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ABSTRACT

There is now an increasing agreement that aspexisoa only an
issue at the programming level, but also tend fseaat the
requirements analysis and software architecture igaes
Unfortunately conventional software modeling appl@s lack
abstractions to support the modular representatiamosscutting
concerns in such development stages. Hence, seesedrchers
have proposed modeling techniques that primarilgn dor
modeling aspects at the early development phaseh & these
approaches seems to focus on specific issues irlmgdaspects
and have their own benefits and drawbacks. Thigpfguses on
the modular representation of aspects at the sadtaschitecture
design, and provides an attempt to integrate tlsé¢ f@ctices of
the existing aspect-oriented (AO) architectural rapphes in a
single general-purpose modeling language. The rateg is
based on a systematic comparison of four modekeriques.
The aspect-oriented architecture modeling appraéadbhased on
the Unified Modeling Language (UML) and presentesing an
illustrative example on concurrent versioning syste
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1. INTRODUCTION

The software architecture of a computing systera hgh-level
design representation of the structure of the systehich
comprises software components, the externally egitioperties
of those components captured by their interfaced, the inter-
component relationships [5, 25, 21, 20]. It is gallg accepted
that software architecture design should suppoet tbquired
software system qualities. For ensuring the qudtigtors the
common assumption is that identifying the fundammkeabncerns
for architecture design is necessary. A number pafcification
approaches have been introduced to derive the ezl
architectural abstractions. Although these appreschary in
deriving architectural abstractions they share ¢bemnmon idea
that such abstractions should represent the rdles@rcerns of
the system. However, some concerns, even at thetestural
design level, can not be easily localized and $ieeciwith

individual architectural units such as traditionalerfaces and
components. Similar to the notion of aspect atgr@gramming
level, we say that these concerns are crosscuttmgrchitectural
unit and denote the so-callacchitectural aspectflO, 11, 3, 2].

A crosscutting concern at the architecture desiyellcould be
any concern that cannot be captured in the corvesilti
architectural units. Architectural aspects can ti@péed to define
a common behavior or structure of architecturalmelets.
Example of a crosscutting architectural concerntasensure
recovery for every architectural unit. Another exdenis the
platform concern for the architectural units. Thesecerns can
not be easily mapped to a single unit in convemti@anchitectural
modeling. Very often, the crosscutting property dfie
architectural concerns remains either implicit ®rdiescribed in
informal ways leading to reduced uniformity, impegli
traceability and hindering detailed design and enmntation
decisions.

Unfortunately, conventional architecture modelimpgpm@aches do
not appropriately support the modular represematiof
architectural aspects. Hence, several research@rd 4, 8, 4, 23]
have proposed UML-based modeling approaches thataply
aim at providing proper abstractions and correspandisual
notations to modularly capture architectural crog#ngy
concerns. Each of these approaches seems to focgpezific
issues in modeling aspects and have their own kenahd
drawbacks. This paper provides a first attemphtegrate the best
practices of the aspect-oriented software architectdesign
approaches in a single general purpose modelinguége. The
integrated modeling approach has been mostly cagig in the
context of the AOSD-Europe project. After havingdfided a
survey on aspect-oriented architecture design ajgpes [10], we
have selected the key aspect-oriented architectiesign
approaches, and compared and analyzed them wjthate® their
ability to model the required aspect-oriented cpteeThe paper
presents the main important results of this worke Taspect-
oriented architecture modeling approach is presemntging an
illustrative example on concurrent versioning syste

This paper is structured as follows. Section 2 gmts the
concepts that should be addressed by an AO modafipgoach,
and the desired traits of the approach itself. i8ec® describes
the aspect-oriented architecture modeling appraathat have
been considered as the objects for the integratifomt. Section 4
presents the integrated UML-based approach forcaspiented
architecture modeling. Section 5 adopts the integranodeling
technique to represent architectural aspects ofomacurrent
versioning system (CVS). Section 6 contains a gariscussion
and an assessment of the unified modeling apprdaacthe



presented case study. Finally, Section 7 presamtganclusions
and final remarks.

2. MODELING ASPECT-ORIENTED
SOFTWARE ARCHITECTURES

Section 2.1 will present the key aspect-orientencepts that we
think need to be captured at the architecture destigge. Then,
we'll formulate the requirements for a general-map AO
modeling notation.

