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1 Intr oduction

Only recently, mostof thesoftwareindustryandcomputersciencecommunityrecognized
therapidly increasingimportanceof embeddedcomputersystems.Up to then,embedded
systemswereignoredby mostsoftwareengineers.Softwarefor embeddedsystemswaspro-
grammedmainly by electricalor mechanicalengineers.Onereasonwasthatmostembed-
deddevicesrealizedonly a smallsetof functionsthatrequiredrelatively simpleprograms.
But todaythenumberof applicationsfor embeddedsystemsseemsto be endlessbecause
of theavailability of a wide rangeof embeddedprocessorsandperipheralcomponentsfor
almostall thinkablepurposes.Embeddedsystemsno longeronly measuresomedataand
transmitit to a gaugereadby humansor turn on a simpleswitch. They areoften highly
heterogeneousdistributedsystems.Moderncars,for example,containup to a hundredor
moremicrocontrollerscoupledvia real-timenetworkslike theCAN bus.1

It is now widely recognizedthat the increasinglycomplex designfor embeddedsystem
requiresadvancedengineeringtechniquesin order to dealwith the challengesof today's
andtomorrow's embeddedsystems.Theimportantquestionto answeris whetherandhow
embeddedsoftwarediffers from softwarefor othersystems,for examplefor businessap-
plicationsor for massive parallel applications. The following work tries to answerthis
questionandalsopresentstechniquesthat facilitatemoreef�cient softwaredevelopment
for embeddedsystems.

The problemsthat designersof embeddedsoftwarefacearemanifold. In additionto the
problemscommonto any software development,embeddedsoftware developershave to
solve a numberof speci�c problems. In many casesthe softwarehasto provide a much
higherdegreeof safetyandreliability thannon-embeddedsoftware.Oftenthesoftwarehas
to provide real-timeguarantees.

Despitethenon-technicalnatureof productpricesit is importantto notethatthecostof an
embeddedsolutionhasaverystrong,mostlikely thestrongestin�uenceonwhichembedded
platformis used.Becausemany embeddedsystemsareproducedin high volumes,thereis
usuallya stronginterestin usinghardwarethatis ascheapaspossible.An indicatorof this
fact is that the bestselling processors(in numbers)areneither32 bit nor 16 bit but 8 bit
processors.In 2000morethan60% of all processorsandmicrocontrollerssold had8 bit
CPUcores[Ten00]. Most of thosecheapmicrocontrollershave but little ROM andRAM

1BMW 7 up to 100,MercedesSclassaround80accordingto company advertisements.
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1 Introduction

availableandprovide only limited processingpower. Thetechnicallyvisible implicationof
thisphenomenonis thatachieving smallcodesizeandhighrun-timeef�ciency of embedded
softwareis amajorconcernfor softwaredevelopers.

Dueto thelackof adequatesoftwaretechniquesandprogramminglanguagesaswell asthe
simplicity of mostproblemsthatwereto besolved in thebeginningof embeddedsystems
softwaredevelopment,many projectswereimplementedusingassemblylanguageandsim-
ple imperative languageslike C. Usingassemblylanguageallows, in theory, thewriting of
optimal ef�cient code. It is still a commonbelief amongembeddedsoftwaredevelopers
thatonly the (at leastpartial)useof assemblycodeallows to achieve theperformancere-
quiredfor their speci�c applications.Over time andwith theavailability of morepowerful
embeddedprocessors,theuseof C hasbeenincreasedbut other, morepowerful program-
ming concepts,like objectorientation,arestill not yet widely usedin embeddedsystems
programming.

On the otherhand,the complexity and the rangeof possibleapplicationsfor embedded
systemshasgrown so muchthat other issuesrequiremoreattention. In order to reduce
time-to-market, softwarereuseis thekey factortoday. Reusecomesin different�a vors: It
maybereuseof partsof thepreviously written softwarein a new project,it maybereuse
of the samesoftware on a new hardware platform, or it may be a combinationof both.
Techniquesto enablesoftwarereusearealreadyavailableon themarket. Althoughnoneof
themis perfectandreuseis still a very hot topic for softwareengineeringresearch,many
successfulprojectshave proventhebene�tsof reusablesoftware.

However, thereisarelatively strongresistanceof theembeddedsoftwarecommunityagainst
mostadvancedsoftwareengineeringtechniquesfor reuse.Theproblemis thatmosttech-
niquesthat promotereusearecoupledwith a moreor lessnoticeableperformancedegra-
dation. Abstractionsand implementationsthat allow reuseoften causerun-time and/or
code-sizeoverheadwhencomparedto a speci�c, non-reusableimplementationfor a sin-
gle application. The reasonfor the differencein performanceis quite simple: reusable
implementationsoftencontainfunctionalitiesthatareunnecessaryandthatcauseunwanted
overhead.

The C function printf(const char* s,...) is a goodexampleto illustratethis
point. Eachprintf implementationcontainsa simpleparserthatparsesthestrings for
specialsymbolsstartingwith %. The specialsymbolsarereplacedby the string versions
of theremainingparameters.Usually, printf supportsa wide rangeof possibleconver-
sionsincluding characters,strings,integers,�oating point numbersas well as a number
of additionalformattingoptions. For an applicationthatprints nothingbut integers,most
of the functionalityof printf is uselessbut causesboth morecodeandrun time thana
specializedintegeroutputfunction.

But without reuse,theef�cient handlingof anumberof applicationsthatarecloselyrelated
to eachotheris impossible.An examplecouldbe thedevelopmentof a line of car radios

14



by onemanufacturerthatarebasedon a commonhard-andsoftwareplatformbut differ in
featuresaswell asin thedesignof thefront panelswith their knobs,switchesanddisplays.
They have mostpartsin common,but thereareimportantdifferencesbetweenthemodels.
The objective is that no pieceof software realizing the samefunction shouldbe written
twice for differentmodels.Suchsetsof applicationsconstituteapplicationdomains. The
questionis how to createsoftwarefor a whole domaininsteadof for a singleapplication
while retainingtherequiredef�ciency.

Someanswersto this questionarealreadyknown. Oneof the �rst answerswasproposed
by Parnasbackin thelateseventieswith hisconceptof programfamilies[Par79]. Although
thereuseproblemwasidenti�ed so long ago,andevena solutionwasproposed,program
familiesdid notgettheattentionthey deserve until thenineties.

In the nineties,therewasan importantchangein the view of softwaredevelopment. In-
steadof focusingonly on oneapplicationduringsoftwaredevelopment,someresearchers
believedthatit paysoff to look atalargersetof applicationsfrom thesameapplicationarea.
Themaindifferenceto theseventieswasthat, in thenineties,adequateprogrammingcon-
ceptslike objectorientationwereavailableandwidely used.Theadventof object-oriented
programmingallowedtheimplementationof programfamiliesbasedonclassesandobjects
insteadof basedon proceduresandmodules.A goodexamplefor theuseof programfami-
liesis thePEACE operatingsystemfamily for massively parallelsystemsdevelopedatGMD
FIRST[SP94].

The researchon programfamiliesandsimilar problemswent into differentdirectionsfo-
cusingon differentpartsof theproblem. Onedirectionwasthe developmentof adequate
languagesto supportfamily-orientedprogramming. One of the �rst language-basedap-
proacheswasNeighbors'Draco[Nei84] in theearlyeighties.His (andmany others')ideas
arenow known asdomainspeci�c languages (DSL). Theselanguagestry to simplify the
problemof development(andreuse)by deploying languagesthataredevelopedfor a spe-
ci�c (setof) domain(s)ratherthanfor ageneral-purposeuselike C/C++,Java or Eiffel.

Another importantdirectionwasand is the designof developmentprocessesfor family-
basedsoftware. Severalprocesseslike ODM [SCK+ 96] or FAST [WL99] have beenpro-
posedfor ef�cient developmentof softwarefamilies.

Oneof the most importantaspectsof family-basedsoftwaredevelopmentis the analysis
modelingof theapplicationdomain. Probablythe mostpioneeringwork in this areawas
FODA [KCH+ 90], aneasyto usemodelingapproachfor domainsthathasbeenre�ned in
many subsequentprojectsandis widely acceptedasthemostimportantdomainmodeling
approach.This work setoff the phaseof more intensive work on family-basedsoftware
developmentin thenineties.

For speci�c kindsof domains,severalapproachesevolvedduringthenineties,likeDonBa-
tory's GENVOCA [BO92] for layeredsoftwarefamiliesor theDEMRAL methodof Czar-
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necki[Cza98], which is a specializationof ODM for thedevelopmentof ef�cient algorith-
mic libraries.

Many othersoftware techniqueshadan importantin�uence on software family develop-
ment,like genericprogrammingtechniquesandcomponent-basedsoftwaredevelopment.

However, aswasstatedabove,softwarefamily-baseddevelopmentis not yet a mainstream
techniquedueto many reasons.Someof thosereasonsarediscussedin this work along
with possiblesolutions.

1.1 Motiv ation and Goals

The insight that family-basedsoftwaredevelopmentin the large is not feasiblewithout a
coherenttool chainfor all phasesof thedevelopmentprocesswasthestartingpoint for the
work presentedin this dissertation.Projectswherefamily-basedsoftwarewasdeveloped
withoutadequatetool supportcouldnotexploit thefull bene�tsof thatapproach.Themain
reasonwasthatwith thegrowth of thefamily it becamemoreandmorecomplex to select
anddeploy theappropriatefamily member.

A solutionfor thisproblemhasto provide supportin theareasof con�gurationandcompo-
sition of softwarefamilies. However, con�gurationandcompositionrequirescon�gurable
andcomposableentities.Thedesignof theseentitiesis theresultof thedomaindecompo-
sition processthatstartseachfamily-basedsoftwaredevelopment.Therefore,tool support
shouldstart as early as in the domainanalysisphaseright at the beginning of software
development.

The motivation to focus this work especiallyon embeddedsystemsand particularly on
deeplyembeddedrun-timesystemswasdriven by the fact that thoughthe ideaof family-
basedsoftwareseemsto �t well into thesedomains,it hasnot yet beenwidely deployed
dueto variousreasons.Onereasonis thelack of toolsasdescribedabove. Anotherreason
is theprevailing demandfor softwarethatprovidesmaximalperformanceat minimal cost.
The costof a productis stronglyin�uenced by the developmentcostsrequired(time and
manpower) and/orby theability to usecheaphardwarewith limited computingpower and
smallmemory. Techniquesto solveeachof theseproblemsalreadyexistedbut thegluethat
allows thecombinationof thesetechniquesinto a uniformprocesswasmissing.

To provide anenvironmentthatallows theuseof many differenttechniquesfor developing
anddeploying family-basedsoftwarewasthemaingoalof thiswork.

Theconcentrationon embeddedrun-timesystemsinsteadof embeddedapplicationsis mo-
tivatedby thefactthattherun-timesystemfor embeddedapplicationsshouldobey thesame
principlesasthewholeapplication.Maximal performanceand/orminimal costcanrarely
beachievedwhena family-basedsolutionfor anapplicationdomainis developedon topof
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a non family-basedrun-timesystem.The useof a non family-basedrun-timesystemcan
drasticallyreducethebene�ts of the family-basedapproach.Sincetheapplicationsmight
useonly limited partsof the functionalitiesprovided by the run-timesystem,thereexists
unusedcodethatis neverexecutedor, evenworse,codethatis executedbut doesnotprovide
any servicerequired.Anotherreasonfor thefocusonembeddedrun-timesystemsis thatthe
softwarecomplexity of run-timesystemsis fairly high,sotheresultsshouldbetransferable
to othercomplex softwaresystemseasily.

This dissertationprojectstartedaspartof thework for theproject“Workbenchfor tailor-
madeoperatingsystems”(WABE), fundedby theDeutscheForschungsGemeinschaft(DFG)
at the Otto-von-Guericke-Universität Magdeburg in 1998. The ideaof WABE wasto de-
velopa solutionincludinga tool chainfor customizingoperatingsystemsaccordingto the
needsof anapplication.Theexampleapplicationdomainsin this projectweredeeplyem-
beddedapplications.Theapplicationof domainengineeringtechnologyprovedto bequite
usefulwhensupportedby tools.

Someof theideaswherethendevelopedfurtherin theITEA Project“Developmentprocess
for EmbeddedSoftwareSystems”(DESS).DESSwasa joint projectof researchinstitu-
tions and industrial partnersfrom several Europeancountries. The aim was to createa
generalizedmethodologyfor developingembeddedsoftwaresystemsbasedon component
technology. Thespecialrequirementsof deeplyembeddedsystemsoftwareif acomponent-
basedapproachis used,arenotmetby standardcomponentsystems.Theextensionof tools
developedin WABE proved theapplicabilityof theDESSapproachevenfor smalldeeply
embeddedsystems.

1.2 Contrib utions

The main contribution presentedin this work is a rule-basedcon�guration methodfor
component-basedsoftware families. It signi�cantly easesthe problemssketchedabove,
especiallyfor projectsthatrequirevery �ne-grainedsoftwarecon�gurability. It doessoby
gatheringandrepresentingcon�guration knowledgethroughoutthesoftwaredevelopment
processin a uniform way. The methodis basedon alreadyknown softwareengineering
techniqueslike domainengineeringand programfamiliesbut combinesthem in a novel
way. It doesnot requirea new softwaredevelopmentprocessbut canbeseenratherasan
additionto existingapproachesfor softwaredevelopmentprocessmodels.

The introductionof domainmappingsfrom the family applicationdomainto component
con�gurationdomainsallowsanew degreeof reusefor family-basedsoftwarecomponents.
Insteadof componentsthatareboundto aparticularapplicationdomainmodelof asoftware
family, it is thenpossibleto reusecomponentsin otherapplicationdomains.Thisisachieved
by providing anappropriatedomainmappingof theapplicationdomainto thecomponents
con�gurationdomain.
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An importantpointwith respectto practicaluseof themethodis thatthemethodandits sup-
portingtoolsarenot boundto any particularway of implementingsoftwarefamilies. This
ensuresusabilityin many differentcontexts. However, to gainmaximalbene�t, themethod
and tools arebestusedin combinationwith object-orientedprogramminglanguages.A
strongfocusduringthedevelopmentof themethodandthetoolswasto provide a solution
thatis extensibleandadaptable.

The descriptionof several exampleswherethe proposedmethodhasbeenappliedunder
differentprerequisitesshows its usefulnessandapplicabilityto projectsin theintendedap-
plicationdomainof embeddedsystems.

There-engineeringof anexisting implementation,thePortableUniversalRun-timeExecu-
tive (PURE),shows how well therepresentationof applicationdomainswith featuremodel
concepts�ts into analreadyexisting family design.

Theotherexamples,on theotherhand,show how easyit is to derive ef�cient implementa-
tionsfrom theresultsof thefeaturedomainanalysis.

1.3 Outline

Chapter2 characterizesthedomainof embeddedsystemsandsoftwarefor embeddedsys-
tems.For that,anoverview aboutthepossibleapplicationareasof embeddedsystemsand
their speci�c softwarerequirementsis given. A specialfocuspresentsthegeneralabstrac-
tions an embeddedapplicationshareswith otherapplicationsfrom the sameapplication
area.Basedon this knowledge,thecharacteristicsfor embeddedrun-timesupportsystems
for theseapplicationareasarediscussed.Theresultsof thediscussionestablishthebasefor
acomparisonof availableembeddedrun-timesystems.

Chapter3 presentsadiscussionof family-basedsoftware.Startingwith theideasof Parnas,
different approachesto family-basedsoftware developmentare presentedand discussed.
Themainfocusis placedon theusabilityof thedevelopmentmethodsfrom a practitioners
pointof view. For eachof thepresentedapproaches,theapplicabilityin embeddedsoftware
developmentis examined.

Chapter4 concentrateson implementationtechniquesfor family-basedsoftwarelike pro-
gramgenerators,staticmeta-programmingandspecialprogramminglanguages.

Chapter5 givesan overview over the developedmethodandtools. It proposesa generic
modelfor family-basedsoftwaredevelopmentprocesses.Thechaptercontainsadescription
of thestepsrequiredto implementthegenericfamily-basedsoftwaredevelopmentprocess.
It coversall phasesfrom theanalysisto thedeploymentof thedevelopedsoftware.

Chapter6 providestwo differentcasestudiesof softwarefamiliesfor embeddedrun-time
systems.Onesystem(PURE) is a completerun-timesystemfor deeplyembeddeddevices.
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Its developmentstartedwithout toolssupportingfamily-basedsoftwaredevelopment,and
it hasbeenre-engineeredlater to �t into thedevelopmentprocessdescribedin Chapter4.
Theothercasestudycoversa threadabstractionlibrary thathasbeencompletelydeveloped
usingtheprocessdescribedin Chapter4.

Chapter7 containsaconclusionanddiscussesissuesfor futureworksin theareaof family-
basedsoftwarefor embeddedsystems.
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Thischapterdiscussesthefollowing questions:

� What arethe differencesbetweensoftwarefor embeddedsystemsandsoftwarefor
non-embeddedsystems?

� Whataretherequirementsembeddedsoftwaredevelopmentmethodsmustmeet?

At �rst, thetermembeddedsystemis de�ned. Basedonselectioncriteriafor embeddedsys-
tems,a classi�cationfor embeddedsystemsis presented.Startingfrom this consideration,
severalnon-embeddedsoftwaretechnologies,conceptsanddeploymentareasareanalyzed.
Thegoal is to point out thecommonalitiesanddifferencesto embeddedsystemssoftware
technologies.

Thelastpartemphasizesonthespecialneedsof embeddedsystemsfor reusetechniquesthat
provide a high degreeof ef�ciency of thedevelopmentprocessaswell asof theproduced
software.

2.1 Embed ded Systems

Althoughembeddedsystemsarepresentalmosteverywhere,it is not easyto give a precise
de�nition of whatanembeddedsystemis. A singlesmall4 bit microprocessorcoupledwith
a temperaturesensorandregulationvalve is anembeddedsystemjust like a CNC machine
tool equippedwith several32bit processors.

An embeddedsystem

� is speci�cally designedto provide agiven,restrictedsetof functionalities,

� presentshardwareandsoftwareasaunit.

It is important to note that an embeddedsystemis not de�ned by the technologyused.
Processorspeedor memorysizehave no in�uence on classifyinga systemasembeddedor
not. In fact,any special-purposesystemusingcomputersis anembeddedsystem.
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However, while almostalwaysthe fastestavailabletechnologiesareusedfor workstations
andpersonalcomputers,thecriteriafor choosingembeddedsystemstechnologies(for hard-
wareaswell asfor software)arequitedifferent.Someof themainissuesare:

Power consumption

Theavailableenergy for an embeddedsystemis oftenrestricted,sinceit is battery-
poweredor theheatdissipationof thesystemmustnotexceeda givenvalue.

Timing

Many, but not all embeddedsystemshave to meethard real-timeor soft real-time
constraints.Thetiming is stronglyrelatedto theavailableprocessingpower, that is
thenumberof instructionsaprocessorcanexecutein agivenamountof time. Besides
thepureexecutionspeed,thepredictabilityof time relatedissueslike executiontime
calculationandcompletelydeterministicbehavior of thehardwareareimportant.

Memor y space

The memoryspaceconsumedby the software must �t into the available memory
space.It is usuallyimpossibleto upgradetheavailablememoryoncethesystemshas
beenproducedor shipped.

Cost

Last but not least,cost is oneof the mostimportantfactorsfor embeddedsystems,
sincemostembeddedsystemsaredeployed in areaswherelower costis a key suc-
cessfactoron the market. Therefore,the companiesaim to usethe cheapesthard-
/softwarecombinationpossible.Thecostfactorhasanin�uence on all thetechnical
factorsmentionedabove, becausemorememoryor processingpower usuallyresults
in highercostsandoftenhigherpowerconsumptionaswell.

Using thecriteriadescribedabove, differentclassi�cationsof embeddedsystemsarepos-
sible. One of the most commoncategorizations,however, dependson the bit width of
the microcontrollerused(4 bit, 8 bit up to 64 bit). Although the bit width providesonly
a roughmeasurefor the available resources,it is generallysafeto assumethat available
memoryspaceandprocessingpower increasewith higherbit width. This assumptionis
mainly basedon the fact that processorcoreswith higherbit widthshave beendeveloped
aftercoreswith lowerbit width. On theotherhand,somenewly developed8 bit controllers
like the Atmel AVR90Sxxxxfamily aremuchfasterthansomeolder 16 bit processorsat
thesameclockspeed.

To provide anoverview over theembeddedsystemsmarket, thedistribution of processors
producedin 2000accordingto theirbit width is quitehelpful. The�gures in Table2.1show
thatthevastmajorityof processorssoldarestill 8 bit processors(58%).

22



2.1 EmbeddedSystems

Units Shipments(� 106)
Technology

4-Bit 8-Bit 16-Bit 32-Bit
subtotal %

� -controllers 1680.0 4770.0 764.0 43.0 7250.0 87.6
embedded� -processors � 20.2 108.0 153.1 281.3 3.4
digital signalprocessors 600.0 7.2
� -processors 150.0 1.8
total 20.2% 57.7% 10.5% 23.6% 8288.3 100

Table2.1:Estimatedproductionof microprocessorsand-controllersin 2000[Ten00]

Due to limited hardwarecapabilitiesof most8 bit microcontrollerunits (MCU), they are
mostly usedin so calleddeeplyembeddedsystems. A deeplyembeddedsystemperforms
only a very limited setof functions,oftenjust a single,very simplefunction. Thesoftware
of thesesystemsusesonly small amountsof memory(few bytesof RAM, few kBytesof
ROM) andtheavailableprocessingpower is low in relationto therequiredcalculations.

Consideringthe �gures for 8 bit processorsin Table 2.1, it becomesclear that most of
today's embeddedsystemsaredeeplyembeddedsystems. However, accordingto thede�-
nition of deeplyembeddedsystemsgivenabove, it is very well possibleto build a deeply
embeddedsystemusinga32 bit microcontroller.

Typical usesof suchdeeplyembeddedsystemsaresimplecommandandcontrol applica-
tions,for exampleturningon a heaterat designatedtimesif thetemperaturedropsbelow a
thresholdvalueor measuringtherotationspeedof acarwheelandcalculatingits velocity.

Deeplyembeddedsystemscanbefoundeverywhere,oneof themostpopularexamplesare
washingmachines.But nowadays,almostall electricalhouseholdappliancesfrom vacuum
cleanersover microwave ovensto television setsarecontrolledby deeplyembeddedsys-
tems.Anotherimportantapplicationareaareautomobiles.In moderncars,dozensof rather
smallmicrocontrollersareusedto controlsafetycritical functionslike fuel injection,ABS1

or ESP2, andcomfortfunctionslike air conditioning.

On theotherendarehigh-endembeddedsystemsthatusehigh-speedprocessorsandhave
plentyof memoryavailable.Theseembeddedsystemsareusuallyderivedfromaworkstation-
or PC- like architecture.Suchsystemsaretypically usedin factoryautomatizationor for
controlling,for example,chemicalprocesses.

Many embeddedsystemsaresomewherein betweendeeplyembeddedsystemsandhigh-
end embeddedsystems. Although they use fasterprocessorsand more memorythan a

1Anti blockingBrake System
2ElectronicStabilityProgram
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personalcomputerusedto havebut afew yearsago,they areresource-restrictedin thatthey
have to meetenergy-consumptionconstraints,becausethey arebattery-powered(e.g.MP3-
Players),or that they have to be very fastdueto the amountof informationthey have to
process(e.g.network switchcontrollers)for example.

The termembeddedsystemsis obviously usedto characterizea ratherinhomogeneousset
of systemsthat have to meeta hugevariety of requirements.But commonto almostall
embeddedsystemsis thatthehardwaresetshardlimits for thesoftwareconcerningresource
usagelike memory, energy consumptionand/orprocessingpower.

Today's software productsfor personalcomputers,on the contrary, do not have to �ght
againstresourceproblems,only afew applicationslikegamesor videoprocessingstill push
a modernPCto its limits. Memoryspaceis no longeran issue,modernprocessorsspend
mostof their time in anidle state,waiting for userinput.

2.2 Related Software Technology Areas

The broadrangeof applicationsfor embeddedsystemsrequiresmany different kinds of
software. But commonto almostall embeddedsystemssoftwareis the necessityto obey
somegivenresourcelimit, for examplememoryusage,run time or energy consumptionof
theprocessor.

None of the restrictionsgiven above are of real importancefor of�ce software or most
otherapplicationsfoundon workstationsor personalcomputers.For a long time,software
engineeringmainly focusedon thosesystems.A large-scaledevelopmentof softwaretech-
nologiesfor embeddedsystemsdid not reallyexist. Straightforwardapplicationof software
engineeringtechniquesfor thosesystemsto the embeddedworld often failed for various
reasons.TheJava technologygivesa niceillustrationof thosereasons.In earlystatements
onJavaandits intendedapplication�eld, Gosling[Gos95] claimedthatJavawouldbesuit-
able for any device from toastersto personaldigital assistants.However, the conceptof
an interpretedbyte-codelanguagelike Java needsa signi�cantly morepowerful processor
thanwasusuallyfoundin mostembeddedsystemsat that time. Eventoday, many embed-
dedsystemsarenot powerful enoughto useJava asits mainprogrammingandexecution
language.

In orderto �nd suitablesoftwaresolutionsfor embeddedsystems,it is necessaryto deter-
minethedifferencebetweenembeddedsoftware(development)and“normal” software(de-
velopment).Thissectionexaminessoftwaretechnologiescurrentlyin usein non-embedded
contexts. For thesetechnologiesit is discussedwhetherthey areapplicableto embedded
softwareandfor whatreason.

Themotivationfor theselectionof technologieswasto cover for importanttopicslike cur-
rentlyevolving technologies(component-basedsystems),commondesignandimplementa-
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tion techniques(objectorientation),technologiesdealingwith complex systems(distributed
systems),with performanceissuesandalsowith reuse(operatingsystems).Theselection
is notcompletebut shouldmake thedifferencesandcommonalitiesbetweenembeddedand
non-embeddedsoftwaretechnologyrequirementsvisible.

2.2.1 Other Application Domains

2.2.1.1 High-Performance Computing

Theclosestrelationof embeddedsystemsregardingexecutionspeedexiststohigh-performance,
massive parallelprogramswheretheapplicationspeedis a critical issueto achieve mean-
ingful results.A weatherforecastneedsto be in time to be useful,just like an electronic
brake assistant.

