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Abstract

Variability managemenin softwae systemsequiresad-
equatetool supportto copewith the ever increasingcom-
plexity of softwae systemsThepaperpresentsa tool chain
which canbeusedfor variability managementvithin almost
all softwae developmenprocessesThepresentedoolsuse
extendedeatue modelsasthemainmodelto describevari-
ability and commonalityand provide userchangeablecus-
tomizationof the softwae artifactsto be manaed.

1 Intr oduction

While the developmentof single-systensoftwareis not
a completelyunderstoodorocessyet, the needto develop
setsof relatedsoftware systemsin parallel alreadyexists
andincreases.The growing interestin conceptdik e soft-
ware productlines and software families by industry and
researctgroupssubstantiatehis need. The rst ideasand
solutionproposalof softwarefamiliesgo backalongtime
in termsof computersciencehistory. Widely known are
the works of Parnas[17], Habermanr{10] andNeighbors
[16] from the 70sandearly80s. However, mostof thework
wasdonein the 90s, especiallyin the secondhalf. Much
of this work wasrelatedto organizationahspectsi.e. how
to make developersin an organizationef ciently develop
softwaresothatit canbe usedin several differentproducts
insteadof just in a singleone. Methodslike ODM [19],
FAST [22] or PULSEmainly focuson this topic. Themore
technicalaspect®f theimplementatiorof suchsystemsare
mostly left openin theseapproachesYet thereare several

techniquesvhich covertheseaspectsExamplesare(static)
meta-programmingg], Gen\oca[3] andmary others.

Commonto all methodsis thatthey usemodelsto rep-
resentthe differencesand commonalitiesbetweernthe var
ious resultingproductsor implementatiorfragments. The

rst modelis a resultof the domainanalysisprocessand
the latter the resultof the domaindesignandimplementa-
tion process.However, in mostcasegool supportfor the
transitionfrom the high-level modelsof the domainanaly-
sis procesgo the productline implementations missing.
Someof themethodgqe.g. FAST) proposeheuseof gener
atorswhich accepta problemdomainspeci ¢ languageas
inputandgenerateheimplementationsiccordingo thein-
put speci cation. However, evenwith generatomgenerators
likein Gen\bcathisprocesss noteasyandoftentooheavy-
weightfor mary softwaredevelopmenfprojects.

In this papemwe present setof modelsandrelatedtools
that can be usedin conjunctionwith almostany product
line procesghatusesfeaturemodels asrepresentatioffior
commonalitiesand variabilities. The goal wasto develop
a completetool supportecchainof variability management
techniquesvhich cover all phasedrom domainanalysisto
the deploymentof the developedsoftware in applications
(products).

This paperis structuredasfollows: Section2 discusses
someproblemsof variability managemerdandtool support.
Section3 introducesthe basicconceptof the approach.A
moredetailedexplanationof someaspect®f this approach
is givenin the fourth section. Section5 demonstratethe
extensibility of theapproachusinga casestudy A brief in-
troductionof CONSULbasedoolsis presentedh thesixth

10r ary modelwhich canbetransformednto afeaturemodel



section. Section7 discussesomerelatedwork. The last
sectioncontainssomeconcludingremarksandgivesanout-
look onfuturework.

2 Rationale for an open variability manage-
ment tool chain

The de nition of software variability as given in the
workshops CfPis:

"Software variability is the ability of a soft-
waresystenor artifactto bechangedgustomized
or con guredfor usein aparticularcontext.”

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

Variability in softwaresystemsanbefoundin thefunc-
tional and non-functionalattributesof the systems.Func-
tional variability meansthat the systemcan provide dif-
ferentfunctionalitiesin differentcontets. E.g. a variable
HTML viewer componensupportghe con gurationof the
setsof HTML dialectsit is ableto render Non-functional
variability includessystempropertiessuchasmemorycon-
sumptionexecutionspeedr QoSof systenfunctionalities.

Thesedifferentaspectf variability canbe realizedin
mary differentways. The following list is an attemptto
catgyorizewhereandhow variability is expressed:

Programming languagelevel: thevariability is expressed
usingthe programmindanguagenhich is usedto im-
plementthe system for instanceJava, C++ or C. This
involveslanguagdeaturedik e conditionalexecution,
function parametersnd constants.Someof the vari-
ability is resohedatcompiletime?, theremainingvari-
ability is resohedat runtime.