2.1 AO Modeling Concepts

We have defined a comparison framework that depiatere set
of concepts that, according to our point of viewowd be
supported by an aspect-oriented architecture gtgmri Such
concepts were derived from a joint analysis of SO glossary
[6] and the conceptual frameworks defined in [16, 28]. We
have aggregated and filtered the terms found isglsmurces, for
marking out the most vital issues for the architeddt stage. In
order to identify the more relevant architecturahoepts, such
aggregation and filtering processes were based omidaly-

recognized terminology for software architectureaiptions [25,
21]. As a result, our comparison framework is cosgabof the
following AOSD concepts.

C1.
Cc2.
Ca3.
CA4.
C5.

Aspect.

Component.

Point-cut.

Advice.

Static and dynamic crosscutting.
C6. Aspect-component relation.

C7. Aspect-aspect relation.

The conceptomponen{C2) is considered, as it is an important
conventional (non-aspect-oriented) constructiomel&, which is
typically a container of crosscutting concernshat architectural
level. The importance of theomponentoncept is also confirmed
by [15], where it plays a key role in aspect-orgehmiddleware
reference architecture. Aspect (C1), point-cut (G8)d advice
(C4) are included because they are often considii@grimary
abstractions to capture crosscutting concernsg62Q@, 18]. Note
that considering C5 we shall concentrate orctiosscuttingtself,
leaving theweaving issue [6, 18] out of the focus. The two
categories of relations — aspect-component (C6)aapéct-aspect
(C7) are important because they represent which hoa
architectural building blocks are collaborating tealize the
system requirements.

2.2 Desired Properties for an Aspect-
Oriented Modeling Notation

There is a need in general purpose visual notdtiothe aspect-
oriented architecture modeling. Our integrationdglines for the
proposed unified approach are comprised of theovotig
requirements:

R1. Visual modeling language should be general-purparse
UML-based.

It should be complete, which means having a suppprt
abstraction for each of the commonly accepted AOSD
concepts (C1-C7). Besides, different concepts shdé
implicitly or explicitly designated into differergxisting or
new first-class UML elements.

R2.

R3. It should be implementation language independerti| the
lowest level of detail is involved. In this way,etmesulting
aspect-oriented architectural models should béyeasipped

to elements of distinct aspect-oriented programming
languages/frameworks and detailed design notations.
Finally, the integrated UML-based notation shoutdrpote
simplicity and avoid unnecessary extensions.

R4.

3. COMPARING THE AO MODELING
APPROACHES

In section 3.1 we shall present the selected soappgoaches.
Then, section 3.2 provides the comparative analysis

3.1 Analyzed Approaches

Taking a comprehensive survey [10] as a referemee,have

chosen the four source architecture modeling agpes because
each of them: (a) focuses on the architecture desigge; (b)

provides an aspect-oriented visual notation andjooally, a

meta-model. The selected techniques are:

1. PCS Framework [13].
AOGA [14].

TranSAT [4].

CAM of DAOP-ADL [23].

PCS Framework, AOGA, TranSAT and CAM provide visual
notations for representing architectures. In gdnivase visual
notations extend UML [22] to represent aspect-aedrconcepts
at the architecture design level. PCS Frameworkatioot
intensively utilizes the Aspect] syntax for the igesdetails
specification. The AOGA approach extends the aSidebtation
[8] to handle architectural aspects. At the monwéniriting this
paper the TranSAT visual meta-model was not coralylet
expressed by the corresponding notation. The agistranSAT
notation elements are just the high level companeand
connectors; but we shall anyway benefit from takimgo
consideration the TranSAT meta-model concepts. gxsGAM
notation, it is a visualization of the XML-based DR-ADL
architecture description language.

