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Abstract. This paper reports on a case study in which fawgpams were implemented in both aspect-oriented
and object-oriented versions using four differeasidn patterns. We report on our experiences withuse of
these design patterns and the trade-offs that ribedebe considered. Furthermore, we present aduftio
evidence for a reduction of coupling through the w$ aspect-oriented versions of popular desigriepas
identifying those that may have a beneficial inflceon software maintenance.

1. INTRODUCTION

Research has been carried out recently which stivatslesign patterns [6] can lead to a reductiocoumpling
and to a better separation of concerns if usedniraspect-oriented manner [7]. Among the designepadt
investigated were popular patterns suclt@spositevisitor, decoratorandobserver The case study reported
here complements this research by investigatingetHeur design patterns in four programs from dfife
domains. Each program, and thus each pattern, mvpkeinented in two versions, an object-oriented and
aspect-oriented version.

Our aim was to gain general experience with theafisespect-oriented implementations of the selected
design patterns and the trade-offs that are ingbimetheir useDecorator, for example, has been reported to be
problematic in the sense that the aspect-oriemtgdeimentation leads to a loss of dynamic propedieh as
dynamic reordering [8]. We wanted to gain moreghsinto the limitations of this design pattern aviaether or
not they could be remedied.

We were also interested in the extent to which togran be reduced by the use of an aspect-odente
implementation of design patterns in different eotts in order to present more evidence of the piaidrenefits
that design patterns can offer. Among the four paog were two that use tlwmpositévisitor pattern with
different levels of abstraction. One program useslastract, role-based approach [8] whereas ther oites a
much simpler implementation of the same patterns.Were interested in whether the level of abswactiad
any general effect on the coupling we measured.

The four systems under consideration were all isesperimental research concerning design patterns
and were originally written in C++ [9, 12]. All foyprograms were converted to Java and AspectJ amaling
was measured for each component (class, interfaaspect) of each program. Even though the fougnaras
can be still be regarded as small scale systenggn@irom 275 to 590 non-commented lines of cod€INC,

[5]) they nonetheless resemble realistic small es@lbsystems of the kind to be found as librarieso
components of larger systems.

Our work is directed at researchers and practti®rihat are interested in additional evidence fabou
limitations and the potentially beneficial use @s@n patterns in an aspect-oriented context. €hwinder of
this paper is structured as follows: Section 2 ulises related work; section 3 gives an overvievihef
methodology. Section 4 introduces each programeiaidand section 5 presents the coupling measureme
Section 6 discusses the results and concludedesitons learnt.

2. RELATED WORK

The two studies that are most related to our woekHannemann et al. [8] and Garcia et al. [7]. Henann et

al. report on the aspect-oriented implementatidnsopular design patterns using a role-based apprda their
work, design patterns were implemented in two lay€ne abstract layer defined a pattern protoocel,an
aspect which localizes all code that belongs talastract view of a pattern. A certain instance gigern is
then derived from this aspect. This approach léadsreusability of the pattern protocol, sinceffers a generic
implementation of a pattern. The protocol can dlsfine interfaces for each role that exists withipattern. For
example, theompositepattern protocol defines the rolesmpositeandleaf. The assignment of classes to these
roles will be done in the aspect that defines &ifipgattern instance. In our case study, we uk&drole-based
approach for theomposite/visitoand theobserverpattern.
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Garcia et al. [7] report on a scalability study asfpect-oriented implementation of popular design
patterns. In their work, the pattern implementagidty Hannemann et al. were investigated with rdsfmec
different software properties. It was found that gatterncomposite/visitoandobservercan lead to a decrease
in coupling whereadecoratorcan lead to an increase in coupling. It is our &iraorroborate their findings with
results from additional coupling measurement tohlggnt a potential beneficial use of design pattern
contrast to their study, we used a simpler couplimgric and thecomposite/visitorpattern in two different
instantiations: one abstract, role-based instaotiatnd one straightforward instantiation.

3. METHODOLOGY

The approach that we applied in this case studwistad of several steps. First, we obtained the @t+
programs from their authors [9] and converted g2¢h program to Java and AspectJ using either abated
approach or a simpler solution. In order to guaar@quivalent implementations of the Java and Adp=ate,
we were particularly concerned to achieve a sinddael of abstraction. If a role-based approachbeen used
in the AspectJ version, a similar abstract impletaigon has also been used for the Java versions€ently,
if a simple pattern was used in the AspectJ veraiorequivalent simple version had to be found ler Java
version, too. We used the Hannemann et al. patiglementations as starting points.