Meta languagelevel: a metalanguages usedto describe
variableaspect®f thesoftwareartifacts.Examplesare
aspecborientedlanguagedik e AspectJor AspectC++,
meta programmingsystemslike COMPOST[1], or
BETA [15]. Eventhe C/C++ preprocessolanguage
is an albeit simple examplebut neverthelesgprobably
mostwidely known metalanguagefor variability rep-
resentation. The binding time of variability depends
onthelanguageconceptsln mostcasegshe actualre-
sult of the binding is expressedn a basic(non-meta)
programmindanguagewhich is thencompiledor ex-
ecuted.

2|f the compileris ableto optimizethe resultingcodebasedon partial
evaluation,i.e. replacementf constanexpressionwith theirsresultsetc.

Transformation procesdevel: almost every software is
transformedrom higherlevel language(sinto anexe-
cutingsystemnthroughseveralstepsof transformations.
For instancea C programis compiledby a compiler
into anintermediateepresentatiorf.o les) whichin
turn is linked againsta setof libraries by the linker,
andis nally loadedinto the memoryof a particular
computersystemby the operatingsystems$ program
loader Most of theinvolvedtransformatiortools can
be parameterizedothattheresultingsystemchanges.
l.e. the compiler hasseveral levels of optimization,
whichmayin uencesthe memoryfootprintand/orex-
ecutionspeedf thecompiledsystem.Thetransforma-
tion processs usuallycontrolledby a tool like make
[20] or ant[2] thatinterpretsa transformatiorprocess
description.

In mostsoftwaresystemsseverallevelsof variability ex-
pressiong@reusedtogetheror independentlyThesmallex-
ampleshowvn in Figurel demonstratesuchamix of levels.
It shavsa smallC sourcele andamalke le whichis used
to producetwo differentexecutablegrom the samesource
code. The point of variability is the secondargumentof
theprintf  function. The preprocessomacrode nesthis
valueif the valueof HW_TEXTis not alreadysetby other
means.Themalke le includestwo differenttransformation
rulesfor the samesourcethe secondusesa compileoption
to setthevalueof HW_TEXT

#include  <stdio.h>
#ifndef
#define
#endif

HW_TEXT

HW_TEXT"Hello, world!"

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

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

all:  hw_en hw_de
hw_en: hw.c

$(CC) -0 %@ $<
hw_de: hw.c

$(CC) -0 $@\

"-DHW_TEXT=\"Hallo,

Welt\"" $<

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

In mostcasessucha mixing of levelsis neededo ac-
complishthe goalsof the software developmentin terms
of efciency, organization,reuseetc. However, tool sup-
portfor controllingthesehighly complex mixesis very lim-
ited. Especiallyanautomatedouplingof highlevel models



of variability andcommonalitiegVC) with the“low-level”
implementation®f thevariability is rarelyto befound.

Severalimportantissueshave to be consideredvhende-
veloping a tool chainto supportthe completeprocessof
variability management:

Easy yet universalmodel(s)for expressingvariability
andcommonalitieshouldbe supported.

Variability atall levelsmustbe manageable.

Introductionof new variability expressiontechniques
shouldbe possibleandeasy

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

3 CONSUL overview

The CONSUL tool chainhasbeendesignedor devel-
opmentanddeplgymentof softwareprogramfamilies. The
coreof CONSULarethedifferentmodelswvhich areusedto
representheproblemdomainof thefamily, thesolutiondo-
main(s)and nally to specifytherequirement$or aspeci c
representatie (member)of thefamily.

The centralrole is playedby featue modelswhich are
usedto representhe problemdomainin termsof common-
alitiesandvariabilities. CONSULusesanenhancedersion
of featuremodelscomparedo the original featuremodels
asproposedn the FODA method[12]. A detaileddescrip-
tion of thoseenhancements givenin Section3.1.

The solution domain(s)(i.e. the implementationsire
describedusing the CONSUL ComponentFamily Model
(CCFM). It allowsto describethe mappingof userrequire-
mentsonto variable componenimplementationsj.e. the
customizatiorof a setof componentdor a particularcon-
text. As the namesuggeststhis modelhasbeennewnly de-
velopedfor CONSUL.The CCFM is presentedn detailin
Section3.2.

The feature setsare usedat deploymenttime and de-
scribea particularcontext in termsof featuresand associ-
atedfeaturevalues.

Figure 2 illustratesthe basic processof customization
with CONSUL.Most stepscanbe performedautomatically
oncethevariousmodelshave beencreated The developers
of variablecomponentsave to provide the featuremod-
els,thecomponentamily models.andtheimplementations
itself. A usef providestherequiredfeaturesthetoolsana-
lyze the variousmodelsand generatehe customizeccom-
ponent(s).

