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Abstract

We explore theobservationthat theevolutionof feature
spaceandtheevolutionof componentsleadto a fundamen-
tal mismatch betweenfeaturesandtheir implementationin
components.At onemomentin time, a software systemis
structured in componentsin such a way that a given fea-
ture set can be mappedstraight-forward to thesecompo-
nents.Over time featuresand componentsevolve, leading
to a situationwhere themappingis lessstraightforward. A
commonindicationis theneedto dealwith crosscuttingfea-
tures. In the end,the componentstructure that shouldim-
provesoftware developmenthampers developmentbecause
the implementationof individual features gets too much
scattered arounddifferent components.We claim that us-
ing aspectsfor dealingwith feature mismatch is bene�cial
in a short-termbut can introduceadditionalproblemsin a
long run, especiallyif aspectsare usedto maskarchitec-
tural problems.

1 Intr oduction

With the emergenceof product line architecturesand
technologiessuchasaspect-orientedandcomponent-based
software development,classiccategoriesof evolution, in-
cluding corrective (to �x errors), adaptive (to adapt to
changingenvironment,suchaschangedrequirements),per-
fective (to enhancethe software), and preventive(to im-
prove sustainability)[8], have beenaugmented.Namely,
theevolution hasalsobeenexaminedover time andclassi-
�ed ascontinuousanddiscontinuous[3]. Continuousevo-
lution correspondsto changesin thesoftwarewithin anex-
isting softwarearchitecture,while discontinuousevolution
impliesextensive changesto thesoftwareto accommodate
new requirements,which normally result in an emergence
of anew architecture.In thiscontext eacharchitecturehasa
tolerancelevel, which it cansustainwith continuousevolu-

tion [3]. Above that level, thepriceof addingnew changes
into the existing architectureis more expensive than cre-
ating a new architecture. The evolution is thereforedis-
ruptedanda new architecturefor a productline is de�ned.
Longevity of thearchitectureis in proportionwith thetoler-
ancelevel, andthis tolerancelevel dependsdirectly on the
costassociatedwith evolution, e.g.,the costof addingun-
plannednew features. The higher the tolerancelevel, the
longer it is possibleto reusethe architecture(andreuseis
one of the drivers behindproduct line architectures[2]).
In parallelto the time dimensionof softwareevolution an-
otherdimensionhasbeenidenti�ed, where,dependingon
the effect of the evolutionary changesto 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 experienceshowed that (eventually) product line
evolution consistsof a seriesof continuouscrosscutting
changesfollowedbyadisruptivechange.Disruptivenessre-
sultsin anew architecturethatmoreeasilyfacilitatesincor-
poratingemerging requirementsof new productsandcon-
sequentlyincurslesscostswhenaddingnew features.The
costsof disruptivechangesarebalancedwith theadditional
costsassociatedwith de�ning anew architectureandanef-
fort to implementthat architecture.Crosscuttingchanges
intrinsically do not causedisruptionof continuousevolu-
tion. However, it is our observationthata numberof accu-
mulative crosscuttingchangesarethekey factorfor disrup-
tion of continuousarchitectureevolution. Oneof the rea-
sonsthe accumulatedcrosscuttingevolution hassuchpro-
found effects on the overall evolution processis the phe-
nomenonof featuremismatch,which we observed during
PhilipsTV productline evolution.

In this paper we explore the feature mismatchphe-
nomenonand its origins, and discussunderwhich condi-
tionsoneshouldoptfor aspect-orientedsolutionsin thecon-
text of productline evolution. We elaboratethataspects,if



Domain model Feature model
Product line 
architecture

Product instance 1 Product instance 2 Product instance k

instantiates

Component 1

Component 2

Component m

co
n

ta
in

s

leads to maps  to

evolves evolves

Component m+1

Product instance k+1

new
new

ev
o

lv
es

6

1 2 3

4

5
7

8

9

10

Figure 1. The evolution process of a product line .

notadministeredcarefullyinto theproductline architecture,
couldeventuallyresultin increasedcostsof thearchitecture
evolution.

Moreover, we introducean additionalclassi�cation of
softwareevolution linear evolution. Linearevolution is an
idealized,cost-optimalevolutionpatternwherethenormal-
ized costassociatedwith addinga new featureis constant
over time,ratherthannon-linearlyincreasing.Weelaborate
on characteristicsandbene�ts of linear evolution, its rela-
tion to costandfeaturemismatch,aswell asgive hintson
how thelinearevolutioncouldbeachieved.