3.2 Comparative Analysis

Table 1 summarizes the modeling of commonly acckp®SD
concepts in PCS Framework, AOGA and CAM. It preseat
comparison of the investigated approaches accordingur
classification framework (section 2.1). Our goalréhds not
extensively describe each concept of such existppgoaches; for
further details the reader should refer to theinabpapers [13,
14, 4, 23]. Due to the space limitations, we do slow the
TranSAT notation elements in Table 1, as they wauilly appear
in the Componentrow (as UML component), and th&spect-
component relatiomow (as UML connector). TranSAT is the
most concise notation, albeit lacking the direstual support for
several architecturally-relevant AOSD concepts,hsas aspect
(C1), point-cut (C3), static and dynamic crossogtt{C5), and
aspect-aspect relations (C7). We can observe thHattha
approaches present different abstractions and iassographical
elements to support the modeling of the AOSD cotscephe
only clear agreement is the use of UML modules (oaments or
classes) to capture the component concept (C2)tio8ed
discusses the differences of the chosen technignéddentifies
the abstractions for the integrated approach acugrtb the
integration guidelines (section 2.2).

2.
3.
4.



Table 1. Source approaches and their support to thaOSD concepts

PCS Framework AOGA CAM of DAOP ADL
Aspect Perspectival association UML Component with diamond UML class with <<aspect>>
o decoration. stereotype
[Producer newState, =<persassociation=> =< asped ==
______ ‘ EventConnector [ ] Aspect_1
updateState(}; ~ i -
———— ]
Component | UML component UML Component with interfaces. UML class with
a normal <<component>> stereotype
Component_A interface_A << componert >>
ComponentName - Conponent_1
Point-cut Connection point, join-point} <<crosscuts>> relation with bindings.<<applies to>> association
attachment. AspectJ syntax is used farBach binding relates a placeholder frorwith constraints
detailed specification the aspect's crosscutting interface tQ | << asped> << companert
Aspect 1 [ - - - _ > Conmponent_1
Producer component element e
updatestate(); <<crosscutsx=
| cealfachment== | EUEEIEROSSETRENSRSSRROOR ’
<< Connactionfoint == =4 <{ opName — baseOp} >
newStats
Advice PerspectivalBehavior section of a The Refinements and Redefinitiol None
PerspectivalAssociation element. compartments of a  crosscuttir
AspectJ syntax is used for a detailed | interface list operations to be combin
specification before, after, before/after or to overri
PergpactivalBenavior base Operations
after (Consumer ¢} - newlonsumenc)
after () - newstate [} CiName
Refinements
_opMame()
opMame_()
_opMame_()
Redefinitions
_opMame_[)
Static and Introduction section of a The Additions compartment of | No static crosscutting
dynamic PerspectivalAssociation element. crosscutting interface supported

crosscutting

AspectJ syntax is used for a detailed
specification.

CiName

Additions
+athame: C = expression
-opMamelpl:C1,gC2)y C3

e he crosscutting relationship relates

Aspect- Perspectival association, classifier rol 1. <<applies to>> association
component pra _ '_‘""““‘m\ aspects to base components. It may | with constraints.
relation Rl T i include a list of bindings.. << aspedt = << companert
- /// Aspect 1 |- - - - - > Conmponent_1
e —— applies to
<<eross Cuts™ >
S GerNen e basste) s componenta| | 2. <<get>> and <<set>>
crosstuting ntertace_A associations between a
components, aspects
properties.
***** > << property ==
get Propesty_1
————— >
set
Aspect- Inheritance and precedence relation | Crosscutting relationship and<<get>> and <<set>>
aspect between the PerspectivalAssociationd. inheritance between aspects. Severaksociations between aspects
relation ﬂﬁ_ kinds of dependency: <<precedes>>and properties.

I

<<requires>>, <<xor>>.

<<precedes=>

————— 3
get

————— >
set

<= property =>
Property_1




4. THE INTEGRATED AO MODELING

APPROACH

Guided by the requirements R1-R4, in the sectiogisvib we
motivate and present our choices based on the eourc
approaches the expressive elements for the inezyratML-
based visual modeling approach. Table 2 gives shamples

for all the visual elements proposed in the integtaaspect-
oriented modeling approach.

4.1 Aspect

We prefer to designate a separate architectureeelefor an
aspect (R2), not mixing it with the aspect relasienunlike the
way it is done in PCS Framework approach. We kdep t
separate elements for aspects, point-cuts, inttmhsc and
binding. Thus we take a stereotyped component feisaal
aspect representation, just as in AOGA (equivaenédnd
TranSAT approaches. In contrast with CAM of DAOP{ARe
choose the UML component, not the UML class as se lia
make aspects the more coarse-grained elements. stitiss
better for the architecture design stage, and itanés to both
R1 (general-purpose-ness) and R2.