3Herea usercanbe eitherhumanor 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 approachess, that CONSUL modelsin mostcasenly
describewhat hasto be done, but not how it should be
done. CONSUL provides only basic mechanismavhich
canbeextendaccordingto the needsof the CONSUL user
This e xibility is achiavedby combiningtwo powerful lan-
guagesnsideCONSULandallowing theuserto extendthis
system.

The rst languages Prolog, a widely known language
for logic programmingPrologis usedfor constraintheck-
ing, i.e. for expressingelationsbetweerdifferentfeatures.
The samelogic engineis usedfor componenselectionand
customization.

The secondlanguageis a XML-basedlanguagecalled
XML Transwhich allows to describeheway customization
(transformationpctionsareto be executed. The mostsim-
pletransformatioris theverbatiminclusionof a le intothe

nal customizedsourceset. Evenfor this simpletransfor
mationdifferentsolutionsare possible.On systemsvhere
le systenlinks arepossibletheinclusionactioncanbede-
scribeddifferentlyin a differentway thanon systemswith-
outsuch le systemcapabilities XML Transallows thetool
usergo describesimilarandmorecomple transformations
in aspecialXML languageDueto its modularstructurejt
canbeextendedwith usersuppliedtransformationmodules.
This canbe usedto provide seamlessiccesdo specialgen-
eratoror othertoolsseamlesslyrom within thetool chain.



3.1 CONSUL feature models

Featuremodeling is a relatively simple approachfor
modelingthe capabilitiesof a software systemintroduced
by Kangetal. [12]. A featuremodelrepresentshe com-
monalitiesand variabilities of the domain. A featurein
FODA* is de ned as an end-usevisible characteristic of
asystem

CONSUL usedeaturemodelsbecaus@n onehandthey
areeasyto understandhut on the otherhandareableto ex-
pressrelatively complex relationsin a very compactman-
ner. To enablemodelingof morecomplex scenariosCON-
SUL usesa slightly enhancedversion of feature models
comparedo the original concept. The enhancedrersions
allows to attachtypedvaluesto featuresto represention-
booleanfeatureinformationsand additionalrelation rules
calledrestrictions.

Featuresareorganizedn form of featute models A fea-
turemodelof adomainconsistof thefollowing items:

Feature description: eachfeaturedescriptionin turn con-
sistsof afeaturede nition andarationale.

Thede nition explainswhich characteristiof the do-
main is describedby the feature,so that an end-user
is ableto understandvhatthis featureis about. This
de nition may be given asinformal text only or in a
de ned structurewith prede ned elds andvaluesfor
someinformationlike the binding of the feature,i.e.
thetime afeatureis introducedn the system(con gu-
rationtime, compiletime, etc.).

The rationalegives an explanationwhento choosea
feature,or whennotto chooset.

Featurevalue: each feature can have an attached
typehalue pair. This allows to describenon-boolean
featuregnoreeasily®

Featurerelations: thefeaturerelationsde ne valid selec-
tionsof featuresn adomain. Themainrepresentation
of theserelationsis the feature diagram Sucha dia-
gramis a directedagyclic graphwherethe nodesare
featuresandthe connectionbetweerfeaturesndicate
whetherthey are optional, alternatve or mandatory
Tablel givesanexplanationof thesetermsandshavs
its representatioin featurediagrams® Additional re-
lationscanbeattachedo afeature. CONSUL provides
a exible mechanisntalledrestrictionsto enablethe
descriptiorof arbitraryfeaturerelations.

4Feature-oriente®omainAnalysis

STypedfeatureswith valuesare not part of the original featuremodel
proposal. However, this extensionis requiredto describemary domains
andhasbeenprovento bevery useful.

6The graphicalnotationdiffers from the original FODA style to allow
easiedrawing/generatiorof featurediagrams.

Feature Type Graphical Rep-
resentation
mandatory

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

o}

optional
OptionalfeatureB maybeincluded
if its parentfeatureA is selected.

alternative

Alternative featuresare organized
in alternativegroups Exactly one
featureof suchthegroupB,C,D has
to be selectedf the group's parent
featureA is selected.

or
Or features are organizedin or

groups At leastonefeatureof such
the groupB,C,D hasto be selected
if thegroup's parentfeatureA is se-
lected.

Table 1. Explanation of feature diagram ele-
ments

From the characteristic®f the problem,a domainana-
lyst derivesthefeaturegelevantfor the problemdomain.

For example for a domain which requiresa variable
realizationof cosine calculationfunctions for embedded
real-time applications,the model could containa feature
that allows to specify the precisionrequiredfor the re-
sults(Precision )/, afeaturethatrepresentsvhetherdis-
crete angle valuesare used(ValueDistribution ), a
featureto expressthat x ed calculationtime is required
(FixedTime ) andsoon. The completefeaturemodelis
shavn in Figure3. A moredetaileddiscussiorof this ex-
amplecanbefoundin [5].

