetic to critical when we try to implement such designs
Clarke and Walker [CWO01, CW02] suggest several mappings of Using our chosen implementation strategy.
subjects to AspectJ. We have chosen the one that was deemed most
promising by the authors, using Java interfaces to implement sub-2.1.2 |nvasiveness
ject roles, and modeling composition as the inheritance of abstract
advice. A similar strategy is used by Hanneman and Kiczales The design has two correspondence relationships between TextEd-
itor and Watched, and File and Watched. These suggest that com-
2This is for exposition: we wish to illustrate what happens when posing Observer into base may introduce a spurious relationship be-
a reusable design defers a method that takes a role as an argumentween TextEditor and File. We borrow a term from Ernst [Ern00],
Our justification is catering to flexibility: by taking the Observer as and say that the composition iisvasiveif it introduces any rela-
argument, double dispatch can be implemented. tionships in the implementation.
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abstract aspect ObserverPatterq aspect ObserveTEextendsObserverPatterq
abstract pointcut watchedOp(Watched s); declare parents. TextEditor implementsWatched;
before(Watched s ): watchedOp($) declare parents: TextLoggerimplementsObserver;
Observer[] obs = s.getObservers (); void TextEditor . notify (Observer obs()
for (int i=0; i<obs.length; i++) s. notify (obs[i ]); TextLogger tl = ( TextLogger) obs;

tl . logText(this . getText ());

interface Watched{ void notify (Observer o)} pointcut watchedOp(Watched skall (x edit(..))&& target(s);
Observer [] Watched.getObservers{(}. }
aspect ObserverFextends ObserverPatterq

interface Observer{ } declare parents. File implementsWatched,;
Watched Observer.getWatched{().. } declare parents. FileLoggerimplementsObserver;
} void File . notify (Observer obsj
Figure 2. ObserverPattern Subject. FileLogger fl = (FileLogger) obs;

f. logFile (this . getBytes ());

Indeed, our example implementatia invasive, as all Watched pointcut watchedOp(Watched skall (+ write (..))&& target (s );

role players in the system (such as TextEditor and File) now share
Watched as a common super-type. We can thus test at runtime us
ing java’sinstanceof  to deduce how the system was assembled,
and more seriously, mistakenly pass one attachment’s subjects to
anothers notify method, resulting in a dynamic casting error. For an
example, see theadMeth code snippet in Figure 3. This method
will compile without a complaint, yet trigger a dynamic error.

—

void badMeth(TextEditor te , File f]
te . notify (new FileLogger ());
f. notify (new TextLogger ());

Figure 3. ObserverPattern’s composition with Base.

For small systems, or systems where a subject is reused only once,

invasiveness is not really an issue. However, the systemic nature

of the typing relationships means that two hierarchically composed tionships, consider the association between Watched and Observer:
subjects may both independently reuse the ObserverPattern subjedn our implementation, we wanted each attachment to introduce a
internally. These hierarchical subjects may not generate casting er-private association. Other situations might be reversed: a logging
rors when used independently, but care would be required whensubject may well want to have one output strestmaredbetween
reusing both in the same application, so as not to make analogousall attachments. Note that these sharing relationships are not at the

errors to those dfadMeth . object level — these are at the design level. Sharing between attach-
ments may well introduce typing issues that must be dealt with — for
The fundamental problem is that invasiveness exposesamen- example, a shared observer association would interact poorly with

tional type equivalence to the programmer — one that may not even the dynamic downcasting highlighted in Section 2.1.2 — but such is-

be apparent from the documentation, in the case of 3rd party sub-sues can only be considered after the interacting entities have been

jects — thus weakening the static typing of the application. This ex- identified.

posure happens because the implementation strategy did not match

the intended semantics of the design. There is an impedance mismatch here as well, but interestingly it is
in the other direction, with the implementation possessing the de-

The type equivalence induces secondary interactions with methodsirable property, while the design does not. The implementation

overriding and visibility. The approach will fail if either File or  groups each attachment into textual units — implemented as con-

TextEditor contains aotify or getObservers  method, and will crete sub-aspects — that connect the reused subject to the base ap-

always exposewotify  to external invocation. Experimentations plication. However, in the design we were forced to resort to colors

shows that the implementatids able to prevent the getter meth-  to signify the grouping of the merge correspondence relationships.