The paperis organizedasfollows. In section2 we ex-
plain the featuremismatchphenomenon.The role of as-
pectsin the context of evolution and featuremismatchis
discussedin section3. Section4 concludesthepaperwith
the discussionaboutlinear evolution andstepsto achieve
it.

2 FeatureMismatch in Product Lines

Here we discussthe evolution of a product line archi-
tectureandexplainhow accumulatedcrosscuttingevolution
canresultin a featuremismatchandincreasedcosts.

2.1 Creating feature mismatc h with com-
ponents

Figure1 depictstheprocessof productline architecture
creationand evolution. The �rst step in product line ar-
chitecturecreationis domainmodeling,wherea domainis
assessedandusedasinput to theproductscopingandfea-
turemodeling.Then,basedon therequiredfeaturesin the
productline, the overall architectureis de�ned in the fol-
lowing step.Eachproductline instanceis createdby de�n-
ing andcomposinga numberof components(step4 in the
�gure). Componentsarethenusedwithin the architecture
for instantiationof a numberof differentproductinstances.
This is indicatedby step5, which shows that from a prod-

uct line architecture,usingcomponents1; : : : ; m, onecan
createproducts1; : : : ; k.

Whenthedomainor a productscopechanges,e.g.,new
featuresneedto beintegratedinto theproductline architec-
ture,a complex evolution processis triggered(depictedin
steps6 – 10). The evolution startswith a revision of the
domainand is followed by the the evolution of the corre-
spondingfeaturemodel,asdepictedin step7.

Evolution for thefeaturemodelnormallyentailsadding
new featuresor modifying existing ones. In practice,im-
plementingthesefeaturesrequiresaddingnew components
(seestep8 wherea new componentm + 1 is added),and
possiblymodifying existing components(step9). Finally a
new productinstancecanbe obtainedfrom the new setof
components.

From the evolution processand its impact on compo-
nentsandarchitecture,weobserve thattheevolutionof fea-
ture spaceandthe evolution of componentsleadto a fun-
damentalmismatchbetweenfeaturesandtheir implementa-
tion in components(seeFigure2). At thetime of architec-
turecreation,asoftwaresystemis structuredin components
(C) in suchawaythatagivenfeatureset(F ) canbemapped
straightforwardly to thesecomponents.Over time features
andcomponentsevolve (into featuresetF 0 andcomponent
setC0, respectively) leadingto a situationwherethe map-
ping is lessstraightforward. Featuremismatchrefersto the
situationthatduringproductline architectureevolution the
featuresetevolvesindependentlyof thecomponentset,re-
sultingin thelink betweenevolvedfeaturesandcomponent
to becomeobscured.A commonindicationis the needto
deal with crosscuttingfeatures. That is, addingnew fea-
tureshasimpacton an increasingnumberof components,
ratherthanonasmallsetof relatedcomponents.

2.2 Measuring feature mismatc h

Theeffect of themismatchof mappingfeaturesto com-
ponentscanbeobservedwhenstudyinginterfaceevolution.
Ideally, interfacesareinvariantsover evolution in orderto
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Figure 2. Feature mismatc h.

preserve bene�ts of usingcomponents.They only change
understrict conditions(e.g., following interfaceevolution
rules [13, 14]). Suchrulesenforcethat undernormalcir-
cumstances,addinga featureshouldnot signi�cantly affect
interfacesof existingcomponents.

If addinganew featurehascrosscuttingeffectsonmany
components,this can be observed by analyzinginterface
evolution, since the changeto the componentwill (most
likely) bere�ected in an interfacechange.If addinga fea-
ture leadsto a chain of componentchanges,this would
signal coupling betweencomponents.Sincecomponents
aresupposedto be units of independentdeployment [11],
(strong)couplingbetweencomponentsoftenformsanindi-
catorthatthedecompositionof asoftwaresystemin compo-
nentsis suboptimal.Hence,interfacechangesmayprovide
informationabouthow well a system's structurein compo-
nentsmatchesits features.Monitoring interfaceevolution
over time givesinsight in how featuremismatchis emerg-
ing.