Thefeaturemodelof a problemdomain(in our casethe
cosineworld) canbe usedby an applicationengineerand
sheor heshouldbeableto selecthefeaturetheapplication
requiresandif necessaryo specifyfeaturevalues.

"The namesin parenthesearethe featurenamesusedin theresulting
featuremodel,see gure 3.
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‘ FixedTime

Range

Precision ‘ ValueDistribution

Continuous Discrete

‘ Equidistant ‘ NonEquidistant

Figure 3. Feature model of cosine domain

3.2 CONSUL componentfamily model

Thecomponentamily modelof CONSULIis notyetan-
other componentmodelin the spirit of CORBA or COM
componenimodels. CONSUL usesa very opende nition
of components A componenencapsulatea con gurable
setof functionalities. As a consequenceéONSUL cannot
checkinterfacesof connectedomponent#self, but allows
to introduceuserde nable checksappropriatefor the in-
tendedframework/architecture.Figure 4 illustratesthe hi-
erarchicalstructureof the componenbasedfamily model
supportecby CONSUL.

Component

Part ‘ ‘ Part ‘ ‘ Part ‘

of the CONSUL family

m
w
W
Source
m\
W
m/
w
W
W
W
m
Source

Figure 4. Structure
models

This approachis re ected in the CONSUL family de-
scriptionlanguageg CFDL) which mainly describeghein-
ternalcomponenstructureof afamily andits con guration
dependencies helanguagés complementaryo languages
like OMG's CORBA IDL or Microsoft's COM IDL which
focus on the external view of a component. The external
interfaceof a components merelyanother(possibly)con-
gurable partof acomponenfor CONSUL.

An small exampleof the languages givenin Figure5.
It shavs a simplecomponentealizingthe cosineexample
domainwith just threedifferentimplementationles. De-
pendingon the selectedeaturesoneof thecosine _?.cc
is usedto implementthe cosinefunction.

The CONSUL family modelrepresents family asa set

of related components. The inter-componentrelation of
thesecomponentss not x ed. l.e. both hierarchicalcom-
ponentstructureslike the OpenComponentnodel [8] or
ordinary independentomponentsan be part of a family
model. The CONSUL family descriptionanguaggCFDL)
is thetextual representationf themodel.

The following paragraph$rie y introducethethreeel-
ementf the CONSUL family model.

Components: acomponents anamedentity. Eachcom-
ponentis hierarchicallystructuredin parts which in turn
consistof sources

Parts: partsarenamedandtypedentities. Eachpart be-
longsto exactly onecomponenandcontainsary numberof
sources

A partcanbeanelemenbf aprogramminganguagdik e
aclassor anobject,but alsoary otherkey elemenbf thein-
nerandexternalstructureof ancomponenti.e. aninterface
description. CONSUL provides a numberof prede ned
parttypes,likeclass ,object ,flag ,classalias or
variable . Theintroductionof new parttypesaccording
to theneed=f thetool userss alsopossible.

Section4 givesa small demonstratiorof this. Table 2
givesashortdescriptiorof thecurrentlyavailableparttypes
in thecurrentCFDL version.

Sources: a partasa logical elementneedssomephysi-
cal representation(syvhich are describedby the sources
A sourceelementis an unnamedbut typed entity. The
type is usedby the transformatiorbaclendsto determine
the way to generatethe sourcecodefor the speci ed el-
ement. Different prede nedtypesof sourceelementsare
supportedlike thefile  which simply copiesa le from
oneplaceinto the speci ed destinatiornof the componens
sourcecode.Somesourceelementaremoresophisticated,
like classalias or flagfile , andrequiregeneration
of new sourcecodeby the baclends. Table 3 lists the cur-
rently availablesourceelementrepresentations.

The actual interpretationof thesesource elementsis
handedover to the CONSUL componentgeneratorback-
ends.To enabletheintroductionof customsourceelements
and generatorules, CONSUL allows to plug in different
generators. At the moment,two different generatorsex-
ist. Oneis implementedn Prologandoperateslirectly on
the Prolog CONSUL knowledge databaseepresentation.
The secondvhich usesa modulartransformatiorbasedap-
proach.

The adwantageof the Prologbasedapproachs its speed
andtheability to usethe power of Prologeverywhere How-
ever, it requiresa decentknowledgeof Prologto changeor
add sourceelementgenerators. The other approach[18]
usesXML to describethetransformationsindallows users



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)) 1
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. (Simplied) component description for cosine component

to integrateown special-purposenodulesinto the systems
via an easy-to-usenoduleconcept. This enablesusersto
introducetheir own family speci ¢ generatorsvithout ary
needto changethe core CONSUL tools.