Oftensuchprogramsarehighly dependenton high speed,low latency communicationand
low overheadmechanismsthat arealsoof greatinterestfor many embeddedsystemsde-
signs. High performanceparallelcomputing,however, is morefocusedon the purestart-
to-endrun time of the applicationand lesson the deterministictiming of the individual
communication.

Of specialinterestarerun-timesystemsfor massive parallelsystemslike PEACE [SP94] or
Puma[WMR+ 94] that focuson producingalmostno unnecessaryoverheadsoasto spare
asmany resourcesaspossiblefor useby theapplication.

PEACE is not a singleoperatingsystembut rathera family of differentoperatingsystems
that representdifferentlevelsof functionality. Dependingon theneedsof theapplication,
differentcommunicationmodesor applicationprogramminginterfacescanbeselected.To
achieve this high degreeof �e xibility, anincrementaldesignandimplementationapproach
basedon programfamilieshasbeenused.

ThePumaoperatingsystemuseszerocopy communicationbufferstoachieveahighthrough-
put. Zerocopy buffers preventadditionalcopying of messages,thussaving time andalso
extrakernelmemoryspacefor buffering.

Thecommonaspectsof embeddedandhigh-performancesoftwarearethespecializationon
a speci�c taskandthe focuson resourceef�ciency with respectto processingpower. The
main differenceis that the resource“memory” is muchmorerestrictedin embeddedsys-
tems.While parallelsystemsoftenhave severalGBytesof RAM, mostembeddedsystems
have severalordersof magnitudelessmemoryavailable.

2.2.1.2 Distrib uted Systems

Anotherstrongrelationcanbe drawn to theareaof distributedsoftwaresincemostof to-
day's embeddedsystemsare in fact distributed systemsconsistingof a numberof, often
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heterogeneous,processorsconnectedvia oneor morenetworks. Modernmiddleclasscars
have somedozensof microcontrollersof varioussizesthatcontrolengine,brakes,power-
steering,ABS andcomfortfunctions.

An interestingquestionis whetherit it possibleto reusetheexistingsoftware(concepts)for
distributedsystemsin embeddedsystems.

The shortanswersto this questionis yes,for a limited rangeof applications.The expla-
nationis quitesimple:Existingapproacheslike CORBA [Obj00], DCOM [Box98] or Java
RMI [WRW96] aresimply too heavyweight to run on a small8 bit MCU. But 8 bit MCUs
still accountfor themajorityof processorsfoundin embeddedsystems.Only aminority of
applicationswheredesktoplike resourcesareavailablecanbene�t from thesetechnologies.

Anotherdisadvantageis thatmostof thesetechnologiesarenotreal-timecapable.Although
areal-timeextensionhasbeenspeci�edfor CORBA [Obj99], neitherDCOM norJavaRMI
provide suchextensionsyet. This further limits the applicability of thesetechnologiesin
embeddeddomains.

Even softwarefollowing the MinimumCORBA standard[Obj02] that speci�cally aimsat
embeddedsystemsis not suitablefor usein deeplyembeddedsystems(seeTable2.2). The
interestingpoint is, however, whattheOMG left outof theoriginalCORBA speci�cations:

� DynamicSkeletonInterface

� DynamicInvocationInterface

� DynamicAny

� Interceptors

� InterfaceRepository

� AdvancedPOA features

� CORBA/COM interworking

They left out almostany kind of supportfor dynamicchangesto the systemto achieve a
smallerfootprint. Table2.2givesanimpressionof thememoryusageof MinimumCORBA
implementations.

Ontheotherhand,thereareanumberof researchdistributedsystemsthatareaimedspecif-
ically at mobileembeddedsystemslike DACIA [LP01] or Spectra[FNS01]. Both address
real-timecommunicationand/orenergy ef�ciency askey issuesfor mobilesystems.How-
ever, themobile targetsystemsareagainrelatively powerful (bothuse32 bit systems)be-
causethey are intendedto be usedtogetherwith multimediaapplicationslike video on
demandandspeechrecognition.
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Name Vendor/URL Footprint
minimumTAO www.cs.wustl.edu/~schmidt/ACE_wrappers/

docs/minimumTAO.html
1.3MByte

Varadhi1.1 Sankhya
www.sankhya.com/info/products/varadhi

107kByte

K-ORB Trinity CollegeDublin
www.dsg.cs.tcd.ie/research/minCORBA

planned50 kByte

Table2.2:Memoryfootprintsfor MinimumCORBA implementations

2.2.2 Software Development Technologies

2.2.2.1 Component-Based Systems

Component-basedsystemsencapsulatefunctionalitiesin closedentitiescalledcomponents
andallow accessonly via de�ned interfacesandprotocols.A componentis “an independent
unit of deployment” [Szy99], whichmeansthatit canbeusedin adifferentcontext aslong
asthede�ned interfacesandprotocolsareobeyed. Two differentkindsof componentscan
bedistinguished:sourcecomponentsarecombinedwith othersourcecomponentsandthen
compiledinto the �nal program. Binary components, however, arecomponentsthat are
executableimmediately.

To enablecooperationbetweencomponents,an agreementbetweenthe communicating
componentshasto be madeaboutthe interfaces,the way of accessingthe component's
functionsvia the interfacesand so on. To ensurethis interoperabilitymost component
approachesdeploy a so calledcomponentframework that servesasinfrastructurefor the
components.

Most commerciallyavailablecomponentinfrastructuresarenot well suitedfor the needs
of embeddedsystems.They arefocusedon binary componentsandusuallyincludecode
for almostall possiblesituationsandneedsof thosecomponents.The lack of functional
scalabilitywithin frameworksaccordingto therealneedsof thecomponentsusedresultsin
codeunnecessaryfor many applicationsthathasto beloadedor evenexecutednonetheless.
As memory is one of the most preciousresourcesfor embeddedsystems,this is rarely
tolerable. Examplesfor suchcomponentsystemsareJavaBeans[Feg97] and Enterprise
JavaBeans(EJB) [Suna] from Sun, DCE [Fou95] from OSF and COM/DCOM [Rog97]
from Microsoft.

Microsoft claimsthat the new .NET environmentis available for embeddedsystems,but
it is only usablewith Windows CE in fact. Windows CE supportsonly 32 bit systems,
equippedwith severalMBytesof ROM andRAM andtopspeedembeddedprocessorslike
the StrongARMfrom Intel or the Hitachi SH4. As discussedearlier, this doesnot repre-
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sentthemajority of embeddedsystemsandthusis not a generalopportunityfor embedded
softwaredevelopment.

Sourcecomponentframeworksarenotaswidespreadasbinarycomponentsystems,because
they requiretheexchangeof proprietarysourcecodethatis oftentreatedasabusinesssecret
betweendifferentorganizations.However, within a singleorganization,sourcecomponent
frameworkscanbeandareusedwithout theseobstacles.Source-basedcomponentframe-
workscanbetailoredmoreeasilyto theneedsof theapplicationsif it is possibleto analyze
at,or beforecompiletimewhichpartsof theframework areactuallyneeded.

TheADAPTIVECommunicationEnvironment(ACE) [SH01]providesbasicfunctionsfor a
distributedC++componentframework. Accordingto theauthors,thesourcecodeapproach
helpedto improve theperformancecomparedto RMI or CORBA.

Anotheradvantageof sourcecomponentframeworksoccurswherereal-timerequirements
areconcerned.To ensurethatanembeddedsystemmeetsits real-timerequirements,source
codeanalyzingtoolsarefrequentlyused.They inspectthecompletesoftwaresystemwith
respectto timing aspects,for examplecritical executionpathsor unboundedloops. In bi-
narycomponentsystems,suchananalysisis notpossible,sotheusershaveto rely ontiming
descriptionsprovidedby thecomponentproducer. Sincemany factorslike memoryaccess
times,processorspeedor interruptsin�uence thetiming, it is hardto provide accuratetim-
ing informationwithouthaving accessto thetargethardwareplatform.

2.2.2.2 Object Orientation

Objectorientationin its differentvariationslike Smalltalk,Java,C++ or C# is today's most
commonlyusedimplementationparadigm3. However, OO itself doesnot easetheproblem
of meetingthe embeddedsystemrequirementsjust by designingandimplementingusing
OO. If not usedcarefully, it is easyto producea functionallycorrectandprobablynicely
designedsoftwarethat cannotbe usedon the intendedembeddedplatform however. The
following paragraphsdiscusssomeof theseissuesin moredetail.

Portability of softwareis not per seguaranteedif object-orientedmethodsareused. It is
easyto breakportability of softwareusingalmostany programminglanguage.However,
object-orienteddesignandimplementationallowsstrictencapsulationof non-portableparts
into separatemethodsand/orclasses.Problemsarisebecausethe non-portablepartsare
often very small, for exampleconsistsof only a single line of code,but arecalledmany
timesandfrom many places.If inlining of suchmethodsis notused,aperformanceimpact
may arise. Many object-orientedlanguagessupportexplicit or implicit inlining of such
smallmethods.But thentheef�ciency reliesmostlyon theoptimizationcapabilitiesof the
compilerused.

3Herb Sutter, a Microsoft employee,saidin an interview [Mau], that 4.5 to 5 million out of 9 million pro-
grammersworld wideuseeitherC++ or Java.
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return 23;
foo()

C

foo()

B

return 42;

SomeClass

bar(aptr: A)
return aPtr->foo();

A

foo()

Figure2.1:A problematicclasshierarchy

Scalabilityis oneof themostimportantaspectsin thedomainof embeddedsystems.The
architectureof thesoftwaresystemsmustallow down-scalingof thefunctionalities.Unused
codethatremainsin the�nal systemis notacceptable.Many object-orientedsystemsfail at
this point. Themainreasonis quitesimple: theuseof abstractclassesto provide a general
interface.If abstractclassesareusedasbaseclassesandthederivedclassesimplementspe-
cializations,it often is not possibleto detectwhetheranoverriddenmethodis usedor not.
In theexampleshown in Figure2.1, it is not possibleto decidewhetherpointeraPtr will
ever refer to an instanceof B. Socodefor methodB::foo mustalwaysbeincludedif an
instanceof a classthatwasderivedfrom B is used.Furthermore,if exactly onespecializa-
tion classis used,therun-timeoverheadresultingfrom virtual methodresolutionis wasted,
sinceit will alwaysresultin thesameactualmethodcall (e.g.C::foo ).

In fully staticscenarioswhereevery instantiatedclassis known at compiletime, it would
be possibleto avoid unusedcode,but mostly suchknowledgecannotbe gatheredeasily.
This is especiallycritical if any kind of dynamicloadingof codeis available. In this case
every fragmentthat could possiblybe loadedhasto be analyzeda priori. Dynamismon
themethodlevel is requiredif suchan analysiscannotbedone,but for deeplyembedded
systemstheoverheaddueto afully dynamicarchitectureis nottolerable.An object-oriented
operatingsystemwith a dynamicarchitecturehardly �ts into 4 kBytes. Exampleslike
JavaCard[Sunb] show how small suchsystemsare,but unfortunatelythey arenot small
(and fast) enoughfor deeplyembeddedapplications. On the other hand,for embedded
systemswith resourceconstraintslessstrong,adynamicarchitecturehasmany bene�tslike
loadingandunloadingof componentson demand.

Extensibilityis anotherimportantissuein an architecturefor embeddedsystems.To be
able to keeppacewith the quickly growing demandsof the market, the designerof an
embeddedsystemalwayshasto considerfuturechanges.Soacompetitive softwaresystem
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shouldbeopento suchchanges.Reusethroughextensionis oneof thestrongestpointsfor
object-orientedsystems.But if reusemeanschangingexisting abstractions,anerror-prone
softwarewill be the result. The reasonsfor this arethat the previously existing behavior
maychangeandbreakotherpartsof thesystemthatreliedon it. A wayoutof thisdilemma
arecontractsbetweentheabstractions.Beugnardet al. [BJPW99]discussdifferentkinds
of contractsandtheirusage.Anotherapproachis to useimmutableabstractionsthatdo not
needto betouchedif thesystemis extended.Soexistingapplicationsdonotneedto bother
with achangingbehavior of thesystem.

Extensionsshouldbemadeeasyand�e xible. A goodand�e xible way to designextensible
systemsis theuseof patterns[GHJV95]. Theuseof thestrategy patternfor selectingthe
schedulingalgorithmin anoperatingsystem,for instance,allows theintroductionof a new
schedulingalgorithmwithoutchangingany otherpartof thesystem.Unfortunately, theuse
of thispatternoftencon�icts with theef�ciency requirement.Evenif only asinglestrategy
is used,thepatterncoderequiresdynamicinvocationof animplementationof thatstrategy.
This leadsboth to the consumptionof more processorcycles for resolvingthe dynamic
invocationandto unnecessarycodeanddata(dynamicdispatchcodeandvirtual function
tables)comparedto asolutionwherethestrategy wouldbecalleddirectly. Similarproblems
occurwith many otherpatterns.Thereasonfor this is thata singlepatternmayhave many
differentimplementationssuitedfor a speci�c setof requirements.Oftenthemostgeneral
“standard”implementationis usedthatmakesonly few assumptionsaboutthesurrounding
systemandthuscontainsa lot of codeto handleall possiblesituations,mostof whichnever
occurin aspeci�c system.

Composabilityhastwo main aspects.The �rst aspectis to provide an architecturethat
allows integrationof componentsfrom differentsources,for exampledrivers for speci�c
hardwareor communicationprotocols. As discussedearlier in this chapter, the currently
available solutionslike CORBA, COM, ComponentPascal[Szy99] or JavaBeansusebi-
narycomponents.All thesecomponentmodelsaretoo heavyweightto beapplicablein the
deeplyembeddedcontext, the necessarysoftware infrastructureis just too expensive. A
secondpoint againsttheuseof pureblack-boxbinarycomponentsis theway they arecus-
tomizedto theneedsof applications.Thecodeof thecomponentis �x ed,differentbehavior
is achievedby modifyingthecomponentattributes.Sourcecodecomponentmodelsprovide
easiergenerationof leansystems,sinceunnecessarycodecanbeleft out if thecon�guration
of theexecutioncontext is known atcompiletime.

But a componentmodelthatis basedon staticcompiletime componentcompositionalone
is not suitableif dynamicallychangingsystemsareto be supported.While a fully static
approach�ts bestfor small deeplyembeddedsystems,dynamiccompositionof varying
degreecanbe usefulfor morepowerful systems.Thus,an architecturethat supportsboth
staticanddynamiccompositionof componentsis favored.Thisallows sourcecodecompo-
nentsto becustomizedaccordingto theactualsystemcontext anda dynamiccombination
of them.

30



2.3 SoftwareReusein EmbeddedSystems

The secondaspectof composabilityis the questionwhich of theavailablecomponentsin
a systemmeettherequirementsof theapplication.In real-timeembeddedsystems,for in-
stance,thebehavior of acomponentregardingtime is of particularimportance.Thechosen
combinationof componentsmustensurefor exampletimelinessandalsodeterministicbe-
havior. Again, asin the caseof extensibility, contractsandotherformal methodsplay an
importantrolehere.

Forall generalrequirementsmentionedabove,separatesolutionsexist in theobject-oriented
world. But if thosesolutionsareusedin combination,the ef�ciency requirementis often
violated.

2.3 Software Reuse in Embed ded Systems

2.3.1 The Two Dimensions of Reuse

The term reusehastwo differentdimensions:a temporaldimensionanda functionaldi-
mension.Thoughbothkindsof reuseoccuroftenin combination,it is importantto separate
themclearly.

Functional reuse meansthe reuseof anunmodi�ed pieceof softwarein a prede�ned
context. Thereuseis basedon thefunctionalityprovidedby thatpieceof software.Exam-
plesarelibrariesthatprovideade�nedsetof functionsfor many differentapplications.The
context of reuseis de�ned at theproductiontime of thesoftware.

This kind of reuserelieson an adequatepredictionof the functionalitiesthat arereusable
and especiallyof the combinationof functionalitiesthat are to be usedby the software
deployers.

Functionalreuseis requiredwhena numberof productsneedthesamefunctionality. This
can happenat all levels, in upperapplicationlayersor at the lower layers,the run-time
systemor supportinglibraries.

A product line of software for an ABS for car brakes, for example,sharesmost of the
functionsandthesefunctionsarereusedin all systemsproducedat a given time (frame).
But asthesystemsareproducedfor differentcarmanufacturersandusedin differentcars,
somepartslike the communicationfunctionscannotbe reused,becausethey arede�ned
differentlyby eachcarmanufacturer4.

In layeredsoftwarearchitectureswherethelower layersprovide basicfunctionsandupper
layersusethesefunctionsto provide morecomplex functions,functionalreuseat thelower

4Standardizationin embeddedsystems,especiallyin thecar industry, is far from reachingthelevelsof other
IT domains.
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layersis common.Themainreasonfor this is thatbasicfunctionsaremoreoftenreusable
in awiderangeof systems.Therearefor exampleanumberof embeddedoperatingsystems
andrun-timelibrariesthatcanbereusedby embeddedsystemdevelopers.

Temporal reuse , ontheotherhand,is thereuseof apieceof softwarewithin adifferent
context. Somepropertiesof this new context have not beenanticipatedwhenthesoftware
wasinitially produced.Thuschangesto partsof thesoftwaremayberequiredin orderto
useit in thenew context. This reusedimensionis oftendescribedassoftware evolution.

Temporalreuseis very often requiredat the applicationlevel. Whena successorproduct
is developed,for example,as much software as possibleshouldbe reused. But usually
new functionalor non-functionalrequirementsneedeitheradditionalcomponentsand/or
changesto existingcomponentsthatmayor maynothave beenanticipatedduringtheorig-
inal developmentof thecomponents.

Dynamicallychangeablesystemsoftenrely on temporalreuse.In systemswith high avail-
ability requirements,like telecommunicationequipment,it is often impossibleto stop a
systemandreplacethesoftwarealtogether. Therefore,it hasto bechangedduringnormal
operationwithout haltingthesystem.That is evenmoredemandingasit requiresnew and
old softwareto cooperatevery tightly.

Thosechangesraisemany issuesthat rangefrom backwardcompatibility, if thenew com-
ponentsshouldbeusablewithin theold softwareenvironment,to thequestionasto when
a new softwaredevelopmentis cheaperthana reuse.Someresearchprojectswork on this
subject,like the ITEA EMPRESSproject [EM] or the AIT WOODESproject[WO] that
bothfocuson improvedembeddedsoftwaredevelopmentprocesses.

Bothkindsof reuseoccurin embeddedsystemsandbothkindsof reuseareequallyimpor-
tant,but theratherstaticfunctionalreuseis thebaseof temporalreuse,which capturesthe
dynamicaspectsof reuse.Sotheproblemof functionalreusehasto besolved�rst, although
in away thatpermitsfor temporalreuselater.

2.3.2 Reuse Problems in Embed ded Systems

The probablymostimportantproblemwhendevelopingreuseconceptsfor theembedded
domainis quitesimple:if anoptimalsolutionfor aproblemunderagivensetof constraints
is available,it is notnecessarilytheoptimalsolutionfor thesameproblemunderadifferent
setof constraints.

To illustratethisproblemthreedifferentapplicationsof thecosinefunctionareintroduced:

Application 1 A high precisionvalueis required,real-timeexecutionis not requiredbut
theavailablememoryto storeconstantdatais limited.
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const double DEG2RAD= 0.01745329251994 /* (PI/180) */

double cosine(const int degree)

{

const double rad = (double)degree * DEG2RAD;

double res_last, sign = fac_value = power = res = 1.0;

double faculty = 0.0;

double square = rad * rad;

do

{

res_last = res;

sign=(sign==1.0)?-1.0:1.0;

fac_value *= ++faculty;

fac_value *= ++faculty;

power *= square;

res = res_last + sign * (power/fac_value);

} while (res != res_last);

return res;
}

Figure2.2:Sourcecodefor iterative cosinecalculation

Application 2 A highprecisionof thecosinevalueis requiredaswell, theanglemightbe
any valuebut the calculationhasto be �nished fastandwithin a deterministictime
frame.

Application 3 A sensormeasurestheangleonly in 16discretevalues,theapplicationhas
tight real-timerequirementsandvery limited codespaceavailable.

While it is easyto provideacommoncosineimplementationfor all threeapplicationsusing
the standarditerative algorithmshown in Figure2.2 that returnscorrectresultsfor every
input value,this algorithmis not ableto meetthe additionalconstraintsof applications2
and3. Its timing is hardto predictandit requiresa large amountof codefor its �oating
pointoperations.5

A different solution (seeFigure 2.3) that provides deterministicrun times is basedon a
tableof known cosinevaluesandinterpolationto calculatethe resultfor arbitraryvalues.
The trade-off hereis that,dependingon thenumberof known values,theaccuracy of the
resultdiffers.Usingmorevaluesconsumesmoredatamemoryto storethetable.

5It is assumedthattheprocessordoesnothave a �oating pointunit.
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#include "cosine.h"

#define POINTS 24
double cosine_table[POINTS+1] = {

1.0, 0.965925, 0.866025,
0.707106, 0.5, 0.25881, 0.0};

// remaining table values omitted

const double pointdistance = (360.0 / (double)POINTS);

double cosine(const int degree)

{

double div_degree = ((double)degree / pointdistance);

double p1 = cosine_table[(int)div_degree];

double diffdegree = div_degree - (int)div_degree;

double p2 = cosine_table[(int)(diff) + 1];

return p1 + (p2 - p1)*div_degree;
}

Figure2.3:Sourcecodefor cosinecalculationusinginterpolation

While this implementationis appropriatefor many applications,for somean even more
simplisticsolutionis possible.Becauseonly a limited numberof discreteanglevalueswith
equaldistancesarepossible,it is easyto implementa purely tablebasedcosinefunction
(seeFigure2.4).No calculationis required,no �oating pointoperationoccursatall.

The codesizesfor the different implementationsvary to a signi�cant degree. Table2.3
shows codeanddataspacerequirementsfor a numberof differentplatformsrangingfrom
8 bit controllersto 32 bit processors.Theapplicationconsistsof a singlecall to thecosine
function in main . The void applicationis just an empty main function includedfor
comparison.

#define INTERVAL 15

double cosine_table[24] = { 1.0, 0.965925, 0.866025,

0.707106, 0.5, 0.25881, 0.0}; // remaining table values omitted

double cosine(const int degree)

{

return cosine_table[degree / INTERVAL];
}

Figure2.4:Sourcecodefor cosinecalculationusinga table
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2.4 Summary

Processor Appl. 1 Appl. 2 Appl. 3 void Appl.
M68HC12(16bit, w/o FPU) 821+233 11287+1078 13204+1448 77+50
PowerPC(32bit, w/o FPU) 152+104 4408+284 5044+84 32+0
PowerPC(32bit, w/ FPU) 88+96 184+240 252+40 8+0

Table2.3:Codeanddatasizes(in bytes)for samplecosineapplications

Takingtherequirementsof theapplicationsinto account,anexperiencedembeddedsystems
programmerwould chooseimplementation1 for the �rst application,sinceit providesthe
bestaccuracy andconsumesno valuabledatamemory(besidethe requiredstackspace).
Implementation2 �ts to application2 asit providesthe requiredreal-timecharacteristics.
For application3 implementation3 is obviouslybestsuited.

This is thecruxof embeddedprogramming:oftenthereis not justonecorrectimplementa-
tion. Reuseconceptsfor embeddedsystemshave to take this into account.

2.4 Summar y

Despitethemany similaritiesandconnectionsto othersoftwareapplicationdomains,em-
beddedsoftwareis different.Theubiquitousrestrictionsin termsof availablememoryspace
and processingpower often prevent a simple applicationof developmentconceptsfrom
otherdomains.

The diversity of non-functionalrequirementsdemandmany different realizationsfor the
samefunctionalaspectof embeddedsoftwaresystems.Reusein this arearequiresadapt-
ability in amuch�ner granularitythanin otherdomains.

The ef�cient realizationandmanagementof thesesoftwarevariantsis the key factor for
technicallyandeconomicallysuccessfulembeddedsystemssoftwaredevelopmentin the
future.
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3 Famil y-Based Software Development

3.1 Intr oduction

As discussedin theChapters1 and2, for embeddedsoftwaredevelopmentit is important
to produceboth reliablesoftwareandresourceef�cient software in a fastandcosteffec-
tive process.So the main goal of this chapteris to evaluateapproachesfor family-based
softwaredevelopmentwith respectto their usability in embeddedsoftwaredevelopment.
Therefore,it is relevant which partsof the softwaredevelopmentprocessarecoveredby
a methodology, how it helpsto producethe implementation(s)andthat theseimplementa-
tionsusethememoryandprocessingtime effectively. This requiresnot only to look at the
technicalaspectsof themethodologiesalone. It is alsonecessaryto take the typical skills
andeducationof embeddedsoftwaredevelopersinto account.

The promotersof softwarefamiliesandsoftwareproductlines generallyclaim that these
areanef�cient way to producereliablesoftware(andareableto prove this). Thequestion
of resourceef�ciency doesrarelygetsomuchattention,however.

This chapterstartswith a generalintroductionto softwarefamiliesandproductlines. The
following detaileddiscussionof thestateof theart in this areacoversgeneralmethodolo-
gies,which aremorefocusedon processes,aswell asrealizationstechniquesthat canbe
usedto actuallyimplementsoftwarefamiliesor productlines. Theconcludingsectiondis-
cusseshow thedifferentmethodologiescanbecombinedandsummarizesthemain issues
of thischapter.

3.2 Famil y-Based Software Development and
Product-Line Engineering

In the sixtiesand seventiesof the last centurya phenomenacalled “software crisis” ap-
peared.Fastercomputersmadepreviously unthinkableapplications(theoretically)possi-
ble. But while thecreationof betterandfasterhardwareeventodayfollows Moore's Law
[Moo75], which predictsa doublingof computingspeedper18 month,thegrowing com-
plexity of softwaredevelopmentstartedto causeproblems.Morecomplex softwareresults
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in morelinesof code,moreinteractionbetweenprogramparts,morepossibleerrorsin pro-
grams,andmoretime to getsoftwareproduced.Thereforedevelopmentof new programs
couldnotbedoneat thesamepacehardwareevolved.