4.2 Component
Naturally, just as all of the evaluated visual tiotss do, we
choose UMLComponenfor (C2) concept representation.

4.3 Crosscutting Interface

We propose the use of aspect interfaces to captioee
crosscutting influence of the aspectual compondhisaptures
the notion of pointcuts and advice at the architedtmodels.
For the representation of aspect interfaces we gwmkhe
features of three different approachesosscutting interfaces
from AOGA, evaluated interfacérom DAOP-ADL (CAM), and
the point-cut labelsfrom TranSAT. This decision was taken to
satisfy R1. The notion of crosscutting interfaceaiseamless
extension to the notion of interfaces in UML (R22,Rnd R4),
in which point-cut labels capture the crosscuttiagure on how
an aspect affects the other architectural compsen&#). It also
allows for abstracting the different ways in whidifferent
programming languages and detailed design modilimguages
implement composition. Therosscutting interfacevith point-
cut labelsis presented as an UML stereotyped interface with
method names being the point-cut labels. Thus) ispect has
a crosscutting interfaceattached, this means it operates on
certain points in the execution flow bound to theint-cut
labels of the crosscutting interfacelt is also possible to leave
the crosscutting interfaceempty (nopoint-cut labelsbound),
and postpone the point-cut specification untildatevelopment
stages. This strategy contributes to R3.

The members of a crosscutting interface are nattigxéne class
methods in the sense of object-oriented programniihgy are
actually instances of a generalization of the meétbancept that
must be bound to certain points in the evaluatadpoment’s
code, in a way for the component to adhere toctbescutting
interface contract [7, 9]. Note that thisrosscutting interface
with point-cut labelsfacility resembles the connection point —
attachment combination in the PCS Framework appro@oly
the composition rules are omitted. As far as PC&miework
utilizes AspectJ syntax for the composition speation, due to
(R3) we incline to choosing other means for a tedgboint-cut

definition. How exactly it will be done is now apen question.
As an option, this may be a sub-component of thgeds
realizing the composition rules (or point-cuts) for the
crosscutting interfagebasing on thgoint-cut labels— just as
thepoint-cut masldoes in the TranSAT meta-model.

None of the evaluated approaches provide a noté&tioadvice
which conforms well to (R1-R3) requirements. Theselst is the
PerspectivalBehaviofrom PCS Framework, but it does not
align with R3. Consequently, we raise another opaeastion
here — the advice representation. Like the point-cu
representation, an advice may be modeled as amupenent,
which gets a delegation from the enclosing aspé&fvil(
delegationconnector) taealize the advicefor the crosscutting
interface It may be convenient to introduce commonly used
stereotypes of advices, like transformation of ragessignature,
conditional filtering, and others.

4.4 Static and Dynamic Crosscutting

For the dynamic crosscutting modeling the integrapproach
supportspoint-cut and advice concepts. To model the static
crosscutting we combine the following available @gpts from
the observed approachesntroduction element from PCS
Framework and therosscutting interfacéo componentelation
from AOGA.

Namely, we state the “crosscuts” unidirectional oagstion
between arosscutting interfacef anaspectand acomponent

to indicate that there is a static crosscuttinghinit the
component structure. For a detailed specificatibrihe static
crosscutting aintroductionsub-component of the aspect can be
used. It abstracts the structural changes thahecessary for a
target component to hold th&rosscutting interfacecontract.
Again, thedelegationUML connector may be used to link the
introductionand the servedrosscutting interface

PCS Framework utilizes the Aspect] syntax to pagize the
inter-type declarations brought by &rtroduction We have to
find an implementation language-independent repitatien
(R3).

4.5 Aspect-Component Relation

We propose to reuse aspect-component relation #RQ@GA

approach, formulating it as follows. Arosscutting interface
crosscuts either internal elements ofcamponentor other
interfaces. The first case means that the aspeettlji affects
the internal structure or dynamic behavior of thergeét
component. The second case means that the aspeats ahe
contract defined by other interfaces.