We exploredtheeffect of featuremismatchon thecon-
creteexampleof the Philips TV productline, which con-
sistof four main reusablesubsystems[13]: i) theplatform
subsystemprovidesa stableAPI thatabstractsTV-speci�c
hardware; ii) the infrastructuresubsystemprovidesan ab-
stractionof the operatingsystemfunctionality, and also
handlestime-criticaloperations;iii) theservicessubsystem
is amiddlewarelayerbetweentheplatformandtheapplica-
tions; andiv) the applicationssubsystemincludesthe user
interfacefor variousTV applications,e.g.,programinstal-
lation,audiocontrol,andvideocontrol,aswell astherules
for avoiding undesirableinteractionbetweentheseapplica-
tions.

What we observed is that on average11% of interfaces
sufferedfrom changesin variousparameters.Themostaf-
fectedsystemis theservicesubsystemwith asmuchas44%
interfacechanges.Theapplicationsubsystemalsosuffered
with approximately33%of changedinterfaces.Theinfras-
tructuresubsystemhas16%interfaceschangedandtheplat-
form is stablewith approximatelylessthan3% of changed
interfaces.Thereasonthattheservicesubsystemis themost
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effectedoneis thatmostof thecoreTV functionality is lo-
catedin this subsystem,andany changein theapplication,
infrastructure,andplatform subsystemis alsomost likely
propagatedto theservicesubsystem.

To con�rm thatthisamountof interfacechangeswasin-
deeda symptomof featuremismatch,we chosean arbi-
trary featureset(relatedto multi-window control) andex-
ploredits evolution in thecontext of componentandinter-
facechanges.We observed that it is straightforward to de-
terminea componentand its interfacesthat were initially
de�ned for (aninitial setof) multi-window controlfeatures,
i.e., the componentnamehad multi-window in its name
and/ordescription.Two interfacesof this componentwere
modi�ed during theevolution of themulti-window feature
set.Following thesechangedinterfaces,wefurtherrevealed
that thechangein themulti-window component,which we
took asa startingpoint of theinvestigation,hasaffectedin-
terfacesin threeout of four subsystemsandconsequently
propagatedto a majority of componentswithin eachof the
affectedsubsystem.Themulti-window featurethathasin-
troducedthechangewasdif�cult to determinein themod-
i�ed interfaces.Due to so many changesin the interfaces
of variousseeminglyunrelatedcomponents,only through
a very throughoutinspectionandextensive domainknowl-
edgeit waspossibleto link thechangein the interfaceand
the componentto the changein the multi-window feature
set.

2.3 Cost of Feature Mismatc h

In theend,thecomponentstructurethatshouldimprove
softwaredevelopment(e.g.,by shorteningtime-to-market,
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decreasemaintenancecostetc.) hampersdevelopmentbe-
causethe implementationof individual featuresgets too
much scatteredarounddifferent components.This hasa
direct and negative manifestationon the cost of addinga
feature,asillustratedin Figure3. Whenan architectureis
de�ned (seethe�rst point in Figure3) theinitial setof fea-
turesis implementedandthe architectureis optimizedfor
that particularsetof features.This implies that the archi-
tecturecansustainaddinga new featureat anotherpoint in
timewith optimalcosts(secondpoint in Figure3). Thecost
of implementingnew featureswill increaseover time. At
somepoint the costof new featuresbecomesso high that
it is no longercost-effective addingthem.At that time, the
featuresetmaybefrozen,makingtheproductlesscompet-
itive. Alternatively, a disruptive evolution stepcanbeiniti-
atedto createanew architecturethatis bettertunedtowards
the featuresetof that moment. Again, this architectureis
�ne-tuned for addingfeaturesthatareforeseenin thenear
feature.Thesecanbeaddedwith acceptablecosts.As the
timeelapsesandnew featuresareaddedto thesoftware,the
costof addingafeatureincreasesagainto apointwhereit is
morecost-effectiveto engageadisruptiveevolutionprocess
andcreateyetanew architecture.

Theoverall processof evolution is depictedastheseries
of lines betweenthe pointswherenew featuresareadded
by meansof continuousevolution or by discontinuousevo-
lution (whennew architecturesarede�ned). The effect of
featuremismatchis that evolutionarychangesof the soft-
ware(crosscuttingandcontinuous)resultin anarchitecture
thatnolongercanaccommodatethesechangesatanaccept-
ablecost,asindicatedin Figure4.

3 The Roleof Aspectsto FeatureMismatch

Aspectshave beenintroducedas a way to cope with
crosscuttingarchitecturalandevolutionaryissuesin product
line engineering[9]. They enableencapsulatingcrosscut-
ting concernsof the system(suchasfeatures)into aspects
that can be developed,maintained,and evolved indepen-
dently of the (core)system;hence,separatingconcernsin
thesystemandthearchitecture.As we alreadymentioned,
and hasearlier beenreported[9, 12], many evolutionary
changesarecrosscutting.Most of the features,for exam-
ple, thatareusedto evolve thePhilipsTV productline are
crosscuttingby nature,e.g.,changinga platformresultsin
changesin otherpartof thearchitecture.

