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Abstract

Variability managementin softwaresystemsrequiresad-
equatetool supportto copewith the ever increasingcom-
plexity of softwaresystems.Thepaperpresentsa tool chain
whichcanbeusedfor variability managementwithin almost
all softwaredevelopmentprocesses.Thepresentedtoolsuse
extendedfeaturemodelsasthemainmodelto describevari-
ability andcommonality, andprovideuserchangeablecus-
tomizationof thesoftwareartifactsto bemanaged.

1 Intr oduction

While thedevelopmentof single-systemsoftwareis not
a completelyunderstoodprocessyet, the needto develop
setsof relatedsoftware systemsin parallel alreadyexists
andincreases.The growing interestin conceptslike soft-
ware product lines and software families by industry and
researchgroupssubstantiatethis need. The �rst ideasand
solutionproposalsof softwarefamiliesgobacka long time
in termsof computersciencehistory. Widely known are
the works of Parnas[17], Habermann[10] andNeighbors
[16] from the70sandearly80s.However, mostof thework
wasdonein the 90s,especiallyin the secondhalf. Much
of this work wasrelatedto organizationalaspects,i.e. how
to make developersin an organizationef�ciently develop
softwaresothat it canbeusedin severaldifferentproducts
insteadof just in a single one. Methodslike ODM [19],
FAST [22] or PuLSEmainly focuson this topic. Themore
technicalaspectsof theimplementationof suchsystemsare
mostly left openin theseapproaches.Yet thereareseveral

techniqueswhichcovertheseaspects.Examplesare(static)
meta-programming[6], GenVoca[3] andmany others.

Commonto all methodsis that they usemodelsto rep-
resentthe differencesandcommonalitiesbetweenthe var-
ious resultingproductsor implementationfragments.The
�rst model is a resultof the domainanalysisprocessand
the latter the resultof the domaindesignandimplementa-
tion process.However, in mostcasestool supportfor the
transitionfrom thehigh-level modelsof thedomainanaly-
sis processto the productline implementationis missing.
Someof themethods(e.g.FAST) proposetheuseof gener-
atorswhich accepta problemdomainspeci�c languageas
inputandgeneratetheimplementationsaccordingto thein-
put speci�cation.However, evenwith generator-generators
likein GenVocathisprocessis noteasyandoftentooheavy-
weightfor many softwaredevelopmentprojects.

In thispaperwepresentasetof modelsandrelatedtools
that can be usedin conjunctionwith almostany product
line processthatusesfeaturemodels1 asrepresentationfor
commonalitiesandvariabilities. The goal was to develop
a completetool supportedchainof variability management
techniqueswhich cover all phasesfrom domainanalysisto
the deploymentof the developedsoftware in applications
(products).

This paperis structuredasfollows: Section2 discusses
someproblemsof variability managementandtool support.
Section3 introducesthe basicconceptof theapproach.A
moredetailedexplanationof someaspectsof this approach
is given in the fourth section. Section5 demonstratesthe
extensibility of theapproachusinga casestudy. A brief in-
troductionof CONSULbasedtoolsis presentedin thesixth

1Or any modelwhichcanbetransformedinto a featuremodel



section. Section7 discussessomerelatedwork. The last
sectioncontainssomeconcludingremarksandgivesanout-
look on futurework.

2 Rationale for an open variability manage-
ment tool chain

The de�nition of software variability as given in the
workshop'sCfP is:

”Softwarevariability is the ability of a soft-
waresystemor artifactto bechanged,customized
or con�guredfor usein aparticularcontext.”

This de�nition is very openand broad. The openness
is a key point. Variability managementis a cross-cutting
problem,which affectsalmostall morecomplex software
projectsto variousdegrees.

Variability in softwaresystemscanbefoundin thefunc-
tional andnon-functionalattributesof the systems.Func-
tional variability meansthat the systemcan provide dif-
ferent functionalitiesin differentcontexts. E.g. a variable
HTML viewercomponentsupportsthecon�gurationof the
setsof HTML dialectsit is ableto render. Non-functional
variability includessystempropertiessuchasmemorycon-
sumption,executionspeedor QoSof systemfunctionalities.

Thesedifferentaspectsof variability canbe realizedin
many differentways. The following list is an attemptto
categorizewhereandhow variability is expressed:

Programming languagelevel: thevariability is expressed
usingtheprogramminglanguagewhich is usedto im-
plementthesystem,for instanceJava, C++ or C. This
involveslanguagefeatureslike conditionalexecution,
functionparametersandconstants.Someof the vari-
ability is resolvedatcompiletime2, theremainingvari-
ability is resolvedat runtime.

Meta languagelevel: a metalanguageis usedto describe
variableaspectsof thesoftwareartifacts.Examplesare
aspectorientedlanguageslike AspectJor AspectC++,
meta programmingsystemslike COMPOST[1], or
BETA [15]. Even the C/C++ preprocessorlanguage
is an albeit simpleexamplebut neverthelessprobably
mostwidely known metalanguagefor variability rep-
resentation.The binding time of variability depends
on thelanguageconcepts.In mostcasestheactualre-
sult of the binding is expressedin a basic(non-meta)
programminglanguage,which is thencompiledor ex-
ecuted.