Oneof thereasonswasthat,comparedto otherareasof business,reuseof softwareartifacts
in thesedayswaslimited. The emerging softwareengineeringdisciplinestartedto think
abouthow asystemcouldbebuilt from reusableparts.Parnaswith hiswork aboutprogram
familiespioneeredin anareathatis oneof thehottesttopicsin softwareengineeringtoday.
The term program familieswascoinedby Parnasin 1976whenhe discoveredthat many
problemsof software developmentand deployment are relatedto the fact that software
developmentactivities areoftenfocusedon solvingonly a singleproblem.He recognized
thatit maypayoff to look notonly atoneproblematatimebut to considersimilarproblems
simultaneously.

His de�nition for programfamilies,asgivenin [Par76], is

Weconsiderasetof programsto constituteafamily, whenever it is worthwhile
to studyprogramsfrom the setby �r st studyingthe commonpropertiesand
thendeterminingthespecialpropertiesof theindividual family members.

While this de�nition canalsobeappliedto alreadyexisting programs(or any setof related
softwareartifacts),Parnasalreadysaw themainapplicationof theprogramfamily concept
in the creationof new software. In [Par79] he describedthe applicationof the program
family conceptto supportreusein theareaof operatingsystemdesign.

The term product line appearedmuchlater in the softwareengineeringcommunity. The
focus of product-lineengineeringis quite different, yet the main ideasare the samefor
programfamiliesandproductlines.

Thede�nition for aproductline, asgivenin Griss[Gri00], is quitecloseto thede�nition of
Parnas:

A productline is asetof productsthatshareacommonsetof requirements,but
alsoexhibit signi�cant variability in requirements.This commonalitycanbe
exploitedby treatingthesetof productsasafamilyanddecomposingthedesign
andimplementationinto asetof sharedcomponentsthatseparateconcerns.

But thisde�nition requiresthatasigni�cant amountof variability hasto bepresent,whereas
Parnasfocusesmoreoncommonalitybetweenfamily members.

Anotherde�nition, givenby Lopez-Herrejonetal. [LHB01], statesthat“A productline is a
family of relatedsoftwareproducts. . .Differentfamily members(product-lineapplications)
arerepresentedby differentcombinationsof components”.Thisde�nition statesevenmore
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clearly thatwhile therehave to berelationsbetweentheproductsin a productline, it does
nothave to beaverystrongrelation.

Bothde�nitions focuson differentaspectsof productlines.The�rst de�nition emphasizes
ontheorigin of aprogramfamily basedonasetof requirements,whereasthesecondde�ni-
tion givesahint onhow product-linesareimplemented.Bothusethetermfamilyto describe
thesetof membersof a productline andboth �t into Parnasde�nition of a programfam-
ily if program is replacedby product. Productlinesareby de�nition not necessarilypure
softwareproductsbut maybeany kind of product.Themaindifferencebetweenprogram
familiesandproduct-linesis the view on commonalitiesandvariabilities: A productline
is de�ned by the needsof the customersof the productline, which is an externalview, a
programfamily is de�ned by its internalview on theprograms.

Althoughtheproduct-linetermis themorepopulartermtoday, this dissertationfocuseson
softwarefamily developmentratherthanproduct-linedevelopmentfor two reasons:

� The term software family1 focuseson the aspectof producingsoftware, which is
an insideview, a product-lineapproachtakesanoutsideview, focusingon the �nal
results(theproducts).Productsarenot alwaysjust software,often,especiallyin the
embeddedsystemsarea,they areacombinationof hard-andsoftware.

� Althoughit is possible(andsometimeseventheoptimalway) to implementsoftware
for productlineswithoutusingsoftwarefamilies,softwarefamiliesarein generalthe
appropriatesolution.

Thegoalof family-basedsoftwaredevelopmentis to bene�t from producingthecommon
partsof afamily only onceandreusethemto createdifferentfamily membersby combining
commonpartsandmember-speci�c parts.Admittedly, theextractionandrealizationof the
commonpartsof a setof applicationsmay initially costmorethanthecreationof a small
numberof separateapplications,but oncethe numberof applicationsgrows, the family-
baseddevelopment�nally costsless,asis shown for examplein [CHW98].

The Figure3.1 shows that underthoughsimpli�ed yet reasonablyaccurateassumptions,
thereis a point wherethehigh initial investmentfor a family startsto payoff, becausethe
costfor creatinga family memberis lower thanthecostfor producinga new singlesystem
solutionfrom scratch.

1Although Parnasusedthe term program family, the term software family seemsto be more appropriate,
becausea softwarefamily is not necessarilya setof completeprograms,but maybeany kind of software
artifactlike a library or component.
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Figure3.1:Bene�ts of softwarefamiliesversussingleapplicationdevelopment

3.3 Famil y-Based Software Development Process

Contraryto “traditional” softwaredevelopmentprocessmodelslikeOMT [RBP+ 91], Booch
[Boo94] or theRationalUni�ed Process[JBR99], family-basedsoftwaredevelopmentis di-
videdinto two separateprocesses:domainengineering(“engineeringfor reuse”)andappli-
cationengineering(“engineeringwith reuse”).Domainengineeringcomprisesall activities
to createthereusablepartsof a family. Applicationengineeringis concernedwith thecon-
structionof concreteapplicationsfrom thepreviouslycreatedparts.

Despitethe fact that family-baseddevelopmentprocessmodelsdiffer in many ways, the
separationbetweendomainandapplicationengineeringalwaysexists.Thedegreeof sepa-
rationandthewaysof linking bothcanbequitedifferent.

3.4 Domain Engineering

Domainengineeringcanbede�ned as“. . . theactivity of collecting,organizingandstoring
pastexperiencein building systemsor partsof systemsin a particulardomainin the form
of reusableassets(i.e. reusablework products),aswell asproviding anadequatemeansfor
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Figure3.2:Relationbetweendomainandapplicationengineering(basedon [SEI97])

reusingtheseassets(i.e.retrieval, quali�cation, dissemination,adaptation,assembly, andso
on)whenbuilding new systems”[CE00].

Thedomainengineeringitself canbefurtherdivided into domainanalysis, domaindesign
anddomainimplementation. Eachof thesepartshasa strongrelationto its corresponding
counterpartsin applicationengineering.Therelationsaredepictedin Figure3.2. It is im-
portantto point out thefeedbackpathfrom theapplicationengineeringbackto thedomain
engineering.During applicationengineeringadditionalrequirementsthat have to be con-
sideredin the domainengineeringmay be found. Theserequirementsmay in�uence the
domainanalysis,designor implementation.

The gatheringof domainknowledgeis not only an activity whereexternal informationis
processedjust once. Knowledgegatheredduring the otherpartsof the processmay also
changetheview on the domain. The sameholdstrue for all parts. Even a customdevel-
opmentmayeventuallyleadto the inclusionof partsof thatdevelopmentinto thedomain
designor implementation.

3.4.1 Domain Anal ysis

Thedomainanalysis(DA) is themostimportantandprobablyalsothemostdif�cult step
in developingof family-basedsoftware. It is mainly concernedwith de�ning theproblem
domain. The term “problemdomain” is used,becauseit describesthedifferentproblems
the family membershave to solve. The goal of DA is to modelthe problemdomainin a
way thatcanbeusedto produceasoftwarefamily for it.
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In order to be able to producea model for a domain,everyonemustagreeon what the
domainactuallyis. Therefore,the�rst activity in DA is to de�ne thescopeof thedomain,
that is, to �nd a measureto decidewhich problemsbelonginto thedomainandshouldbe
supportedby family membersandwhichdo not.

DA requiresan in-depthunderstandingof the (possible)problemsof the domainto give
a preciseand clearde�nition of the domainscope. The domainexpertsare responsible
for thescopede�nition. They have to createthede�nition in cooperationwith all potential
stakeholders of thedomain,likeendusers,domaindesignersandimplementors,application
analystsanddesigners,andeventhedevelopingorganizationmanagement.

The scopingactivity, like all otheractivity in domainanalysis,usuallydoesnot produce
�nal resultsimmediately. Resultsof thefollowing activitiesduringthedomainanalysisand
alsoduring the otherpartsof domainandapplicationengineeringmay leadto a changed
view on thedomainandcouldeventuallyresultin a changedandimproveddomainscope
de�nition.

Thenext activity is to �nd out whatdifferentiatestheproblemsin thedomainandwhat is
commonto all problemsor subsetsof them.Theresultsof thisvariability andcommonality
(VC) analysisalreadygive a measureto evaluatethe scopede�nition with respectto the
rangeof problemsincluded.

If the numberof commonalitiesis high and only a very limited numberof variabilities
exists, thescopemight be too small to justify thedevelopmentof a family. If thenumber
of potentiallyusefulfamily membersis toosmall,theadditionaleffort for creatinga family
couldbewasted.

It is alsopossiblethat theVC analysisshows a low numberof commonalities.This could
indicatethat the scopeis too wide, therecould be too many systemsin the domainthat
have not enoughin commonto be effectively produciblefrom the sameset of reusable
abstractions.However, sinceall theseindicatorsare very soft, it is not possibleto give
generaladviceonhow to interprettheresultsof theVC analysis.Experiencefrom previous,
comparableprojectsis necessaryto decidethismatter.

Thescopeandrepresentationof theresultsof aVC analysisdiffersfor differentmethodolo-
gies. Most methodologiesusea graph-like structureto representcommonalities,variabili-
tiesandtheir relations.Somemethodsadditionallyincludecasediagrams,statediagrams
andothermeansto representtheproblemscoveredby thedomain.

To enablediscussionduring the analysisand to communicateits results,it is necessary
for all personsinvolved to understandeachother. Often, different termshave the same
meaningto different personsor, even worse,the sameterm is interpreteddifferently by
differentpersons.To solve this problemmostmethodologiesproposethecreationanduse
of adomaindictionary. Suchadictionaryholdsthede�nitions for all specialtermsrelevant
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in the domain. The domaindictionaryis createdat the beginning of the domainanalysis
phase,andextendedlater, if required.

The scopede�nition, the resultsof the VC analysisand the domainterminologydictio-
narytogetherform a modelof thedomainthat is thenusedin thesubsequentdevelopment
activities.

Themainproblemof domainanalysisis thatit reliesmostlyonsoft factorslike knowledge
aboutthedomain,theappropriatechoiceof thedomainscope,commonalitiesandvariabil-
ities. Even small changesmay result in completelydifferentresultsthat may �t betteror
worse.In general,it is notpossibleto decidewhetherabetterdomainrepresentationexists.

3.4.2 Domain Design

Thedomaindesignactivity translatestheresultsof thedomainanalysis(thedomainmodel)
into asoftwaredesignthatallowsto createthedifferentfamily membersfrom it. For agiven
domainmodeltheremight bemany differentdesignsthatcouldbeused.Thechoiceof the
designis in�uenced,for instance,by theskills of thedesignersandtheavailabletools.

Oneof the most importantin�uences is the natureof the domainitself. If, for instance,
a high degreeof variability mustnot causeavoidableoverhead,the chosendesignhasto
ensurethis.

Themethodologiesvary extremelyin theway they supportthedomaindesignactivity. A
numberof methodologiesonly de�ne theprocessof how to createa domaindesignbut do
notprescribeaspeci�c designmethodology(for exampleFAST[WL99], ODM [SCK+ 96]).

While this permitsthe useof thesemethodologiesin a wide rangeof domains,the price
to bepaidis thatexternaldomaindesignmethodologieshave to beintegrated.Someother
methodologiesde�ne aspeci�c wayhow theresultsof thedomainanalysiscanbetranslated
into a designmoreor lessdirectly (for exampleGenVoca[BO92] or DEMRAL [Cza98]).
Usually, thesemethodologies�t only for a smallerrangeof domains,but areeasierto use
andproduceresultsin shortertime.

3.4.3 Domain Implementation

Theimplementationof asoftwarefamily from adomainmodelis thelaststepin thecreation
of asoftwarefamily. Thoughthedesignhasastrongin�uenceontheimplementation,there
is still a high degreeof freedomfor an implementation.Object-orienteddesignscanbe
realizedwith a numberof differentprogramminglanguages.As with the domaindesign,
thedomainimplementationdependsonfactorslikedeveloperskills, resourceconstraintetc.

To implementfamiliesandespeciallythe variability within families, it is possibleto use
differenttechniquesdependingon the designandothercriteria like the binding time of a
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variability (con�guration time, compiletime, link time or run time). Thesetechniquesare
discussedin moredetail in Section4.

3.5 Application Engineering

Applicationengineeringis thecounterpartto domainengineering.Theresultof thedomain
engineering,thesoftwarefamily, is deployedto constructaspeci�c application.

3.5.1 Requirement Anal ysis

Therequirementanalysiscapturestheneedsof theapplication.To beableto selecta family
memberfrom the software family, the requirementshave to be expressedeitherdirectly
in termsof thedomainmodelor have to be translatedinto thosetermseithermanuallyor
automatically.

Thedomainmodelcanbeusedto guidetheapplicationengineerduring theanalysis,asit
alreadyshouldcontaintherelevantvariationpointsandcommonalitiesfor thegivenappli-
cationdomain.

The requirementsanalysismight alsodetectde�cienciesof the domainmodel if, for in-
stance,avariability thatis not representedin thedomainmodelis found.

3.5.2 Application Design and Implementation

The applicationdesignactivity createsa designthat matchesthe requirementsof the ap-
plication that were identi�ed during requirementsanalysis,using the appropriatefamily
memberof thesoftwarefamily.

Theapplicationdesigndoesnothave to bestronglyrelatedto thefamily design.If a family
exportsits functionality throughcommoninterfaceslike COM/DCOM interfaces[Rog97]
or any otherAPI wherethedesignof the family is virtually hidden,it is not necessaryto
usethedesignprinciplesof thefamily for theconcreteapplicationdesign.

Likewise,theapplicationimplementationusestheimplementationof thefamilymemberbut
may implementits own additionalfunctionalitywith differentimplementationtechniques.
If thefamily memberis representedfor exampleby CORBA componentsandimplemented
in C++,theapplicationmayuseJavafor its implementationandcommunicatesvia CORBA
protocolswith its family component(s).
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3.6 Selected Appr oaches

Thefollowing sectioncontainsa selectionof methodologiesthatareusefulfor thecreation
anduseof software families. Someof the methodscover only partsof the process(for
examplethe domainanalysis)andhave to be combinedwith otherapproachesto create
andusefamilies. Othersprovide a full solutionfor family developmentanddeployment.
The selectionof approacheswas basedon their in�uence on the family-basedsoftware
developmentandtheir usability in practice. The presentationof the differentmethodsis
organizedbasedon thevariability modelingapproachusedin themethodology.

3.6.1 Domain-Speci�c Langua ges-Based Methodologies

3.6.1.1 Draco

In his PhD thesis[Nei80], Neighborspresentedwith Draco the �rst domainengineering
approach.His modelfor thegeneraldomainengineeringprocesswith separationof domain
engineeringfrom applicationengineeringis still valid. Almost all newer modelsareonly
re�nementsof thismodel.

Neighborsrecognizedthat it is importantto representa domainin a languagethat �ts the
problemsof the domainratherthanusinga general-purposeprogramminglanguage.He
introducedthe term domainlanguage2 for theselanguages.TheDracoapproachis based
on source-to-sourcetransformationsof domainlanguages.TheDracotool chainallows to
specifyandtransformthe domainspeci�c languageinto statementsof a general-purpose
language.ThedifferencebetweennormalcompilertechnologyandDracotransformations
is that thetransformationsareuser-de�ned andcanbetaggedwith constraintsfor a selec-
tion of transformationsbasedon domainknowledge.That in turn enablesdomain-speci�c
optimizations.This is achievedby includingmorethanonepossibletransformationfor an
input languagestatementfrom whichoneis selectedbasedon thegivenconstraints.

Theinitial Dracosystemhadsomede�cienciesregardingscalability. For eachnew domain,
theprocessof developinga domainspeci�c languageandits transformationsto the target
languagehadto beredonefrom scratch.Thishaslaterbeen�x edin Draco[Nei84] with the
introductionof subdomains.

A subdomainrepresentsa part of the solution for the parentdomain. It is a Draco do-
main itself, usingits own domainlanguage.Theparentdomaincanusethesubdomainby
providing a mappingof its domainlanguage(or partsof it) to the subdomainlanguage.
Thiscanincreasereusabilitysigni�cantly. Carefullydesignedsubdomainscanbereusedin
many differentcontexts undertheassumptionthat it is easierto provide themappingthan
to developnew transformationsor adapttransformationsfrom otherdomains.

2Todaythetermdomainspeci�c language is morecommon,but hasessentiallythesamemeaning.
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Figure3.3:TheFAST process(takenfrom [WL99])

3.6.1.2 FAST — Famil y-Oriented Abstraction, Speci�cation and Translation

TheFamily-OrientedAbstraction,Speci�cationandTranslation(FAST) approachwasde-
velopedby Weisset al. [WL99]. FAST hasits rootsin theSynthesis[CBFO91]approach.
FAST is acustomizableprocessandartifactmodelfor family-basedsoftwaredevelopment.

Thedevelopmentprocessis describedin termsof artifacts,stepsto producetheseartifacts
andan associatedrole model. Eachartifact hasa de�nition wherethe structure,possible
statesandtransitionof eachartifactaredescribed.

The basicstepsfor producinga software family are shown in Figure ??3. FAST starts
with a domainqualifying activity to decidewhetherit is worthwhile to pay the increased
initial investmentfor developinga family whencomparedto developinganumberof single
systemsfor thedomainof interest.If thequalifying activity resultsin a positive evaluation
scope,variability andcommonality(VC) analysisfollows.

Theresultsfromthisanalysisarerepresentedaslists.Foreachvariabilityasetof parameters
of variation is de�ned. Theseparameterswith their value rangesdescribethe different

3FAST'sdomainanalysisactivity includesthedomaindesignactivity.
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variationspossibleat thatpoint. A decisionmodelis derivedfrom thevariabilitieslist. This
modelcontainsan orderedlist of decisionsandallows to differentiatethepossiblefamily
membersbasedon thesedecisions.As with theresultsof theVC analysis,it is not clearly
de�ned how thesedecisionsshouldberepresented.

The decisionmodel is usedto de�ned an applicationmodelinglanguage (AML) for the
descriptionof the family members.An AML canbe anything from simply moreor less
informal text, which is processedmanually, up to anew languagefor whichcompilershave
to bebuild. Thedecisionwhatkind of AML representationto usedependson thenatureof
thedomain,thedevelopmentenvironmentandalsotheskills of thedevelopersinvolved.

Thedomainimplementationactivity consistsof the implementationof the AML environ-
mentandincludestheconstructionof tools,librariesanddocumentationfor theAML.

The applicationengineerusesthe environmentto model the applicationin termsof the
AML. TheAML toolsthengenerateall or partsof theapplicationfrom thatAML speci�-
cation.Partsthatcannotbegeneratedareaddedto producethe�nal application.

Thestrengthof theFAST processlies in its detailedprocessmodelthat is supportedby a
processmodelingapproach(ProcessandArtif act StateTransitionAbstraction- PASTA).
Thismodelallowsanorganizationto introducefamily-baseddevelopmenteasilyby follow-
ing theprocessmodelandchangingtheprocessaccordingto its needs.

Dueto its generalapproach,FAST doesnotgive muchinformationon how to implementa
family. Therepresentationfor commonalitiesandvariabilitiesis weaker andlessformally
de�ned as in FODA or other featuremodel basedapproaches.On the other handit is
possibleto customizetheprocessfor theuseof featuremodelsfor this representation.

3.6.1.3 P3

P3[BCRW00] is a DSL for containerdatastructures.It is implementedusinga GenVoca
generator, seesection4.5.1for a detaileddescriptionof GenVoca. Its root is P2 [BTS94],
anearlierapproachfor thesameapplicationdomain.

P3is not anentirelynew languagebut extendstheJava languageto supporteasyde�nition
of containerdatastructuresand ef�cient accessto them. The userof P3 hasto specify
how thecontainerdatastructuresareconstructedfrom basictypesandwhatkind of access
operationsarerequired. The generatedcodeprovidesspecialobjects(cursorobjects)for
datastructureaccess.Eachcursortype hasto be de�ned using the DSL as part of the
containerdatastructuredescription.A cursorcanhave a numberof attributes,for example
how often this cursorwill be used,predicatesde�ning which dataitemsarevisible using
this cursor, or whatoperationson thedataitemscanbeperformedusingthecursor. From
this informationthe implementationof the datastructureitself andthe associatedcursors
typesis generated.
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Figure3.4:FODA activities andresults(from [KCH+ 90])

P3 is a goodexamplewhereadditionaldomainknowledge,which usuallycannotbe ex-
pressedeasilyin commonprogramminglanguages,is usedto provide implementationsthat
aremoreef�cient. Thecomparisonwith otherJava-basedlibrariesin [BCRW00]showsthat
usingtheadditionalknowledgeleadsto betterperformancefor theDSL basedapproach.

3.6.2 Feature Model-based Methodologies

3.6.2.1 FODA — Feature Oriented Domain Anal ysis

TheFeatureOrientedDomainAnalysis(FODA) wasintroducedbyKangetal. in [KCH + 90].
A revisedversionof theoriginalFODA processhasbeenincludedin theModel-BasedSoft-
wareEngineering(MBSE)methoddescribedin [SEI97].

FODA encompassesthreedifferentactivities (seeFigure3.4):

Feature modeling providesa modelof end-uservisible featuresthat arepresentin the
given domainby providing a descriptionfor eachfeatureanda relationshipmodel
for thesefeatures.A detaileddiscussionof featuremodelsis given in therespective
sectionbelow.

Information analysis identi�es the type andstructureof datarelevant for the domain.
The possibleoutput of this analysiscould be entity-relationshipdiagramsor class
diagrams.

Operational analysis capturesthepossible�o wsof dataandcontrolwithin theapplica-
tions for thedomain.FODA allows theuseof differentrepresentationsfor this kind
of information,for examplesequencechartsor statediagrams.
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Feature Models: Thecentralelementof theFODA methodologyis thefeature model.
A featuremodelrepresentsthecommonalitiesandvariabilitiesof thedomain.A featurein
FODA is de�ned asanend-uservisiblecharacteristicsof a system.

Featuresareorganizedin theform of feature models. A featuremodelof adomainconsists
of

Feature description: Eachfeaturedescriptionin turnconsistsof afeaturede�nition and
a rationale.

Thede�nition explainswhichcharacteristicof thedomainis describedby thefeature,
so that an enduseris ableto understandthe purposeof the feature.This de�nition
may be given asinformal text only or asa de�ned structurewith prede�ned�elds
andvaluesfor someinformationlike thebindingof thefeature,thatmeansthetimea
featureis introducedin thesystem(con�gurationtime,compiletime, . . . ).

Therationalegivesanexplanationwhenor whennot to choosea feature.

Feature relations: Thefeaturerelationsde�ne valid selectionsof featuresfor adomain.
Themainrepresentationof theserelationsis thefeature diagram. Sucha diagramis
a directedacyclic graphwherethe nodesarefeaturesandthe connectionsbetween
featuresindicatewhetherthey areoptional,alternative or mandatory. Table3.1gives
anexplanationonthesetermsandtheirrepresentationin featurediagrams.Additional
constraintscanbeexpressedascompositionrules. Possibleconstraintsincludethata
givenfeaturecanonly beincludedif two of threeotherfeaturesareselectedaswell,
or that the featuremaynot bechosenif oneof a speci�c setof featuresis selected.
The original FODA method,however, de�nes only two constraints:requires and
mutex-with.

Going backto the cosineexamplegiven in Section2.3, it is possibleto model the reuse
problemdescribedin thatsectionwith afeaturemodelquiteeasily. For thecosineexample,
a featuremodelshouldcontaina featurethat allows to specify the precisionrequiredfor
theresults(Precision )4, a featurethatrepresentswhetherdiscreteanglevaluesareused
(ValueDistributi on), a featureto expressthat �x edcalculationtime (FixedTime )
is requiredandsoon. Thecompletefeaturemodelis shown in Figure3.5.

A seriousproblemof FODA is thata featuremodelis focusedon theenduserof a family
alone. Differentstakeholdersmight have differentviews on the samedomainthat could
resultin differentfeaturemodelsfor thesamedomain.A domaindesignercannotrequest
theinclusionof additionalfeaturesthatarerelevantfor thedomaindesignbut shouldnotbe
visible to endusers.In latermethodologieslike FORM or ODM (seesections3.6.2.2and
3.6.4.1),thisproblemwasrecognizedand�x ed.

4Thenamesin parenthesesarethefeaturenamesusedin theresultingfeaturemodel,seeFigure3.5.
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Feature type Description Graphical representation

mandatory MandatoryfeatureB has to be
includedif its parentfeatureA is
selected

A

B

optional Optional featureB may be in-
cludedif its parentfeatureA is
selected

A

B

alternative Alternative features are orga-
nizedin alternative groups.Ex-
actly one feature of the group
B,C,D hasto be selectedif the
parentfeatureA is selected

A

B C D

or Or featuresare organizedin or
groups. At leastone featureof
the group B,C,D has to be se-
lectedif the parentfeatureA is
selected

A

B C D

Table3.1:Explanationof featurediagramelements

Cosine

Range Precision ValueDistribution FixedTime

Continuous Discrete

Equidistant NonEquidistant

Figure3.5:Featuremodelof cosinedomain

50



3.6 SelectedApproaches

Feature
Modeling

Candidate Object
Identification

Architecture
Design

Design Object
Modeling

Component
Design

Architecture
Refinement

Feature
Model

Candidate
Objects Model 

Design  Object

Functional
Architecture

Feature
Model

Functional
Architecture Process and

Deployment
Architecture

Figure3.6:FORMdevelopmentactivities

Tool supportfor the FODA methodhasnot beenan integral part of the initial work. All
informationwasrepresentedin a textual or graphicalway andinterpretedby humans.The
adaptationof toolsto partiallysupportFODA hasbeendescribedin [Kru93].

FODA coversonly theanalysispartbut its principleshada greatin�uence on thedevelop-
mentof many otherdomainengineeringmethodologies(for exampleFORM,FeatureRSBE
[GFd98],ODM, MBSE) thatincludedfeaturemodelsastheir maindomainrepresentation.
Therearealsospeci�c adaptationsof FODA for speci�c domainslike FODAcom [VA98]
thatprovidessuchanadaptationfor thetelecommunicationsdomain.

3.6.2.2 FORM — Feature-Oriented Reuse Method

TheFeature-OrientedReuseMethod(FORM) by Kanget al. [KLLK02 ] is anextensionof
theFODA method.It extendsFODA to includedomaindesignanddomainimplementation
basedon object-orientedcomponents.