ods from external invocation if there is no overriding method on

concrete class, and if they are marked private to the aspect. 3 Concrete Proposal

2.1.3 Attachment There are basically two ways to increase traceability and compre-
hensibility: either use a better implementation strategy that pre-
Each (re)use of the ObserverPattern subject involves several correserves more modeling entities, or change either of the modeling or
spondences: how the roles of ObserverPattern correspond to thosémplementation languages to be a closer fit. This section outlines
of Base, how the deferred methods are mapped to concrete imple-how Aspectual Collaborations (ACs) [LLO01] can be used to both
mentations, and what the visibility of concrete methods across the model and implement crosscutting subjects.
subjects should be. These details are particular to one such use sce-
nario, and contain the complete details of the composition relation- Aspectual Collaborations is a research system that investigates the
ship. We refer to the composition, along with all relevant details, as combination of module systems with aspect-oriented features. By
theattachmentf the two subjects. combining them, we are able to leverage powerful properties of
module systems, such as encapsulation, composition, and separa-
Attachment is a key entity to model, as it encapsulates precisely tion, to control the power of aspectual features. This allows mature
how two (or more) subjects relate. Issues such as how multiple at- methodologies for modular decomposition to be applied to mod-
tachments of the same subject relate can only be discussed if theeling crosscutting behaviors. This is a similar argument to that of
attachment is modeled as an entity. As an example of such rela-Szyperski [Szy92], which argues that inheritance cannot substitute
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collab ObserverPattern ;
participant Watched{
aspectual RV watchedOp(JP jpd{
Observer[] obs = getObservers ();
for (int i=0; i<obs.length; i++) notify (obs[i]);
return jp.invoke ();

expected void notify (Observer 0);
Observer[] getObservers {Y ... }}

participant Observer{
Watched getWatched () ... }}

}

Figure 4. Aspectual Collaboration implementation

for modular import.

A prototype implementation of ACs is available from [Ovl], and a
self hosting re-implementation is underwiyAdditionally, a sim-
plified semantics for Aspectual Collaborations using Featherweight
Java [IPW99] is being analyzed to formally prove the validity of the
claims we make regarding AC's static and dynamic properties.

Figure 4 shows the Aspectual Collaboration implementing the sepa- }

rately compiled ObserverPattern subject, while figure 5 shows how
its object-code is composed with that of Base. The code is similar
in structure to that of figures 2 and 3, but with significant differ-
ences in the detailed semantics. We'll highlight the differences by
describing the code and comparing it to the AspectJ implementation
(names have been chosen to correspond, where appropriate).

The complete program consists of three collaborations, as earlier,

we don’t show Base, which is not substantially different from a

pure Java implementation of the UML design. Like a Hyper/J Hy-

perSlice [TOHS99], a collaboration is declaratively complete, and
can be analyzed in isolation — including separate compilation. This
holds true for crosscutting features as well.

collab ObservedBase;
extendsBase;
attach ObserverPatterq
TextEditor += Watched{
around edit do watchedOp;
provide notify with
void ntfy (Observer obsj{
TextLogger tl = ( TextLogger) obs;
tl . logText(this . getText ());

3
TextLogger += Observef{ }

attach ObserverPatterr
File += Watched{
around write do watchedOp;
provide notify with
void ntfy (Observer obs}{
FileLogger fl =(FileLogger) obs;
f. logFile (this . getBytes ());
1}

FileLogger += Observef{ }

Figure 5. Aspectual Collaboration composition with Base.

pointcuts. A key difference to Aspect] is that the type-mappings
are scoped within one attachment and are not based on inheritance:
after composition, File will not be a subtype of Watched, nor will
File and TextEditor have a common supertype. Similarly, methods
visibility is by default constrained to an attachment, unless explic-
itly exported into the public scope. The lack of such exports means
that the composition of Observer will not augment the signature of
File or TextEditor with any additional methods or fields: not only
would badMeth of figure 3 result in a static type error, the method
notify ~ would not be visible.