2If thecompileris ableto optimizetheresultingcodebasedon partial
evaluation,i.e. replacementof constantexpressionswith theirsresultsetc.

Transformation processlevel: almost every software is
transformedfrom higherlevel language(s)into anexe-
cutingsystemthroughseveralstepsof transformations.
For instancea C programis compiledby a compiler
into an intermediaterepresentation(.o �les) which in
turn is linked againsta set of librariesby the linker,
and is �nally loadedinto the memoryof a particular
computersystemby the operatingsystem's program
loader. Most of the involvedtransformationtoolscan
beparameterizedsothattheresultingsystemchanges.
I.e. the compiler hasseveral levels of optimization,
whichmayin�uencesthememoryfootprintand/orex-
ecutionspeedof thecompiledsystem.Thetransforma-
tion processis usuallycontrolledby a tool like make
[20] or ant [2] that interpretsa transformationprocess
description.

In mostsoftwaresystems,severallevelsof variabilityex-
pressionsareusedtogetheror independently. Thesmallex-
ampleshown in Figure1 demonstratessuchamix of levels.
It showsa smallC source�le anda make�le which is used
to producetwo differentexecutablesfrom thesamesource
code. The point of variability is the secondargumentof
theprintf function.Thepreprocessormacrode�nes this
valueif the valueof HW_TEXTis not alreadysetby other
means.Themake�le includestwo differenttransformation
rulesfor thesamesource,thesecondusesa compileoption
to setthevalueof HW_TEXT.

#include <stdio.h>

#ifndef HW_TEXT
#define HW_TEXT"Hello, world!"
#endif

int main(int argc, char* argv[])
{

printf("%s\n",HW_TEXT);
}

all: hw_en hw_de
hw_en: hw.c

$(CC) -o $@ $<
hw_de: hw.c

$(CC) -o $@ \
"-DHW_TEXT=\"Hallo, Welt!\"" $<

Figure 1. A very simple example of variability
management with C and make

In mostcases,sucha mixing of levels is neededto ac-
complishthe goalsof the software developmentin terms
of ef�ciency, organization,reuseetc. However, tool sup-
port for controllingthesehighly complex mixesis very lim-
ited. Especiallyanautomatedcouplingof highlevel models



of variability andcommonalities(VC) with the“low-level”
implementationsof thevariability is rarelyto befound.

Severalimportantissueshaveto beconsideredwhende-
veloping a tool chain to supportthe completeprocessof
variability management:

� Easy, yet universalmodel(s)for expressingvariability
andcommonalitiesshouldbesupported.

� Variability at all levelsmustbemanageable.

� Introductionof new variability expressiontechniques
shouldbepossibleandeasy.

The CONSUL (CON�guration SUpport Library) tool
chainpresentedin the next sectiontries to meetall these
requirements.

3 CONSUL overview

The CONSUL tool chainhasbeendesignedfor devel-
opmentanddeploymentof softwareprogramfamilies.The
coreof CONSULarethedifferentmodelswhichareusedto
representtheproblemdomainof thefamily, thesolutiondo-
main(s)and�nally to specifytherequirementsfor aspeci�c
representative(member)of thefamily.

The centralrole is playedby feature modelswhich are
usedto representtheproblemdomainin termsof common-
alitiesandvariabilities.CONSULusesanenhancedversion
of featuremodelscomparedto theoriginal featuremodels
asproposedin theFODA method[12]. A detaileddescrip-
tion of thoseenhancementsis givenin Section3.1.

The solution domain(s)(i.e. the implementations)are
describedusing the CONSULComponentFamily Model
(CCFM). It allows to describethemappingof userrequire-
mentsonto variablecomponentimplementations,i.e. the
customizationof a setof componentsfor a particularcon-
text. As thenamesuggests,this modelhasbeennewly de-
velopedfor CONSUL.TheCCFM is presentedin detail in
Section3.2.

The feature setsare usedat deployment time and de-
scribea particularcontext in termsof featuresandassoci-
atedfeaturevalues.

Figure 2 illustratesthe basicprocessof customization
with CONSUL.Moststepscanbeperformedautomatically
oncethevariousmodelshavebeencreated.Thedevelopers
of variablecomponentshave to provide the featuremod-
els,thecomponentfamily models,andtheimplementations
itself. A user3 providestherequiredfeatures,thetoolsana-
lyze thevariousmodelsandgeneratethecustomizedcom-
ponent(s).