FORM consistsof guidelinesfor eachof the six developmentactivities shown in Figure
3.6. The �rst activity is thecreationof a featuremodelfor thegivendomain.Thefeature
modelingactivity is executedasin FODA but usesadditionalfeaturecategories. FORM
de�nesfour featurecategories:

Capability: Capabilityfeaturesdescribeend-uservisibleservicesandnon-functionalend-
uservisibleaspectsaswell assocalledoperations,thatareinternalfunctionsrequired
to provide end-uservisible features.

System envir onment: Systemenvironmentfeaturesde�ne the externalcontext of the
domainsuchasthe availablecomputingenvironmentor protocolsandinterfacesto
otherdomains/systems.

Domain technology: Domain technologyfeaturesdescribethe domainspeci�c tech-
nologies,patterns,methods,etc. thatareusedto implementcapabilityfeatures(that
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meansservices,operationsandaspects).Suchfeaturesareoftennot reusablein other
domains(unlike theimplementationtechniquefeaturesbelow).

Implementation technique: Implementationtechniquefeaturesaremoregenericthan
domaintechnologyfeaturesandrepresentdesignandimplementationdecisionsthat
areusefulfor realizingotherfeatures.Examplesincludedesignpatterns,communi-
cationmethodsor synchronizationmethods.

Any featurebelongsto exactly onecategory. In a featuremodel,thecapabilityfeaturesare
thetop-level features.

Thefeaturemodelingguidelineconsistsof anumberof recommendationsdrawn from prac-
tical experiencesthathelpthedomainengineerto developadequatemodels.

Thearchitecturedesignguidelineproposesto modelthearchitecturein four separateviews
(functional,process,deploymentandmodule)to reducethecomplexity of themodels.The
modelsform ahierarchywherethefunctionalmodelis thetop-level modelandalsothebase
for theprocessmodel.Theprocessmodelis thentranslatedinto thedeploymentmodeland
�nally amodulemodelis derived.

Thecomponentdesignactivity is usedto de�ne thelarge-scalecomponentsdesign.Thein-
put of thefeaturemodelingactivity givesanoverview over thecommonandvariableparts
of theproductline. Componentsareseparatedinto componentsthat capturethe common
featuresof a family. Thesecomponentshave to bedesignedto allow extensionby product
speci�c components.Theproductspeci�c componentscapturethevariability of thesystem.
Theguidelinerequeststo designthecomponentsin sucha way thatthebindingof compo-
nentsto deploymentcontexts is separatedfrom thecomponentitself asmuchaspossible.
Thisallows for themost�e xible (re)useof acomponent.

For componentsa categorizationis suggestedtoo. Six differentcomponentcategoriesare
given:

Work-�o w management components realizebusinessprocessesin businessapplica-
tionsandcontrol,coordinationandsynchronizationin embeddedsystems.

Functional components realizethecorefunctionalitieslikedatatransformations,trans-
actionsetc.

Domain technology components realizefunctionalitiesthat enablefunctionalcom-
ponentsto provide their functionalities.An exampleis the transmissionof �nancial
datain ane-commercesystemthatcanbechangedindependentlyfrom thedatato be
transmitted,whichcomesfrom functionalcomponents.

Interface components realizethe higherlevel part of communication(protocols,data
conversion)betweencomponentsor devicesoutsidethesystem.
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Data sharing components realizedatarepositories(database,. . . ) .

Comm unication/sync hronization components providecommunicationandsynchro-
nizationabstractionsfor interactionbetweencomponents.Thesecomponentsareof-
tenusedto abstractfrom themiddle-wareor operatingsysteminterfaces.

FORM is intendedfor theimplementationof large-scalesystems.Theguidelinesallow an
engineerto bene�t form arelatively detailedcategorizationof featuresandcomponentsthat
helpto organizethearchitectureandcomponentsdesign.

Themainadditionof FORM to theoriginal FODA methodarethe featurecategoriesthat
allow the representationof not end-userrelatedfeaturesin the model. But FORM does
not answerthequestionof how to implementthecomponentarchitecture.FORM doesnot
includetool supportfor any of its activities.

3.6.2.3 Other Appr oaches

FeatuRSEB — Featured Reuse-Driven Software Engineering Business [GFd98]
combinestheusecase-basedRSEBmethodologywith featuremodelingasanelementfor
managingthe variability. The featuremodel is the centralmodel to which usecasesare
attachedin orderto illustratebehavior of differentmembersor membergroups.

3.6.3 Decision Model-Based Methodologies

MRAM — Method for Requirements Authoring and Management Mannionet
al. proposedin [MKKW99] theMRAM approachfor representingtherequirementsof an
applicationin termsof applicationfamily requirements.The applicationfamily require-
mentsrepresentthedomainmodelof thefamily. Thedomainmodelis a hierarchicalorga-
nizedtreeof requirementswith thesameexpressivenessasfoundin featuremodels.

A requirementcanbemandatory, optional,asingleadaptor( = alternativefeature in feature
models)or amulti adaptor( = or feature in featuremodels).Thedifferencebetweenfeature
modelsandtheMRAM modelis thatMRAM prescribesanorderin whichtheusertraverses
thedomainmodel.Startingfrom therootrequirement,adepth-�rst searchis performedand
if a non-mandatoryrequirementis found,theuserhasto make a choicewhetheror which
requirementto choose.Requirementbranchesthatlie below anunselectedrequirementare
notconsideredfor theremainderof thesearch.

Theauthorsclaimthatthisstrategy reducesthenumberof decisionsto bemadeby theuser
andbelieve thatthis is superiorto whatthey call “free selection”asit is usedin thefeature-
modelbasedapproaches.But thisclaimdoesnothold in general,sinceevery featuremodel
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hasthe sameexpressivenessasa MRAM modelwith the samehierarchicalstructureand
canbe usedwith the samealgorithm. The ability to view andexplore the whole feature
modelcanbeagreatadvantage.Theusermightseea featureandthepathto thatfeaturein
themodel,soheor sheknowswhichotherfeaturesarerequiredin orderto obtainaspeci�c
feature.This is notpossiblewith theMRAM approachthattriesto hidethemodelfrom the
user.

Tool supportfor de�ning andusingaMRAM modelexistsandis describedin [MKKW99].

3.6.3.1 Other Appr oaches

PuLSE hasbeendevelopedatFraunhoferIESE[BFK+ 99]. It consistsof asetof domain
engineeringmethodologiesthatcanbecombinedaccordingto theneedsof thecustomerand
theskill level within thecustomer's organization.Thepartof PuLSErelatedto variability
andcommonalitymodeling(PuLSECustomizableDomainAnalysis),usesa tablebased
variability model.Eachvariability is listedwith its permissiblebindingtimes,valueranges
andconstraints.

As thereis no toolssupportfor PuLSEavailable,theprocessof deriving a family member
from the variability model hasto be performedmanually. This makes larger variability
modelshardto manageanduse.

3.6.4 Generic Methodologies

3.6.4.1 ODM — Organizational Domain Model

TheODM [SCK+ 96] is a domainengineeringmethodologythat integratesconceptsfrom
otherapproaches,even from non-softwaredomains,into a completeguidefor thedomain
engineeringprocess.ODM, likeFAST, intendsto becompleteon theonehand,but opento
specializationandcustomizationon theotherhand.

ODM usesa different terminologyfor its activities but �ts in the generalmodel for the
domainengineeringprocess.Theactivities plan domainandmodeldomaincorrespondto
thedomainanalysis,whereastheengineerassetbaseactivity includesthedomaindesign
andimplementation.

ODM's highlight is the introduction of a more elaborateview on many issuesalready
presentin othermethodologies:

Stakeholder s: Theanalysisresults(domainmodels)of ODM arerelatedto stakeholders.
For eachstakeholder, for instance,hisor herfeature(s)of interestcanbetraced.
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Feature: To supporttheconceptof stakeholders,which do not have to beendusers,fea-
turesdo not have to be visible to endusersin thesenseof FODA but have to be of
interestfor at leastonestakeholder.

Domain types: ODM characterizesdomainsby a type that explains the natureof the
domain. A domaintype is built from a combinationof attributeslike native or in-
novative domain,encapsulatedor diffuseddomain,etc. Thedomaintypede�nition
permitsspecializedprocessesfor differentdomaintypes.

Asset base scoping: ODM explicitly allowsthepartialimplementationof domainmod-
elsexplicitly by �rst prioritizing featuresfrom thedomainmodelduring the imple-
mentationactivity. Featuresthat do not have enoughpriority are then not imple-
mentedevenif they arepartof themodel.

ODM hastobecustomized(thatmeansinstantiated)beforeit canbeusedin anorganization.
Therefore,theinitial effort whenintroducingODM isquitehighaswell astheriskof failure.

Other Appr oaches

DEMRAL — Domain Engineering Method for Reusab le Algorithmic Libraries
DEMRAL [Cza98] is not anentirelynew approachbut a specializationof ODM in combi-
nationwith adomainimplementationapproach.Themethodologyallows to develophighly
ef�cient algorithmiclibrariesbasedon generative programmingconcepts.

3.7 Summar y

The numerousapproachespresentedin this chapterarenot asdifferentasthey might ap-
pear. Mostapproachesusefeaturemodellike variability andcommonalitymodels(FODA,
FORM,FeatureRSBE,MBSE) or modelsthatcanbeeasilytransformedinto featuremod-
els (MRAM, PuLSE).The advantageof featuremodelbasedconceptsis that the models
areeasyto understandandscalequite well with larger domains. A drawbackof feature
models,andsimilarmodels,is thereducedreusabilityof thefamily artifactsdueto thetight
couplingto problemdomainspeci�c featuremodels.

Approachesbasedondomainspeci�c languagescanprovideanappropriatewayof express-
ing thefamily membersandgeneratethosefamily membersfrom thememberspeci�cation.
However, theeffort for building a DSL is ratherhigh, sinceit requiresexperiencedteams.
Theuseof DSL is probablynot justi�ed in mostcases,especiallynot in smallerprojects.
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3.7 Summary

Themainfocusof mostmethodologiesis theorganizationof thedevelopmentprocessand
the domainanalysisactivity. BesidesFORM andpartially FAST, no methodologygives
detailedinstructionsregardingdesignandimplementation.While thesephasesarecovered
by all presentedmethodologies,with the exceptionof FODA, to someextent, thereis no
focuson deriving the softwaredesignor implementationfrom the resultsof the analysis
directly.

Tool supportis a anotherweakpoint of almostall approaches.Dedicatedtool supportas
an integral part of the methodologyis only available for DracoandFAST, for MRAM a
modelingtool exists. While it is consensusthat tool supportis a critical factor for the
successof a methodology, all othermethodologiesneitherrequirenor provide toolsor tool
chainintegration.

While theseapproachescontainmany valuableideas,their practicalusability in embed-
dedsoftwaredevelopmentis quite limited becauseof the missingtool support,mismatch
betweenthe knowledgeandskill level that is requiredandavailable,andthe investments
requiredfor domainengineering.Table3.2givesa summarizedoverview. Thetableshows
that featuremodelingrelatedmethodologieslike FODA andFORM aregoodcandidates
for furtherinvestigations,sincethey provide agoodscalabilityof themodel,do not require
highly specializedcomputerscientistskills in orderto usethem,andtheeffort of switching
to anew problemdomainis relatively low.
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4 Con�guration Techniques in Domain
Design and Implementation

Most domainengineeringmethodologiespresentedin Chapter3 arenot complete. They
focusmainly on theoverall processmodelfor family-basedsoftwaredevelopment(FAST,
ODM, PuLSE).Someof them(ODM, FODA, FORM, FeatuRSEB)includea detailedde-
scriptionof how to performthedomainanalysisandhow to representits results.But almost
none,with theexceptionof FORM,give adviceon how to designandimplementa family
usingtheartifactsproducedduring thedomainanalysis.Nevertheless,designshave to be
developedandimplemented.

Thefollowing sectionanalyzestechniquesavailablefor softwarefamily realization.In order
to understandwhento usea certaintechnique,it is importantto know its limitations and
implications. Becausethe domainsvary in sizeandnaturethereis no “�ts all” technique
available for implementingvariability. Sometechniquesarevery easyto usebut do not
scalewell, othersrequireextensive initial investmentsin termsof time andmanpower, but
canbeusedwith very complex domains,othersin turn areusefulonly for certaintypesof
domains.

Thesurvey focuseson

Variations that aresupportedby the technique.This includesthepoint of variationand
thetime at which thevariationis resolved(bindingtime). SeetheTables4.1and4.2
for thevariationpointsandbindingtimesconsidered.

Performance impacts of variationpoint implementations.Differentkindsof variation
pointsandbinding timesrequirea certainamountof memoryandprocessingtime
thatmightbea reasonfor choosingaspeci�c implementationtechnique.

Combination of techniques,that meanswhethera certaintechniquescanbe combined
with othertechniques.

Under standability of thesystemimplementation.

Suppor ted domains thatmeansfor whatkind of problemdomainsa solutionbasedon
this techniqueis adequate.
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Binding time Description
con�gurationtime Thevariationpoint is boundby generatinganimplementationwhere

thevariationis alreadyremoved.
compiletime The implementationlanguagecompilerbindsthe variationpoint to

a variation. This binding cannotbe changedlater. The binding re-
lies on the implementationlanguagefeatures,for instancetemplate
evaluation.

loadtime Thevariationpoint is boundat loadtime. Oneof thepossiblevari-
ationsis includedin theexecutable.This is differentfrom compile
timevariationbecauseit isbasedonobjectcoderatherthanonsource
codeselection.Examplesaresharedlibraries.

run time Theapplicationis ableto changethevariationduringrun time,pos-
sibly morethanonce.

Table4.1:Binding timesfor variations

Variation point type Description
Extension Several variants are supportedat the same

time.
Alternative Only one variant is supportedat the same

time.
Option A variantmayor maynotbeused.

Table4.2:Typesof variationpoints
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4.1 Preprocessors

When designand implementationactivities for single systemsoftware developmentand
software family developmentare compared,it is obvious that family-basedsoftware re-
quiresahigherdegreeof variability.

Thesoleuseof programmingconceptsandlanguagesthatareonly designedfor singlesys-
temdevelopmentto realizesoftwarefamiliesoftenyieldsresultsthatarehardto understand
[SC92]or do notmeettheperformancerequirements[HU96].

Althoughmany differentprogrammingparadigmscouldbeusedfor implementingsoftware
families,only object-orientedprogrammingis investigatedfurther, sinceotherparadigms
do not play an importantrole (for examplelogic programmingand functionalprogram-
ming)or canbeseenasa(very) limited subsetof object-orientedprogramming(imperative
programming).

4.1 Prepr ocessor s

Someof themostwidely usedprogramminglanguages(C andC++) featurea built-in pre-
processor, many otherscanbeusedin conjunctionwith an externalpreprocessorlike m4,
thestandardUnix preprocessor1.

Preprocessorsperformtextual manipulationson programsourcecodebeforecompilation.
This allows to exchangeplaceholderstringsby concretevalues. Many preprocessoreven
allow to write macrosthatcanbeexecutedandin turn generateprogramsourcecode.

Preprocessorsarewidely usedto implementvariationsat compiletime. Basedon con�gu-
rationinformationthatis fed into thepreprocessor, macrosmaygeneratedifferentprogram
codeor setdifferentvaluesfor constants.

Theuseof preprocessorlanguagesbearssomerisks.Usually, theerrorcheckingcapabilities
are very limited. In order to verify if the preprocessorproducesthe intendedresults,it
is necessaryto checkthe outputof the preprocessingstate. This checkinvolves in most
caseshumaninspectionof arbitrarylargepreprocessor-generatedoutput,whichmakesthese
checksineffective anderror-prone.

4.2 Object-Oriented Langua ges

Themajority of programsarenowadaysimplementedusingobject-orientedlanguageslike
C++, C#, Java or Smalltalk. Accordingto Wegner[Weg86], an object-orientedlanguage
provides

1TheGNU projectprovidesanopensourceimplementationof m4. For moreinformationsee[Gnu].
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� encapsulationof datastructuresandoperationson thedatawithin classes,

� inheritanceof classdatastructuresandoperations(method),

� objectsthatareinstantiatedfrom aclass.

Whilenotall programmersusethesefeaturesin theirOOprograms,thosebasicmechanisms
provide agoodbasefor implementingvariation.2

4.2.1 Inheritance

The inheritancemechanismallows the implementationof extensionvariation points. A
baseclassprovidesa commoninterfacethat is sharedby all extensions.Eachextensionis
implementedasasubclassof thisbaseclassandprovidesspecializedimplementations.

Thespecializationof animplementationcanbedonein severalways:

Interface chang e: Theinterfaceof thebaseclassis extendby anadditionalmethodthat
providesanew operation,or amethodis removedfrom theinterface3.

Method chang e: An alreadyexisting methodis replacedby achangedimplementation.

Data addition: Additionaldatamembersof theclassareintroduced.

Thisvariationcanbeboundatany timebecauseit is possibleto introducenew subclassim-
plementationsatcon�gurationtime(sourcecode),atlink timeor loadtime(objectmodules)
andat run time (dynamicloadingof objectcode)aswell. Dependingon theprogramming
language,notall bindingtimesaresupportedby thelanguagedirectlybut requireadditional
supportfor examplefrom the run-timesystem.Java, for instance,doessupportdynamic
loadingof new classesinto the runningprogramby its classloader, whereasC++ hasno
built-in supportfor this.

Alternativevariationpointscanbeimplementedlike theextensionvariationpointbut only
oneof theavailableextensionsis actuallyused. In this case,the systemmustensurethat
only thecorrectextensionis usedall thetime. Thealternative mustnotbeboundmorethan
once.

An option variation point can also be realizedby using a subclassthat implementsthe
optionalpart. If anobjectis instantiatedfrom thebaseclassit doesnot supporttheoption.
If it is instantiatedfrom thesubclassit supportstheoption.

2Someof theconceptscanalsobeemulatedin imperative languageslikeC or Pascalwith additionalcodeand
lessstrict checkingof typesystemsetc.

3While Eiffel [Mey92] supportstheremoval of methods,mostotherobject-orientedlanguagesdonot.
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Figure4.1:Featuremodelexhibiting dependentvariability of features
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Figure4.2:Classnumberexplosionproblem

If thevariationpointsaresub-variationsof anothervariation,inheritanceis anef�cient way
to implementthesevariations.Thefeaturemodelin Figure4.1canbe implementedeasily
usingany object-orientedlanguage.

However, inheritancefacesseriousproblemswhendifferentvariationpointsthatareimple-
mentedvia inheritancearecombined.Figure4.2demonstratestheproblem.

Thefeaturemodelrequeststwo differentvariationpointsthatcouldbeimplementedusing
inheritance.Both extensionvariationsare independentfrom eachotherandcanbe real-
izedby a singlemethod.TheclassesB1-B2 andC1-C3implementthesemethods.Using
inheritance,it is necessaryto combinetheminto ahugeclasshierarchywith 6 classes4.

Object-orientedlanguagesthatdonotsupportmultipleinheritancearenotableto implement
morethanoneindependentvariationpoint with inheritance,but somelanguageslike Java
allow to simulatemultiple inheritancevia interfaceinheritancemechanisms,seethesection

46 = (numberof variantsof classB) * (numberof variantsof classC).
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Figure4.3:Aggregation-basedimplementationof dependentfeaturevariability

on aggregationbelow.

Application of inheritance-basedtechniquesare describedin [SB00] (C++) and [BC90]
(CLOS).

4.2.2 Aggregation

Object aggregation is the combinationof instancesof different classesas datamembers
in anotherclass. The aggregating classties all the different aggregatedclassestogether
by its own methods.Aggregationallows the combinationof independentextensionsand
alternativeseven for OO languagesthat supportonly singleinheritancebut still facesthe
problemof classnumberexplosionasdescribedin Section4.2.1. The realizationof the
featuremodelfrom Figure4.2usingaggregationis shown in Figure4.3.

Theuseof genericor parameterizedtypesofferedby someobject-orientedlanguages5 al-
lowsto avoid there-implementationof theaggregatingclassfor eachpossiblecombination.
The genericimplementationof the aggregation classis parameterizedwith the possible
combinationsof classesthatimplementthevariations.

5C++ supportsgenerictypeswith its templatemechanism,for Java several languageextensionsfor generic
typeshave beenproposedby severalauthors[BOSW98,MBL97, Vir01].
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4.2.3 Uses-Relation

Theuses-relationis anotherway to implementvariationpoints. Insteadof aggregatingthe
objectinstancesin the class,only a referenceto an objectof a given classtype is stored.
Thereferenceis resolvedatruntimeandthereferencedobjectis accessed.By changingthe
referenceto point to anotherobject,alternative objectscanbeaccessed.Eachof thoseob-
jectsmight representa variation.Thedifferencebetweenaggregationandtheuses-relation
is thatfor anaggregatedobject,thevariationis boundat instantiationtime,whereasavaria-
tion implementedvia uses-relationscanbechangedduringthewholelifetime of theobject.

4.2.4 Parameter s

Parametersareoften the mosteasiestway to realizea variation. Parametersaregiven to
objectsat instantiationtime or suppliedby a methodcall. The instantiationcodeor the
methodimplementationevaluatestheparameterduringruntimeandbehavesdifferentlyfor
differentparametervalues,thusrealizingvariation.Alternativesandoptionscanberealized
by booleandecisionsbasedon theparametervalue,extensionsuseadiscriminatorfunction
to decidewhichextensionis goingto beused.

Thedrawbackof usingparametersis that thebinding time is usuallyresolved at run time
every time the variationpoint is accessed.This may causeseriousoverheadwhensucha
variationis accessedvery often. Somelanguagesandcompilers(C++,Eiffel) have limited
supportfor constantpropagationandpartial evaluationat compiletime, but mostobject-
orientedlanguagesdonotsupportthis.

4.3 Meta-pr ogramming

For a programminglanguage,rules exist that de�ne for eachbasicstatementwhat will
happenif this statementis executed.Meta-programmingallows to changethesemanticby
introducinga way to modify theway a languageworks. It couldbepossible,for instance,
to changetheway a methodcall is carriedout for all (or certain)classes.This canbevery
usefulfor pro�ling applicationsor to make remotemethodcalls.

Somelanguagesare basedon the conceptof meta-programmingdirectly, like Smalltalk
[GR83] or Beta[LKMM94], for othersit is possibleto de�ne anenvironmentthatenables
meta-programmingto someextent. With theC++ templatemechanism[CE00, Frö01], for
example,meta-programmingatcompiletime is possiblebut meta-programmingat runtime
is not.
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Figure4.4:Aspectweaving process

4.4 AOP — Aspect-Oriented Programming

Whilemany featuresof asystemfamily canbeimplementedin clearlyde�nedlocationslike
amethod,classor component,someof thefeaturesarecross-cuttingthesystemsimplemen-
tation. Thesecross-cuttingfeaturesarecallednon-functionalfeaturesor aspectswhereas
theotherfeaturesarefunctionalfeaturesof thesystem.

Therealizationof non-functionalfeatureslike synchronizationin�uencestheimplementa-
tion of functionalfeatures.AOP[KLM + 97] suggestsa separationof concerns.Functional
featuresarestill implementedin anormalfashion,but theadditionalnon-functionalfeatures
(aspects)areexpressedin aspectlanguagesthatallow to expressthecross-cuttingaspect(s)
in an aspect-speci�clanguage.The aspectcodeis integratedinto the functional feature
implementationduringa weavingprocessby theaspectweaver. Figure4.4 illustratesthis
process.Theweaving might take placebeforecompiletimeusingageneratoror duringrun
timeusinganinterpreter.

Theexamplein Figure4.5shows how a simplesensorreadoperationread_sensor() ,
written in C or C++, is eithermademultiprocessorsafeor multi-threadsafewith thehelp
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// activated in multiprocessor case
aspect MPSafe {

advice execution(“% read_sensor()”): around()
{

do_spinlock() ;
int retval = tjp->proceed(); // call orginal function
release_spinlock();
return retval;

}
};
// activated in multithreaded case
aspect MTSafe {

Semaphore mtSema(1); // semaphore shared by all instances
advice execution(“% read_sensor()”): around()

{
mtSema.wait() ;
int retval = tjp->proceed(); // call orginal function
mtSema.signal();
return retval;

}
};
// conditionally to be synchronized function
int read_sensor() { ...; return value; }

Figure4.5:Modelingsynchronizationusingaspects

of AspectC++[AC]. TheaspectMPSafe addssynchronizationusingspinlocksto thecode,
while theMTSafe aspectintroducessemaphorebasedlocking. Theresultingimplementa-
tionsafterweaving show how strongthein�uence of theseaspectson thefunctionalimple-
mentationis: therearemorelinesof codeconcerningthesynchronizationthanarenecessary
for theactualfunctionality.

Functionalfeaturesare relatively separatedand independentso it is easyto handlevari-
ability on a functionallevel. Including a functional featuremeansinclusionof its imple-
mentation. For non-functionalfeatures,this is not possiblebecausetheir addition may
modify/in�uencetheimplementationof all otherfeatures.Family-basedsoftwaredevelop-
mentcanbene�t from AOP, becauseAOPmakesit possibleto handlemany non-functional
featuresin thesameway asfunctionalfeaturesbecauseeachnon-functionalfeaturehasan
isolatedimplementation.

AOP is a relatively new �eld, so thereare only a limited numberof matureaspectlan-
guagesavailable.MostnotablyareAspectJ[AJ], whichallows to weaveAspectswith Java
programs,andAspectC++[GSPS01a,AC], which provides the samefor C++ programs.
Weaving canbeperformednot only at compiletime but alsoat loadtime, like AspectJ1.1,
or at run time [SP02].However, suchideasarestill in their earlystagesandnot yet widely
used.
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4.5 Generator s

Domain speci�c languagescan be usedto expressdomainknowledgemore easily than
general-purposeprogramminglanguages.But oftentheeffort to build a compilerthatgen-
eratesthe completemachine-executablesystemfrom a DSL is not feasible. The useof
standardprogramminglanguagesandenvironmentsasbasefor a DSL is oftenmuchmore
economical.

Domainspeci�c languagesallow to hidethecomplexity of theimplementationof variabil-
ity from the userandallow for optimizationsbasedon applicationknowledge. Standard
compilershave their strengthin the �ne-grainedoptimizationsof programcodeincluding
domainknowledgeaboutthetargetprocessorplatform.Only thecombinationof bothmakes
it possibleto generatehigh-performancesystems.