Another area of concern was modularity. The aspaetited implementation usually achieved a high
degree of localised code, i.e. all pattern relatede was localised in a limited number of compos@md not
scattered across each application. Even thougkahe degree of localised code could not be achievéte
Java version, we aimed to implement classes thabiesimilar concerns to those found in the aspented
version. Inner classes and interfaces were fourtibta useful technique in the object-oriented imm@lstation
to keep pattern related code in one place. For phanf the aspect-oriented pattern protocol defimterfaces
for each role in an aspect, this was imitated Ioyirinterfaces in a class that represented therpgttotocol.

Both the levels of abstraction and modularity héveen adjusted frequently in each version of the
programs until satisfactory implementations werenfbh This is of course a subjective assessmenth Eac
program will be presented in detail in section 4how what levels of abstraction and modularityevenosen.
Only if both implementations have been carefullysigeed with a similar level of abstraction and $&mi
modularity can a fair comparison of the degreeanfding of the two systems be made.

Each program was then reduced to those comportaitsvere related to a design pattern to achieve a
fair comparison of the measured coupling. The dagpinetric was then calculated for each componéthe
reduced system (see section 5).

4. DESIGN CONSIDERATIONS

In this section we will introduce the four prograthat we used to measure coupling. Before the tesfilthe
coupling measurement are presented, design coasiles for each program version will be given coritay
the specific design of each object-oriented aneetspriented program.

4.1 Graphics Library: Composite/Visitor

The Graphics Library [9] has been designed for targamanipulating, and drawing simple types ofpdriaal
objects (circles and lines) on different types @fpiical devices (alpha-numerical output, pixelphia device).
Graphical objects can be rotated or shifted andersévgraphical objects can be grouped together and
manipulated as if they represented a single grapbisject. In contrast to the original source cedech uses
the compositeand abstract factorypattern, we use theompositeand visitor pattern in our adaptation. Unlike
compositeand visitor, abstract factorywas shown to exhibit slightly more coupling in thepect-oriented
version than in the object-oriented solution [4,tke pattern remained in our adaptation, but vedsonverted

to Aspectd. The tree of all graphical objects @resented by aompositepattern and manipulating graphical
objects are expressed throughisitor for each kind of manipulation (shifting, rotatiagd also drawing). With
the help of avisitor, a stricter separation of concerns can be achiewedhber methods of a graphical object no
longer implement any manipulation functionality leach manipulation is localized irvisitor.

4.1.1 Design

The overall aim in the design of the Graphics Lipravas to achieve a highly abstract, role-based
implementation of the design patterns involved.ofetbased approach to design patterns as suggesfefl
defines abstract roles that exist in a pattern. &ample, thecompositepattern contains the roldsaf and
compositeand thevisitor pattern contains the rolésaf andnode Classes that participate in these design patterns
can assume the roles usually by implementing asrfate that expresses the role. The interface itheree
implemented explicitly by a class in the objecteated version or it can be introduced to a classiaspect.
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The motivation behind the aspect-oriented, roleedaapproach is to separate code that implements
business logic from code that implements patte8hsHxisting implementations of the visitor patteaguire the
implementation of anaccept methodn every class that participates in a visitor legdto a scattered
implementation of the visitor concern. An aspedétmied implementation can help to achieve a stnonge
localisation of pattern related code. Informatidhoat the objects that participate in a visitor @attis kept
within aspects and the participating objects remaiaware. The major benefit of such an approackhiat
Hannemann and Kiczles termedcall the ‘pluggabilidf’a component [8]: participants can be pluggdd the
visitor pattern or removed from it without any cocteanges in these objects. This may lead to legstemance
effort since pattern changes can be carried oaftrastricted locality.

An abstract pattern protocol defines the bagiiclof a pattern and can be reused in differertaimees
of the same pattern [8]. It modularizes all thasatdres of a pattern that are common to all insmrthus using
a pattern protocol supports reusability of patmyde.