Using restrictions in CFDL a key difference of the
CFDL from othercomponendescriptionlanguagess the
supportfor e xible rulesfor inclusionof componentsparts
andsources.Inclusionconstraintscalledrestrictions,can
beattachedo eachCFDL element.

Eachelementmay have any numberof restrictions. At
leastoneof themhasto betrueto includethe elementinto
the system. If thereis no restrictionspeci ed an element
is always included. The CFDL itself doesnot specify a
languagdor restrictiondescriptionjt passesherestriction
descriptionto an externalmodule. Currently thereis just
onelanguagemodelwhich usesPrologasdescriptionlan-
guageandallows directaccesgo the CONSUL knowledge
databas®

The codeof restrictionscanaccesghe completeCON-
SUL modelset(featuremodel, componenimodel, feature
set)to make a decision. This allows the customizatiornof
componentsiccordingo thespeci ed needf theapplica-
tionsonastructurabase.In combinationwith theability of
the baclend transformationto producespecializedsource
elementdasedn arbitraryparameterandstructuralinfor-

8Althoughthisdirectaccesss verypawerful, it hasits dravbacks since
it is very easyto malke mistalesin Prologstatementsyithout breakingthe
syntax. For moststatementsan easier more problem-orientedanguage
would besufcient. It will beincludedin anew releaseof the CFDL.

mations,this permitsalmostary customizatiorconceptto
beusedin conjunctionwith CONSUL.

4 Closingthe gap: family variation vs. family
member exibility

Oneof the main problemsof family basedsoftwarede-
signsis thattherearetwo levelsof e xibility or variationin
the design.On the onehandthereis the “usual” e xibility
afamily memberor a singleapplicationhasto provide and
on the otherhandthereis the variationinsidethe family to
provide differentfamily members. Both levels cannotbe
completelyseparateth adesign,oftenthesamedesigncan
represenboth,family variationandmember e xibility .

The following examplewill illustrate this problemand
give anideahow CONSUL canbeusedto dealwith it.

A very importantserviceof ary operatingsystemis to
provide accesgo the hardwareconnectedo the processar
Dependingon the hardwarecon guration and/orthe needs
of thesoftwaretheoperatingsystemhasto provide software
componentsandinterfacedo differentsetsof devices.Even
if thereis aharddisk controllerdevice availablein asystem,
if the software doesnot requiredisk accessa disk driver
doesnothaveto beincludedin the system.

The exampleis basedon a ctitious hardware which
hasthreedifferenttypesof analog/digitacorverter(ADC)
available. Thegoalis to provide a softwaredesignandim-
plementatiorwhichadaptsasilyto differenthardwarecon-
gurations without having to implementdifferentversions
of the device drivers. The scalability shall be achieved by



Part Type

Description

interface  (X)

representanexternalcompo-
nentinterfaceX.

Sourceelement

Description

file

representa le whichis used
unmodi ed.

class (X) representsa class X with
its interface(s)attributesand
sourcecode.

object (X) representsnobjectX.

representatype-basedaria-
tion pointin a component.A
classaliags an abstracttype
name which is bound to a
concreteclassduring con g-
uration.

represents con gurationde-
cision. X is boundto a con-
cretevalue during con gura-
tion. Dependingon the phys-
ical representatiochoserfor
the ag, it canberepresented
asamale le variable,a vari-
ableinside a classor even a
preprocessolg.

similartoa ag, butavariable
shouldnotbeusedfor con g-
urationpurposes.
represents arything which
cannot be describedby the
parttypesgivenabove.

classalias (X)

flag (X)

variable  (X)

project (X)

Table 2. Overview of CFDL part types

usingtheservicesof CONSUL.

Figure 6 shovs the relevant part of the featuremodel.
WhenADCSupportis selectedany combinationof support
for the threedifferent ADC typescanbe requested.Thus
thereareseven (threesingle,threedouble,onetriple) com-
binationsof functionalsupportfor ADCs possible.In some
applicationit is known in advancewhich ADC(s) are go-
ing to beused socompile-timebindingshouldbe possible.
But therecould be applicationswvhich will bindan ADC at
load-time,andsomewill deferthe decisionuntil run-time
andmayrequestaccesdo differentADC overthetime.

Thedriversshallbe realizedwithin a singlecomponent.

All ADC mustprovide the sameinterfaceto enableswitch-
ing betweerdifferentADCs.