Creatinga new DSL for a domaincanbe a dif�cult task,becauseit involves the creation
of the languageitself, thetools to translatethe languageinto anotherlanguageunderstood
by the following tools, anda supportingenvironment(run-timelibraries,graphicaltools,
debuggers,. . . ). The useof compilergenerationtechnologiescanbe very helpful in this
case.

Theimplementationsgeneratedusuallydeploy someof thetechniquespresentedabove like
staticmetaprograms,AOP, OO,etc.but hidetheir complexity from theuser.

4.5.1 GenVoca

GenVocaallows to modela family in termsof incrementalextensionsof a family, described
by equations.The valid equationsaredescribedby a grammar. Using this grammar, it is
possibleto describeeachfamily memberby its equation.

Theexamplegivenbelow shows thebasicideaof GenVoca.Thefeaturesa andb represent
basicfeaturesthatcanbeusedstand-alone.Thefeaturesc(X ) andd(X ) arefeaturesthat
extendanotherfamily memberX . A family memberwith thefeaturesa andc is described
by c(a). This family membercanbeextendedby thefeatured usingtheequationd(c(a)) .
The grammarallows to specifyanotherfamily memberwith the samefeaturesa;c andd
but adifferentequationc(d(a)) .

Comparedto a featuremodel,GenVocaaddsthe ability to describea structurein which
featuresareto be combinedandallows to attachsemanticsto the structure. That means
thata family memberwith thesamesetof featuresbut adifferentequationmayor maynot
berepresentedby thesameimplementation.AlthoughGenVocanotnecessarilydescribesa
layeredarchitecture,it is quiteeasyto derivesuchalayeredarchitecturefrom theequations.
In thiscase,thecreationof thegrammaralsodevelopsthesystemdesign.
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4.6 Summary

It is not requiredthataGenVocagrammaris processedby a tool to generatea family mem-
ber. In [CE00] thegrammarsareusedto deriveamatchingsystemarchitectureimplemented
by staticmeta-programmingin C++. Eachgrammarrule is representedby a C++ template
andsystemsarebuilt by combiningthetemplates.

Althoughthis approachis suf�cient for somedomains,many otherscanbene�t from gen-
eratorsthatprocessa GenVocaequationandgeneratetheappropriatefamily memberfrom
it. Batory et al. [BTS94], [BCRW00] have developeda numberof generatorssupporting
differentkinds of implementationlanguagesfor family features.They have recentlyim-
plementedthe JTS[BLS98] that allows to generateGenVocageneratorsfor Java from a
GenVocagrammar.

The limitations of GenVoca are obvious: if the family architecturecan not be modeled
easilybe a layeredor stacked design,GenVocacannotbe used. GenVocais not a stand-
alonefamily-basedsoftwaredevelopmentapproach.It lacksthedomainanalysis.Though
Batoryet al. give hintson what to look at during theanalysisactivity, theconstructionof
GenVocagrammarsreliesonadomainanalysisthatallows to modelthedomainin termsof
layersof features.

4.6 Summar y

All techniquespresentedin thischaptermaybeusedto provide thedifferenttypesof varia-
tion points.However, thereis nosingletechniquethatcanbeused,but carefulcombination
of theappropriatetechniquesis thekey. Somearevery easyto usein the�rst placebut get
veryproblematicin morecomplex scenarios.Table4.3givesanoverview overthepresented
techniquesandtheir characteristics.

TheC/C++preprocessoris a goodexamplefor this issue.It is very easyto learn,available
in every C/C++ compilerandcanbevery helpful but alsointroducesvery nastyproblems
dueto missingtypecheckingandthelike. Similarproblemson a differentlevel canbeob-
servedwhenstatictemplatemeta-programmingis used.It providesvery interestingwaysof
compile-timecon�gurationof C++ applicationsbut programmers,on theotherhand,tend
to produce“write-once” code.Statictemplatemetaprogramscanbewritten by anexperi-
encedprogrammerandmayprovide theexpectedresults.Theintentionof ametaprogram,
however, often cannotbe easilygraspedby anotherprogrammer, or even by the original
programmerafter a while. Discussionswith users[Frö02] andKrzysztof Czarnecki,one
of the inventorsof statictemplatemeta-programming[Cza03], attestedto this perception.
However, in combinationwith codegeneratorsthereis awiderangeof applicationsthatcan
bene�t from staticmeta-programmingtechniques.Dynamicmeta-programmingtechniques
usuallyrequirevery specializedlanguagesthatarenot mainstreamin embeddedsystems
developmentand,evenmoreimportantly, requiremoreprocessingpowerandcodesizedue
to thenecessarymeta-programmingrun timeof thetargetapplication.
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While parameterization,togetherwith preprocessors,is themostcommontechniquein em-
beddedapplications,it may causemany problems. Performancedependsheavily on the
“cleverness”of the compilers,for exampleif for constantparametersappropriatepartial
evaluationis performedat compiletime. Realizingcross-cuttingvariationsis alsoa weak
point of parameterization.However, for local run time, decisionparametersare a good
choice.

Theobject-orientedtechniquespresentedabove provide a goodratio betweeneaseof use,
performanceimpactsandapplicability. While mostembeddedprogramsarestill notwritten
in object-orientedlanguages,thereis a trendtowardsC++ (EC++)andalsoJava. Theuse
of aspect-orientedtechniqueswill alsobene�t from this trend.AOPis a goodcompromise
betweenthe full power of meta-programming(MP) andthe problemof performance(for
dynamicMP)/understandability(staticMP) whenit comesto theimplementationof cross-
cuttingvariations.Drawbacksarethestill limited tool support.However, with AspectJand
AspectC++two general-purposeAO-languagesareavailable.

Lastbut not least,codegeneratorsareespeciallyin theembeddedworld a well-known and
alreadyappliedconceptto hidethecomplexity of certainprogrampartsfrom theapplication
programmer. However, thecreationof new codegeneratorsis a demandingtaskandonly
feasiblefor larger applicationdomains. Codegeneratorsthemselves may useall of the
techniquespresentedabove in theirgeneratedcode,asit is (mostly)hiddenfrom theusers.

The mainconclusionis that mostof the techniquesarerelatively complicatedandnot di-
rectly usablefor typical embeddedsoftwaredevelopers.Theuseof standardizedprogram-
ming languages(C, C++, Java) togetherwith additionaltechniqueslike codegenerators
and,to a limited degree,alsogeneral-purposeaspect-orientedlanguages(AspectC++,As-
pectJ)seemsto be the mostsensibleapproach.An additionalbene�t, whenstandardized
techniquesareused,is the transferof developerknowledgeandskills into new projects,
which increasesqualityandreducescost.
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5 Tool-Based Construction and
Composition

Basedon the discussionpresentedin the previous chapters,it is obvious that successful
applicationof thesoftwarefamily approachrequiresadequatetool support.However, most
existingapproachesdonotcomewith tool support.Thelackof tool supportfor thedomain
of embeddedsystemsdevelopmentwasthemainmotivationfor thework presentedin this
chapter.

Theapproachfor embeddedsoftwareproductionpresentedin thischapteris acombination
of

Famil y-based domain engineering — to producereusablesoftwarecomponentswith
therequiredlevel of functionalvariability.

Object-oriented implementation patterns — to designand implementthe compo-
nentsin anef�cient way.

An integrated tool chain — to connectdomainmodelswith designandimplementation
andaid theuserof components.

Theexplicit goalherewasnot to inventa completelynew solutionfor domainengineering
but to reusethebestof themany alreadyexistingmethodsandto improvethepartsthatneed
it. Specialattentionhasbeenpaidto thepracticabilityof themethodsin embeddeddevel-
opmentcontexts. It wasnot intendedto developa universalmethodthat is ableto support
everyfamily-baseddevelopmentoptimallybut ratherto provideasolutionfor restrictedsets
of problemdomainsin theembeddedcontext.

Thebasicideaof CONSUL1 is to provideasetof toolsfrom acommonbasefor eachphase
of the family-basedsoftwaredevelopmentprocess.To ensurethe ability to integratethe
CONSULtoolswith othertools,it hasto bedesignedasanopenframework thatintegrates
the datasourcesand other tools usedthroughoutthe family-baseddevelopmentprocess,
like the modelingtool for VC analysis,object-orientedmodelingtools, codegenerators,
compiler, UML or SDL descriptions,documentation,sourcecode,etc.

1CONSUL= CON�guration SUpportLibrary
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Figure5.1showsthefour cornerstonesof family-basedsoftwaredevelopmentandthemod-
elsusedin CONSULto representthenecessaryinformation. Theproblemdomainis rep-
resentedby hierarchicalfeaturemodels,an extendedform of the original FODA feature
models. For the solution domain, that meansthe concretedesignof a software family
andits implementationmodel,a new modelinglanguage,theCONSULcomponentfamily
model(CCFM) hasbeendeveloped.The reuseof anexisting modelinglanguagewasnot
feasible,sincethoselanguagesdo notsupporttherequired�e xibility of artifactsin aneasy
way (UML) and/oraretoo specializedon speci�c softwarearchitectures(GenVoca). The
two modelinglanguagesfor thedeploymentof familiesduringapplicationengineeringare
complementaryto the modelinglanguagesusedfor domainengineering.The featureset
representsa singleprobleminside the problemdomainwith featuresandassociatedval-
ues.Theconcretecomponentmodeldescribesaconcretememberderivedfrom thesolution
family.

TheCONSULmethodologycombinestheknowledgecapturedin thesemodelsto provide
tool supportfor thedifferentroleswithin a family-basedsoftwaredevelopmentprocess:

� ThedomainanalystusesaCONSUL-basedfeaturemodeleditorto build andmaintain
theproblemdomainmodel.

� The domaindesignerusesa componentfamily modeleditor to describethe family
architectureandto connectit via appropriaterulesto thefeaturemodels.

� The applicationanalystusesa tool that allows him or her to explore the problem
domainandto expressthe problemsto be solved in termsof selectedfeaturesand
additionalcon�gurationinformation.

� The applicationdevelopergetsa memberof thesolutionfamily generatedfrom the
concretecomponentmodelwith thehelpof theCONSULtransformationengine.

Thoughthe tools have to be tailoredto the differentneedsof the different roles, they all
usethemodelevaluationandmanipulationfacilitiesprovided by CONSUL.The basefor
successfulcooperationof thesedifferentrolesarethatboththemodelsandthetoolsprovide
the necessaryexpressivenessandsupportfor describingthe relevant dataandsolving the
relatedtasks(for examplemodelingaproblemdomainor describingasoftwaresolution).

To getan ideahow a CONSULapplicationcould look like, Figure5.2 shows anexample
for aninteractive applicationbasedonCONSUL.Theconsul@guiapplicationis ageneral-
purposeeditor for CONSUL modelsandis alsoableto generatefamily members.More
specializedCONSUL applicationsinclude a Java applet for interactive con�guration of
existing modelsvia a web browser and a commandline client that evaluatesprede�ned
models.Otherpossibleapplicationsincludeseamlessintegrationof plug-insfor integrated
developmentenvironmentsor client/server applications.
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Figure5.1:Overview of CONSULmodels

Figure5.2:consul@gui,aninteractive CONSULmodeleditor
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Figure5.3:Overview of CONSULmethoddata�o w

A generaloverview over the�o w of dataduringthemodelevaluationin CONSULis shown
in Figure5.3.Exceptfor theintroductioninto somegeneralconceptualaspectsof CONSUL
in thenext section,theremainderof thischapteris structuredalongthisdata�o w. The�rst
block,startingin Section5.3,introducesthefeaturemodelingconcepts(featuremodelsand
featuresets)usedin problemdomainanalysisandapplicationanalysisto provide abstract
de�nitions of the problemsto be solved. The secondblock in Section5.5 dealswith the
modelingof solution domainswith components(componentfamily model and concrete
componentmodel)andthetransformationof theknowledgecapturedin featuremodelsinto
solutions.

5.1 Foundations of CONSUL

5.1.1 Software Famil y Hierar chy

Almosteveryproblemin softwaredevelopmentwith acertaincomplexity is usuallysolved
by decomposingit into smallerunits (problems)that canbe solved independently. This
ability to decomposeproblemsis alsooneof thefundamentalsof reuse,sinceif aproblemis
decomposedinto smallerproblems,it is morelikely thatasolutionfor thesmallerproblems
alreadyexistsor canbereusedin a laterproject. Softwarefamiliesareno exceptionfrom
this rule. A software family for a speci�c domainmay be built from a set of reusable
softwarefamiliesthatwerebuilt from otherreusablesoftwarefamiliesthemselvesandso
on.

TheCONSULapproachproposesa threelevel hierarchyof softwarefamilies:
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Application famil y level: Application familiesareend-uservisible systems,for exam-
ple completeembeddedsystems.Thenumberof family membersis relatively small,
aseachfamily memberrepresentsan endproduct. A CONSUL applicationfamily
canbebuilt from any numberof componentfamilies.

Component famil y level: A componentfamily is composedof asetof componentsand
thecomponentarchitecture.A componentfamily providesfunctionalitiesthatcanbe
usedin differentapplications/application families.Thenumberof componentcon�g-
urations(thatmeansfamily members)is high.

Component implementation famil y level: Eachcomponentin turn canbe a family
in itself, providing differentimplementationsfor usein differentcomponentfamilies
and componentfamily con�gurations. Most componentshave a small to medium
numberof differentimplementations(thatmeansfamily members).

Eachhierarchylevel hasdifferent characteristicsand requirements.Therefore,thereare
differentwaysto dealwith them. In general,it is not possibleto analyzeanddevelop a
wholeapplicationtheway asinglecomponentis analyzedanddeveloped.Oneof themain
reasonsfor this lies in thedifferentreusecharacteristicsfor eachfamily type.

A singlecomponentwith differentimplementationstendsto be reusedby differentappli-
cationdomains,providing its de�ned setof functionalities. This type of reuseis called
functionalreuse(seeSection2.3.1).Applicationfamilies,however, areusuallyextendedby
new memberswith changedfunctionalitiesduring the family life time. Often,sometimes
too often, thechangesrequiredarequiteextensive. This is a temporalreuse.Component
familieslie somewherein between.They canbeusedin anumberof differentprojectsrela-
tively unchanged,but their functionalitiesmayalsoevolve over time. Therelationbetween
thereusedimensionsandthesehierarchylevelsis illustratedin Figure5.4

To supportreusebasedonhierarchicalsoftwarefamiliesto thefull extentin adevelopment
approach,it is necessaryto provide theability to combinehierarchicalmodelsof different
problemdomainsandalsoto supportthecompositionof severalsolutiondomains.

Most family-basedmethodologiesdo not provide suchsupport. Often they usea single
combinedproblemdomainandfamily modelthatis not reusableby de�nition (GenVocais
oneexample).

5.1.2 Restrictions

Restrictionexpressionsplay a central role in CONSUL. They are usedin almostevery
model in many different places. A restrictionexpressionis an arbitrary expressionthat
evaluatesto a booleanvalue. Usually, the booleanvaluetrue indicatessuccessandthe
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Figure5.4:Relationbetweenreusedimensionsanddevelopmenthierarchylevels

associatedelementor evaluationoperationcanbeperformed.Thevaluefalse indicates
failureandis interpretedin differentways. If a restrictionsis the left handsideof an im-
plication,theimplicationasa wholereturnstrue . In mostothercases,a failedrestriction
indicatessomeerrorstate.

The actuallanguageof restrictionsis not part of the CONSUL models,which allows to
usedifferentlanguageshere.Thecurrentversionof CONSUL,however, allows to usetwo
differentlanguages:theObjectConstraintLanguage(OCL) andProlog.

Prologis a general-purposelogical programminglanguageanddescribedin many books,
for examplein [CM87]. CONSUL usesProlog as the core languagefor model check-
ing/evaluation. The CONSULPrologAPI allows accessto any CONSULmodelelement
anda numberof differentprede�nedPrologclausesallows evaluationof speci�c condi-
tions in themodels.Thehas(feature('X '), _NT) clause,for example,canbeused
to checkfor theexistenceof aspeci�c featureX in thefeaturesetstoredin _NT.

OCL is partof UML. It is a general-purposeconstraintlanguageusedin UML to specify
conditionsfor UML modelelements.CONSULusesonly alimited subsetof OCL. It serves
mainly as easy-to-usealternative to Prolog and is internally translatedinto Prolog upon
evaluation. The functionsavailable for accessingthe modelsare the sameas in Prolog.
BecauseOCL hasa differentsyntax,however, they look a little bit different. The check
has(feature('X' ), _NT) becomeshas(feature('X' )) .

As theOCL is mucheasierto learnandunderstand,it will becomethestandardlanguage
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for restrictionsin futureversionsof CONSUL.

5.2 The CONSUL Feature Modeling Langua ge

The following sectionintroducesthe CONSUL featuremodeling language. Figure 5.5
shows anoverview over thevariouselementsof thelanguage.

Eachproblemdomainmodelhasoneor morerelatedfeaturemodelsthat in turn consist
of a set of features. The parent/childrelation betweenfeaturesis expressedby feature
groupsthatcollectreferencesto relatedchild features(Section5.2.1).Additional relations
betweenfeatures(for examplemutualexclusion)areexpressedby featurerelations(Section
5.2.2).Thespeci�cationof arbitraryfeatureproperties(for exampleanassociatedvalue)is
supportedby thepossibilityto attachany numberof featureattributes(Section5.2.3).The
interconnectionbetweenmodelsis donevia modelmappings(Section5.2.4).

The featureset(Section5.2.5)representsthe applicationdomainmodelandcontainsref-
erencesto featuresandadditionalinformation,like featureattribute values,to specifythe
applicationdomainin termsof features.

Many elementsof thefeaturemodelmayhavearestrictionexpression(Section5.1.2)thatis
evaluatedbeforetherespective itemis accessed.If theevaluationof arestrictionsyieldsthe
booleanvaluefalse , therestrictedelementis notaccessible.Theelementcontext de�nes
whatactionswill follow this inaccessibility.

5.2.1 Feature Model Structure

Thebasicstructureof aCONSULfeaturemodelis a treeof uniquefeatures.Thechild fea-
turesarecollectedin featuregroups.A featuregrouphasa type,indicatingtheparent/child
relationof theparentfeatureandthefeaturesreferencedin thefeaturegroup.In additionto
thethreefeaturegrouptypesof theoriginal FODA method(mandatory, optionalandalter-
native),CONSULsupportstheor feature asdescribefor examplein [CE00] (seeTable3.1
on page50 ). Althoughthereareotherfeaturetypesdiscussedin the literature,Czarnecki
shows in [CE00] that mostof thoseother featuretypescanbe representedby thesefour
featuretypes,sothereis no needto supportotherfeaturetypes.

A featureor a featuregroupmay have a guardingrestriction. If a restrictionexpression
existsandthis expressionevaluatesto false , thefeature/featuresof therespective group
(andany child features)cannotbemembersof avalid featureset.
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Figure5.5:Simpli�ed CONSULproblemdomainmodelclassdiagram

5.2.2 Feature Relations

For representingadditionalrelations(besidesthe parent/childrelation)betweenfeatures,
CONSUL provides the featurerelations. Eachfeaturerelation belongsto a featurethat
mayitself have any numberof featurerelations.A featurerelationde�nesa typedrelation
betweenthisfeatureandthefeaturesmentionedin therelationexpression.CONSULcomes
with a setof prede�nedrelations,seebelow, thatcanbeextendedvia a simplemechanism
to containarbitraryrelations.

Featurerelationsmay have a guardingrestriction. If the guardingrestrictionevaluatesto
false, the relationis not checked. Thusthe restrictionandthe relationform an impli-
cation. If the guardingrestrictionis not thereor evaluatesto true , the relationmustbe
ful�lled.

Thefour prede�nedrelationsare:

requires( f l ist ) Thefeaturecanonly beselectedif at oneleastfeaturecontainedin f l ist is
alsoselected.

con�icts( f l ist ) Thefeaturecannotbeselectedif any featureof f l ist is selected.

recommends( f l ist ) Thefeatureshouldonly beselectedif at leastonefeaturecontained
in f l ist is alsoselected.
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discoura ged(f l ist ) Thefeatureshouldnotbeselectedif any featureof f l ist is selected.

Thedifferencebetweenthe�rst andthe last two relationsis that recommends/discouraged
never fails. They allow theuserto interprettheinformationthatsomethingmightbewrong
in bothdirections(ignore/correctproblem).

Theseprede�nedrelationsarealmostidentical to the original FODA style constraintsas
far astheir expressivenessis concerned.However, dueto thestructuralconstraintsof the
expressions,it is not only possibleto checkwhethera certainfeatureset is allowed by
the modelandits relations,but also to detectandsolve con�icts automatically. Suchan
automatedcon�ict detectionandsolvingmechanismis ableto decidewhetherit is possible
to �nd acon�ict freesolutionatall, andif so,caneven�nd it.

Theuserde�ned relationexpressionscanbemorecomplex, namelyany booleanexpression
in eithera restrictedsubsetof OCL or Prolog.

If possible,theuserde�ned relationexpressionshouldbeavoidedbecauseautomaticprob-
lemsolvingis notpossiblefor any of theseuser-de�ned relationexpressions.This is caused
by the fact that theserelationsmay be of arbitrarycomplexity, allowing usersto express
undecidableproblemsthat,naturally, cannotbesolvedby CONSUL.

However, usingtheadditionalexpressivenessis usefulfor animportantextensionto FODA
stylefeaturemodelsthatis availablein CONSUL,namelythefeaturevalue.

5.2.3 Feature Attrib utes

Somefeaturesof a domaincannotbe easilyexpressedby normal featuresemanticsthat
requirea�x eddescriptionof thefeatureandallow only inclusionor exclusionof thefeature.
For many featuresthis is perfectlysuitable,but somevariabilitiescannotbeexpressedin an
ef�cient mannerusingthissimpleapproach.

An examplefrom the operatingsystemsdomainis the numberof processorsthe operat-
ing systemmustsupport.Therearetwo possibilitiesto modelthis: eachpossiblenumber
of processorsis representedasa separatefeatureof an alternative featuregroup,or to as-
sign thechosenvalueto a feature.Figure5.6 shows bothways. For largersetsof values,
representingthe useof onefeatureper valueis not very easyto useandmostly provides
no additionalinformationcomparedto the useof a singlefeaturewith a numericfeature
attribute.

CONSULusessocalledfeatureattributesto specifyadditionalinformationassociatedwith
a feature.A featureattribute is a typedandnamedelementthatcanrepresentany kind of
information(accordingto thevaluesallowedby thetype).A featuremayhave any number
of featureattributes.
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ProcessorCount

1 Processor 2 Processors 3 Processors 4 Processors 5 Processors 32 Processors

ProcessorCount 
Type: Number 

Value: 2

Figure5.6:Alternative featuregroupversusfeatureattributevalue

Featureattributesmay be global or local. The differencebetweena global and a local
attribute this the visibility of the associatedinformation. The value of a global feature
attributeis storedtogetherwith thefeatureinsidethefeaturemodelandis consideredto be
partof thefeaturemodel. A local featureattribute valueis storedin thefeatureset,so the
valuemaybedifferentin anotherfeatureset.

Thetypescurrentlyavailablefor attributesareintegervaluesandstrings,but any type(like
enumerationsor even structures)could be addedeasily. A featureattribute may have a
default valuethatis usedwhenthefeatureis selectedandnovaluehasbeenspeci�ed.

Theavailability of a featureattributeto themodelevaluationprocessmayberestrictedby a
guardingrestriction.If therestrictionevaluatesto false,theattributeis considerednot to be
availableandmaynotbeaccessedduringmodelevaluation.

Although featureattributesarea deviation from the original featuremodelapproachand
someauthorsargue againstsuchextensions(again[CE00]), carefuland selective useof
featureattributesmakesfeaturemodelsmuchmorereadableandusable.Besidesthesce-
nariosketchedabove, featureattributescanhave many differentuses.Theoptionalfeature
deploymentmodel,for example,(Section5.3.9)makesuseof featureattributesto provide
informationon thedeploymentcharacteristicsof a feature(bindingtime,etc.).

The main drawback is that for checkingthe featureattribute values,the simplerequires,
con�icts, recommendsanddiscouragedstatementsarenot suf�cient. If valuechecksare
necessary, for exampleto determinewhethera valuewithin a given rangecon�icts with
anotherfeature,OCL/Prologlevel restrictionsarerequired.

5.2.4 Model Mapping

To connectdifferent featuremodels,CONSUL usesthe model mappingexpressions.A
mappingexpressionis basicallyan implication. The left handsideof the implicationde-
scribesacondition.If theconditionis true,theright handsidespeci�esasetof featuresthat
mustbeselected.This canbeusedto simply mapfeaturenamesor to introducea feature
thatrepresentsacombinationof featuresin anothermodel.

Theleft handsideis expressedusingthenormalrestrictions,theright handsideis asimple
list of features.Sothemappingexpressionhas(M 1:A)� > M 2:Y; M 3:Z de�nesthatif A
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Mappingfunctions: Mappingfunctions:
has(feature('M1.A'))

implies feature('M2.Y')

has(feature('M1.A')
implies feature('M2.Y')

has(feature('M2.X'))

implies feature('M1.B')

Featureset: Featureset:
{M1.A } {M1.A }

Mappinggraph: Mappinggraph:

M1

A B

M2

Y

X

M1

A B

M2

Y

X

valid modeldependency invalid modeldependency

Figure5.7:Valid andinvalid dependency graphfor modelmapping

in Model M 1 is in thesetof selectedfeatures,thefeaturesY in Model M 2 andZ in Model
M 3 shouldbeselectedtoo.

Figure5.7 shows two different mappingfunctionsfor the samefeaturemodelandsame
featureset. Theresultingdependency graphsarevalid (left side)or invalid (right side,the
selectionof two alternativesis notpossible).

Themappingallows thecombinationof theadvantagesof a singlemodel(clarity, userori-
entedvocabulary)andtheadvantagesof multiplemodels(reuse,increasedmodelstability).
The drawback is the additionaleffort to createandmaintainthe mappingfunctions. Es-
pecially the consistency betweenmodelsis a critical issue. Whena model is changed(a
featureis removed or renamedfor example),all relatedmodelswith their mappingfunc-
tionshaveto berechecked.To supportthis,CONSULis ableto traceall changesto amodel
andmakesit possibleto detectmostchangesautomatically.