In the Graphics Library a role-based approacmig onplemented for theompositepattern. The role
compositewas assumed by ti@bjectgroupclass representing a group of graphical objeclisother graphical
objects assumed theaf role. For this pattern the distinction betweeroepositeand aleaf was sufficient since
the pattern implementation does not contain anyedbdt needs to distinguish between diffedeaf classes.
However, for thevisitor pattern eachisitor defines specific behaviour for each node thaisits: drawing a line
is different from drawing a circle. For this pattethe classification intaodeandleaf seems insufficient. There
are at least three solutions to this problem. Fire& distinction betweenodeandleaf could be kept and each
visitor determines the dynamic type of each object aimetSpecific functionality is then executed acaogd
to each type. However, such an approach may leathintenance problems as lists of possible dowsdaste
to be maintained. In an object or aspect-orientatext, the use of polymorphism seems preferaldeosd, a
role could be defined for each class that needsifipé&reatment by allisitors In our case this would lead to
one role per graphical object and would lead touanecessary level of abstraction. Third, the relsed
approach for theisitor pattern could be abandoned. Roles insitor pattern can offer a benefit if the nodes or
groups of nodes in the underlyisgmpositestructure allow a uniform treatment by waibitors Since this is not
the case in our visitor pattern implementation,removed the role level in that pattern completely.

4.1.1.1 Object-Oriented Implementation

The object-oriented implementation consists of @Bgonents (20 classes and 3 interfaces), 590 tihesde
and constitutes the largest of all programs. Figushows an overview of the object-oriented versmrthose
classes and interfaces that participate in eithecaémpositeor thevisitor pattern. The clasS8ompositeProtocol
implements thecompositepattern and offers the inner classesmponentLeaf and Compositeas well as
methods to add objects to or remove objects frazoraposite With the help of inner classes, concern related
code can be grouped together — in this case cadd#iongs to theompositepattern implementation. In Figure
1 inner classes are presented asrapositeaggregation with the stereotypegirner class>> or, in the case of
inner interfaces, with <inner interface>> A class that defines inner classes or interfasemarked by an
underlying frame surrounding not only itself busalall inner classes and interfaces. Clase derives from
classLeaf denoting that it plays thieaf role in thecompositepattern. Clas©bjectgroupis the only class that
derives from clas€ompositesince it plays theompositeole. The assignment of a role to a class indbjsct-
oriented version is thus managed through inhergabomponenandCompositealso implement functionality to
add or remove a child object from tbempositgoattern

The interfaceGraphicalObjectVisitordeclares visit methods that all concretgtors need to implement
and also defines the interfadésitable which declares araccept method all nodes need to implement.
Combining both interfaces in one file stressesfdéioe that both interfaces belong to the same conde. to the
same pattern implementation. Each concretsitor performs an implementation, for example
GraphicalObjectShiftimplementsGraphicalObjectVisitor
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Figure 1. UML diagram of the object-oriented Graphics library

Even thoughvisitor and compositehave been implemented with the help of two différelass or
interface hierarchies, they are not completely spd: eaclvisitor needs to route calls tocampositedown to
its children. For example, if all graphical objeofsanObjectgroupare supposed to be rotated, the rovigor
needs to visit all child graphical objects of aeagiObjectgroupobject. Also, Figure 1 does not show thses
relationship between all thregsitorsand all graphical objects. These relationshipshaeen removed from this
diagram to improve readability.

4.1.1.2 Aspect-Oriented Implementation

The aspect-oriented implementation consists of@ponents (2 aspects, 5 interfaces and 17 claaeds}79
lines of code. Figure 2 shows an overview of theeasoriented version for those components thatqgiaaite in
either thecompositeor thevisitor pattern. The&eompositepattern is implemented by the use of an abstgmct
CompositeProtocolSimilarly to the object-oriented version it definaleaf and acompositerole derived from
Componentand additional functionality to add objects totorremove objects from theomposite The boxes
represent one modular unit in the implementatian,an aspect that defines inner interfaces. ntphé UML
representation have the inner interfaces been aphrfrom their defining aspect to achieve a cleane
representation.
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Figure 2. UML diagram of the aspect-oriented Graphics library