This settingseemdo be a classicalexamplefor the use
of anabstracbaseclassde ning thecommoninterfaceand
three different subclassesvhich are the concreterealiza-
tionsof theinterface.However, in mary con gurations,as
shavnin Figure7, thebaseclasss notnecessargincethere
is only oneclassderived from it in use. While the useof
abstractaseclassess appropriatdfor modelingandcom-

flagfile representsa C++ preproces-
sor ag.

makefile representsa make le vari-
able.

classalias representsa C++ typedef
variable.

Table 3. Overview of CFDL source element
representations

DeviceSupport

|

ADCControl

ADC_1 ADC_2 || ADC_3

Figure 6. Partial feature model for the ADC
example

municatinginterfacesto usersand developers,it requires
additionalresourcesluringruntime.To implementtherun-

time variability, C++ aswell asotherobject-orientedan-

guagesely on tablesassociatedvith eachobjectderived
from abstractbaseclasses.Eachtable storesthe location
of themethodimplementationgor thecommoninterfaceof

theabstracbase.ln C++thesetablesareusuallycalledvir-

tual methodtables Use of suchtablesconsumesnemory
for storingthe table,andrun-timesincefor eachcall to an
abstracmethodthe correspondingableis consulted.

The measurement$or an abstract/concretelass pair

ADC ADC ADC
7 X K

‘ ADC_1 ‘ ‘ ADC_2 ‘ ‘ ADC_3 ‘ ‘ ADC_1 ‘ ‘ ADC_2 ‘ ‘ ADC_2 ‘

Figure 7. Class hierarchies for 3 diff erent
member s



with just one virtual method(seeTable 4%) clearly shav
thatthereis anincreasednemoryusefor the abstractlass
version.Especiallycritical is theuseof datamemory With-
outvirtual methodsno datamemoryis used.Marny embed-
dedmicrocontrollerhave separateodeanddatamemories,
andoftenthedatamemoryis quite small (few bytesto some
kBytes)sowastinga few dozenbytesof datamemorycan
bearealproblem.A skilled embeddegrogrammemould
avoid usingvirtual methodwheneerpossiblé®. To achiere
thesameresourcausageasa hand-codedolution,the vari-
ableimplementatiorof drive componenshouldavoid using
virtual methodsvhenever possible.

Hierarchy | Processor Code | Data
non-virtual | x86 32 0
virtual x86 206 140
non-virtual | AVR90Sxxxx | 80 0
virtual AVRI0Sxxxx | 284 42

Table 4. Memory consumption of abstract and
non-abstract classes

To solwe this problemthe classalias of CONSUL
canbeused. The classalias parttype allows descrip-
tion of e xible, staticallychangeablelassrelations. Fig-
ure 8 showvs anew classhierarchywherethe externalcom-
ponentinterface ADCcanbe mappedto ary of the ADC?
classes.

ADC
- <<alias>>
) 4 YO
" | ADC_Base | : B

’ ADC_1 ‘ ’ ADC_2 ADC_3 ‘

¥

Figure 8. Variable class hierarchy for ADC
component

The correspondingcomponentdescriptionis shavn in
Figure9. The concreteclassto which the alias shouldbe
setis determinedby the four Value statementgjivenin-
sidethe classaliagle nition. The evaluationof the second
argumentof eachstatementis donetop-dovn. The rst
argumentof the rst statementhich evaluatesto true is
usedto calculatethe classname. In the example,one of
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-orientedanguagesor embeddedystemgprogramming

is _single(X, _NT) is true whenonly featureX is se-
lectedfrom its correspondingpr-featuregroup. The last
statemenensureghatif thereis morethanonefeaturese-
lectedfrom the group,the abstracbaseclassis used.

To solve the problemof having an abstractbaseclass
or not for the ADC 1,2,3  class,the classADCBase
hastwo differentdeclarationspneasabstractlass,andthe
otherasjustanemptyclassde nition.

The descriptionof classADCL1 is straightforvard, it is
includedin the componentvheneer supportfor ADC1 is
requested For the othertwo classesthe descriptiondook
alike.

It is obviousthatthe mechanismgor variability usedin
this examplecould be usedwithout CONSUL. Changinga
classhierarchycould be accomplishedisinga conditional
#include resolhedbytheC++ preprocessaaccordingo
a compileragumentwhichis de ned in amake le. How-
ever, with the CONSUL and the CFDL thereis one sin-
gle placeto managehe customizatiomprocess.The infor-
mation what and how to con gure is not spreadout over
different les in differentlanguagesCONSUL and CFDL
separatehe structureof systemsandcomponentgrom the
sourceles they areimplementedn.