Exceptfor smallandnon-criticalchangeslike featurerenaming,theconsistency checkcan-
not beautomatedandis to beexecutedby humans.However, mostchangesdo not require
immediateaction. If the relationsof featureswithin a modelchangedueto modi�ed re-
strictionrulesor changesin theparent-childfeaturehierarchy, thiscanleadto thefollowing
situations:
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� At leastonepossiblemappingresultsin an invalid featureselection.If this occurs,
theusercannotproceedandhasto consultthemodeldevelopersto �x theproblem.
This may or may not be acceptablefor the user, but at leastno invalid selectionis
possible.

� No possiblemappinggeneratesaninvalid selection,sothereis no problematall.

An automatedcheckwhetherthereare invalid selectionscausedby a featuremappingis
usuallynot feasible,becauseof thehighnumberof possiblefeatureselections2.

5.2.5 Feature Sets

A featuresetdescribesthespeci�c probleminsidetheproblemdomain.It containsthelist
of selectedfeaturesandlocal featureattributevalues.The list of selectedfeaturesrecords
for eachfeaturethereasonandthesourceof its selection.Possiblereasonsfor selectionare:

User selected: A userhasselectedthis feature.It will benever removedfrom thelist of
selectedfeaturesexceptby userrequest.

Mapped: A mappingexpressioncausedinclusionof this feature. The responsiblemap-
pingexpressionis recordedassource.Oncethereason(themappingrestrictioneval-
uatesto true ) is no longervalid, thefeaturecanberemoved.

Auto: An automatedproblemsolver includedthat featurein the list. The featuremaybe
removed when the reason(the detectedproblem)no longer exists. A typical case
is thata requires () featurerelationcausedtheproblemsolver to selecta feature.
Whenthe requires () is no longerpresent,the featurecanbe removed from the
selection.

Implicit: Whena featureis selected,all parentfeaturesandits mandatorychild features
are implicitly selectedtoo. Whena parentfeatureis not alreadyselectedby other
means,it is recordedasanimplicit selection.

5.2.6 Langua ge Representation

The CONSUL featuremodelinglanguageusesa partial graphicalrepresentationfor user
interaction.Thefeaturemodeltreerepresentingthemainsub-featurerelations(mandatory,
optional,alternative, or), for example,is shown in graphicalform. Additional information
like valuesandrestrictionsareshown in textual form. Thegraphicalnotationis a slightly

2Theworstcaseis thatall n featuresareoptional.Thatleadsto 2n combinations.
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<<optional>>
Range

<<optional>>
FixedTime

<<mandatory>>
Cosine

<<mandatory>>
Precision

<<mandatory>>
ValueDistribution

<<alternative>>
Continuous

<<alternative>>
Discrete

<<alternative>>
Equidistant

<<alternative>>
NonEquidistant

Figure5.8:UML versionof thecosinefeaturemodel

modi�ed form of the original FODA style graphicalelementsandthe ideaspresentedin
[CE00].

A UML conformrepresentationis possible,see[Cla01], but doesnot achieve thecompact-
nessof the original notationandmakes it morecomplicatedto understand.However, if
integrationwith standardUML tools is required,thesenotationcouldbeused.Figure5.8
shows thefeaturemodelfrom Figure3.5(page50) in theproposedUML notation.

TheinternalCONSULrepresentationusedfor storageis basedonXML for easymanipula-
tion, exchangeandalsofor simpleintegrationof futureextensions.

5.3 Feature-Based Problem Anal ysis

A goodandcompleteproblemanalysisis thebasefor successfulsoftwareprojects.Without
preciseknowledgeabouttheproblemsto besolved,it is impossibleto build agoodsolution.

Although thesestatementsaretrue for any softwaredevelopment,they arethe key to any
kind of family-basedsoftwaredevelopment.Family baseddevelopmentin fact combines
a numberof relatedproblemsandtries to form synergiesby reusingpartsof solutionsin
differentcontexts (thatmeansfamily members).

Themaindif�culty of problemanalysisis that it is mostlya creative processthat involves
many soft factorslike theknowledgeandexperienceof thepeopleinvolved(analysts,cus-
tomers,developers,etc.). It is impossibleto de�ne a practicablemethodthatneglectsthese
“human” factorswithin theproblemanalysisentirely. Somemethodologiesleave theissue
completelyopenandjust requirea “problemanalysis”but do not de�ne how to performit,
for examplein ExtremeProgramming(XP). Othermethodologieslike GenVocaandmost
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domainspeci�c language-basedapproachesrequirethe resultto be a very formalizedde-
scriptionof theproblemdomainin termsof thelanguagegrammar.

Likemostfamily-baseddevelopmentapproaches,CONSULliesbetweenthesetwo camps.
Dependingon thenatureof theproject,theresultshave moreor lessformalcharacter.

Therequiredresultsare:

� Precisetextualproblemdomainde�nition (Section5.3.1).

� Variability andcommonalityanalysisas(setof) featuremodel(s)(Sections5.3.7and
5.3.8).

� Featuresetsandcompositionrulesthatdescribethepossiblefamily membersbased
on featuremodel(s)(Section5.4).

Additionalresultscanbeinteractiondiagramsbetweentheexternalenvironmentandfamily
members(sequencecharts,timing descriptionsetc.),alist of referencedstandards,common
non-functionalrequirements,etc. Theamountandcharactervariesfrom projectto project
andwith theproblemdomainlevel, seenext section.Althoughtheseresultsarealsoimpor-
tant,theirproductionliesnotwithin thescopeof thework presentedhere.

5.3.1 Problem Domain De�nition

TheCONSULproblemdomainde�nition activity correspondsto theplan domainphaseof
ODM with its threesubphases(setobjectives,scopedomainandde�ne domain).There-
sultsarethedomainde�nition andtheinitial featureset(starterset)for thedomainmodels.

Insteadof repeatingtheODM tasks,thissectionwill presentonly issuesspeci�c to embed-
dedprojectsthathave to beincludedinto theproblemdomainde�nition activity aswell as
CONSULspeci�c issues.

5.3.1.1 Domain Attrib utes

ODM alreadyassignsattributesto theproblemdomain(vertical versushorizontal,encap-
sulatedversusdiffused,native versusinnovative). As alreadydiscussed,CONSULrequires
theintendedfamily deploymentscenarioof theproblemdomain(applicationfamily, com-
ponentfamily, componentimplementationfamily) aspart of the domainde�nition. This
characterizationis later usedto decideon the appropriateway to model the problemdo-
mainbasedon features.This is discussedin detailin theSections5.3.7and5.3.8.
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5.3.1.2 Embed ded Speci�cs

Embeddedsoftwareis oftencoupledwith speci�c hardware. To beableto choosetheap-
propriatedesignand implementations,it is importantto de�ne the characteristicsof the
potentialhardware platformsregardingavailable memorysizesand types(ROM, RAM,
�ash), processingpower, supportedhardwaredevices,etc.preciseaspossible.

For developmenton componentimplementationlevel, it is oftencomplicatedto gatherthis
kind of information,sincea componentmay be usedin very differentcontexts with very
differenthardwareresources.Furthermore,theactualshareof a singlecomponentimple-
mentationof resourceusageis often not very large, especiallyif a high numberof com-
ponentsis involved. Usually, thegoalon componentimplementationlevel is just resource
ef�ciency without speci�c resourceconstraints.

But thehigherthefamily level, themoreimportantpreciseknowledgeabouthardwarelim-
its gets.For anapplicationfamily, it canbecrucial to know the limits to decideaboutthe
designor even thedomainmodel,to decide,for instance,whetherto reuseexisting mod-
els/design/implementations with known resourceusage.

5.3.2 Feature Star ter Set

Building a featuremodelfor theproblemdomainrequiresknowledgeaboutwhich features
representthecommonalitiesandvariabilitiesin adomain.Candidatesfor thesecommonal-
ities andvariabilitiescanbederived from thedomainde�nition. Theboundaryde�nition,
whichallows to decidewhatis insideadomainandwhatnot,hasto describefeaturescom-
monto all membersof thedomain.

Variablefeaturescanbederivedfrom theinitial descriptionof differentfamily members.A
featurethatis presentin somebut notall family membersis avariablefeature.

Theselists of commonand variable featuresare usedas a startingpoint for building a
featuremodelin thenext step,thedomainmodelingactivity. Thefeaturelists do not need
to becompletebut ratherrepresenttheknowledgeat thispoint. Duringlateractivities,more
domainknowledgeis gatheredand is usedto re�ne the modeland possiblythe domain
de�nition aswell.

5.3.3 From Problem to Model

The processto build a featuremodelfor a problemdomainis stronglyin�uenced by the
characteristicsof the domain. An innovative domainhasto be handleddifferently thana
nativedomain,becausetheknowledgeof thedomainanalystsaboutthedomainwill proba-
bly changeto a greaterextentfor aninnovative domainthanfor a native domainwherethe
analystshave a lot of experience.
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Another importantissueis that thereis not a single “valid” model for a given problem
domain,but thereexists a large numberof possiblemodels,even many goodones. The
CONSULmethodology, asall othermethodologies,canonly provideguidelinesto produce
modelsbut will notgive aguaranteethattheproducedmodelis a goodmodel.

5.3.4 Building a Feature Model

What is a feature? Thede�nition of a featureasgiven in Section3.6.2.1statesthata
featureis somethingvisible to the enduser. Thus�nding a featurerequiresa knowledge
abouttheenduser. TheCONSULdomainde�nition allowsto identify theintendedenduser
by looking at thedomainlevel. Eachdomainlevel (applicationfamily, componentfamily,
componentimplementation)hasa differentenduserandin turn hasa differentspecialized
de�nition of a feature.

Application famil y features: Theenduserof an applicationfamily is someonewho
wantsto chosebetweenthe differentmembersof the family accordingto their functional
characteristicswithoutbotheringhow amemberis realized.A featuredescribesawhatnot
a how. A featurecansummarizecertaindifferentfunctionalitieswhenthey areusedasa
packagein theapplicationfamily.

As anexample,Figure5.9showsafeaturemodelfor awebbrowserapplicationfamily with
its applicationfeatures. In the �gure, thereareonly a small numberof featurespresent,
describingtwo differentmainoperationmodesof thebrowser(text versusgraphic)andthe
possiblealternativeoperatingsystemsplatforms.Therearemany morerequirementsfor the
browsersrepresentedby this family, but they arepartof thecommonbaseandthereforenot
presentin thefeaturemodel.

Component famil y features: Endusersof componentfamiliesareapplicationengi-
neerswho wantto build applicationsfrom a setof componentfamilies.Sofeaturesarethe
functionalitiesprovidedby thecomponentfamily andalsonon-functionalpropertiesimpor-
tant for applicationdevelopmentin thegivendomain.Eachfunctionalandnon-functional
discriminatorshouldberepresentedasanindependentfeature.

Featurerelationsshouldbe independentfrom componentimplementationissues.A rela-
tion betweentwo featuresshouldindicateonly generalrelations,not a relationthat is only
valid for the available implementationsof the componentfamily. Otherwise,changesto
theimplementationwould forcechangesto thecomponentfamily model,which shouldbe
avoided.

A �cti ve HTML viewer componentfamily modelis given in Figure5.10. It exposesa lot
moredetailsthananapplicationfamily, becausea componentfamily shouldbeas�e xibly
reusableaspossibleby providing ascalablesetof functionalities.
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Browser

HTML Platform

RenderMode Windows Unix MacOS

GraphicText

Figure5.9:Featuremodelof awebbrowserapplicationfamily

HTMLView

Transport HTML ScriptEngines

HTTP FTP RenderMode Dialect

Text Graphic HTML3.2 HTML4 XHTML

ECMAScript

JavaScript VBScriptHTTPS

Figure5.10:Featuremodelof anHTML viewercomponentfamily
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HTMLDRAW

RenderMode Dialect ScriptEngines

Text Graphic Voice HTML3.2 HTML4 XHTML ECMAScript

JavaScript VBScript

Figure5.11:Featuremodelof anHTML drawing componentimplementationfamily

Component implementation famil y feature: Componentsareintegratedin oneor
more componentfamilies, thereforetheir end usersare the implementorsof component
families.Featuresexposethefunctionalandnon-functionalimplementationdetailslike the
implementationlanguagesusedor componentinterfacestandardssupported.

In contrastto thefeaturemodelsin theotherlevels,componentimplementationmodelsare
tied to a speci�c componentimplementationandmaychangeif thecomponentimplemen-
tationchanges.

Figure 5.11 shows a featuremodel for an HTML drawing componentthat hasdifferent
implementationsfor differentoutputmedialike graphicalscreen,text modeor evenvoice
mode.

5.3.5 Feature Types versus Feature Relations

A featuremayhaveseveralrelationsto differentfeaturesbut canhavejustoneparentfeature
andfeaturetype.Therefore,any otherrelationhasto beexpressedby featurerelations.

Thedecisionwhich relationto expressby a parent/childfeaturerelation,is in�uencedby a
numberof factors,like theprobabilityof a relationchangeandthepositionof the feature
within themodel.

Thelower theprobabilitythat therelationbetweentwo featureschanges,thebetteris it to
expressthis relationby the parent/childrelation. Featurerelationswith a high likelihood
of changeshouldbeexpressedasrestrictions,becauseit is mucheasierto changea feature
relationthanto changea parent/childrelation.This is especiallyrelevant if thechild is not
a leaf featurebut aparentitself.

Duringthefeature�nding activity andmodelbuilding,all known relationsshouldbemarked
asstableor instable. For modelbuilding, thestablerelationsareusedfor determiningthe
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parent/childstructure�rst. Remainingstableand instablerelationsareaddedas feature
relationslateron.

5.3.6 From Feature Relations to a Feature Model

Building a featuremodel is an incrementalprocess.A featuremodelascentralelement
in the developmentof a family may be changedseveral times due to new insights. To
simplify the building of the �rst versionof a featuremodel, the following algorithmhas
beensuccessfullyusedin CONSUL-basedprojects.

Thestartingpoint is to usethelist of featuresfrom thestartersset.Startingwith this list, a
modelcanbebuilt executingthefollowing steps:

1. List all known featuresandmarkthefeaturesasstableor instable.

2. List all known relationsbetweenfeaturesandmarkthemasstableor instable.

3. Identify stablegroupsof alternative featuresandor features.

4. Find all stablefeatures/featuregroupsthathave no stablerelationto otherstablefea-
turesandmodelthemasoptionalor mandatoryfeaturesof thetop-level featurerep-
resentingthecompletedomain.

5. Find all features/featuregroupsthat have just onestablerelationto a featurein the
modelor have only relationsto featuresthat have a parent/childrelation. Integrate
themaschild feature(s).Repeatuntil no morefeature/featuregroupswith suchrela-
tionsareavailable.

6. Decidewhich stablerelationfor the remainingstablefeaturesshouldbe expressed
via aparent/childrelationandrepeatthesteps4 to 6.

7. Repeatsteps4 to 6 for instablefeatureswith their stablerelations.

8. Expressinstablerelationsasrestrictions.

9. Review of featurerelations.

This algorithm provides an initial featuremodel that is the basefor further re�nements
andoptimizations.Possiblere�nementsarethe introductionof mandatoryparentfeatures
for groupsor subgroupsof featuresto provide betterreadabilityandunderstandabilityof
the model. An optimization/improvementthat is often possible,is the replacementof an
alternative groupof just two featuresby anoptionalfeaturerepresentingaspecializationof
theparent's feature.
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Leaf featuresor nodeswith a small setof childrenaremucheasierto remove or change
withoutcausingproblemsthana featurewithin thetree.Thedistinctionbetweenstableand
instablefeaturesandthedelayedadditionof instablefeaturesandrelationpositionshelps
to increasesthemodelstabilityby positioninginstablefeaturescloserto theouterborderof
thefeaturemodel.

Example: Cosine component implementation domain Thedomainanalysispro-
videdthefollowing list of starterfeatures:

Cosine Thetop level featureis thedomainitself.

FixedTime A featurethatrequirestheimplementationto executein a deterministicway
andthusto provide aknown time limit.

Precision A featurethatdescribestherequiredprecisionof a calculatedcosinevalue.
It is a featurewith a valueandthereforerepresentsin factanalternative groupof all
possibleprecisionvalues.

EquidistantAngl eVal ues All inputvaluescanbeexpressedasn � baseanglewhere
baseangle is aconstantandn aninteger. Thefeaturevaluerepresentsthebaseangle.

NonEquidistantA ngle Valu es Possibleinput valuesarenot expressiblein theform
n � baseangle. Thefeaturevaluerepresentsthenumberof possibleinput values.

ThefeaturesPrecision andFixedTime arenot likely to changeasthecomponentis
intendedfor the real-timedomainthat relieson both features.The two otherfeaturesare
initially markedasinstable,becauseit is not yet known if they areimportantat implemen-
tationlevel. Thesetwo featuresaremutuallyexclusive andthereforehave a stablecon�ict
relationwith eachother.

Figure5.12shows theresultinginitial featuremodelafterapplyingthepresentedalgorithm
to theinitial list of features.Thestartingmodelconsistsof Cosine only. In thenext step,
FixedTime is addedas an optional featureand Precision as a mandatoryfeature.
Thereareno morestablefeaturesavailable.ThefeaturesEquidistantAngl eVal ues
andNonEquidistant Angl eValu es form a groupof alternative featureswhereboth
membersareinstable.This groupis now addedaschildrento theroot feature,sincethere
arenootherrelationsbetweenthegroup's featuresandtheotherfeatures.

Obviously, themodeldiffersfrom themodelin Figure3.5(page50). This is not surprising
asthemodelhereis built on theinitial knowledgefrom theproblemanalysis.Re�nements
of theinitial modelandgatheringadditionalknowledgeled to the�nal featuremodel.For
improved readability, for example,themandatoryfeatureValue distribution with
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Cosine

Precision FixedTime Equidistant NonEquidistant

Figure5.12:Building of theinitial modelfor theCosinedomain

thealternative groupaschild wasintroduced.Additional investigationsof thecharacteris-
tics of the implementationled to the introductionof anadditionalalternative for thevalue
distribution Continuous and an additionalstructuringmandatoryfeatureDiscrete .
TheoptionalfeatureRange is introduced,becausetheresourceusageof someof theimple-
mentationsusedis in�uencedby theanglerangefor whichthevalueshave to becalculated.
Again,this is a featurewith avalueattachedthatrepresentsthenumericalrangeof angles.

5.3.7 Single Domain Model Appr oach

All featuremodel-baseddomainanalysisapproachesuseasinglefeaturemodelto describe
the domainof interest. CONSUL supportsthis approachaswell. However, sinceusing
a singlemodelapproachhasseveral limitations, CONSUL supportsalsodomainmodels
basedon morethanonefeaturemodel.

Thesinglemodelapproachasdescribedabove,hasproblemswhenit comesto unexpected
changesof core featuresin the model. This can happenfor innovative domains,if for
examplethedomainknowledgeis not yetmatureandevolvesa lot duringthedevelopment
activities.

Reuseof thefeaturemodelis alsolimited in a singledomainapproach.Thefeaturemodel
tries to representa given domainascloselyaspossible.The usageof sucha specialized
modelin adifferentcontext, whichmeansin adifferentdomain,is problematic.

Singlemodelapproachesaregoodif

� Thedomainis verywell known andanalyzedby themodeldesigners.

� Thedomainbordersare�x edandnot likely to change.

� Themodelwill notbereusedin othercontexts.

Thosethreerequirementsareoftenmet in applicationfamily development.An application
family model is not likely to be reusedandit shouldbe easyto de�ne its borders.Com-
ponentsimplementationfamilies, too, are often relatively static and small enoughto be
completelyanalyzedby thedomainanalysts.
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A goodexampleis thedomainof real-timerun-timesystemsfor which it is relatively easy
to modelthedomainwith a singlemodel,becausetherequirementswithin this domainare
stableandwell analyzedby many experts.Section6.2givesadetailedreview onbuilding a
domainmodelfor thisdomain.

Dif�culties ariseif theconditionsgiven above arenot met,sinceit is thenproblematicto
�nd anexactandstabledescriptionof commonalitiesandvariabilitiesexpressedin asingle
model.

5.3.8 Multiple Domain Model Appr oach

It is not always easyto build a stablefeaturemodel for a given domain. Somereasons
have beendiscussedin theprevioussection.Oneotherreasonis thecomplexity of models
for larger domainswith a high numberof features( >100 ). Suchdomainsoften exhibit
complex relationsbetweenfeaturesaswell.

Suchmodelsarehardto develop,hardto maintainandhardto reuse.Theproblemssketched
above are not uniqueto featuremodelsbut occurwherever complex scenariosare to be
represented.The mostcommonsoftwareengineeringapproachto handlethoseproblems
is decompositioninto smallerproblemsthatareeasierto handle.Themulti domainmodel
approachof CONSUL allows just that for featuremodels,unlike other approacheslike
FODA, FORM or FeatuRSEBthatuseonly a singlefeaturemodel.

CONSULsupportstwo differentdecompositionapproachesbasedonmultiplefeaturemod-
els.

5.3.8.1 Domain Decomposition

Closerexaminationof a problemdomainwill alwaysreveal that it is in fact composedof
a numberof smallersubdomainswith a specializedfocus.Of course,differentdecomposi-
tionsarepossible,becausesomefeaturesmaybelongto morethanonedomain.

Lookingat theHTML viewercomponentfamily examplealreadyintroduced(Figure5.10),
a sampledecompositionis given in Figure 5.13. Most featuresof the model belongto
more generalproblem domains. Four domainshave beenidenti�ed here. The File
Access , Document Rendering ,Document Representation andScripting
Languages domainscontributeto theHTML viewerdomain.TheHTML viewerdomain
is anintersectionof thesedomains.However, therelationsbetweenfeatureswithin thein-
tersecteddomainsremainthesameor aremorerestricted.For examplein thegeneralmodel
a featureHTTP is probablyanoptionor partof anor-featuregroup. In theHTML viewer
componentit is mandatory. But HTTPSis asub-featureof HTTPin bothmodels.Addition-
ally moredomainmodelsmaycontainmorefeatures(shown with differentcolor in Figure
5.13),sincethey coversdifferentproblemsnot relevantin theHTML viewer case.
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rendering

document representation

scripting languagesfile access

HTMLView

Transport ScriptEngines HTML

HTTP FTP NFS SMB ECMAScript PHP Perl RenderMode

Text Graphic Voice

Braille

Format

MS Word

Dialect

HTML3.2 HTML4 XHTMLJavaScript VBScriptHTTPS

Figure5.13:Decompositionof adomain:HTML viewer componentfamily domain

feature('Script in gLanguages. Ja va Scrip t' ) implies
conflicts(featur e( 'D oc ument Repr es ent at io n. HTML3_2') )

Figure5.14:Samplecrossmodelfeaturerelationfor decomposedHTML viewer domains

Suchadecompositionseemsto havenotmuchusein the�rst place,but thebene�tsbecome
obvious whena similar problemis to be solved andthereforeto be modeled.For a word
processorasimilarmodelcouldbeusedbasedonthesamefour domainsbut with adifferent
intersectionresult. For examplea different documentrepresentationwould be probably
used,but therenderingdomainwould remainthesame.

As long asthosemodelsare independentfrom eachother, their handlingis easy. Often,
therewill besomekind of relationshipsbetweenthesemodels,althoughit is advisableto
minimize theserelations.CONSULsupportsthe connectionof differentmodelsvia their
featurerelationsandmodelmappingexpressions.

Insteadof referring to featureslocal to the model, it is also possibleto include features
from othermodelsin the relationexpression. For this, to eachmodel a uniquenameis
assignedthat is usedaspre�x for its featurenames.Figure5.14shows anexemplaryrule
for thedomainbasedon thedecompositiongivenin Figure5.13.Theleft-handside,before
thecolon,shows the nameof the featureto which the relationexpressionis attached,the
right-handsideshows theactualrelation.In thisexample,thefeatureJavaScript of the
ScriptingLangu ages featuremodelcon�icts with thefeatureHTML3_2in themodel
DocumentRepres enta tio n, thatmeansthatthey cannotselectedfor thesamefeature
set.
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has(feature('HTMLViewer.Text')

implies feature('DocRendering.Text')

has(feature('HTMLViewer.Graphic'))

implies feature('DocRendering.Graphic')

has(feature('HTMLViewer.HTML3_2'))

implies feature('DocRepresentation.HTML3_2')

...

Figure5.15:MappingtheHTML viewer domain

5.3.8.2 Domain Composition

Decomposingthedomainof interestinto anumberof smallerdomainsmakesit moremain-
tainable,easierto changeandalsoeasierto reuse,but on the�ip-side is the lossof clarity
for the family deployer. With just a singlemodel,it is easierto visualizethemostimpor-
tant relationsbetweenfeaturesasa parent/childrelation. Betweenindependentmodelsno
suchrelationexists.Additionally, whenmodelsarereused,thevocabulary (feature)usedin
oneor moreof themodelsmaynot bethedesiredone. Therecouldbemany featuresin a
domain,for example,thathavenorelevanceto thespeci�c case.Therearetwo options:the
useof amodi�ed featuremodel,or thehiding of theproblems.

Dependingon thesituation,oneapproachhasto bechosen.Theuseof a new modelneeds
no furtherexplanationandalsono specialsupportby CONSUL.

CONSULsupportsthelaterapproachby feature mapping.

Theexamplein Figure5.15shows somemappingfunctionsof theoriginal HTML viewer
domainto thetwo otherdomainmodels.

5.3.8.3 Hierar chical Domain Models

The combinationof the multi domainmodelingwith CONSUL's threelevels of software
family domainspresentedin Section5.1.1,leadsto ahierarchaldomainmodelstructure.

Thestartingpoint is adomainmodelfor theapplicationfamily thatmaybemappedto other,
reusabledomainmodelson theapplicationfamily level. Thesemodelsarein turn mapped
to themodelsthatdescribethecomponentfamiliesusedto implementtheapplicationfam-
ilies. On thelowestlevel, thecomponentfamily modelsaremappedto componentspeci�c
models.

Figure 5.16 shows the previously introducedHTML browser applicationfamily with its
featuremodelhierarchies. In this example,only the componentfamily HTML Viewer
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Figure5.16:Structureof hierarchicaldomainmodels
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usesmultiple models. The featuresselectedin the HTML Browser aremappedto the
viewer modelthat in turn is mappedto thefour sub-models(mappingexpressions(Figure
5.17)).Themappingexpressionsfor thesub-modelmappingusesomespecialexpressions.
Theexpressionhas(f eature(0M odel1 : � 0)) is expandedto matchseveralexpressions,one
for eachfeaturein themodel.Thef eature(0M odel2:%0) is thecounterpartandreferences
thematchedfeatureon theleft-handside.Thus,if bothpartsarecombined,theexpression
mapseachfeatureof the�rst modelto thesamefeatureof thesecondmodel.