Figure 3 shows the object and the aspect-orientgddementation of thecompositeprotocol. The
comparison shows that they both achieve similarutasily and level of abstraction. They both defin® roles
and the same additional functionality to add cleitdto and to remove children from the pattern. @btial
assignment of a class to a role in the aspectiatesystem is not managed through inheritancetsatgh an
inter-type declaration in an additional aspe@raphicalObjectCompositionwhich is derived from
CompositeProtocol and which implements the concrete instance of tleemposite pattern.
GraphicalObjectCompositioalso defines the interfadéisitable for those nodes that can be visited. In contrast
to the object-oriented implementation, nodes Baint or Line do not have to implement this interface, but
GraphicalObjectCompositiomsesdeclare parentstatements to create this inheritance relationsilitpin the
aspect in a non-intrusive manner. The nodes comaiicode that links them to thasitor or the composite
pattern. The main features of this approach artttieabstractompositepattern logic is modularized in an
abstract aspect to achieve reusability, the spepditern instance is managedG@naphicalObjectComposition
and classes do not need to implement pattern $pecifle to participate in theompositepattern. The aspect-
oriented implementation is similar to the objedented version in the sense that both ¢benpositeand the
visitor pattern achieve a similar modularity. Ti@mponent Leaf and Compositehierarchy is similarly
modularised in both systems as well as\figtableinterface and the base class/aspect forisiiors The main
differences between the two implementations ared#moupled nodes of theompositepattern Point, Line,
Circle and Objectgroup Such decoupling has another effect@bjectgroup the semantics of this class are
determined by the role that it plays in t@mpositegattern. It has no meaning outside the patterchvigads to
an artificial, empty class in the aspect-orientaglementation, since atompositerelated code can be found in
CompositeProtocobr GraphicalObjectCompositian

The original C++ version of the Graphics Librargsimplemented without\asitor. Member methods
implemented functionality such as drawing, rotatimghifting in every single graphical object. Tiesult was a
system in which manipulation code was highly scatteacross the application. Also, each manipulatmmcern
crosscut theompositeconcern in the sense that for each kind of maatmn, thecompositeclass, in this case
classObjectgroup needed to route calls to its children: in ordeshift an object group, each single member of
the group needed to be shifted.
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public  class CompositeProtocol
protected static class Component

/I Vector to hold all child components
private  Vector children = new Vector();

protected Vector getChildren(){
if ( chidren == null )}
children = new Vector();

return  children
/I Defines empty method on COMPONENT.
public  void addChild(Component component){}

/I Defines empty method on COMPONENT.
public  void removeChild(Component component){}

public  Enumeration getAllChildren(){
return  getChildren().elements();

public  static class Composite extends Component

/I Defines concrete method on COMPOSITE
public  void addChild(Component component) {
getChildren().add(component);

/I Defines concrete method on COMPOSITE
public  void removeChild(Component component) {
getChildren().remove(component);

public  abstract  aspect CompositeProtocol
public interface Component {}

/I Vector to hold all child components
private  Vector Component.children = new Vector();

private  Vector Component.getChildren() {
if (children == null
children = new Vector();

return  children;
/I Defines empty method on COMPONENT.
public  void Component.addChild(Component component) {}

/I Defines empty method on COMPONENT.
public  void Component.removeChild(Component component) {}

public  Enumeration Component.getAllChildren() {
return  getChildren().elements();

protected interface Composite  extends Component {}

/I Defines concrete method on COMPOSITE.
public  void Composite.addChild(Component component) {
getChildren().add(component);

/I Defines concrete method on COMPOSITE
public  void Composite.removeChild(Component component) {
getChildren().remove(component);

public  static class Leaf extends Component {} protected interface Leaf extends Component {}

Figure 3. Object and aspect-oriented implementation ofcih@positgorotocol

The composition pattern will always crosscut thisitor pattern or, if novisitor is used in an
implementation, it will crosscut the manipulatiooncern. In an aspect-oriented version of the so@wdathout
a visitor, in which thecompositepattern is fully localized and separated from ithst of the application, code
that manipulates a graphical object needs to bedated to the aspect that defines¢beposite shifting code
for a leaf object can be found at the correspontéafjobject itself, but shifting code forcampositeobject can
be found where theompositeis defined. In a system that usewisitor to modularize each manipulation
concern, such as drawing, shifting or rotatingséheoncerns do not crosscut twmnpositeconcern anymore,
but thevisitor pattern now does: thésitor needs to be routed to the children afoanpositeto apply an object
manipulation.

4.2 Boolean Formulas Library: Composite/Visitor

The Boolean Formulas library [9] is a library fogpresenting boolean terms (AND, OR, XOR, NOT and
variables), for printing the formulas in two diféet styles, in infix notation on a single line @efix notation on
multiple lines with indentations and for evaluatihg formulas. Like the Graphics library the Booléaormulas
library also uses theompositeandvisitor pattern, but implements simpler versions.

4.2.1 Design Considerations

The aspect-oriented version does not use an abstawpositeprotocol that defines the roles that a class can
play in the pattern. Instead, only one aspect tirenplements thecompositelogic without any role
assignment, leading to a less abstract solutioso,Ah contrast to the Graphics Library, we remoake&mpty
classes as a result of moving atbmpositelogic into an aspect. The object-oriented versethibits a
comparable level of modularity and abstraction.

