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Abstract

We explore the observatiorthat the evolution of featue
spaceandtheevolutionof componentteadto a fundamen-
tal mismatb betweerfeatuesandtheir implementatiorin
components At one momentin time, a softwae systemis
structured in componentsn sud a way that a givenfea-
ture setcan be mappedstraight-forwad to thesecompo-
nents. Overtime featuesand componentgvolve leading
to a situationwhele the mappingis lessstraightforwad. A
commorindicationis theneedo dealwith crosscuttingea-
tures. In the end,the componenstructure that shouldim-
prove softwae developmenhampes developmenbecause
the implementationof individual featules gets too mud
scatteed around different components We claim that us-
ing aspectdor dealingwith featue mismata is bene cial
in a short-termbut can introduceadditional problemsin a
long run, especiallyif aspectsare usedto maskarchitec-
tural problems.

1 Intr oduction

With the emepgenceof productline architecturesand

technologiesuchasaspect-orientedndcomponent-based

software development,classiccateories of evolution, in-
cluding corrective (to x errors), adaptive (to adaptto
changingervironment,suchaschangedequirementsyer
fective (to enhancethe software), and preventive (to im-
prove sustainability)[8], have beenaugmented.Namely
the evolution hasalsobeenexaminedover time andclassi-
ed ascontinuousanddiscontinuoug3]. Continuousavo-
lution correspondso changesn the softwarewithin anex-
isting software architecturewhile discontinuousevolution
implies extensive changego the softwareto accommodate
new requirementsywhich normally resultin anemegence
of anew architectureln this context eacharchitecturédasa
tolerancdevel, which it cansustainwith continuousevolu-
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tion [3]. Above thatlevel, the price of addingnew changes
into the existing architectureis more expensve than cre-
ating a new architecture. The evolution is thereforedis-
ruptedanda new architecturefor a productline is de ned.
Longevity of thearchitecturas in proportionwith thetoler
ancelevel, andthis toleranceevel dependglirectly on the
costassociatedvith evolution, e.g.,the costof addingun-
plannednew features. The higherthe tolerancelevel, the
longerit is possibleto reusethe architecturglandreuseis
one of the drivers behind productline architectureq2]).
In parallelto the time dimensionof software evolution an-
otherdimensionhasbeenidenti ed, where,dependingon
the effect of the evolutionary changego the architecture
the evolution is classi ed as either crosscuttingor non-
crosscutting[9]. Changesaffecting more than one com-
ponentof the software architectureare consideredcross-
cutting, while the localized changesare considerednon-
crosscutting.

Our experienceshaved that (eventually) productline
evolution consistsof a seriesof continuouscrosscutting
changeg$ollowedby adisruptive change Disruptivenesse-
sultsin anew architecturgahatmoreeasilyfacilitatesincor-
poratingemeging requirement®f newv productsandcon-
sequentlyincurslesscostswhenaddingnew features.The
costsof disruptive changesarebalancedvith theadditional
costsassociateavith de ning anew architectureandanef-
fort to implementthat architecture. Crosscuttingchanges
intrinsically do not causedisruptionof continuousevolu-
tion. However, it is our obsenationthata numberof accu-
mulative crosscuttinghangesrethekey factorfor disrup-
tion of continuousarchitectureavolution. One of the rea-
sonsthe accumulatedtrosscuttingevolution hassuchpro-
found effects on the overall evolution processis the phe-
nomenonof featuremismatch,which we obsened during
Philips TV productline evolution.

In this paperwe explore the feature mismatch phe-
nomenonand its origins, and discussunderwhich condi-
tionsoneshouldoptfor aspect-orientedolutionsin thecon-
text of productline evolution. We elaboratghataspectsif
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Figure 1. The evolution process of a product line.

notadministereaarefullyinto theproductline architecture,
couldeventuallyresultin increaseatostsof thearchitecture
evolution.

Moreover, we introducean additional classi cation of
softwareevolution linear evolution. Linear evolution is an
idealized cost-optimakevolution patternwherethe normal-
ized costassociatedvith addinga new featureis constant
overtime, ratherthannon-linearlyincreasing We elaborate
on characteristicandbene ts of linear evolution, its rela-
tion to costandfeaturemismatch,aswell asgive hintson
how thelinearevolution couldbe achieved.

The paperis organizedasfollows. In section2 we ex-
plain the featuremismatchphenomenon.The role of as-
pectsin the context of evolution and featuremismatchis
discussedn section3. Section4 concludeghe paperwith
the discussioraboutlinear evolution and stepsto achieve
it.