This top-down view on the modelstructuresis only possibleafter the completionof the
applicationfamily development.In reality, thedevelopmentof anapplicationfamily from
reusablecomponentfamiliesis composedof two different,complementaryprocesses:The
top-down processthatanalyzestheapplicationdomainandbuilds/reusesmodelsfor it, and
thebottom-upprocessof matchingexisting reusablecomponentfamiliesagainsttheappli-
cationdomainrequirements.Thesameappliesto thecomponentfamily/componentlevels.
Theresultof theseparallelprocessesis thecompleted,hierarchicalmodelstructure.

Comparedto approachesthat rely on a singlemodel, the hierarchicalmodelapproachof
CONSULallows easierintegrationof existingsoftwarefamiliesinto new families.Usinga
singlemodelfor eachapplicationfamily would forcethedevelopersof componentfamilies
tomaintainthefeaturesrelevantto theircomponentfamily in all applicationdomainmodels.
With featuremodelmapping,only thelinks betweenthemodelshave to bemaintained.

5.3.9 Feature Deplo yment Model

For realizingef�cient family designsandimplementations,it is not suf�cient to build fea-
turemodelsrepresentingthefunctionalandnon-functionalpropertiesof aproblemdomain.
Usually, moredesignand implementationspeci�c information is requiredto supportthe
designprocessandallow moredetailedselectionof thepropertiesof family members,like
binding time of variations,in�uence of a featureto the system,etc. The useof this kind
of informationcan result in more ef�cient implementations.Other featuremodel-based
methodologieslack supportfor a uniform representationof suchinformation. The CON-
SUL methodintroducesa new additionalmodel, the featuredeploymentmodel, to solve
thisproblem.

Thefeaturemodelcaptureswhich featuresrepresentvariationpointswithin thefamily, the
family deploymentmodel(FDM) is usedto expresshowthevariability hasto bepresentin
thefamily andin aspeci�c family member.

Theaggregatedinformationbuilds anadditionalmodelusedin thedesignanddeployment
of a family. It is a separatemodel that is derived from the featuremodel and contains
additionalinformationabouttheproblemdomainanddesignconstraints.If sucha model
would beanintegral partof thefeaturemodelitself, it would limit thereuseof thefeature
model,sinceit is possibleto build many featuredeploymentmodelsfor the samefeature
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HTML Browser -> HTML Viewer

has(feature('Browser.Text'))

implies feature('HTMLViewer.Text')

has(feature('Browser.Graphic'))

implies feature('HTMLViewer.Graphic')

has(feature('Browser.Windows'))

implies

feature('HTMLViewer.VBScript')

has(feature('Browser.MacOS')) || has(feature('Browser.Linux'))

implies feature('HTMLViewer.JavaScript')

true

implies feature('HTMLViewer.{HTML3.2,HTML4,XHTML,HT TPS}')

HTML Viewer -> sub-models

has(feature('Viewer.Text'))
implies feature('DocRendering.Text')

has(feature('Viewer.Graphic'))

implies feature('DocRendering.Graphic')

has(feature('Viewer.ScriptLanguages:*'))

implies feature('ScriptLanguages.%')

has(feature('Viewer.DocRepresentation.*'))

implies feature('DocRepresentation.%')

has(feature('Viewer.FileAccess:*'))

implies feature('FileAccess.%')

Figure5.17:MappingtheHTML browserdomain
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model. Therefore,the FDM is associatedwith a concretedesign. For the samefeature
modelswith adifferentdesign,therecanbeadifferentFDM necessary.

TheFDM liesattheborderbetweendomainanalysisanddomaindesign,asit re�ectsdesign
relatedissuesfrom theperspective of thedomainanalysis.

An FDM describesfor eachfeaturetheimpactwhenandhow it is introducedinto a family
member. Thefollowing list describestheelementsof a featuredeploymentmodelentry:

1. Locality of change

Self contained: A selfcontainedfeaturedoesnotrequirechangesto therestof the
system,it is implementedlocally.

Cross-cutting: Theimplementationof across-cuttingfeatureneedsmodi�cations
in many placesof a system.For exampleif the featuresynchronizatio n
is selectedfor an operatingsystems,this requireschangesin all placeswhere
synchronizationhasto beused.

2. Kind of change

Addition: Theimplementationof thefeaturedoesnotrequiremodi�cationsto other
partsof thesystem.Theintroductionof a new classor evena new component
areexamplesfor sucha featureimplementation.

Modi�cation: To realizethefeature,it is necessaryto changeexisting partsof the
system.A modifying featurecanbe realizedasa wrapperto existing partsof
thesystemfor exampleby anoverwrittenmethodin anobject-orientenddesign.
Themodi�cation typecanbefurthersubdividedinto

Wrapping: All existing partsremainunchanged.Thechangesarerealizedby
providing awrapper/adapterthatchangesthesystemor partsof thesystem
but still usesthealreadyexistingparts.

Replacement: Thesystemis modi�ed by replacingpartsof thesystemwith
new partswith differentbehavior/requirements/characteristics.

3. Timeof binding

Compile time: Thevariationexpressedby this featureis resolvedatcompiletime.

Load time: Thevariationexpressedby this featureis resolvedat loadtime.

Run time: Thevariationexpressedby this featureis resolved at run time. If com-
binedwith the property“dynamic”, the featuremay be loadedand unloaded
duringrun time.
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Feature

Change Binding

Locality Kind

Local Crosscutting Addition Modification

Time Type

Compile Load Run Static Dynamic

Wrapping Replacement

Figure5.18:Featuremodelof designcriteriaderivedfrom a feature

4. Binding type

Static: Thefeatureis presentin theresultingsystemandusedall thetime.

Dynamic: Thefeatureis not requiredto bepresentandusableduringthewholerun
timeof asystem.

Figure5.18shows thesecriteriain form of a featuremodel.This modelillustratesthatany
combinationof featurecriteria is possiblein principle. The analysisof thesecriteria has
to beperformedfor eachpossiblefamily member, becausethesamefeaturemayin�uence
differentfamily membersin adifferentway. Especiallythebindingtimemayvary. In some
cases,thebindingcanbedoneat compiletime, in othercasesit mustbedoneat run time.

In theCONSULtools,theFDM is technicallyrealizedasprede�nedfeatureattributesthat
areassociatedwith eachfeature.

Table5.1 shows themodelfor thecosineexampledomainandthedesignusedin Chapter
2.

Theunderlyingfeaturemodelof theFDM (seeFigure5.18)canbeextendedby morefea-
turesaccordingto theneedsof the concretedesignandimplementationmethodologyand
strategy. In a largescalecommercialdevelopment,for instance,it might berelevant to ex-
cludefeaturesfrom beingreleasedin products,but they shouldbepresentin themodel.To
expressthis the feature,deploymentmodelcouldbe extendedby an optionalfeature“not
for release”.

TheFDM propertiesof thefeaturesof a featuremodelcanbespeci�edby differentstake-
holdersandatdifferenttimes.It maybepossibleto �x all propertiesfor thefeaturesduring
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Features Criteria
Cosine,Range,Precision,FixedTime cross-cutting,compiletime, static,modi�ca-

tion
ValueDistribution, Continuous,Discrete,
Equidistant,NonEquidistant

self contained,compiletime,static,addition

Table5.1:Featuredeploymentmodelfor thecosineexampleimplementation

designand implementationtime of the family as in the examplegiven above. It is also
possible,however, to setsomeor evenall propertiesduring theapplicationanalysiswhen
the applicationengineerdecideson the featureselectionfor the desiredfamily member.
This usually requiresa muchmore �e xible designandimplementationbut allows a very
�ne-grainedadaptationof thefamily memberto theneedsof theapplication.

5.4 CONSUL Component Models

Therepresentationof solutiondomainsis a crucial factorin thedesignprocessof software
families. Existingstandardsoftwaredescriptiontechniques,namelyUML, do not support
the descriptionof variablesoftware family architectures[SRPC02]. It was necessaryto
developanadditionalmodelinglanguagefor thatpurpose.

CONSUL aims to supportcomponent-basedfamily designin a way that is opento any
componentarchitecture. For CONSUL a componentencapsulatesa con�gurable set of
functionalities.CONSULsupportsthedescriptionof componentsascon�gurationentities
but doesnot rely on a speci�c componentframework like CORBA or COM. Figure5.19
gives an overview over the hierarchicalstructureof the component-basedfamily model
supportedby CONSUL.The concretecomponentmodelhasthe samebasicstructurebut
usesonly asubsetof thecomponentfamily modelinglanguage,sinceit describesinstances
of the family modelwith all variationpointsremoved. Therefore,the following descrip-
tion appliesto both, in the concretecomponentmodel,however, thereareno restrictions
allowed/generated.

As a consequenceof its opennessto any componentmodel,CONSULdoesnot checkin-
terfacesof connectedcomponentsby itself. To provide sucha functionality, it is possible
to introduceuser-de�nablechecksappropriatefor theintendedframework/architectureinto
theCONSULtool chain.

This approachis re�ected in theCONSULcomponentfamily modelthatmainly describes
theinternalcomponentstructureof a family andits con�gurationdependencies.Themodel
is complementaryto modelslike OMG'sCORBA IDL or Microsoft's COM IDL thatfocus
on theexternalview of acomponent.

102



5.4 CONSULComponentModels

Figure5.19:Structureof theCONSULsolutioncomponentmodels

However, differentcon�gurationsof a CONSULcomponentcanalsoprovide differentin-
terfacedescriptions,becausefunctionalchangesoften,but not alwaysarealsore�ected in
theexternalinterfacesof thecomponents.In thiscase,theCONSULcomponentdescription
languageallows to provide thesupportfor managingthesechanges.

A smallexampleof thelanguage3 is givenin Figure5.20.It shows asimplecomponentre-
alizing thecosineexampledomainwith threedifferentimplementation�les. Dependingon
theselectedfeatures,theappropriatecosine_?.cc implementation�le ischosen.If there
arenoreal-timeconstraintsto bemeet,for example,theimplementationin cosine_1.cc
is selected,regardlessof theotherfeature's settings.This is correct,becausethegeneral-
purposeimplementationmeetsall functionalrequirements(precision,worksfor any angle,
etc.) andit is not necessaryto optimizethe run time of thecosinefunction in a non real-
time environment. In real-timecontexts the implementationis selectedaccordingto the
inputcharacteristicsof theanglevalues.It is obviousthatwhenthissmallfamily is usedin
conjunctionwith thecosinedomainfeaturemodelpresentedin Figure3.5 (page50), there
areseveral featuresthatarenot usedfor con�gurationpurposes.This is permittedaslong
asthe implementationsdo not con�ict with any of the selectedbut unusedfeatures.It is
not permitted,for example,to provide just a singleimplementationlike the onefound in
cosine_1.cc , becausethis implementationwould con�ict with any featureselection
thatincludesFixedTime.

3In theexamplePrologis usedinsteadof OCL for restrictions,but OCL couldbeusedtoo.
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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)") }

}

Figure5.20:(Simpli�ed) componentdescriptionfor cosinecomponent
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5.4.1 CONSUL Famil y Model Structure

TheCONSULfamily modelrepresentsa family asa setof relatedcomponents.Theinter-
componentrelationof thesecomponentsis not �x ed. That meansthat both hierarchical
componentstructureslike the OpenComponentmodel[GSPS01b]or normalindependent
componentscanbemodeledby afamily model.TheCONSULfamily descriptionlanguage
(CFDL) is thetextual representationof themodel.

Components: A componentis anamedentity. Eachcomponentis hierarchicallystruc-
turedinto parts that in turn arebuilt from source elements. A componentmay specifya
parentcomponent.A componentis only includedin theconcretemodelif its parentcom-
ponentis included.

Parts: Partsarenamedandtypedentities.Eachpartbelongsto exactly onecomponent
andconsistsof any numberof sourceelements.

A part can be an elementof a programminglanguagelike a classor an object but also
any otherkey elementof the innerandexternalstructureof a component,for examplean
interfacedescription.CONSULprovidesa numberof prede�nedpart types,like class ,
object , flag , classalias or variable . Themodelis opento the introductionof
new part types,dependingon theneedsof theusers.Table5.2givesa shortdescriptionof
theavailableparttypesin thecurrentCFDL version.

Sour ce elements: A part asa logical elementneedssomephysicalrepresentation(s)
that aredescribedby the source elements. A sourceelementis an unnamedbut typedel-
ement.The type of a sourceelementis usedto determinetheway to generatethesource
codefor thespeci�edelement.Differenttypesof sourceelementsaresupported,like file
thatsimply copiesa �le from oneplaceto a speci�ed destination.Somesourceelements
aremoresophisticatedlike theclassaliasfile . Table5.3 lists thecurrentlyavailable
sourceelementrepresentations.

Theactualinterpretationof thesesourceelementsis handedover to theCONSULtransfor-
mationbackend. To allow theintroductionof customsourceelementsandgeneratorrules,
CONSUL is able to plug in different transformationenginesthat interpretthe generated
concretecomponentmodelandproduceaphysicalsystemrepresentationfrom it.

Currently, two different transformationenginesexist. Oneis implementedin Prologand
operatesdirectly on the Prolog knowledgedatabaserepresentation.The secondusesan
XML basedapproach.

Theadvantageof theProlog-basedapproachis its speedandtheability to usethepower of
Prolog.However, it requiresadecentknowledgeof Prologto changeor addsourceelement
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Part type Description
interface (X) RepresentsanexternalcomponentinterfaceX.
class (X) RepresentsaclassX with its interface(s),attributesandsourcecode.
object (X) RepresentsanobjectX.
classalias (X) Representsatype-basedvariationpoint in acomponent.A classalias

is anabstracttypenamethatis boundto aconcreteclassduringcon-
�guration.

flag (X) Representsa con�gurationdecision.X is boundto a concretevalue
during thecon�guration. Dependingon thephysicalrepresentation
chosenfor the�ag, it canberepresentedasamake�le variable,vari-
ableinsidea classor apreprocessor�ag.

variable (X) Similar to a �ag, but a variableshouldnot representdirectvariation
pointsratheradditionalcon�gurationinformationlikebuffer sizesor
thenumberof resourcesavailable.

project (X) Representsanything thatcannotbedescribedby theparttypesgiven
above.

Table5.2:Overview of CFDL parttypes

generators.Theotherapproach,describedin [Roe02], usesXML to describethetransfor-
mations.This allows usersto integrateown special-purposemodulesinto thesystemsvia
an easy-to-usemoduleconcept.This enablesusersto introducetheir own family speci�c
transformationengineswithoutany needto changethecoreCONSULtools.

Using restrictions in CFDL: A key element,which makesthe CFDL differentfrom
othercomponentdescriptionlanguages,is the supportof �e xible rules for the inclusion
of components,partsandsources.For eachof theseelements,rulesof inclusioncanbe
speci�edby Restrictions .

Eachelementmayhave any numberof restrictions.At leastoneof themhasto betrue to
includetheelementinto thesystem.If thereis norestrictionspeci�ed,anelementis always
included.

5.5 Domain Design and Implementation

Family designis designwith changeand for change. Designwith changerefersto the
known and anticipatedchangeswithin the family that representthe differencesbetween
family members.Designfor changesrefersto the changesthat may happenwhenmore
domainknowledgeis gatheredand/orthedomainscopeis changed.
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file (D ir ,N ame :,Type) Representsa�le thatis usedunmodi�ed. D ir
is the nameof the target directory, N ame :
the �lename, and Type can be usedto de-
scribethe type of the �le, e.g. if it contains
an implementation(impl ) or a de�nition of
aclass(def .) For unknown typesthespecial
typemisc shouldbeused.

any

file (D ir ,N ame :,Type,OSource) Sameasthe previous file , but the original
�le can have a different namespeci�ed via
OSource.

any

flagfile (D ir ,F il eName,N ame :) Representsa C++ preprocessor�ag N ame :
storedin the�le F il eName in directoryD ir .
This is a generatedsource,it is producedby
CONSULduringcon�guration. Thevalueof
the �ag is determinedby Value statements
giveninsidethepartdescription.

flag ,
variable ,
classalias

makefile (D ir ,F il eName,N ame :) Representsa make�le variable N ame :
storedin the�le F il eName in directoryD ir .
This is a generatedsource,it is producedby
CONSULduringcon�guration. Thevalueof
the variable is determinedby Value state-
mentsgiveninsidethepartdescription.

flag ,
variable ,
classalias

classalias (D ir ,F il eName,N ame :) Representsa C++ typedefvariableN ame :
storedin the�le F il eName in directoryD ir .
This is a generatedsource,it is producedby
CONSULduringcon�guration. Thevalueof
the �ag is determinedby Value statements
giveninsidethepartdescription.

flag ,
variable ,
classalias

Table5.3:O
verview

ofC
F

D
L
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107



5 Tool-BasedConstructionandComposition

Familydesignrequiresadditional�e xibility incorporatedinto thedesignin contrasttosingle
systemdesignwhereeachdesignrepresentsjust theequivalentof a family member.

Not only for embeddedsystemsis it importantthatthis �e xibility in thefamily designdoes
not causeexcessive resourceusagein the target system.Flexible designparts,wherethe
�e xibility canberemovedprior to run time shouldnot imposeany run-timeoverhead.

5.5.1 Variab le Designs

Althoughit is not possibleto derive thefamily designfrom theresultsof thedesignphase
automatically, especiallythefeaturemodelcanhelpto �nd appropriatedesignsfor thegiven
problemdomain.

CONSULitself doesnot requirethedevelopersto follow any specialdesignapproach.The
developerscanuseany designstrategy suitablefor theconcretefamily domain.However, a
detailedanalysisof thefeaturemodelandfeaturedeploymentmodelhelpsto �nd a match-
ing designfor theproblemdomain.

Flexibility always comesat a price, which is one of the reasonswhy many component
architecturesarenot suitablefor embeddedprojects. In the attemptto supportall kinds
of problemdomainswith just oneimplementation,the �e xibility of thosearchitecturesis
usuallyheavily basedon dynamicbinding at run time. This introducesmuchoverhead,
sincedynamicchangesareusuallynot requiredfor every partof thesystem.Thecomplete
dynamicapproachis oftenusedanyway, since,from apurefunctionalpointof view, this is
equivalentto adesignthatis (at least)partiallystatic.

Especiallythefeaturedeploymentmodelallowsto re�ect ontherequiredlevelsof �e xibility
of the design,which is very importantespeciallyfor embeddedprojects.The availability
of thosemodelsenablesthedevelopersto build designswith just theamountof �e xibility
required,becausefor eachfeaturethebinding time for thevariationis known in advance.
The rule of thumb is that the earlier the binding is done,the lower the cost in termsof
memoryandprocessorcyclesat run time.

But evenif thesebindingtimesaredeterminedfor eachfeatureduringthedomainanalysis,
thesolutiondesigndoesnotnecessarilyimplementthemunconditionally. It is oftenpossible
to delaybindingof a featureto a latertimewithoutbreakingthefunctionalityof thesystem
at theexpenseof speedandmemoryusage.

5.5.2 Famil y Variation versus Famil y Member Flexibility

Oneof themainproblemsof family-basedsoftwaredesignsis that,with a family-basedap-
proach,therearetwo levelsof �e xibility or variationin thedesign.Ononehand,the“usual”
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ADCControl

ADC_1 ADC_2 ADC_3

DeviceSupport

Figure5.21:Partial featuremodelfor theADC example

�e xibility a family memberor a singleapplicationhasto provide and,on the otherhand,
thevariationinsidethefamily to provide differentfamily members.Both levelscannotbe
totally separatedin adesign.Thesamedesigncanoftenrepresentbothfamily variationand
member�e xibility.

Thefollowing examplewill illustratethisproblemandalsogiveanideahow CONSULcan
beusedto dealwith it in away thatsuitstheneedsof embeddedsystems.

An importantserviceof any operatingsystemis to provideaccessto thehardwareconnected
to theprocessor. Dependingon thehardwarecon�guration and/ortheneedsof the appli-
cationsoftware,anoperatingsystemhasto provide softwarecomponentsandinterfacesto
differentsetsof hardwaredevices. In embeddedsystemsthis applicationcentricview is
often found,sincesoftwaresupportfor unusedhardwaredevices�lls only memoryin the
bestcasebut hasan impacton performanceor stability of the systemin the worst case.
Therefore,a (minimal) family approachis almosta mustfor device driversandoperating
systemsfor embeddedsystems.

Example Scenario: The exampleis basedon a �ctitious hardwarethat hasthreedif-
ferenttypesof analog/digitalconverters(ADC) available.Thegoalis to provide asoftware
designandimplementationthatis scalablewithouthaving to programdifferentversionsof
thedevice driversfor differentfamily members.Thescalabilityshallbeachievedby using
theservicesof CONSUL.

Figure5.21showstherelevantpartof thefeaturemodel.WhenADC supportvia thefeature
ADCControl is selected,any combinationof supportfor the threedifferentADC types
canberequested.Therefore,therearesevencombinations4 of functionalsupportfor ADCs

4Threewith a singleADC, threewith two ADCsoutof threeADCs,andonewith all threeADCs.

109



5 Tool-BasedConstructionandComposition

ADC

ADC_1 ADC_2 ADC_3

ADC

ADC_1 ADC_2

ADC

ADC_1

ADC

ADC_2

ADC

ADC_3

Figure5.22:Classhierarchiesfor differentmembers

possible.In someapplicationit is known in advancewhichADC(s)aregoingto beused,so
compile-timebindingshouldbepossible,but therecanbealsoapplicationsthatwill bindan
ADC at loadtime, andsomewill deferthedecisionuntil run time andmayrequestaccess
to differentADCsover thetime.

Thedriversshallberealizedwithin a singlecomponent.All ADCs mustprovide thesame
interfaceto beableto switchbetweendifferentADCseasily.

Domain Design and Implementation: This settingseemsto bea classicalexample
for the useof an abstractbaseclass,de�ning the commoninterfaceand threedifferent
subclassesfor the concreteimplementationsof the interface. In many con�gurationsas
shown in Figure5.22,however, the baseclassis not necessary, asthereis only oneclass
derived from it in use. Thoughthe useof abstractbaseclassesis goodfor modelingand
communicatinginterfacesto usersanddevelopers,it alsousesresourcesduring run time.
To implementthevariability, C++ aswell asotherobject-orientedlanguagesrely on tables
associatedwith eachclass. Eachtablestoresthe locationof the methodimplementations
for thecommoninterface.In C++ thesetablesareusuallycalledvirtual methodtables. The
useof suchtablescostsmemoryfor storingthetableandalsorun time,sincefor eachcall
to anabstractmethodthecorrespondingtableis consulted.

Themeasurementsfor anabstract/concreteclasspairwith justonevirtualmethod(seeTable
5.45) clearly prove the increasedmemoryusage.Of specialimportanceis theuseof data
memory. Without virtual methods,no datamemoryis used. Many embeddedmicrocon-
trollershave separatecodeanddatamemories.Thedatamemoryis oftenvery small (few
bytesto onekByte), sowastinga few dozenbytesof datamemorycanbea realproblem,
especiallysincetherecanbemany partsin thesystemthatlook alike andmayalsousevir-
tual methods.A skilled embeddedprogrammerwill avoid usingvirtual methodswhenever
possible6. In theproposedfamily, thefamily membersthatprovidesupportfor only asingle
ADC controllershouldavoid themaswell.

5Compiler:gcc2.96for x86,gcc2.95.2for avr.
6Today, mostdo thatby notevenusingobject-orientedlanguagesfor embeddedsystemsprogramming.
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Hierarchy Processor Code/Bytes Data/Bytes
non-virtual x86 32 0
virtual x86 206 140
non-virtual AVR90Sxxxx 80 0
virtual AVR90Sxxxx 284 42

Table5.4:Memoryconsumptionof abstractandnon-abstractclasses

ADC
<<alias>>

ADC_Base

ADC_1 ADC_2 ADC_3

Figure5.23:Variableclasshierarchyfor ADC component

CONSULprovidestheclassalias to allow descriptionof �e xible,staticallychangeable
classrelations. Figure 5.23 shows a new classhierarchywherethe external component
interfaceADCcanbemappedto any of theADC_?classes.

Thecorrespondingcomponentdescriptionis shown in Figure5.24. Theclassto which the
aliasshouldbesetisdeterminedby thefourValue statementsgiveninsidetheclassalias
de�nition. The �rst statementfor which the rule given as secondargumentevaluatesto
true is usedto calculatethe value. The �rst argumentof this statementsetsthe value.
TheCONSULPROLOGclauseis_single(X,_NT ) istrueif only X is selectedfrom its
or-featuregroup. If morethanoneADC is selectedfrom thegroup,theabstractbaseclass
is used.

To solve theproblemwhethertheADC_?classeshave to bederivedfrom anabstractbase
class,theclassADC_Basehastwo differentdeclarations,oneasanabstractclasswhile the
otheris justanemptyclassde�nition.

Thedescriptionof classADC_1is straightforward. It is includedin thecomponentwhen-
eversupportfor ADC_1is requested.For theothertwo classesthedescriptionslook alike.

111



5 Tool-BasedConstructionandComposition

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,_N T))")

}

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

Restrictions {

Prolog("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)

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

}

}

...

}

}

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

}

Figure5.24:CFDL for ADC component
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This exampleillustratesthatthemechanismsusedto implementcustomizablecomponents
areavailable,evenwithout CONSUL.Changinga classhierarchycouldbe easilyaccom-
plishedby aconditional#include resolvedby theC++preprocessoraccordingto acom-
piler argumentthat is de�ned in a make�le. With theCFDL, however, thereis onesingle
placeto managethecustomizationprocess.Theinformationwhatandhow to con�gure is
notspreadoutoverdifferent�les in differentlanguages.It separatesthestructureof systems
andcomponentsfrom thesource�les in which they areimplemented.

Theextensibility of theCFDL throughits customizablebackendmakestheintroductionof
new high-level descriptionelementseasy.

Combining CONSUL with AOP: Goingbackto theexamplegivenabove, it wasnec-
essaryto dealwith theproblemof having differentbaseclassesof ADC_?. To be ableto
leavetheclassde�nitions unmodi�ed,afakebaseclassfor thecaseswheretheabstractbase
classshouldnotbeusedhadto beprovided.