Aspect-component relation is effectively a bindifgan aspect
to a component. Apparently, each individual bindimgeds a
detailed specification at the design stage. Thatkat
ConnectionPoirls Compositionin PCS Frameworkntegration
rulesin TranSAT and the list of bindings from AOGA sthfor.

To keep the aspect implementation and aspect hkjndin
decoupled (R2), it may be reasonable to providassociation
class for the aspect-component relation, or intcedassociation
tagged values for this purpose. This will be anagsalation of
binding details.

4.6 Aspect-Aspect Relation
It is proposed to take the inheritance and preaszlealation
from the PCS Framework. This gives the means féinidg the



“abstract” aspects that may be detailed and refirmd
successors, and for setting aspect priorities.NiLWe’ll model
this as generalization and “dominates” navigable binary
association respectively.

Table 2. Integrated approach relation to the AOSD ancepts

Concepts Means for visual modeling
Aspect << component | aspect 5>
Aspect_1

Component =< component ==

Conmponent_1
Point-cut << crossouing >>

O
Advice << interface | crosscutting == Interface_1
Interface_1
. +m10 << component , asped ==

Static and +m20 Aspect_1
dynamic

crosscutting

<< component |, asped ==
Aspect_1

<< component | composition ==
Composition_1

<< crosscuttingp=|

_ point-cut-mask
O B~
Interface_1 introdudion

advice

o
ASpeCt- << component | asped => ay st
component Aspect_1 —O
relation Interface_1
<< component ==
Component_1 O
Interface_2

Aspect-
aspect Aspect 1

relation ?

<< component | asped ==
Aspect_2

<= component , asped ==

<< dominates ==

<= component | asped ==
Aspect_3

5. EXAMPLE: CVS

To illustrate the proposed modeling approach, wi take a
case study based on a Concurrent Versioning Sydiera.to
space limitations, we will show the architecturaddels based
on the more condensed views of our proposed irtgra
approach.

51 Problem Statement

Software Configuration Management (SCM) deals wibintrol
of software changes, proper documentation of clangee
issuing of new software versions and releasesrdestration
and recording of approved software versions. An ortgnt
functionality in SCM forms the concurrent versioontrol
system (CVS). A concurrent version control systeeegds a
history of the changes made to a set of files et be
concurrently accessed. The CVS provides functions f
checking in and checking out files. When files enecked out
they can be edited and compiled. Afterwards it agsgible to
check in the modifications to the file. Checking aufile does
not give a developer exclusive rights to that fil®ther
developers can also check it out, make their owdifications,
and check it back in. The CVS should automaticaditect when
multiple developers make changes to the same ffite aerge
those changes. To support the versioning the CVitaias a
history of a source tree, in terms of a serieshahges. It stamps
each change with the time it was made and thenaee of the
person who made it. The developers can providextudke
description describing why they made the changeedls Given
that information, CVS can help developers to inspdtw made
the given change, why they did it, when they didDivelopers
can check files, change files, merge the changasnit the
changes and check out files. TAdministratorcan initiate the
repository in which the shared files are stored,psefiles for
the developers, monitor activities of developersl aet the
authentication policies.

5.2 The Model

The first diagram (Figure 1) gives the CVS archiiee
overview.



Figure 1. CVS architecture expressed in the Integtad
modeling language.

Let's take a little closer look at th&ccess Controaspect. The
Integrated modeling language diagram at Figure @vshthe
crosscutting interfaces this aspect provides, arccomponents
and interfaces that are the subjects to the crassgu
functionality.

Figure 2. Crosscutting of the Access Control aspect

ElementListing crosscutting interface defines a single
show_element(point-cut label, which is bound to the join-
points within theTreeViewinterface ofCVS Servecomponent.
Another crosscutting interface defined by thecess Control
aspect isObjectAccess Point-cut labels of this crosscutting
interface are bound to the business objects’ creetd and
write operations. On the diagram we generally shioiw by a
relation of the crosscutting interface to th@VS Server
component. These relations are to be detailed en ldker
development stages.