The motivation behind the aspect-oriented implataion is to preserve a separation of business log
and pattern code. Similarly to the more abstraalg-based approach for the visitor ad compositéepatthe
participating classes of the visitor pattern instisimpler version do not contain any pattern relatede.
Understandability may be increased. However, tbisten does not offer the same degree of reusglaib the
more abstract version with a pattern protocol: eiastance of the visitor pattern has to be re-imaeted.
There is no common protocol that defines the ladia pattern.
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4.2.1.1 Object-Oriented Implementation

The object-oriented implementation consists of 3ibgs of code and 13 components (11 classes and 2
interfaces). Figure 4 shows an overview of thoass#s and interfaces that participate in eithémefwo design
patterns. The implementation of thmpositeand visitor pattern is straightforward. CladdFoldTerm
implements thecompositepattern with classe®rTerm and AndTermderiving from this class. The interface
Formula defines anacceptmethod for thevisitor pattern which all boolean formula classes implemé
Visitors implement the~ormulaVisitor interface. As far as modularity is concerned, ctu belongs to the
visitor pattern is scattered across all classes exXdeptdTerm Code that belongs to tliempositepattern can

be found inNFoldTermand in allvisitors since eachvisitor needs to route calls tocampositeto the children of
that class. Hence, the object-oriented implemeariatbes not achieve a high separation of pattéatececode.

Figure 4. UML diagram of the object-oriented Boolean Formuldsary

4.2.1.2 Aspect-Oriented Implementation

The aspect-oriented version consists of 331 lifesode and 14 components (9 classes, 3 interfacés2a
aspects). Figure 5 shows an overview of those 48sek, interfaces and aspects that participat¢hier ®f the
two design patterns. It exhibits a stronger modsddion of the two patterns than the object-oridnte
implementation. The aspeebrmulaCompositeProtocamplements theompositepattern with help of an inner
interfaceNFoldTerm OrTermandAndTermimplement this interface through inter-type deafimns andieclare
parentsstatements in the aspect. The aspecmulaVisitorProtocoldefines an interfacEormulaVisitorthat all
visitors need to implement and also introdueeseptmethods to all classes representing a boolearessipn.
The modularity is similar to the object-orientedsien except that all code related to thgtor pattern is now
modularised in one aspect and thsitors only. Code relating to theompositepattern can be found in one
aspect and theisitors since they have to visit the childrenaafmpositeclasses.
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Figure 5. UML diagram of the aspect-oriented Boolean Formulasary

4.3 Communication Channel Library: Decorator

The Communication Channel program [9] containsbaaliy for configuring and running a communication
channel. Such a channel establishes a communicadimmection and one can add logging, data comressid
encryption. The library does not implement the uhyileg functionality itself; instead it implemengssimplified
interface for the combination of the parts. Thectionality is retrieved from a separate library.r Flois case
study, the functionality in the separate librarg Inat been implemented.

4.3.1 Design Considerations

The Communication Channel program usesdéeoratorpattern to add functionality to a base channethEa
decoratorimplements one of the functionalities mentionedwagin order to achieve separated concerns.

The motivation behind the aspect-oriented impletagon of the decorator pattern is the stronger
separation of business pattern code. The very eadfirdynamic crosscutting represents what a demorat
achieves: to add functionality to specific objemtgemove it from them. In the aspect-oriented enpéntation,
the participants are unaware that they are patiepattern. All pattern related code is localiredspects. The
aspect-oriented decorator has known limitations if8loses some of its dynamic properties, sucldyasamic
reordering of decorators at runtime. These linotadiwill be discussed below.

4.3.1.1 Object-Oriented Implementation

The object-oriented implementation consists of Bi@&s of code and 9 components (8 classes anceffane).
Figure 6 shows an overview of those classes aedf@imies that participate in tdecoratorpattern. It follows the
implementation suggested in [6[CommChannelrepresents a base interface that is implemented by
BareChannel denoting the base channel that @dicoratorsoperate on. Thelecoratorsexist in the same
inheritance hierarchy. The order in which tthecoratorsare instantiated determines the order in which the
different functionalities act on the base chanralst providing powerful dynamic behaviour as far as
combination and instantiation décoratorsis concerned.
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Figure 6. UML diagram of the object-oriented Communicatiora@hel Library

4.3.1.2 Aspect-Oriented Implementation

The aspect-oriented version consists of 383 lifesodle and 11 components (5 classes, 1 interfade5an
aspects). Figure 7 shows an overview of those etagnterfaces and aspects that participate irdéo®rator
pattern. One of the main properties of the aspaetited implementation is the fact that thecoratorpattern is
directly supported by an aspect, i.e. bgund advice This kind of advice may be executed instead oérain
method execution or call. The AspectJ language @ipphe decision to continue with the original @xon or
call or to suppress it. The advice code can addtimmality such as logging or encryption and thasgon the
changed data to the original method and continué tie original control flow. This aspect-orientedre
behaviour is exactly whatdecoratoroffers: to provide added functionality in a traasmt way.