3Herea usercanbeeitherhumanor alsoa tool which is ableto derive
thesetof requiredfeaturesautomaticallyfrom someinput
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Figure 2. Overview of CONSUL process

The key differencebetweenCONSUL and other simi-
lar approachesis, thatCONSULmodelsin mostcasesonly
describewhat has to be done, but not how it should be
done. CONSUL provides only basicmechanismswhich
canbeextendaccordingto theneedsof theCONSULuser.
This �e xibility is achievedby combiningtwo powerful lan-
guagesinsideCONSULandallowing theuserto extendthis
system.

The �rst languageis Prolog,a widely known language
for logic programming.Prologis usedfor constraintcheck-
ing, i.e. for expressingrelationsbetweendifferentfeatures.
Thesamelogic engineis usedfor componentselectionand
customization.

The secondlanguageis a XML-basedlanguagecalled
XMLTranswhichallows to describethewaycustomization
(transformation)actionsareto beexecuted.Themostsim-
pletransformationis theverbatiminclusionof a�le into the
�nal customizedsourceset. Even for this simpletransfor-
mationdifferentsolutionsarepossible.On systemswhere
�le systemlinks arepossible,theinclusionactioncanbede-
scribeddifferentlyin a differentway thanon systemswith-
outsuch�le systemcapabilities.XMLTransallows thetool
usersto describesimilarandmorecomplex transformations
in aspecialXML language.Dueto its modularstructure,it
canbeextendedwith usersuppliedtransformationmodules.
Thiscanbeusedto provideseamlessaccessto specialgen-
eratorsor othertoolsseamlesslyfrom within thetool chain.



3.1 CONSUL feature models

Featuremodeling is a relatively simple approachfor
modelingthe capabilitiesof a softwaresystemintroduced
by Kang et al. [12]. A featuremodel representsthe com-
monalitiesand variabilities of the domain. A featurein
FODA4 is de�ned asan end-uservisible characteristicof
a system.

CONSULusesfeaturemodelsbecauseononehandthey
areeasyto understand,but on theotherhandareableto ex-
pressrelatively complex relationsin a very compactman-
ner. To enablemodelingof morecomplex scenarios,CON-
SUL usesa slightly enhancedversion of featuremodels
comparedto the original concept. The enhancedversions
allows to attachtypedvaluesto featuresto representnon-
booleanfeatureinformationsand additionalrelation rules
calledrestrictions.

Featuresareorganizedin form of featuremodels. A fea-
turemodelof adomainconsistsof thefollowing items:

Featuredescription: eachfeaturedescriptionin turn con-
sistsof a featurede�nition anda rationale.

Thede�nition explainswhich characteristicof thedo-
main is describedby the feature,so that an end-user
is ableto understandwhat this featureis about. This
de�nition may be given asinformal text only or in a
de�ned structurewith prede�ned�elds andvaluesfor
someinformation like the binding of the feature,i.e.
thetimeafeatureis introducedin thesystem(con�gu-
rationtime,compiletime,etc.).

The rationalegivesan explanationwhen to choosea
feature,or whennot to chooseit.

Featurevalue: each feature can have an attached
type/valuepair. This allows to describenon-boolean
featuresmoreeasily.5

Featurerelations: the featurerelationsde�ne valid selec-
tionsof featuresin a domain.Themainrepresentation
of theserelationsis the feature diagram. Sucha dia-
gramis a directedacyclic graphwherethe nodesare
featuresandtheconnectionsbetweenfeaturesindicate
whetherthey are optional, alternative or mandatory.
Table1 givesanexplanationof thesetermsandshows
its representationin featurediagrams.6 Additional re-
lationscanbeattachedto afeature.CONSULprovides
a �e xible mechanismcalledrestrictionsto enablethe
descriptionof arbitraryfeaturerelations.

4Feature-orientedDomainAnalysis
5Typedfeatureswith valuesarenot part of theoriginal featuremodel

proposal.However, this extensionis requiredto describemany domains
andhasbeenprovento bevery useful.

6Thegraphicalnotationdiffers from theoriginal FODA style to allow
easierdrawing/generationof featurediagrams.

FeatureType Graphical Rep-
resentation

mandatory
MandatoryfeatureB hasto be in-
cludedif its parentfeatureA is se-
lected

A

B

optional
OptionalfeatureB maybeincluded
if its parentfeatureA is selected.

A

B

alternative
Alternative featuresare organized
in alternativegroups. Exactly one
featureof suchthegroupB,C,Dhas
to be selectedif the group's parent
featureA is selected.

A

B C D

or
Or features are organized in or
groups. At leastonefeatureof such
thegroupB,C,D hasto be selected
if thegroup'sparentfeatureA is se-
lected.

A

B C D

Table 1. Explanation of feature diagram ele­
ments

From the characteristicsof the problem,a domainana-
lyst derivesthefeaturesrelevantfor theproblemdomain.

For example for a domain which requiresa variable
realizationof cosinecalculationfunctions for embedded
real-timeapplications,the model could containa feature
that allows to specify the precision required for the re-
sults(Precision )7, a featurethatrepresentswhetherdis-
creteanglevaluesare used(ValueDistribution ), a
featureto expressthat �x ed calculationtime is required
(FixedTime ) andso on. The completefeaturemodel is
shown in Figure3. A moredetaileddiscussionof this ex-
amplecanbefoundin [5].