Introducingaspectsin anexisting productline architec-
ture is attractive becauseit doesnot requireto restructure
thesystem.This hasa technicaladvantagesincethestruc-
ture in componentsdoesnot needto be altered. As the
componentstructureoften re�ects the structureof the or-
ganization(or theotherway around),it alsohasanorgani-
zationaladvantagebecausethe existing structureof devel-
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opmentteamsetc.canremainunchanged.It is thereforefar
moreeasy(at �rst) to startusingaspects,thento optimize
thestructureof thesystemandorganizationto minimizethe
crosscuttingeffectof a feature.

However, the point whenan organizationcontemplates
introducingaspectsin their productline is often the point
whencrosscuttingchangeshave becomeso expensive that
a new way of organizingsoftwarebecomesanobviousne-
cessity. At thatparticularpoint introducingaspectshasim-
mediatepotentialasit promisesto rapidlydecreasethecost
of crosscuttingevolutionof thesoftware(seeFigure5). De-
spitethisadvantageontheshortterm,weclaimthattheuse
of aspectsfor implementingfeaturescanquickly becomea
drawback. That is, with the increasein numberof features
theuseof aspectscanresultin averysteepincreasein costs
(seeFigure5). The increasein costcanoccurfor at least
thefollowing threereasons:

� Aspectsareusedto treat the symptomsnot the ”dis-
ease”. This is the casewhen an organizationturns
to aspectsas a way to deal with evolutionary prob-
lems that hampercost-effective developmentof new
features.We claim that if introducingaspectsis done
without seriousintrospectionof the internalsof anar-
chitecture,thentheir introductioncanmaskandhide
architecturalproblems, which then manifest them-
selvesmorestronglyat a laterpoint in time. Namely,
if aspectsareusedto hidearchitecturalproblems,they
will only delay the decisionto make a new architec-
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tureandwhenthedecisionis madewill introducemore
costsfor creatinganew architecture.

� Aspectsaredevelopedseparatelybut integratedglob-
ally. The costsassociatedwith evolution is alsodue
to the increasedeffort in integratingthe featureswith
theoverall system,andthe testingactivities thatneed
to be done on the systemlevel. The advantageof
(component-based)productline is that,ideally, testing
onthecomponentlevel decreasestheeffortsassociated
with testingon thesystemlevel. With theintroduction
of aspectsthisadvantagecannotanymorebeexploited
as,to the bestof our knowledge,thereis no industri-
ally matureapproachthatenablesmodularcheckingof
aspectsandcomponents.

� Organizationof featuredevelopmentas crosscutting
aspectsis expensive,becauseit is dif�cult to align the
developmentwith all componentsinvolved, andwith
thecorrespondingdevelopmentteams.The�x edallo-
cationof developmentteams,asit is currentlythecase
in industrialproductlines,is alsoin partdoneto main-
taindomainknowledge(aswell asbecausecomponent
internalsaresocomplex thatit is dif�cult to reallocate
teams). The larger the numberof aspects,the more
dif�cult their developmentbecomes,aswell asdeter-
mining their relationwith componentsin the system.
To make thingsworse,crosscuttingfeaturesmaystart
crosscuttingothercrosscuttingfeatures,suchthat the

correspondingaspectscrosscutotheraspects.

Wearguethattheneedfor aspectsin aproductline archi-
tecturecanbeanindicatorfor thequalityof thearchitecture.
A growing needfor aspectsover time canindicatethat the
structureof the productline architectureis no longer op-
timal, andmayneedrevisiting. For example,observingan
increasein changesto interfacesmaysignalthattheproduct
line requiresmorecrosscuttingchanges.Ratherthanintro-
ducing aspectsdevelop the crosscuttingfeatures,it might
betheright timeand,in theendmorecost-effective,to con-
siderrefactoringthesystem.

Theuseof aspectsin productlinesto dealwith crosscut-
ting featuresis well beingstudied,seee.g.,[7, 6,10]. These
papersdescribethedesignof productlineswith aspectsand
addresstypical problemswith aspects,like increasedcou-
pling. Consequently, their solutionswill help to improve
thepracticeof aspect-orientedproductline design,andhelp
to reducecostof developingcrosscuttingfeatues.However,
theevolutionarypatternthatmaybethecasueof increased
crosscuttingsis notaddressed.