2 Feature Mismatch in Product Lines

Here we discussthe evolution of a productline archi-
tectureandexplain how accumulatedrosscuttingvolution
canresultin afeaturemismatchandincreaseaosts.

2.1 Creating feature mismatc h with com-
ponents

Figurel depictsthe proceswf productline architecture
creationand evolution. The rst stepin productline ar
chitecturecreationis domainmodeling,wherea domainis
assessedndusedasinput to the productscopingandfea-
ture modeling. Then,basedon the requiredfeaturesin the
productline, the overall architectures de ned in the fol-
lowing step.Eachproductline instancds createdvy de n-
ing andcomposinga numberof componentgstep4 in the

gure). Componentarethenusedwithin the architecture
for instantiationof a numberof differentproductinstances.
This is indicatedby step5, which shawvs thatfrom a prod-

Whenthe domainor a productscopechangese.g.,new
featuremeedto beintegratedinto the productline architec-
ture, a complex evolution processs triggered(depictedin
steps6 — 10). The evolution startswith a revision of the
domainandis followed by the the evolution of the corre-
spondingfeaturemodel,asdepictedn step?.

Evolution for the featuremodelnormally entailsadding
new featuresor modifying existing ones. In practice,im-
plementingthesefeaturesequiresaddingnen components
(seestep8 wherea new componenin + 1 is added),and
possiblymodifying existing componentgstep9). Finally a
new productinstancecan be obtainedfrom the new setof
components.

From the evolution processand its impact on compo-
nentsandarchitecturewe obsene thatthe evolution of fea-
ture spaceandthe evolution of componentdeadto a fun-
damentamismatchbetweerfeaturesandtheirimplementa-
tion in componentgseeFigure?). At thetime of architec-
turecreation asoftwaresystemis structuredn components
(C) in suchawaythatagivenfeatureset(F ) canbemapped
straightforvardly to thesecomponentsOver time features
andcomponentsgvolve (into featuresetF ° andcomponent
setCP respectiely) leadingto a situationwherethe map-
ping is lessstraightforvard. Featuremismatchrefersto the
situationthatduring productline architecturesvolution the
featuresetevolvesindependentlyof the componenset,re-
sultingin thelink betweerevolvedfeaturesandcomponent
to becomeobscured.A commonindicationis the needto
dealwith crosscuttingfeatures. Thatis, addingnew fea-
tureshasimpacton anincreasingnumberof components,
ratherthanon a smallsetof relatedcomponents.

2.2 Measuring feature mismatc h
The effect of the mismatchof mappingfeatureto com-

ponentanbeobseredwhenstudyinginterfaceevolution.
Ideally, interfacesareinvariantsover evolution in orderto
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Figure 2. Feature mismatc h.

presere bene ts of usingcomponents.They only change
understrict conditions(e.g., following interface evolution

rules[13, 14]). Suchrulesenforcethat undernormal cir-

cumstancesaddinga featureshouldnot signi cantly affect

interfacesof existing components.

If addinga new featurehascrosscuttingeffectson mary
componentsthis can be obsened by analyzinginterface
evolution, sincethe changeto the componentwill (most
likely) bere ectedin aninterfacechange.If addinga fea-
ture leadsto a chain of componentchanges.this would
signal coupling betweencomponents. Since components
are supposedo be units of independenteployment[11],
(strong)couplingbetweercomponent®ftenformsanindi-
catorthatthedecompositiof asoftwaresystemn compo-
nentsis suboptimal.Hence interfacechangesnay provide
informationabouthow well a systems structurein compo-
nentsmatchedts features.Monitoring interfaceevolution
over time givesinsightin how featuremismatchis emeg-
ing.

We exploredthe effect of featuremismatchon the con-
creteexampleof the Philips TV productline, which con-
sistof four mainreusablesubsystem§l3]: i) the platform
subsystenprovidesa stableAPI that abstractsTV-speci ¢
hardware; ii) the infrastructuresubsystenprovidesan ab-
straction of the operatingsystemfunctionality, and also
handlegime-critical operationsijii) the servicessubsystem
is amiddlevarelayerbetweertheplatformandtheapplica-
tions; andiv) the applicationssubsystenincludesthe user
interfacefor variousTV applicationsg.g.,programinstal-
lation, audiocontrol,andvideocontrol,aswell astherules
for avoiding undesirablénteractionbetweertheseapplica-
tions.