Thefeaturemodelof a problemdomain(in our casethe
cosineworld) canbe usedby an applicationengineer, and
sheor heshouldbeableto selectthefeaturetheapplication
requiresandif necessaryto specifyfeaturevalues.

7Thenamesin parenthesesarethefeaturenamesusedin theresulting
featuremodel,see�gure 3.
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Figure 3. Feature model of cosine domain

3.2 CONSUL componentfamily model

Thecomponentfamily modelof CONSULis notyetan-
other componentmodel in the spirit of CORBA or COM
componentmodels. CONSUL usesa very opende�nition
of components.A componentencapsulatesa con�gurable
setof functionalities.As a consequence,CONSULcannot
checkinterfacesof connectedcomponentsitself, but allows
to introduceuser-de�nable checksappropriatefor the in-
tendedframework/architecture.Figure4 illustratesthe hi-
erarchicalstructureof the componentbasedfamily model
supportedby CONSUL.
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Figure 4. Structure of the CONSUL famil y
models

This approachis re�ected in the CONSUL family de-
scriptionlanguage(CFDL) which mainly describesthe in-
ternalcomponentstructureof a family andits con�guration
dependencies.Thelanguageis complementaryto languages
like OMG's CORBA IDL or Microsoft's COM IDL which
focuson the externalview of a component.The external
interfaceof a componentis merelyanother(possibly)con-
�gurable partof a componentfor CONSUL.

An small exampleof the languageis given in Figure5.
It shows a simplecomponentrealizingthecosineexample
domainwith just threedifferentimplementation�les. De-
pendingon theselectedfeaturesoneof thecosine ?.cc
is usedto implementthecosinefunction.

TheCONSULfamily modelrepresentsa family asa set

of relatedcomponents. The inter-componentrelation of
thesecomponentsis not �x ed. I.e. both hierarchicalcom-
ponentstructureslike the OpenComponentmodel [8] or
ordinary independentcomponentscanbe part of a family
model.TheCONSULfamily descriptionlanguage(CFDL)
is thetextual representationof themodel.

The following paragraphsbrie�y introducethe threeel-
ementsof theCONSULfamily model.

Components: a componentis a namedentity. Eachcom-
ponentis hierarchicallystructuredin parts which in turn
consistof sources.

Parts: partsarenamedandtypedentities. Eachpart be-
longsto exactlyonecomponentandcontainsany numberof
sources.

A partcanbeanelementof aprogramminglanguagelike
aclassor anobject,but alsoany otherkey elementof thein-
nerandexternalstructureof ancomponent,i.e. aninterface
description. CONSUL provides a numberof prede�ned
parttypes,likeclass , object , flag , classalias or
variable . The introductionof new part typesaccording
to theneedsof thetool usersis alsopossible.

Section4 givesa small demonstrationof this. Table2
givesashortdescriptionof thecurrentlyavailableparttypes
in thecurrentCFDL version.

Sources: a part as a logical elementneedssomephysi-
cal representation(s)which are describedby the sources.
A sourceelementis an unnamedbut typed entity. The
type is usedby the transformationbackendsto determine
the way to generatethe sourcecodefor the speci�ed el-
ement. Differentprede�nedtypesof sourceelementsare
supported,like the file which simply copiesa �le from
oneplaceinto thespeci�ed destinationof thecomponent's
sourcecode.Somesourceelementsaremoresophisticated,
like classalias or flagfile , andrequiregeneration
of new sourcecodeby thebackends.Table3 lists thecur-
rentlyavailablesourceelementrepresentations.

The actual interpretationof thesesourceelementsis
handedover to the CONSUL componentgeneratorback-
ends.To enabletheintroductionof customsourceelements
andgeneratorrules, CONSUL allows to plug in different
generators.At the moment,two different generatorsex-
ist. Oneis implementedin Prologandoperatesdirectly on
the Prolog CONSUL knowledgedatabaserepresentation.
Thesecondwhichusesa modulartransformationbasedap-
proach.

Theadvantageof thePrologbasedapproachis its speed
andtheability to usethepowerof Prologeverywhere.How-
ever, it requiresa decentknowledgeof Prologto changeor
add sourceelementgenerators.The other approach[18]
usesXML to describethetransformationsandallowsusers



Component("Cosine")
{

Description("Efficient cosine implementations")
Parts {

function("Cosine") {
Sources {

file("include", "cosine.h",def)

file("src", "cosine_1.cc",impl) {
Restrictions { Prolog("not(has_feature('FixedTime',_NT)) ")}}

file("src", "cosine_2.cc",impl) {
Restrictions { Prolog("has_feature('FixedTime',_NT),

has_feature('NonEquidistant',_NT")}}

file("src", "cosine_3.cc",impl) {
Restrictions { Prolog("has_feature('FixedTime',_NT),

has_feature('Equidistant',_NT")}}
}

}
}
Restrictions { Prolog("has_feature('Cosine',_NT)") }

}

Figure 5. (Simpli�ed) component description for cosine component

to integrateown special-purposemodulesinto thesystems
via an easy-to-usemoduleconcept. This enablesusersto
introducetheir own family speci�c generatorswithout any
needto changethecoreCONSULtools.