Figure 7. UML diagram of the aspect-oriented Communicatiom@tel Library

Our implementation of the aspect-orientegcorator consequently consists of a base aspect
CommLayetthat describes all methods eatdroratorshould ‘decorate’ through the use of pointcuts [Bjch
decoratorderives from this base aspect and implements amdradvice for each pointcut defined in the base
aspect. This implementation exhibits similar queditto the object-oriented implementation. Theed#hce is
that thedecoratorsare no longer part of the base channel hierartchyrder to guarantee the same order in
which thedecoratorsact on the base channel, a separate a§jfetinel Precedendeas been implemented that
defines this order.

Hannemann [8] points out that the aspect-orientgolémentation of thelecorator pattern has some
limitations. As stated previously, the aspect-aedrdecoratorloses its dynamic properties such as dynamic
reordering. In order to guarantee a similar impletagon between the object and the aspect-orievgesion,
the following list gives an overview of observentifations and how we tried to remedy them:

1. Order. The order of advice that is applied to methodshmudetermined by declare precedencstatement
in an aspect at compile time. During executiors tider cannot be changed and there is only orer thet
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can be defined. Hence it is not possibly to appby $amedecoratorsin a different order to different base

objects. This problem could not be resolved.

2. Multiplicity. Defining the number of instances oflacoratorworking on a certain number of base channel
instances is problematic. The following cases rnedik considered:

a) One decoratorinstance per base channel instance (1:1), for pkganone instance of the logging
decoratoracts on one instance of the base channel. Suchnarso could be achieved wittpartarget
statement in the Aspect] language. However, smeei¢ch a case the aspect is not a singleton itsseem
difficult to initialize a certain aspect instangerh outside the aspect as might be needed footgrig
decorator

b) Onedecoratorinstance for multiple base channel instances (&) one logginglecoratorinstance
decorates several instances of a base channelpidtidem can be overcome by implementing a list
that keeps track of all activdecoratoraspects. Every timgecoratoradvice is executed, this list needs
to be checked to find whether tliecoratoris turned on or off for a specific base channal an
depending on this decision to continue executiomair The problem with this solution is that every
time a decorated method is being called, edetoratoraspect has to find out whiakecoratorsare
active even if none have been assigned. This fainbran unnecessary overhead.

c) Several decorator instances for one base channel instance (n:1), segeral loggingdecorator
instances decorate a single base channel instamoeder to satisfy this requirement, the instaitia
of aspectlecoratorsneeds to be controlled. However, since the fléighof creating aspect instances is
limited in AspectJ, such behaviour can hardly bpl@mented without redefining the aspdetorator's
behaviour: the aspect would merely act as a sefecomponent for the corredécoratorinstance. For
example, the logginglecoratoraspect would not provide logging functionality,t would select the
instance of a loggindecoratorclass that is needed for a certain base chanstalrioe.

Overall, the aspect-oriented implementation preserat lot of problems that needed to be overcome to
assure a similar functionality to the object-orezhversion leading to an administrative overhesslds like the
order of decorators inhibit a functionally equivalénplementation of both systems. The observedhmaa will
be likely to have an impact on performance and amtainability. One effect is immediately apparesir AO
solution is much larger than the OO one (383 NCly¥@6us 275 NCLOC).

4.4 StockTicker Library: Observer

The StockTicker program is used for directing atcmmous stream of stock trades (title, number, pnite)
from a stock market to one or more displays. Thspldys advertise the information or part of it. Tdada (of
type StockTradg come from &ileTradeStreanor aWebTradeStrearwhich simulates the trade data stream by
reading the data repeatedly from a file or from fak€) web service. The types of the displays are
SimpleStockTickelolumeStockTickesr ConsoleStockTicker

4.4.1 Design Considerations

For the implementation of the StockTicker librattye subject/observepattern has been used. The displays are
theobserverwhile the two different trade streams are the ettigjbeing observed.