6. DISCUSSION

The architecture design activity should be integgtainto the
complete software development life-cycle. This nseahe

smooth transition of the connected stages andabddg of the

involved artifacts. It must be clear how the eletaeaf the

requirements model (concerns, goals, constrainigjetines,

and others) are reflected in the architecture mddereover, it

must be possible to validate and evaluate thetathire against

the stated requirements. On the other hand, théwaef
architecture model must be an appropriate inputhersoftware
design stage — a good architecture modeling facgtould
permit the further refinement and detailing. Thio@ation of
UML based aspect-oriented approaches strongly henaf
seamless integration between architectural artifaod design-
level classes and aspects. Our proposed integaathitectural
approach takes it into consideration by inheritingm the

studied approaches several UML based elements.eBging
many concepts from the aSideML approach, we camaisain
the benefit of supporting traceability by expligitlinking

elements of our architectural model to correspomdilements
in aSideML detailed design models, such as cladssaquence
diagrams [7].

In the example presented in section 5, we can wvbstre

advantages brought by the integrated approacttassequence
of the integration guidelines defined (section 2T)e resulted
visual modeling language (R1) makes explicit theh@ectural

aspects which address important crosscutting coecef the
CVS, such as, Access Control, Logging, Persisteand

Synchronization. Each aspect is specified by ptesgrtheir

interaction with the CVS components and the otlemgeats.
Both component and aspect interfaces help to dttailway
these elements interact. Finally, the aspect iated specify
clearly which component join points a specific aettural

aspect is interested to observe and possibly affbet

functionality. All the elements adopted by the grated

approach are UML based (R2). Most of them derivethfthe

aSideML approach.

The CVS AO architecture presented in Figure 1 aigdrE 2 is
also programming language independent (R3). Thegiated
modeling language allows specifying the high-les@inponents
and aspects of the system by omitting implemematietails
related to specific AO programming languages. Bmabur

integrated modeling language is well-aligned witie tnew
elements from UML 2.0, the standard adopted byrttastry. It
promotes simplicity in the sense that it does ntioduce new
elements (R4). Therefore, it may be easier leaynthe UML

users and supported by the existing tools.

7. CONCLUSION

In this paper, we investigated and compared thrgged-
oriented architecture design approaches that hed peblished
before: PCS Framework, AOGA, TranSAT and CAM. Oum a
was to specify a unified general-purpose aspeented
architecture modeling approach.

In order to analyze the proposed approaches wenetkfa
comparison framework (section 2.1) that depictoee et of
concepts which we believe should be supported bpspect-
oriented architecture description. Our analysis tife
investigated approaches (section 3.2) showed ltleaetconcepts
are not completely fulfiled by each of the apptoex PCS
Framework is too close to implementation and harkied to

Aspect. The AOGA approach encompasses means for

elaborating the point-cuts, advice and static aut$isig through
an expanded view. Many of the CAM features serve th
specifics of DAOP platform, focusing on the implertation
details, and thus weakening universality. At themmanot, the
means of visual modeling in TranSAT are limited tlee



expressive power of UML 2.0 component diagrams. nEve

though an aspect-oriented meta-model is provideds inot
realized in the visual modeling facilities yet, emgup in the
XML back-end only.

We established a set of requirements (section t8.2york as
integration guidelines in the definition of a ueidi general-
purpose aspect-oriented architecture modeling @gproBased
on these requirements, we selected from the imgast
approaches their respective expressive elemerasoset). The
integration between the approaches was more difftban we
expected, basically because of the different cainetpiews on
(aspect-oriented) software architecture. There vamy useful
elements in each approach (likeint-cut labelsin TranSAT,
crosscutting interfacesin  AOGA, connection pointsand
introductionsin PCS Frameworlevaluatednterfacein CAM),
but directly combining these in a single approachs wnore
difficult and we had sometimes to provide radicatidions to
integrate the elements in one framework. We haveote that
even after our integration efforts there are stdme aspect-
oriented concepts that are not addressed by thdiedtu
approaches and as such are not yet directly suggpday the
integrated approach. This will provide us a goodibdor our
further research activities in aspect-oriented itecture design.

Obviously, this study shows that we can benefitmfrohe

existing aspect-oriented architecture design ambres that
have been published so far. We think that we hsge@ovided
a first important integrated approach that integgathe best
practices. However, another important conclusiorthat still

more research is required on aspect-oriented acthie design.
We hope and think that our work will provide an oniant

input for these activities.
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