Whatwe obsered is thaton averagel1% of interfaces
sufferedfrom changesn variousparametersThe mostaf-
fectedsystems theservicesubsystemvith asmuchas44%
interfacechangesThe applicationsubsystenalsosuffered
with approximately33% of changednterfaces.Theinfras-
tructuresubsystenhasl6%interfaceschangedndtheplat-
form is stablewith approximatelylessthan3% of changed
interfaces.Thereasorthattheservicesubsystenis themost
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Figure 3. Theoretical cost development of im-
plementing new features in the architecture .

effectedoneis thatmostof the core TV functionalityis lo-

catedin this subsystemandary changen the application,
infrastructure,and platform subsystenis also mostlikely

propa@tedto the servicesubsystem.

To con rm thatthis amountof interfacechangesvasin-
deeda symptomof featuremismatch,we chosean arbi-
trary featureset (relatedto multi-window control) and ex-
ploredits evolution in the context of componenandinter-
facechangesWe obseredthatit is straightforvardto de-
terminea componentand its interfacesthat were initially
de nedfor (aninitial setof) multi-window controlfeatures,
i.e., the componentnamehad multi-window in its name
and/ordescription. Two interfacesof this componenivere
modi ed duringthe evolution of the multi-window feature
set.Following thesechangednterfaceswe furtherrevealed
thatthe changein the multi-window componentwhich we
took asa startingpoint of theinvestigation, hasaffectedin-
terfacesin threeout of four subsystemsind consequently
propa@tedto a majority of componentsvithin eachof the
affectedsubsystemThe multi-window featurethat hasin-
troducedthe changewasdif cult to determinein the mod-
i ed interfaces. Dueto so mary changesn theinterfaces
of variousseeminglyunrelatedcomponentspnly through
a very throughoutinspectionand extensve domainknowl-
edgeit waspossibleto link the changein the interfaceand
the componento the changein the multi-window feature
set.

2.3 Cost of Feature Mismatc h

In theend,the componenstructurethatshouldimprove
software development(e.g., by shorteningtime-to-marlet,



decreasenaintenanceostetc.) hampergdevelopmentbe-
causethe implementationof individual featuresgets too
much scatteredarounddifferent components. This hasa
direct and negative manifestationon the cost of addinga
feature,asillustratedin Figure3. Whenan architectures
de ned (seethe rst pointin Figure3) theinitial setof fea-
turesis implementedandthe architectureis optimizedfor
that particularsetof features. This implies that the archi-
tecturecansustainaddinga new featureat anotherpointin
time with optimalcosts(secondoointin Figure3). Thecost
of implementingnew featureswill increaseover time. At
somepoint the costof new featuresbecomesso high that
it is no longercost-efective addingthem. At thattime, the
featuresetmaybefrozen,makingthe productlesscompet-
itive. Alternatively, a disruptive evolution stepcanbeiniti-
atedto createanew architecturehatis bettertunedtowards
the featuresetof that moment. Again, this architectures
ne-tuned for addingfeaturesthat areforeseerin the near
feature. Thesecanbe addedwith acceptableosts. As the
time elapsesndnew featuresaareaddedo the software,the
costof addingafeatureincreasesagainto apointwhereit is
morecost-efective to engageadisruptive evolution process
andcreateyetanew architecture.

Theoverall proces®f evolutionis depictedasthe series
of lines betweenthe pointswherenew featuresare added
by meansof continuousevolution or by discontinuougvo-
lution (whennew architecturesarede ned). The effect of
featuremismatchis that evolutionary changef the soft-
ware(crosscuttingandcontinuousyesultin anarchitecture
thatnolongercanaccommodatthesechangestanaccept-
ablecost,asindicatedin Figure4.

3 The Role of Aspectsto Feature Mismatch

Aspectshave beenintroducedas a way to cope with
crosscuttin@rchitecturahndevolutionaryissuesn product
line engineering9]. They enableencapsulatingrosscut-
ting concernsof the system(suchasfeatures)nto aspects
that can be developed, maintained,and evolved indepen-
dently of the (core) system;hence,separatingconcernsn
the systemandthe architecture As we alreadymentioned,
and has earlier beenreported[9, 12], mary evolutionary
changesare crosscutting. Most of the features for exam-
ple, thatareusedto evolve the Philips TV productline are
crosscuttingoy nature,e.g.,changinga platform resultsin
changesn otherpartof thearchitecture.