The motivation behind the aspect-oriented obsepegtern is again a stronger separation of busines
and pattern code. The subjects and observers deambin any pattern related code which increakes t
reusability. All pattern code is kept within aspeend the abstract, role-based implementation eeisathe
reusability of the pattern code [8].

4.4.1.1 Object-Oriented Implementation

The object-oriented implementation consists of s of code and 11 components (8 classes ani3adoes).
Figure 8 shows an overview of those classes aedfates that participate in teabject/observepattern. In the
object-oriented implementation, the roles subjeud ebserverare apparent as interfaces that participating
classes need to implement. Toleserverinterface declares an update method that takehjact object. Each
observer needs to downcast a subject to its dynamic typeoider to perform the update logic.
ConsoleStockTicker SimpleStockTickerand VolumeStockTickerimplement the Observer interface and
FileTradeStreanandWebTradeStreaimplement theSubjectinterface.
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Figure 8. UML diagram of the object-oriented StockTicker laby

4.4.1.2 Aspect-Oriented Implementation

The aspect-oriented version consists of 317 lifesode and 14 components (8 classes, 4 interfade2an
aspects). Figure 9 shows an overview of those efasfterfaces and aspects that participate in the
subject/observerpattern. The aspect-oriented implementation ctstd two aspectsObserverProtocol
represents thebserverattern by defining th®©bserverand theSubjectinterface.StockTickerObserveterives
from ObserverProtocoland implements the concretdserverpattern instance for stock ticker displays. In
particular, it crosscuts all stock ticker displdgsses by declaring a new inheritance relationbipveen the
display classes and tl@bserverinterface as well as between the trade streansedasnd th&ubjectinterface.
Thus, a localized implementation of tbbserverpattern has been achieved. It mirrors the impleéaimm by
Hannemann et al. [8].

Figure 9. UML diagram of the aspect-oriented StockTicker bityr

One of the strengths of the aspect-orierdbderverimplementation is the fact that the participamts i
this pattern, i.e. those classes that playdbserversand those that play the subjects role, do not rnedee
aware of their role. The entire pattern logic isnaged by the abstraGbserverProtocohspect and concretised
in the StockTickerObserveaspect. However, such an approach might lead sngaproblems: th@bserver
protocol declares an abstract, generic update retlith aSubjectand anObserverclass as formal parameters
and which needs to be implemented StockTickerObserverThe semantics is such that the state of that
particular subject has changed and sodtheerverneeds to be notified. However, since this metlsodieisigned
in a generic way, downcasts or reflection havegasbed to find out about the dynamic type of eatfjest and
observerpair. Depending on their type, the correct upaatthod on thebserveralso needs to be called. Such
an approach might lead to long switch statementiséful base classes are not available. In ordavadd this
problem, we kept th8tockTickeiinterface which defines an update method thadtatik ticker displays need to
implement. It is almost identical to tligbserverinterface from the object-oriented implementatiahjch also
defines an update method. However, SimckTickerinterface expects dradeStreamobject whereas the
Observermprotocol expects 8ubjectobject. The downcast problem exists in the objeignted version, too, but
only in a weaker form. Since each display needfotencast their owsubjectobjects, no downcast is necessary
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for Observerobjects. Overall, the aspect-oriented versionreftee benefit of a separated implementation of the
observerpattern, but may lead to long cast statementstiflsle base classes are missing.

5. COUPLING MEASUREMENT

The concept of coupling for structured design wiest introduced by Stevens et al. as “the meastirthe
strength of association established by a connedton one module to another’[10]. A connection waadined
as a reference to some label or address defined/eése. In order to avoid "ripple effects”, wherehange in
one component results in errors in another compgoaecommon design aim is to achieve low coupliatpeen
components, i.e. a low number of connections [2, TBis early concept of coupling was applied te tbject-
oriented paradigm by Coad and Yourdon to accouninteeritance [4]. Briand et. al [3] suggested ¢desng

different coupling types independently, i.e. conglcaused by the use of type identifiers versuplooy caused
by the invocation of methods, for example. We fallihis recommendation and only consider couplimgugh

the use of type identifiers, i.e. coupling occursricomponent uses another component's type itenés a
return type in methods or as types of local vagabThis type of coupling is only one of many asioed in [1].

The nature of this coupling relationship has andotn maintainability. Changes to the identifieadype may
need adjustment of all components that use thengieenponent's type identifier. The use of a typenitier

which has been defined as an inner class or am intezface will be regarded as a coupling relaghip with its
outmost class [11]. This may lead to a reductioeafpling if a coupling connection is counted oahce — in
this case the coupling connection to the outm@stscobf an inner component.