Collaboration ObserverPattern implements the reusable subject de-

sign. Its two roles (callegbarticipantsin our nomenclature) re-

A useful feature is that collaborations are symmetric. Base or Ob-

semble classes more than interfaces. The notable difference fromseryerpattern could both be composed from smaller collaborations.

classes is that they contain both imported methedpdctedneth-
ods) and crosscutting advicaspectuamethods) that can intercede
in other methods’ executions. Thus, our participants closely resem-

Should both of these happen to reuse the same constituent collab-
oration, that constituent would be completely undetectable in the
result. A compositional property is that no new dynamic error loca-

ble the role models they implement. Since ACs are a research proto-tjons are introduced, so that a aspectual method will either generate

type, we have only implemented “around” advice, so the aspectual
methodwatchedOp needs to call proceednffokd explicitly. The
signature ofwatchedOp is used to isolate it from the signature of
the methods it intercepts, allowing it to advise methods of any sig-
nature.

Figure 5 applies ObserverPattern to the Base, generatieg/eol-

a static error if misused or be guaranteed not to fail at compile time.

This feature is a result of treating the types in the signature of an

aspectual method as existentially quantified, so that they are guar-
anteed to be unique and encapsulated within each attachment.

Aspectual Collaborations is a research system, and as such do not
attempt to offer the convenience features or level of engineering

laboration, ObservedBase. It is declared to extend Base — this deCthat more mature systems such as Aspect do. However, we have
laration is desugared to importing and reexporting the contents of attempted to illustrate that the powers of a full-fledged module sys-
Base — and has ObserverPattattachedtwice. Like the Aspectd  tem interact very well with aspect-oriented programming, allowing
implementation, the attachments specify both type mappings andg greater degree of design traceability by minimizing the impedance
mismatch to the design language. This allows traceability of design
3The syntax presented here reflects the full design, rather thatfeatures down to the implementation level. The encapsulation fea-
the somewhat less capable implementation. The differences are oftures inhibit the design from being exposed at the implementation
the nature that the implementation expects a desugared input, whilelevel, which makes a large class of dynamic errors impossible. The
the presentation reflects the more aesthetic input syntax. The desugsame features additionally temper the come-from nature of aspects
aring in all cases is straight-forward, and does not involve semantic [Cla74], which otherwise imply the need for tool support or pro-
transformations. grammer omniscience to comprehend local behavior.
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4 Conclusion [CWO02]

We have looked at an existing proposal for an Aspect-Oriented De-
sign Model, and a sample implementation of multiple reuse sce-
nario. We have identified three issues in our small example:

e The fundamental hindrance to traceability was the impedance [Ern00]
mismatch between the design language and the implementa-
tion language. Both comprehensibility and traceability suffer
as a consequence of such mismatches, as the analyst or pro-
grammer must manually translate from one world view to the
other.

e We have identified a case where it is harmful for the design [HKOZ]
to be evident in the implementation: invasiveness. This sug-
gests that there is a balance between traceability and safety
that must be engineered carefully so as not to allow undue
development hurdles while allowing the design to penetrate
deeply into the implementation.

e To maximize comprehensibility and reuse, it is desirable to
encapsulate the details of the reuse into an attachment entity.[lPW99]
This was an interesting case as the implementation language
allowed a more useful design representation than the model-
ing language. It is however also possible that we failed to use
the modeling notation to its fullest capacity.

Finally, we have suggested that one way to minimize impedance
mismatch is to bring model and implementation closer together, al-
lowing design features to be reflected almost at a one-to-one level in
the implementation. We illustrate that this is possible by presenting KHH+01
a system based on a strong module system foundation that controli ]
systemic nature of aspects, aligning their crosscutting nature more

closely with the subject-oriented design language. It is attractive to

imagine a system combining AspectJ’s power to implement collab-

orations with the static safety of ACs to control visibility of classes,

pointcuts, and aspects during composition.

An uninvestigated approach would be to instead vary the model lan-
guage to more closely match the implementation language. How- [LLOO01]
ever, a contra-indication to that approach is that the design language

used in this paper — subject-oriented design — and our suggested im-
plementation language — aspectual collaborations — were developed
independently, yet fit together very well. This suggests that this
organization has merit both as a modeling approach and as an im-

plementation language. [Ovi]

[Szy92]
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