Our observationsarenot intendedto discouragetheuse
of aspects.On thecontrary, we believe thataspectscanbe
very powerful. Our aim is to signal that aspects,ascom-
ponents,shouldbe usedwith care(which is in line with
e.g., [10, 6]), andonly after the real needfor themis ap-
parent,i.e., that they arenot usedfor hiding architectural
problems.

4 What' sNext?

As discussed,theevolutionof aproductline architecture
traditionallyfolloweda crosscutting,continuous-disruptive
pattern.Althoughdisruptionenablescoststo bedecreased
in a short-term,theoverall increaseof costsis still far from
beingoptimalin along-term.FromFigure4 wecanobserve
thattheimplementationof the�rst featureafterthearchitec-
tureis de�nedwill beoptimal,but alsothatthiscostquickly
increaseswith new features.To keepthecostof addingfea-
tureslow, theevolution costshouldfollow a linearpattern,
asindicatedby theoptimalcostline in Figure4. Anything
above theoptimalcostline indicatescostasa resultof fea-
turemismatch.Ideally, if evolution strictly follows thelin-
earpattern,the normalizedcostof eachincrementis kept
constant.

From the structuralpoint of view this implies that an
architectureshouldbe �e xible, way beyond the (re) con-
�gurability that is currentlypossiblewith componentsand
aspects.Thestructureof thesystemshouldhave �uid prop-
ertiesto beableto becontinuouslyreconsidered.This also
implies that featurescanbe assignedmoredynamicallyto
differentdevelopmentteams.This is in contrastwith cur-
rent practice,wherecomponentstructuresare so dif�cult
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to change[5] andwherethe useof aspectsto maskstruc-
turalproblemsfurtherincreasesthearchitecture'scomplex-
ity. Hence,despitethe promisedbene�ts of components
andaspects,they canalsohave a detrimentaleffect to an
architecture's evolution.

Althoughwe don't have concretesolutionsyet, the fol-
lowing observationsmayleadin theright direction.

� Structuringasystemin componentsandhavingaspects
that crosscutthis structureis positive for the imple-
mentationof the instancesof a productline at a given
momentin time. This is becausereusing(i.e.,sharing)
codebetweeninstancesof a productline is typically
bene�cial. The different instancesof a product line
canbene�t morefrom sharingcode,becausethe cost
for implementinga new featurehasto be madeonce
andcanthenbe sharedacrossthe differentinstances.
However, sharingcodeover time (i.e., betweendiffer-
ent versionsof a product)might not be so effective,
becauseof thefeaturemismatchproblem,asdiscussed
in thispaper.

� As analternative to sharingcodebetweenproductver-
sions,sharingmoreabstractartifactsor domainknowl-
edge(suchasalgorithmsanddesign)could bring ad-
ditional bene�ts,sincewe do not wantto loosegained
expertisebetweenversions.Thus,ratherthenreusing
the implementationof an algorithmwhich is tailored
for versionx, andhardto adaptfor the requirements
of versionx + 1, it would be bene�cial if we could
reusethealgorithmandderive a speci�c implementa-
tion for versionx + 1. By reusingthealgorithm,wedo
not looseexpertiseaboutthealgorithm,only its imple-
mentation.

For reusebetweenproductinstancescurrenttechnology
can be used,suchas componentsaspectsetc. Reuseof
knowledgeover time relatesto model-drivenarchitectures,
wheredifferentmodelsdescribedifferentaspectsof a sys-
tem. Ideally, model-driven architectingcanbe usedto au-
tomatically derive an implementationfrom a set of mod-
els. Recentlyapproachesthat explore the combinationof
aspect-orientationwith model-drivenarchitecturesin prod-
uct line domainhave emerged,e.g.,[1, 15, 4]. However, an
openquestionstill remainsasto whatis theproperabstrac-
tion level to make thesemodelsreusablewithout introduc-
ing feature(model)mismatch.

Another challengingquestionis whether it would be
possibleto (automatically)derive an optimal component
structurefrom aselectionof featuresdescribing(functional
and non-functionalpropertiesof) a productand a collec-
tion of knowledge,e.g.,theknowledgecancontainexisting
designs,algorithms,and architecturalimplications. This
would enablea �uid architecturethat is ableto sustainthe
pressureof evolutionarychangeswith minimal cost.
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