UsingAOPto dothetrick: theextensibilityof the CFDL
throughits customizabldaclendmakestheintroductionof
new high-level descriptionelementsrery easy Going back
to the examplegiven above, therehasbeensometricking
aroundwith thebaseclassof ADC 1,2,3 . It washeces-
saryto provide a fake (empty)baseclasswhenthe abstract
baseclassshouldnotbeused.

The aspectanguageAspectC++[7] allows to write as-
pectsfor the C++ languagevhichareableto introducenew
baseclassego arbitrary classes. The use of that feature
malkes the solution for the ADC example much easier if
the CONSUL would allow a statemento setthe baseclass
similarto aclassalias.

To malke this available in the CFDL, it is necessary
to dene a new part sourcetype 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 transformatiorrule to the CONSUL gen-
eratorbaclendlibrary. Whenthe XML basedbaclendis
used this requireswriting an XML transformatiordescrip-
tion. With the Prolog baclend, the samecan be accom-
plishedwith appropriatéPrologrules.

Figure 10 shovs the modi ed componentdescription
andFigure11thegeneratecdspectode.

UsingthisextensionrmechanismsCONSULcanbeused
to controlandcombinearbitrarly complex toolsto produce
theintendedcustomizedsystem.lt canbeevenusedto im-



Component("ADCControl")
{

Description("ADC Controller Access")
Parts  {
classalias("ADC") {
Sources {

classaliasfile("include",
Value("ADC_1",Prolog("is_single('ADC_1"
Value("ADC_2",Prolog("is_single('ADC_2"'
Value("ADC_3",Prolog("is_single('ADC_3'
Value("ADC_Base",Prolog("true"))
}
class("ADC_Base") {
Sources {
file("include",
Restrictions {

file("include",
Restrictions {
Prolog(“selection_count([ADC_1''ADC_2''A
1} 1}
class("ADC_1") {
Sources {
file("include", "ADC_1.h",def)
file("src", "ADC_1.cc",impl)
{ Restrictions
P}
b )
Restrictions

}

"ADC.h","ADC") }

"ADC_Base.h",def,"include/ADC_Base_virtual.
Prolog(“not(selection_count(ADC_1''ADC_2

"ADC_Base.h",def,"include/ADC_Base_empty.h"

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

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

NT)")
NT)")
NT)")

h?) {

''ADC _3171, _NT))"

) {

DC_37 ,1,_NT) "

b}

Figure 9. CFDL for ADC component

aspect consul_ADC_1 ADC Base ({
advice classes("ADC_1"):
baseclass("public ADC_Base");

I

Figure 11. Aspect code generated for the
CFDL baseclass source element

plementsimple sourcecodegeneratorglirectly, as shovn
above.

5 CONSUL casestudy: Pure

To evaluatethe CONSUL ideas,it wasnecessaryo use
it in alargerproject. The Pureoperatingsystemfamily for
deeplyembeddedystemq4] developedat the University
Magdelurg, wasanidealtarget.

The Pureoperatingsystemfamily consistsof about321
classesmplementedn some990 les. Purerunson nine
differentprocessotypesfrom 8 bit to 64 bit processorand
is almostentirelywritten in C++. Priorto theuseof CON-

SUL, thecon gurationwasdoneby modifying/settingsev-
eralC++preprocessdtdefine  statementéabout64)and
alsosomemale le variables. Due to its applicationarea
Pureis trimmedto usehardwareresourceasefciently as
possible For everyapplicationit triesto provide exactlythe
featuresanapplicationneedsnot more.

The resultof the domainmodelingusing featuremod-
els wasa modelof the PURE problemdomainwith some
250featuresThemodelallows approx. differentvalid
featurecombinations.The componenfamily modelrepre-
sentingtheimplementatiorconsistof 57 components.

A featuresetfor atypical con gurationhassome20fea-
tures. The smallestpossiblesetcontaingust threefeatures
(describingthe usedcompiler, thetargetcpumodelandthe
target hardware platform), selecting20 classes.A typical
con gurationsupportingoreemptve multitaskingwith time
sliceshas94 classe¥

Using CONSUL reducedthe risk of miscon guration,
becausehe featuremodelandthe CFDL allows to express
dependencieandthesecanbechecledautomatically Prior

11Both con gurationsare for a x86 PC basedtarget platform and the
GNU Compiler valuesfor othertametplatformsmaydiffer slightly.