Using restrictions in CFDL a key difference of the
CFDL from othercomponentdescriptionlanguagesis the
supportfor �e xible rulesfor inclusionof components,parts
andsources.Inclusionconstraints,calledrestrictions,can
beattachedto eachCFDL element.

Eachelementmay have any numberof restrictions.At
leastoneof themhasto betrueto includetheelementinto
the system. If thereis no restrictionspeci�ed an element
is always included. The CFDL itself doesnot specify a
languagefor restrictiondescription,it passestherestriction
descriptionto an externalmodule. Currently, thereis just
onelanguagemodelwhich usesPrologasdescriptionlan-
guageandallows directaccessto theCONSULknowledge
database8.

The codeof restrictionscanaccessthe completeCON-
SUL modelset (featuremodel,componentmodel, feature
set) to make a decision. This allows the customizationof
componentsaccordingto thespeci�edneedsof theapplica-
tionsonastructuralbase.In combinationwith theability of
the backend transformationto producespecializedsource
elementsbasedonarbitraryparametersandstructuralinfor-

8Althoughthisdirectaccessisverypowerful, it hasits drawbacks,since
it is veryeasyto makemistakesin Prologstatements,withoutbreakingthe
syntax. For moststatements,an easier, moreproblem-orientedlanguage
would besuf�cient. It will beincludedin anew releaseof theCFDL.

mations,this permitsalmostany customizationconceptto
beusedin conjunctionwith CONSUL.

4 Closingthegap: family variation vs. family
member �exibility

Oneof themainproblemsof family basedsoftwarede-
signsis thattherearetwo levelsof �e xibility or variationin
thedesign.On theonehandthereis the “usual” �e xibility
a family memberor a singleapplicationhasto provideand
on theotherhandthereis thevariationinsidethefamily to
provide different family members.Both levels cannotbe
completelyseparatedin adesign,oftenthesamedesigncan
representboth,family variationandmember�e xibility .

The following examplewill illustrate this problemand
giveanideahow CONSULcanbeusedto dealwith it.

A very importantserviceof any operatingsystemis to
provide accessto thehardwareconnectedto theprocessor.
Dependingon thehardwarecon�gurationand/ortheneeds
of thesoftwaretheoperatingsystemhasto providesoftware
componentsandinterfacesto differentsetsof devices.Even
if thereis aharddiskcontrollerdeviceavailablein asystem,
if the softwaredoesnot requiredisk access,a disk driver
doesnothaveto beincludedin thesystem.

The example is basedon a �ctitious hardware which
hasthreedifferenttypesof analog/digitalconverters(ADC)
available.Thegoal is to providea softwaredesignandim-
plementationwhichadaptseasilyto differenthardwarecon-
�gurations without having to implementdifferentversions
of thedevice drivers. The scalabilityshall be achieved by



Part Type Description
interface (X) representsanexternalcompo-

nentinterfaceX.
class (X) representsa class X with

its interface(s),attributesand
sourcecode.

object (X) representsanobjectX.
classalias (X) representsa type-basedvaria-

tion point in a component.A
classaliasis an abstracttype
name which is bound to a
concreteclassduring con�g-
uration.

flag (X) representsa con�gurationde-
cision. X is boundto a con-
cretevalueduring con�gura-
tion. Dependingon thephys-
ical representationchosenfor
the �ag, it canberepresented
asa make�le variable,a vari-
able inside a classor even a
preprocessor�ag.

variable (X) similarto a�ag, but avariable
shouldnotbeusedfor con�g-
urationpurposes.

project (X) represents anything which
cannot be describedby the
parttypesgivenabove.

Table 2. Overview of CFDL par t types

usingtheservicesof CONSUL.
Figure 6 shows the relevant part of the featuremodel.

WhenADCSupportis selected,any combinationof support
for the threedifferentADC typescanbe requested.Thus
thereareseven(threesingle,threedouble,onetriple) com-
binationsof functionalsupportfor ADCspossible.In some
applicationit is known in advancewhich ADC(s) arego-
ing to beused,socompile-timebindingshouldbepossible.
But therecouldbeapplicationswhich will bind anADC at
load-time,andsomewill defer the decisionuntil run-time
andmayrequestaccessto differentADC over thetime.

Thedriversshallberealizedwithin a singlecomponent.
All ADC mustprovidethesameinterfaceto enableswitch-
ing betweendifferentADCs.