Introducingaspectsn an existing productline architec-
ture is attractve becauset doesnot requireto restructure
the system.This hasa technicaladwantagesincethe struc-
ture in componentdoesnot needto be altered. As the
componentstructureoften re ects the structureof the or-
ganization(or the otherway around),it alsohasanorgani-
zationaladvantagebecauséhe existing structureof devel-
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Figure 4. Theoretical cost development of
evolution when new architectures are de ned
to ensure lowered costs.

opmentteamsetc. canremainunchangedit is thereforefar
moreeasy(at rst) to startusingaspectsthento optimize
thestructureof the systemandorganizationto minimizethe
crosscuttingeffect of afeature.

However, the point when an organizationcontemplates
introducingaspectsn their productline is often the point
whencrosscuttingchangeshave becomeso expensve that
a new way of organizingsoftwarebecomesan obvious ne-
cessity At thatparticularpointintroducingaspect$asim-
mediatepotentialasit promisego rapidly decreas¢he cost
of crosscuttingvolution of thesoftware(seeFigureb). De-
spitethis advantageon theshortterm,we claimthattheuse
of aspectgor implementingfeaturescanquickly becomea
drawback. Thatis, with the increaseén numberof features
theuseof aspectganresultin avery steepgncreasen costs
(seeFigure5). Theincreasdn costcanoccurfor at least
thefollowing threereasons:

Aspectsare usedto treatthe symptomsnot the "dis-
ease”. This is the casewhen an organizationturns
to aspectsas a way to deal with evolutionary prob-
lems that hampercost-efective developmentof new
features.We claim thatif introducingaspectss done
without seriousintrospectiorof the internalsof anar-
chitecture thentheir introductioncan maskand hide
architecturalproblems, which then manifest them-
selvesmorestronglyat a later pointin time. Namely
if aspectareusedto hidearchitecturaproblemsthey
will only delaythe decisionto make a new architec-



(Cost of)
architectural
evolution

Potential danger zone
where costs are

/ increased
and benefits of aspect
(could occur if too many

features is implemented
using aspects)

/
\Immediate benefits in cost

decrease when aspects are
introduced in the
architecture

Feature
evolution

f, f fn

Figure 5. Theoretical
evolution with aspects.

cost development of

tureandwhenthedecisionis madewill introducemore
costsfor creatinganew architecture.

Aspectsare developedseparatehbut integratedglob-
ally. The costsassociatedvith evolution is also due
to theincreasedeffort in integratingthe featureswith
the overall system,andthe testingactiities thatneed
to be doneon the systemlevel. The advantageof
(component-basegyroductline is that,ideally, testing
onthecomponentevel decreasetheeffortsassociated
with testingon the systemlevel. With theintroduction
of aspectshis adwvantagecannotanymorebe exploited
as, to the bestof our knowvledge,thereis no industri-
ally matureapproachhatenablesnodularcheckingof
aspectandcomponents.

Organizationof featuredevelopmentas crosscutting
aspectss expensve, becausst is dif cult to alignthe
developmentwith all componentsnvolved, andwith
the correspondinglevelopmenteams.The x edallo-
cationof developmenteamsasit is currentlythecase
in industrialproductlines,is alsoin partdoneto main-
taindomainknowledge(aswell asbecauseomponent
internalsaresocomple thatit is dif cult to reallocate
teams). The larger the numberof aspectsthe more
dif cult their developmentbecomesaswell asdeter
mining their relationwith componentsn the system.
To make thingsworse,crosscuttingeaturesmay start
crosscuttingother crosscuttingeatures,suchthat the

correspondingspectsrosscubtheraspects.

We arguethattheneedfor aspectén aproductine archi-
tecturecanbeanindicatorfor thequality of thearchitecture.
A growing needfor aspectover time canindicatethatthe
structureof the productline architectureis no longer op-
timal, andmay needrevisiting. For example,observingan
increasen changeso interfacesmaysignalthattheproduct
line requiresmorecrosscuttingchangesRatherthanintro-
ducing aspectgdevelop the crosscuttingfeatures,it might
betherighttime and,in theendmorecost-efective, to con-
siderrefactoringthe system.

Theuseof aspectsn productlinesto dealwith crosscut-
ting featureds well beingstudied seee.g.,[7, 6,10]. These
papergdescribehedesignof productlineswith aspectand
addresgypical problemswith aspects|ike increasedtou-
pling. Consequentlytheir solutionswill help to improve
thepracticeof aspect-orientedroductline design,andhelp
to reducecostof developingcrosscuttingeatues However,
the evolutionary patternthat may be the casueof increased
crosscuttingss notaddressed.