Component("ADCControl")
{
Description("ADC Controller Access")
Parts  {
class("ADC_Base") {
Sources {
file("include", "ADC_Base.h",def,"include/ADC_Base_virtual. h")y {
Restrictions {
Prolog(“not(selection_count(ADC_1''ADC_2 'ADC _37,1, _NT))"
111}
class("ADC_1") {
Sources {
file("include", "ADC_1.h",def)
file("src", "ADC_1.cc",impl)
/I introduce new base class when not single
baseclass("ADC_Base","public*)
{ Restrictions { Prolog("not(is_single(ADC_1', _NT))") }}
P}
b}
Restrictions { Prolog("has_feature('ADCControl',_NT)") }
}

Figure 10. CFDL for ADC component using the baseclass() source element

to the availability of CONSUL toolsfor Purecon guration
most Pure developersusedonly two or threewell known
con gurations, becausending a new working con gura-
tion wasvery complicated. Today the testdirectory con-
tainssomel20differentbasecon gurations. A new work-
ing con gurationis typically createdn afew minutes.

6 CONSUL basedtools

Variability managemenbolshave to beusedby two dif-
ferentclasse®f users.The rst classis formedby the de-
veloperavho developvariablesoftwareartifacts thesecond
classby thedeployersof thesevariableartifacts.As acom-
pletetool chain, CONSUL supportdothclasses.

The modularimplementatiorof CONSUL allows e xi-
ble combinatiorof therequiredservicesanduserinterfaces
to build differenttools. The currentapplicationfamily con-
sistsof following threedifferenttools:

Consul@GUI The main application for developersis
Consul@GUI. Consul@GUlis an interactive modeling
tool for CONSUL models. It allows to createandedit the
modelsbut canalsobeusedin thedeploymentof thedevel-
opedsoftwarefor generatinghe customizedsoftware.
Figure 12 shavs a screenshotf a con guration ses-
sion. It shaws the featuremodel for the cosinedomain
with several featuresselected. The con guration is not
valid, sincethereis still an openalternatve. This is indi-
catedby thedifferentbackgrouncolorsof thetwo features

Equidistant andNonEquidistant

Figure 12. Consul@GUI

Oncea valid con guration hasbeenfound, the genera-
tion processanbestarted.

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

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



pure- systems.com/consulat/ . It allows the con-
guration, building and downloadingof Purevia an Java-
enabledvebbrowser

7 Relatedworks

There are not mary tools for language-independent,

cross-l@el managemenof software variability available.
The compary BigLever with their productGEARS[14] is
oneof thefew. GEARSoperateonthe le systemlevelto
managevariability. It allows to specify conditionsfor the
inclusionof aspeci c le into aresultingsystemHowever,
thereis nocompletedomainmodel,but severalindependent
setsof parametergareusedto describethe conditions. Al-
thoughthis might enhancehe reusability this restrictsthe
descriptionof cross-componerttependencies.

Severalotherapproachessefeaturemodelsfor domain
modeling[9, 13]. However, mostof themdo notuseanex-
plicit featuremodelingtool which effectively limits thesize
of themodels.In [21] atool is describedvhich operate®n
afeaturemodelandis ableto generatgava classskeletons
from featuremodels.

The transformationprocessin CONSUL, which pro-
ducesthe customizedmplementatiorfrom componentle-
scriptionshassomesimilaritiesto frame-basedourcegen-
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 generatointo thetransformatiorprocessandthe
parameterizationf thegeneratofis controlledvi thefeature
modelandthe componenfamily modelconstraints.

8 Conclusions

This paperpresentedan extensibletool chainfor vari-
ability managemenfrhemainmodeltypesareanenhanced
featuremodelanda e xible componenbasedamily model
which enablelanguagendependentepresentationf vari-
ability in softwaresystems.

Comparedto other tools for variability management
CONSUL is more exible throughits extensionmecha-
nisms. The useof featuremodelsasthe modelfor com-
municationbetweerthedeveloperf variablesoftwareand
thedeployershasbeenprovento be aneffective solution.

One of the problemsof CONSUL is that Prologis not
verywell suitedasadescriptionanguagdor users.Its syn-
tax rulesareto weakto detecttypical typosin userde ned
rules, and the Prolog languagesystemtendstoo produce
very unpredictableesultsin thesecases.A new language
for expressingthe basicrestrictionsis in developmentand
will replacetheuseof “native” Prologin mary places.

Among the future projectsbasedon CONSUL are an
integration of CONSUL technologyinto integrateddevel-

opmentervironmentslike Eclipseor VisualStudio. To en-
hanceinteroperabilitywith othertoolsthe componenfam-
ily modelwill be mappedto an XMI representational-
lowing directuseinside UML tools like RationalRoseor
ARGO/UML.
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