This settingseemsto bea classicalexamplefor theuse
of anabstractbaseclass,de�ning thecommoninterfaceand
threedifferent subclasseswhich are the concreterealiza-
tionsof theinterface.However, in many con�gurations,as
shown in Figure7, thebaseclassisnotnecessarysincethere
is only oneclassderived from it in use. While the useof
abstractbaseclassesis appropriatefor modelingandcom-

Sourceelement Description
file representsa �le which is used

unmodi�ed.

flagfile representsa C++ preproces-
sor�ag.

makefile representsa make�le vari-
able.

classalias represents a C++ typedef
variable.

Table 3. Overview of CFDL sour ce element
representations

ADCControl

ADC_1 ADC_2 ADC_3

DeviceSupport

Figure 6. Partial feature model for the ADC
example

municatinginterfacesto usersand developers,it requires
additionalresourcesduringruntime.To implementtherun-
time variability, C++ aswell asotherobject-orientedlan-
guagesrely on tablesassociatedwith eachobjectderived
from abstractbaseclasses.Eachtablestoresthe location
of themethodimplementationsfor thecommoninterfaceof
theabstractbase.In C++ thesetablesareusuallycalledvir-
tual methodtables. Useof suchtablesconsumesmemory
for storingthe table,andrun-timesincefor eachcall to an
abstractmethodthecorrespondingtableis consulted.

The measurementsfor an abstract/concreteclass pair

ADC

ADC_1 ADC_2 ADC_3

ADC

ADC_1 ADC_2

ADC

ADC_2

Figure 7. Class hierar chies for 3 diff erent
member s



with just one virtual method(seeTable 49) clearly show
thatthereis anincreasedmemoryusefor theabstractclass
version.Especiallycritical is theuseof datamemory. With-
outvirtual methods,nodatamemoryis used.Many embed-
dedmicrocontrollershaveseparatecodeanddatamemories,
andoftenthedatamemoryis quitesmall(few bytesto some
kBytes)sowastinga few dozenbytesof datamemorycan
bea realproblem.A skilled embeddedprogrammerwould
avoid usingvirtual methodwheneverpossible10. To achieve
thesameresourceusageasa hand-codedsolution,thevari-
ableimplementationof drivecomponentshouldavoid using
virtual methodswheneverpossible.

Hierar chy Processor Code Data
non-virtual x86 32 0
virtual x86 206 140
non-virtual AVR90Sxxxx 80 0
virtual AVR90Sxxxx 284 42

Table 4. Memor y consumption of abstract and
non­abstract classes

To solve this problemthe classalias of CONSUL
canbe used.The classalias part type allows descrip-
tion of �e xible, staticallychangeableclassrelations. Fig-
ure8 shows a new classhierarchywheretheexternalcom-
ponentinterfaceADCcanbe mappedto any of the ADC?
classes.

ADC
<<alias>>

ADC_Base

ADC_1 ADC_2 ADC_3

Figure 8. Variab le class hierar chy for ADC
component

The correspondingcomponentdescriptionis shown in
Figure9. The concreteclassto which the aliasshouldbe
set is determinedby the four Value statementsgiven in-
sidetheclassaliasde�nition. Theevaluationof thesecond
argumentof eachstatementis done top-down. The �rst
argumentof the �rst statementwhich evaluatesto true is
usedto calculatethe classname. In the example,oneof
the prede�ned clausesof CONSUL is used. The clause

9Compiler:gcc2.96for x86,gcc2.95.2for avr, sizevaluesin bytes
10Today, most programmersavoid this problem by not even using

object-orientedlanguagesfor embeddedsystemsprogramming

is single(X, NT) is true when only featureX is se-
lected from its correspondingor-featuregroup. The last
statementensuresthat if thereis morethanonefeaturese-
lectedfrom thegroup,theabstractbaseclassis used.

To solve the problemof having an abstractbaseclass
or not for the ADC

�

1,2,3 � class,the classADCBase
hastwo differentdeclarations,oneasabstractclass,andthe
otherasjust anemptyclassde�nition.

The descriptionof classADC1 is straightforward, it is
includedin thecomponentwhenever supportfor ADC1 is
requested.For theothertwo classes,thedescriptionslook
alike.

It is obviousthat themechanismsfor variability usedin
this examplecouldbeusedwithout CONSUL.Changinga
classhierarchycould be accomplishedusinga conditional
#include resolvedby theC++ preprocessoraccordingto
a compilerargumentwhich is de�ned in a make�le. How-
ever, with the CONSUL and the CFDL there is one sin-
gle placeto managethecustomizationprocess.The infor-
mation what andhow to con�gure is not spreadout over
different�les in differentlanguages.CONSULandCFDL
separatethestructureof systemsandcomponentsfrom the
source�les they areimplementedin.

UsingAOP to do the trick: theextensibilityof theCFDL
throughits customizablebackendmakestheintroductionof
new high-level descriptionelementsveryeasy. Goingback
to the examplegiven above, therehasbeensometricking
aroundwith thebaseclassof ADC

�

1,2,3 � . It wasneces-
saryto providea fake (empty)baseclasswhentheabstract
baseclassshouldnotbeused.