Program Coupling in Java Coupling in Aspect] | % diffaence
Graphics Library 1R
(composite/visitgr 38 32 16%
Boolean _Forr_nL_JIas Library 39 35 -10%
(composite/visitgr

Communication Channel Library 2 29 191 %
(decorato) 0
StockTicker Library 24 24 0%
(observey 0

Table 1.Coupling measurement for the StockTicker Library

Table 1 gives an overview of all four programs aimel amount of coupling that was measured in the
Java and the AspectJ version. The last column sliogvseduction or increase of the measured couplihg
composite/visitorersions achieved a reduction of coupling for Aspef 16% and 10%, whereas al@corator
implementation led to an increase of 21% in theeesspriented version. Only thebserverimplementation did
not exhibit any change in coupling.

The reduction of coupling in the aspect-orientetsiams can be explained by the reduced coupling of
the nodes of theompositepattern. We discovered this reduction of couplim¢he aspect-oriented version even
though we used inner classes and interfaces whiglpeti to reduce coupling in the object-oriented
implementation. The increase in coupling of thecorator pattern is mostly due to the aspect that controls
precedencesince it uses the type identifiers of all aspettse observerpattern does not show any change in
coupling although there is a decrease of couplimprag the participants of that pattern. This redurctis
outweighed by the aspect that implements the ctaaieserverinstance, as it defines the roles for each
participant. However, a reduction of coupling colid achieved in the aspect-oriented system thrahgh
addition of more subject participants.

Overall, the aspect-orientembmpositeandvisitor pattern seem to be good candidates for a beneficia
use of design patterns, whereas dleeorator pattern should probably be applied with cautiohe Toupling
changes in thebservempattern seem neutral, but an advantage may bieeédaf the pattern is scaled up.

6. CONCLUSIONS

In this paper we investigated the object-oriented aspect-oriented implementations of four progréms are
all centred around design patterns. We measureglinguand found a reduction of coupling in two bétfour
programs. One did not show any change in couplimiy@e program exhibited more coupling in the asspec
oriented version than in the object-oriented versio

An interesting finding was the fact that inner els and interfaces can also help object-oriented
implementations to reduce coupling and improve llsation. The CompositeProtocoklass in the object-
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oriented Graphics Library defined inner classesefach role of theompositepattern. The use of inner classes
helped to reduce coupling since the inheritancaticeiship betweeheaf Compositeand Componentvas not
counted as a coupling connection and kept pattdated code in one place.

As far as thecompositeand visitor patterns are concerned, both the more abstracttendimpler
version led to reduced coupling. Again, the questbwhich implementation to prefer is a tradeloétween a
higher cognitive complexity and the reusabilitytbé abstract pattern protocol. The aspect-orienteskrver
pattern might suffer from cast problems more tHam AO version, since it needs to downcasgbjectand
observerclasses to its dynamic type if no suitable baaesgs are available.

Our measurement results show that for the AO implaation a reduction of coupling could be found
for the compositeand visitor pattern. Ourobserverpattern implementation currently shows no diffeerin
coupling between the object and the aspect-orievgesion, but we would anticipate less couplinghie aspect-
oriented version when more subject classes have dggedDecorator, however, does show more coupling in
the aspect-oriented version. These measuremenfsneahe findings by Garcia et al. [7], who alsoufa a
decrease of coupling for the aspect-oriented implgations otompositevisitor andobserver

The lessons learnt in this case study are direattéitkdecoratorpattern. It seems that a lot of effort has
to be invested in this pattern to achieve an aspéented implementation that offers a similar flehty to its
object-oriented counterpart. For some dynamic mt@sethis seems impossible. Again, a trade-offasessary
between the separation of concerns in the asp&sited solution, where thadecoratorsare fully detached from
the rest of the application and the flexibility gedl in the object-oriented version.

For the other patterns, we found the separatawden aspect and pattern code to be another Valuab
contribution. These patterns support reusabilitthefr participants in contexts in which they danteract with
patterns. Localizing pattern related code mightabstep towards increasing the maintainability o$igie
patterns.

Our conclusion is that more research needs to itectdd at those design patterns that exhibit
potentially beneficial properties, i.€omposite visitor and observer Our future work will thus focus on
experimental work to gather evidence about the tamability of software which uses aspect-oriented
implementations of such patterns. We also hopetltimtase study will encourage more empirical wiatk the
beneficial applications of design patterns.
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