Our obsenationsarenot intendedto discouragehe use
of aspectsOn the contrary we believe thataspectcanbe
very powerful. Our aim is to signalthat aspectsascom-
ponents,should be usedwith care (which is in line with
e.g.,[10, 6]), andonly after the real needfor themis ap-
parent,i.e., that they are not usedfor hiding architectural
problems.

4 What's Next?

As discussedtheevolution of aproductline architecture
traditionally followed a crosscuttingcontinuous-disruptie
pattern. Although disruptionenablescoststo be decreased
in ashort-termtheoverallincreaseof costsis still farfrom
beingoptimalin along-term.FromFigure4 we canobsene
thattheimplementatiorof the rst featureafterthearchitec-
tureis de nedwill beoptimal,but alsothatthis costquickly
increasesvith new features.To keepthe costof addingfea-
tureslow, the evolution costshouldfollow alinear pattern,
asindicatedby the optimal costline in Figure4. Anything
above the optimal costline indicatescostasa resultof fea-
ture mismatch.ldeally, if evolution strictly follows the lin-
ear pattern,the normalizedcostof eachincrementis kept
constant.

From the structuralpoint of view this implies that an
architectureshouldbe e xible, way beyond the (re) con-
gurability thatis currentlypossiblewith componentsand
aspectsThestructureof thesystemshouldhave uid prop-
ertiesto be ableto be continuouslyreconsideredThis also
implies that featurescanbe assignednore dynamicallyto
differentdevelopmentteams. This is in contrastwith cur
rent practice,where componentstructuresare so dif cult



to change]5] andwherethe useof aspectdo maskstruc-
tural problemdurtherincreaseshearchitectures comple-
ity. Hence,despitethe promisedbene ts of components
and aspectsthey canalsohave a detrimentaleffect to an
architectures evolution.

Although we don't have concretesolutionsyet, the fol-
lowing obsenationsmayleadin theright direction.

Structuringasystemnin componentandhaving aspects
that crosscutthis structureis positive for the imple-
mentationof theinstance®f a productline ata given
momentin time. Thisis becauseeusing(i.e., sharing)
codebetweeninstancef a productline is typically
bene cial. The differentinstancesof a productline
canbene t morefrom sharingcode,becausdhe cost
for implementinga new featurehasto be madeonce
and canthenbe sharedacrossthe differentinstances.
However, sharingcodeovertime (i.e., betweerdiffer-
ent versionsof a product) might not be so effective,
becausef thefeaturemismatchproblem,asdiscussed
in this paper

As analternatve to sharingcodebetweerproductver
sions,sharingmoreabstractrtifactsor domainknowl-
edge(suchasalgorithmsand design)could bring ad-
ditional bene ts, sincewe do notwantto loosegained
expertisebetweenversions. Thus, ratherthenreusing
the implementatiorof an algorithmwhich is tailored
for versionx, andhardto adaptfor the requirements
of versionx + 1, it would be bene cial if we could
reusethe algorithmandderive a speci ¢ implementa-
tion for versionx + 1. By reusingthealgorithm,wedo
notlooseexpertiseaboutthealgorithm,only its imple-
mentation.

For reusebetweerproductinstancesurrenttechnology
can be used, such as componentsaspectsetc. Reuseof
knowledgeover time relatesto model-driven architectures,
wheredifferentmodelsdescribedifferentaspectof a sys-
tem. Ideally, model-driven architectingcanbe usedto au-
tomatically derive an implementationfrom a setof mod-
els. Recentlyapproacheshat explore the combinationof
aspect-orientatiowith model-driven architecturesn prod-
uctline domainhave emeped,e.qg.,[1, 15, 4]. However, an
openguestionstill remainsasto whatis the properabstrac-
tion level to make thesemodelsreusablewithout introduc-
ing feature(model)mismatch.

Another challengingquestionis whetherit would be
possibleto (automatically)derive an optimal component
structurefrom a selectionof featuregdescribing(functional
and non-functionalpropertiesof) a productand a collec-
tion of knowledge,e.g.,theknowledgecancontainexisting
designs,algorithms, and architecturalimplications. This
would enablea uid architecturghatis ableto sustainthe
pressuref evolutionarychangesvith minimal cost.
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