The aspectlanguageAspectC++[7] allows to write as-
pectsfor theC++ languagewhichareableto introducenew
baseclassesto arbitrary classes. The useof that feature
makes the solution for the ADC examplemuch easier, if
theCONSULwould allow a statementto setthebaseclass
similar to aclassalias.

To make this available in the CFDL, it is necessary
to de�ne a new part source type named baseclass
which takes two arguments, the name of the intended
baseclassandthe privilege level (private, public,
protected for C++).

The additionof a new sourceelementrequiresonly the
additionof a new transformationrule to theCONSULgen-
eratorbackendlibrary. When the XML basedbackendis
used,this requireswriting anXML transformationdescrip-
tion. With the Prolog backend, the samecan be accom-
plishedwith appropriatePrologrules.

Figure 10 shows the modi�ed componentdescription
andFigure11 thegeneratedaspectcode.

Usingthisextensionmechanisms,CONSULcanbeused
to controlandcombinearbitrarlycomplex toolsto produce
theintendedcustomizedsystem.It canbeevenusedto im-



Component("ADCControl")
{

Description("ADC Controller Access")
Parts {

classalias("ADC") {
Sources {

classaliasfile("include", "ADC.h","ADC") }
Value("ADC_1",Prolog("is_single('ADC_1',_ NT)"))
Value("ADC_2",Prolog("is_single('ADC_2',_ NT)"))
Value("ADC_3",Prolog("is_single('ADC_3',_ NT)"))
Value("ADC_Base",Prolog("true"))

}
class("ADC_Base") {

Sources {
file("include", "ADC_Base.h",def,"include/ADC_Base_virtual. h") {

Restrictions {
Prolog("not(selection_count(['ADC_1','ADC_2 ','ADC _3'],1, _NT))")

}
file("include", "ADC_Base.h",def,"include/ADC_Base_empty.h" ) {

Restrictions {
Prolog("selection_count(['ADC_1','ADC_2','A DC_3'] ,1,_NT) ")

} } } }
class("ADC_1") {

Sources {
file("include", "ADC_1.h",def)
file("src", "ADC_1.cc",impl)

{ Restrictions { Prolog("has_feature('ADC_1',_NT)") } }
} }

...
} }

Restrictions { Prolog("has_feature('ADCControl',_NT)") }
}

Figure 9. CFDL for ADC component

aspect consul_ADC_1_ADC_Base {
advice classes("ADC_1"):

baseclass("public ADC_Base");
};

Figure 11. Aspect code generated for the
CFDL baseclass sour ce element

plementsimplesourcecodegeneratorsdirectly, asshown
above.

5 CONSUL casestudy: Pure

To evaluatetheCONSULideas,it wasnecessaryto use
it in a largerproject.ThePureoperatingsystemfamily for
deeplyembeddedsystems[4] developedat the University
Magdeburg,wasanidealtarget.

ThePureoperatingsystemfamily consistsof about321
classesimplementedin some990 �les. Purerunson nine
differentprocessortypesfrom 8 bit to 64bit processorsand
is almostentirelywritten in C++. Prior to theuseof CON-

SUL, thecon�gurationwasdoneby modifying/settingsev-
eralC++preprocessor#define statements(about64)and
also somemake�le variables. Due to its applicationarea
Pureis trimmedto usehardwareresourceasef�ciently as
possible.For everyapplicationit triesto provideexactlythe
featuresanapplicationneeds,notmore.

The resultof the domainmodelingusing featuremod-
els wasa modelof the PURE problemdomainwith some
250features.Themodelallowsapprox. �����	� differentvalid
featurecombinations.Thecomponentfamily modelrepre-
sentingtheimplementationconsistsof 57components.

A featuresetfor a typicalcon�gurationhassome20fea-
tures.Thesmallestpossiblesetcontainsjust threefeatures
(describingtheusedcompiler, thetargetcpumodelandthe
target hardwareplatform), selecting20 classes.A typical
con�gurationsupportingpreemptivemultitaskingwith time
sliceshas94classes11

Using CONSUL reducedthe risk of miscon�guration,
becausethefeaturemodelandtheCFDL allows to express
dependenciesandthesecanbecheckedautomatically. Prior

11Both con�gurationsare for a x86 PC basedtarget platform andthe
GNU Compiler, valuesfor othertargetplatformsmaydiffer slightly.



Component("ADCControl")
{

Description("ADC Controller Access")
Parts {

....
class("ADC_Base") {

Sources {
file("include", "ADC_Base.h",def,"include/ADC_Base_virtual. h") {

Restrictions {
Prolog("not(selection_count(['ADC_1','ADC_2 ','ADC _3'],1, _NT))")

} } } }
class("ADC_1") {

Sources {
file("include", "ADC_1.h",def)
file("src", "ADC_1.cc",impl)

// introduce new base class when not single
baseclass("ADC_Base","public")

{ Restrictions { Prolog("not(is_single('ADC_1',_NT))") } }
} }

...
} }

Restrictions { Prolog("has_feature('ADCControl',_NT)") }
}

Figure 10. CFDL for ADC component using the basec lass() sour ce element

to theavailability of CONSULtoolsfor Purecon�guration
mostPuredevelopersusedonly two or threewell known
con�gurations,because�nding a new working con�gura-
tion wasvery complicated.Today, the testdirectorycon-
tainssome120differentbasecon�gurations.A new work-
ing con�gurationis typically createdin a few minutes.

6 CONSUL basedtools

Variability managementtoolshaveto beusedby two dif-
ferentclassesof users.The �rst classis formedby thede-
veloperswhodevelopvariablesoftwareartifacts,thesecond
classby thedeployersof thesevariableartifacts.As acom-
pletetool chain,CONSULsupportsbothclasses.

The modularimplementationof CONSULallows �e xi-
blecombinationof therequiredservicesanduserinterfaces
to build differenttools.Thecurrentapplicationfamily con-
sistsof following threedifferenttools:

Consul@GUI The main application for developers is
Consul@GUI. Consul@GUIis an interactive modeling
tool for CONSUL models. It allows to createandedit the
modelsbut canalsobeusedin thedeploymentof thedevel-
opedsoftwarefor generatingthecustomizedsoftware.

Figure 12 shows a screenshotof a con�guration ses-
sion. It shows the featuremodel for the cosinedomain
with several featuresselected. The con�guration is not
valid, sincethereis still an openalternative. This is indi-
catedby thedifferentbackgroundcolorsof thetwo features

Equidistant andNonEquidistant .

Figure 12. Consul@GUI

Oncea valid con�guration hasbeenfound, the genera-
tion processcanbestarted.

Consul@CLI Basedon CONSUL a customizationtool
with a commandline interfacehasbeenbuilt aswell. This
tool canbe usede.g. togetherwith make to provide auto-
matedcustomizationwhen(re)building a softwaresystem.

Consul@Web It is also possibleto make software cus-
tomizationavailable via web browsers. A demonstration
basedon a Java applet can be found at http://www.



pure- systems.com/consulat/ . It allows the con-
�guration, building anddownloadingof Purevia an Java-
enabledwebbrowser.

7 Relatedworks

There are not many tools for language-independent,
cross-level managementof software variability available.
The company BigLever with their productGEARS[14] is
oneof thefew. GEARSoperateson the�le systemlevel to
managevariability. It allows to specifyconditionsfor the
inclusionof aspeci�c �le into aresultingsystem.However,
thereis nocompletedomainmodel,but severalindependent
setsof parametersareusedto describetheconditions.Al-
thoughthis might enhancethereusability, this restrictsthe
descriptionof cross-componentdependencies.

Severalotherapproachesusefeaturemodelsfor domain
modeling[9, 13]. However, mostof themdonotuseanex-
plicit featuremodelingtool whicheffectively limits thesize
of themodels.In [21] a tool is describedwhichoperateson
a featuremodelandis ableto generatejava classskeletons
from featuremodels.

The transformationprocessin CONSUL, which pro-
ducesthecustomizedimplementationfrom componentde-
scriptionshassomesimilaritiesto frame-basedsourcegen-
eratorslike COMPOST[1] or XVCL [11]. The idea of
framesblendsperfectly with the ideasof CONSUL. The
openmodel of the CONSUL tools allows the integration
of sucha generatorinto thetransformationprocess,andthe
parameterizationof thegeneratoris controlledvi thefeature
modelandthecomponentfamily modelconstraints.

8 Conclusions

This paperpresentedan extensibletool chain for vari-
ability management.Themainmodeltypesareanenhanced
featuremodelanda�e xible componentbasedfamily model
which enablelanguageindependentrepresentationof vari-
ability in softwaresystems.

Comparedto other tools for variability management
CONSUL is more �e xible through its extensionmecha-
nisms. The useof featuremodelsas the model for com-
municationbetweenthedevelopersof variablesoftwareand
thedeployershasbeenprovento beaneffectivesolution.

Oneof the problemsof CONSUL is that Prolog is not
verywell suitedasadescriptionlanguagefor users.Its syn-
tax rulesareto weakto detecttypical typosin userde�ned
rules, and the Prolog languagesystemtendstoo produce
very unpredictableresultsin thesecases.A new language
for expressingthe basicrestrictionsis in developmentand
will replacetheuseof “native” Prologin many places.

Among the future projectsbasedon CONSUL are an
integrationof CONSUL technologyinto integrateddevel-

opmentenvironmentslike Eclipseor VisualStudio.To en-
hanceinteroperabilitywith othertoolsthecomponentfam-
ily model will be mappedto an XMI representation,al-
lowing direct useinsideUML tools like RationalRoseor
ARGO/UML.
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