The aspectlanguageAspectC++[AC] allows to write aspectsthat are able to introduce
new baseclassesto arbitrary classes. To make this available in the CFDL, a new part
descriptionelementnamedBaseclass , which takes two arguments,hadto be de�ned,
carryingthenameof theintendedbaseclassandtheprivilegelevel (private, public,
protected for C++). Thiscouldbeaccomplishedby addinga new XML transformation
descriptionfor the baseclass statementto the backend transformationlibrary. Figure
5.25shows themodi�ed componentdescriptionandFigure5.26thegeneratedaspectcode.

Thegeneratedaspectcodeis laterwovenwith theC++ sourcecodeof theclassADC_1and
resultsin a modi�ed declarationof this classwith an additionalbaseclassADC_Base.
Thebene�tsareobvious: theuseof a “dummy” classis no longernecessaryandtheCFDL
expressesthedesignvariationmoreexplicitly.

5.6 Famil y Deployment

A critical point in softwarefamily-baseddevelopmentis thedeploymentof thepreviously
developedfamilies. Deploymentof softwarefamilieshappensin differentways. A single
memberof asoftwarefamily mightbeusedin thedevelopmentof asoftwaresystem,or the
developmenttargetis itself asoftwarefamily andintegratesothersoftwarefamilies.

An application(or even a family of applications),for instance,might always requirethe
samesetof operatingsystemfunctionalities. In this case,an appropriatememberof an
operatingsystemfamily canbechosenandusedin theapplicationdevelopmentlike other
existing non family-basedsoftware artifacts. If the deployment of the operatingsystem
family happensin a family-baseddevelopment,however, it might be different. If several
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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,_N T))")

}

}

}

}

class("ADC_1") {

Sources {

file("include", "ADC_1.h",def)

file("src", "ADC_1.cc",impl)

// introduce new base class for multiple ADCs

baseclass("ADC_Base","public")

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

}

}

...

}

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

}

Figure5.25:CFDL for ADC componentusingthebaseclass () sourceelement

aspect consul_ADC_1_ADC_Base

{

advice classes("ADC_1"): baseclass("public ADC_Base");

};

Figure5.26:Aspectcodegeneratedfor theCFDL baseclass sourceelement
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membersof anembeddedoperatingsystemfamily arerequireddependingon thedifferent
scenariosthe new family is going to be usedin, then it is an integrationprocessof one
family into another.

CONSULsupportsbothwaysof deploymenteasily. The integrationof anexisting family
into a new family developmentis doneby providing a mappingof thenew family feature
model(s)to the existing family using the CONSUL mappinglanguage. Of course,the
“normal” activities, like providing matchinginterfaces,analyzingthe interactionbetween
thepartsof theimplementationandsoon,have to bedoneaswell.

In mostcasesof component-baseddevelopments,sucha family integrationwill leadto a
hierarchicalstructure,asdiscussedin thepreviouspartof thechapter(Section5.3.8.3)and
is thereforesupportedby CONSULaspartof thefamily developmentprocessin thedomain
engineeringphase.

Thedeploymentof a singlefamily memberin anapplicationdevelopmentis thelastphase
in any family-baseddevelopment.Basedon theapplicationrequirementsspeci�cationthe
variationpoints in the software family are resolved. For CONSUL basedsoftware fam-
ilies this is doneby selectinga setof features,assigningfeaturevaluesif necessaryand
specifyingthefamily deploymentinformation.

5.6.1 From feature model to feature sets

As alreadydiscussedearlier, usinga family-basedsoftwarefor developmentdoesnot only
have bene�ts. Therearealsoproblemsassociatedwith suchanapproach.Usinga family
insteadof a �x edsolutionrequiresthespeci�cationof theneedsof theintendedapplication
in termsof thesoftwarefamily. This customizationandcon�gurationprocessneedsto be
easyenough,sothatit reallypaysoff in termsof developmenttimeand/orresourceusageto
doit. Figure5.27showstheimportantissueshere.Thecomplexity andnumberof decisions
to bemadebeforea family/family membercanbeusedin theapplicationis a critical point
for thesuccessof a method.Softwaredevelopersarenot willing to investtoo mucheffort
into theselectionprocessif it is toocomplex andtakestoomuchtime. If theprocessis easy
but doesnotoffer theexpressivenessto specifyapplicationrequirements,developerscannot
useit.

CONSUL (and thereforeall other featuremodel-basedapproaches)usesfeaturemodels
asa main instrumentin this decisionmakingprocess.The relatively simple languageof
thosemodelsmakesit easyto understand.Oneproblemseemsto bethenumberof features
onehasto consider. However, unlike approachesthat usedecisionmodelsto guideusers
troughthecon�gurationprocess,featuremodelsallow theexplorationof all featuresonany
hierarchylevel without theneedto �nd out which answersarerequiredto reacha speci�c
point (feature)in thetree.
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Obstacles

Complexity of Decisions
Granularity of Decisions

Benefits

Adaptability
Reusability

Figure5.27:Obstaclesversusbene�tsof con�gurationmodelsfor softwarefamilies

CONSULenablesauserto selectany featuresheor helikes,andit canimmediatelyexecute
checkswhetherthereareopendecisions(thatmeansunboundvariationpoints)orunful�lled
restrictions.Figure5.28shows thecosinefeaturemodelwherea problemis signaledby a
colorindication.In thisexampletheuserselectedafeature(Trace ) for whichanadditional
requiredfeatureisde�ned(PCConnection ,seelowerright partof thewindow) . Theuser
mustnow eitherdeselecttheTrace or selectPCConnection aswell.

Thenumberof featuresselectedfrom a modelis usuallyrelatively small comparedto the
numberof featuresin the model (seeSection6.2.3). Onereasonfor this is that through
the selectionof a featureall its parentfeaturesup to the root nodeare includedin the
con�gurationautomatically.

5.6.2 From Feature Sets to Famil y Member s

The �nal stepin usinga family memberin an applicationdevelopmentis the generation
of the family memberitself. CONSULusesthe threeelementsfeature model, component
modelandfeature setasinput for themembergenerationprocess.Dependingon thegen-
erationprocessused,eithersourcecodeor binarycodeis generatedfrom theseinputsand
canbeusedby theapplication.

5.6.2.1 Feature Sets versus Famil y Member s

As alreadymentionedearlierin this chapter, CONSUL doesnot requirea distinct family
memberfor eachvalid featureset. This might seemlike a problembut is really a bene�t.
A featuresetdescribestherequirementsof theapplicationin termsof theproblemdomain,
a family memberis one of the available membersof the solutiondomain. Thereis not
necessarilya one-to-onemappingbetweenvalid featuressetsandfamily members.Many
differentfeaturesetsmightberealizedusingthesamefamily member7. Theremightbealso
featuresetsthathave no associatedfamily member, thatmeansthat thereis no realization

7In thecosineexample(Figure5.20onpage104)all featuresetswithout thefeature'FixedTime' usethesame
implementation,thatis thesamefamily member.
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Figure5.28:Theinteractive CONSULfeaturemodelchecker showing a modelwith anin-
valid featureselection
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known for thegivenrequirements.Dependingonthefeaturemodelandthesoftwarefamily,
theremight alsobe family membersthat cannotbe mappedto any of the possiblevalid
featuresets.

Althoughit shouldbeensuredthatasmuchfeaturesetsaspossiblearemappedto existing
family members,it is alsopossibleto wait for a userto really selecta featuresetandstart
theprocessof providing a solution,that is a family member, only then. This is alsocalled
thereactive approach(CharlesKrueger[Kru02]).

CONSULcanhandlethis problemgracefully, it is possible,for instance,to notify thede-
velopersautomaticallyif for agivenfeaturesetnoworking realization8 couldbefound.

5.7 Summar y

ThedescribedCONSULmethodfor featuremodel-baseddevelopmentanddeploymentof
softwarefamilieswasintroducedin this chapter. TheCONSULmethodis inspiredby the
early featuremodel-basedmethodsFODA andFORM. The chapterintroducedthe newly
developedconceptsof multi domainfeaturemodelsand the hierarchicalfeaturemodels
thatallow a muchbetterreuseof featuremodels.Thepresentedapproachgoesbeyondthe
FODA andFORM approachby alsogiving supportfor thedomaindesign/implementation
via the componentfamily model. This modelremainsneutralto programminglanguages
andspeci�c componentmodelsandthereforeprovidesa universaldescriptionof software
family implementations.

Theopennessof thepresentedmethoditself is alsosupportedby thetoolsthatimplementthe
infrastructurefor family developmentanddeployment.ThepresentedapproachusesProlog
for knowledgerepresentationandcon�ict resolution.Userscanextendtheknowledgeeasily
to incorporateadomainspeci�c knowledgebase.Thegenerationprocessis alsocontrolled
by toolsthatallow all necessarycustomizationby theusersof CONSUL.

Somedesignissuesspeci�c to embeddedsystemswerediscussed,andit wasshown how
theCONSULmethodcanbeusedto solve theseproblemsef�ciently. Also thecombination
of CONSULwith aspectorientedprogrammingwasintroducedbrie�y .

8The meaningof the term “working realization” in this context is de�ned as “The CONSUL systemcan-
not provide a family memberin the form requestedby the user”. For obvious reasons,it cannotbe
checked/guaranteedby CONSUL that a generatedfamily memberworks in the usersapplicationcontext
asexpected.This is the�eld of formal veri�cation techniquesnot includedin CONSUL.
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An importantpracticeduring the developmentof CONSUL was the continuousexperi-
mentationwith the ideas,modelsandtools. The immediatefeedbackof the usersleadto
many changes,additionsandcorrections.Thefollowing chapterpresentstheapplicationof
CONSULto severalprojectsin theembeddeddomain. Theexperimentsdiscussedareall
basedonPure[BGP+ 99], anobject-orientedoperatingsystemfamily for deeplyembedded
systems.

Thecombinationof PureandCONSULwasareengineeringexperiment,sincePurealready
existedby thetime CONSULwasdeveloped.Basedon initial experiencesof usingCON-
SUL with Pure,several Pureextensionswerecreatedwith the help of CONSUL.Section
6.3discussestheimprovedreusabilitywhenmultiple featuremodelsareused.Thecontext
is anextensionof Pureto provideastandardizedoperatingsystemapplicationprogramming
interface(API) for theautomotive domain.Lastbut not least,theapplicationdevelopment
with CONSUL(Section6.3) is discussed.Theobjectof experimentationwasthedevelop-
mentof acompleteembeddedsystem,asmallweatherstation.

Beforethediscussionbegins,however, abrief overview of theCONSULtoolsdevelopedis
givenbelow.

6.1 CONSUL Tool Famil y

As alreadydiscussedearlierin thisdissertation,goodtool supportis oneof thekey elements
for a successfulsoftwareengineeringmethodologyfor softwarefamily development.The
CONSULandits tool family (Figure6.1) is no exceptionfrom this rule. Much effort has
beenspentin providing anenvironmentthatwasacceptedby theusers.

An importantpoint was the availability of a setof different tools for differentpurposes.
Theneedsduringfamily developmentdiffer from theneedsduringfamily deployment.The
resultwasa (small)family of toolscenteredarounda commonkernel.Thekernelcontains
thecompletemodelevaluationandhandlingup to thegenerationof family members.The
toolsdiffer in theuserinterfacesandalsothesetof functionalitiesavailable.
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CONSUL
Kernel

consul@gui
consul@cli

consul@web

Figure6.1:CONSULtool family

The main tool is consul@guithat providesan interactive, graphicaluserinterface. It can
be usedduring all phasesof family developmentanddeployment. It enablesthe usersto
designandexplorefeaturemodels,createfeaturesets,andto generatefamily members.

For thedeploymentof softwarefamiliessucha powerful tool is not alwaysnecessary. To
supporta “read-only” useof the developedmodels,the consul@webinterfacehasbeen
designedthat allows usersto interactively selectfeaturesetsand generatethe respective
family member. It usesa client/server model. All work is doneby theserver. The results
providedby theserver arepresentedusingaJava applet.

The third memberis consul@cli,a commandline interfaceof theCONSULkernel. This
tool canbeintegratedintomake�les or automatedtestscripts.It allowstheuseof prede�ned
informationthatcreatedusingtheconsul@guior consul@webprogramsfor example.

As expected,mainlytheconsul@guiandconsul@clihavebeenusedduringtheexperiments
describedbelow, sincethe developershad to changeand extend modelsfrequentlyand
wantedto experimentwith thechangedsoftwarefamily.
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6.2 Pure — Reverse Engineering a Program Famil y with
CONSUL

Thestartingpoint for thediscussionis Pureitself, the �rst applicationfor CONSUL.Be-
causeof the sheersize of the Purefamily and the ongoingdevelopmentby several re-
searchersandstudents,it providedanidealgroundfor experimentationof usability, practi-
cability andalsosoundnessof CONSUL.

6.2.1 Pure Basics

Pureis an acronym for Portable Universal RuntimeExecutive. Pureis in many waysa
successorof PEACE, a paralleloperatingsystemfamily developedin theearlyninetiesat
GMD FIRST.

Becausemany ideasin Pureareheavily in�uenced by PEACE experiencesand because
Purealsosharessomeof its de�ciencies,it paysoff to havea look atPEACE�rst, andthen
giveamoredetailedintroductionto Pure.

Pure' s Ancestor PEACE: PEACE [SP94]wasdesignedwith the ideato provide the
bestpossiblesupportfor parallel programmers.It was designedas a portableoperating
system.Severaldifferentexecutionenvironmentsweresupported,namelytheSUPRENUM
andtheMANNA platforms,developedinhouseat GMD FIRST, anda numberof so-called
guestlevel implementationson top of otheroperatingsystems(for exampleWindows and
unix-like operatingsystems).

Parallelprogramsarespecial,becausethey aremoresensitive to certainkindsof overhead
thanmostotherprograms.Mostof thetime,aparallelprogramiseithercalculatingsomere-
sults,whichdoesnotinvolve interactionwith othernodes,or communicating/waiting (for) a
result,whichmeansthatcommunicationlatencieshaveabig in�uence on theperformance.
As communicationhandling(device drivers, protocolstacks)is usuallyseenasan oper-
atingsystemtask,PEACE hadto provide this support.Differentprogramshave different
communicationneedsthatrequiredifferentprotocolsimplementedby PEACE.

The different possibilitiesfor communicationsupportwere one dimensionof variability
in PEACE. Anotherdimensionwasthe threadingmodel. Someparallelapplicationsused
a one-to-onemappingof threadto node,so virtually no threadsupportwas needed,in
othercasesseveralthreadshadto beexecutedonasinglenode,sometimesevenin separate
addressspaces.Additionalvariability camethroughthesupportfor differentmultiprocessor
architectures(singleprocessor, symmetricmulti processing,asymmetricmulti processing).

At the time, no tool supportfor the con�guration of the several membersof PEACE was
used.Thenumberof availablefamily memberswas32 on top of eachsupportedhardware
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platform (native and guestlevel). In reality, only a much smallernumberwas actually
deployed by theusers.The hardwareabstractionsavailableon a platform thatwereto be
supportedweremoreor lessidenticalsincejust the main memoryanda communication
device wereof actualinterestfor mostparallelapplications.

The designof PEACE was basedon functionalhierarchiesand incrementaldesign(this
will be elaboratedin Section6.2.2.1)and implementedusingC++. To achieve both the
con�guration of the different family membersandthe requiredexecutionperformance,a
compile-timeapproachwasusedmainly1.

Becauseof thenon-existenceof toolsfor this purpose2, thecon�gurationwasbasedon the
well known but alsonotoriouslyproblematicmacromechanismof C/C++[SC92].Accord-
ing to thesettingof severalsocalledfame(FAmily MEmber)�ags that representedeither
true or false,differentpartsof the sourcecodewereactually includedin the compilation
process.Sochoosinga family membermeantsettingtheappropriatefame�ags. Sincethe
numberof fame�ags wasrelatively low thiscouldbedonequiteeasily.

From the Parallel World to the Real-time World: A �rst stepinto anew application
domainfor PEACEwasthatadaptationfor massively parallelcomputationin areal-timeap-
plicationduringtheMETRO projectin themid-nineties.PEACEwasportedto a relatively
powerful dualprocessorboardusingahybridPowerPC/Transputerarchitecture.

From the Real-time World to the Embed ded World Thesuccessorof PEACEgoes
onestepfurther. The Pureoperatingsystemsfamily wasdesignedwith the resultsof the
PEACE experimentin mind but asan operatingsystemfamily for deeplyembeddedsys-
tems.Thegoalwasto provide veryef�cient yetultra portablerun-timesystemsthatsuit as
many differentembeddedapplicationsaspossible.Sincemostembeddedsystemsarerather
badlyequippedwith respectto memoryspaceandprocessingpower, similar to parallelsys-
temsef�cient resourceusageis a key issue.

However, thereareseveralkey differencesof embeddedsystemscomparedto parallelsys-
tems:

� Thenumberof differenthardwareplatformsis very large.

� Thenumberof con�gurationsof asinglehardwareplatform(availabledevices,mem-
ory organization)is evenlarger.

1HenningSchmidtdescribesa PEACEextensionto allow dynamicchangesin his PhDthesis[Sch95].
2And alsobecausea strongbut understandableskepticismof PEACE developersandusersagainsttheuseof

“just another”tool

122



6.2 Pure— ReverseEngineeringaProgramFamily with CONSUL

� Theneedsof applicationsaremuchmorediverse.Someuseonly a smallpartof the
availablehardwarebut needto befast.Somedonothave to befastbut must�t into a
very limited memoryAnd somehave to bebothfastandsmall.

� Purelystaticcon�gurationof theoperatingsystemis not alwayspossible.However,
whatcanbedonestaticallyshouldbedonestaticallyif it savesrun timeandmemory
space.

The designandimplementationof Purewasbasedon the sameprinciplesasPEACE: an
incrementaldesignwasusedwith C++ asimplementationlanguage.In the�rst step,only a
staticallycon�gurablefamily wasdeveloped.

6.2.2 Pure Architecture

To understandthearchitectureof Pure,it is importantto understandtheideasof incremental
designandfunctionalhierarchies.

6.2.2.1 Incremental Design

The approachknown asincrementaldesignwasintroducedby Habermann[HFC76]. In-
crementaldesignis basedon thenotionof a minimalbaseandminimalextensionsto that
base.Theminimal basede�nes thesetof functionscommonto all family members.The
minimalextensionsaretheextensionsrequiredto extendthis basewith suf�cient function-
ality to build a family member. An extensionis consideredto beminimal if nounnecessary
functionalityis introducedby thisextensioninto any possiblefamily memberwhichusesit.
Theresultof anincrementaldesignprocessis afunctionalhierarchybuild from thebaseand
theextensions.Thisdesignrepresentsonly functionalaspectsof thefamily, non-functional
aspectslike memoryusageor real-timecapabilitiesarenot representedin suchahierarchy.

Functional Hierar chies and Object-Orientation: The resultingfunctionalhierar-
chy of a softwarefamily canbe implementedin severalways. Figure6.2 shows the func-
tionalhierarchyfor thecontrol�o w andinterruptsupportof thePureoperatingsystemfam-
ily. A functionalhierarchydoesnot imply a speci�c implementationdesignasHabermann
[HFC76]said:

It is thesystemdesignwhich is hierarchical,not its implementation.

The Purefamily with its mostly staticvariationbinding andcompile-timedecisionsuses
classinheritanceextensively to representthe functionalhierarchies.Thebaseclasscorre-
spondsto theminimal baseandpossiblymany differentsubclassesrepresenttheminimal
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Figure6.2:Functionalhierarchyof Purethreadingsupport

extensions(Figure 6.3). Figure 6.4 shows the Pureclasshierarchyfor Figure 6.2. The
advantageof theinheritanceapproachis theef�ciency of theresultingsystems[BGP+ 99].

Oneof thedownsidesis thattheimplementationstendtohavealargenumberof classesin an
inheritancepath.Thismakesit complicatedfor usersanddevelopersof asoftwarefamily to
getacompleteoverview overafamily member, becausemany differentclassesandmethods
have to beexploredin orderto understandtheinterfacesandinnerworkingsof thefamily3.
Theclassrepresentingthe initial threadGenius , for instance,maybecomposedfrom up
to 20 classesfrom a setof over 45 classes.To understandwhich operations(methods)the
Genius classin agivenfamily membersupportsit is necessaryto gothroughthecomplete
inheritancepathandcheckwhichmethodsareavailable.

Thisproblem,however, wouldoccurwith otherapproachesin asimilar fashion.In adesign
wherethefunctionalhierarchiesareimplementedusingmodulesof whicheachimplements
a setof minimal extensions,thesameproblemcouldbeobserved. This kind of problemis
not technicala problemsincethedesigndeliversthe requiredperformance�gures. It is a
problemof maintainabilityandunderstandability. In orderto useandextendsuchasystem
ef�ciently, adeveloperhasto beableto understandthesystemeasily.

By relying more or lessentirely on inheritance,it is also necessarythat at somepoints
in the classhierarchy, several differentclassimplementationsareuseddependingon the
con�guration. Thedarker shadedboxesin Figure6.4 mark thesemutualexclusionpoints
for classes,thatmeansthattheSchemer abstractionusesoneof six classesdependingon

3Tool supportfor classinterfaceexplorationcouldlimit theproblemsketchedabove to somedegree.However
currently available tools are not able to copewith �e xible classhierarchies,wherethe baseclassesare
chosendependingon thecon�guration.
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Figure6.3:Objectorientationandsoftwarefamilies

therequiredfunctionality. This is necessaryto avoid eithercodeduplication4 or theuseof
indirectiontechniqueslike aggregation. Codeduplicationis a night marefor maintenance
andwouldde�nitely leadto evenmoreconfusion.Usingaggregationinsteadof inheritance
would not solve theproblemseither, asthetypeof theaggregatedobjectwould have to be
resolvedat compiletime aswell and,additionally, theaggregateobjectneedsaccessto the
functionalityof thebaseclassesof Schemer , whichwould incuremorerun-timeoverhead
becauseof thecostof indirection.

It is importantto note, that not the incrementaldesignitself is the problemherebut the
implementationusinginheritanceasa meansto expressfunctionalvariability andto com-
posepartsof a system.Besidesthe problemof deepclasshierarchies,a secondproblem
is that the ef�cient implementationof suchmutualexclusionpointsvia inheritanceis not
very well supportedby object-orientedlanguages.Alternatives to the useof inheritance
arenotalwaysavailable,because,asalreadydiscussedin Chapter4, otherapproacheshave
increasedresourcerequirements,which is oftenproblematic.

An additionaldesignconstraintwerethetoolsavailableat thetime of thecreationof Pure.
MostC++compilers,for instance,werenotableto handletemplatesin themid-90s.There-
fore,approaches,for examplestatictemplatemeta-programmingor templatebasedaggre-
gation/compositioncouldnotbeused.

Realizing Inheritance Variation with C++ The control of thesevariationpoints in
Pureis handledby C++ preprocessorde�nitions just like in PEACE.Figure6.5shows the
relevant con�guration �les from the Puresources.Selectinga speci�c con�guration was
handledby choosingtheright valuein fameScheme.h anduncommentingit.

Severalcritical issueswith thechosenapproachcanbeseenhere:

4Thesubclasshierarchyof theSchemer representationswould have to beclonedin a separatenamespace
for eachof thesix Schemer variants.
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Figure6.4: Implementationof thefunctionalhierarchyof thePurethreadingsupport
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#ifndef__Scheme_h__

#define__Scheme_h__

#include "thread/fame/fameScheme.h"

#ifdef fameLCFS_thread

#include "thread/Confidant.h"

#define SchemerConfidant

#define Scheme Confidant

#endif

#ifdef fameFCFS_thread

#include "thread/Contestant.h"

#include "thread/Contest.h"

#define SchemerContestant

#define Scheme Contest

#endif

#ifdef fameLCFS_bundle

#include "thread/Rival.h"

#include "thread/Rivalry.h"

#define SchemerRival

#define Scheme Rivalry

#endif

#ifdef fameFCFS_bundle

#include "thread/Competitor.h"

#include "thread/Competition.h"

#define SchemerCompetitor

#define Scheme Competition

#endif

#endif

//#definefameLCFS_thread

#definefameFCFS_thread

//#definefameLCFS_bundle

//#definefameFCFS_bundle

//#define famePriority_non

//#define famePriority_pre

Figure6.5:Expressinganinheritancevariationusingthepreprocessor
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Maintainability: A new variationof the inheritedbaseclassrequireschangingexisting
sourcecode.Thecon�gurationinformationis scatteredacrossthesystemandhidden
in header�les. It is not obviousthata �le namedSchemer.h is in facta variation
point.

Under standability: To understandhow thesystemis con�gured,it is necessaryto check
every source�le andexaminewhich con�guration is currentlyusedandhow a spe-
ci�c con�guration informationis used.A closelook at theexamplegivenabove for
instancerevealsthattherearetwo con�gurationvaluesfamePriority_no ne and
famePriority_pr e that arenot handledin the correspondingScheme.h �le.
Obviously this is doneelsewhere.

Scalability: As the numberof con�guration points grows, the correctcombinationof
thedifferentcon�gurationpointsinto valid con�gurationsgetsexponentiallyharder.
Every new con�guration point at leastdoublesthe numberof possiblecon�gura-
tions,but notall con�gurationvaluecombinationsarenecessarilyvalid. Preprocessor
macrosdo notallow to checkfor valid combinations.

At a certainpointPureconsistedof about200classes,distributedin over 600�les andwas
con�guredusing64 preprocessor�ags. Theresultwasthatmostof thetime only threeor
four differentcon�gurationswerein use,otherswereusedinfrequently, if they wereused
atall. At thispoint,anew wayof handlingthefamily wasneeded.

What was requiredwasa way to model the family membersandtheir relationshipsin a
user-friendly way. Furthermore,it shouldbe possibleto derive the con�guration from an
abstractspeci�cationof thesystemratherthanforcingtheuserto editsource�les manually.

6.2.3 (Re-)modeling Pure

Themainproblemtobesolvedwastheability toexpressarbitraryrelationsbetweenboththe
implementationelements(for exampleclassimplementationsthatcannotbeusedtogether
for somereason)andalsoontheuser-requirementlevel (for exampletheinability to support
bothsingletaskingandmulti taskingat thesametime). In addition,changesto theexisting
implementationsshouldbeavoided.

Among the modelingapproachesevaluatedwere somein which both kinds of relations
arerepresentedtogether(annotatedsourcecode,UML/OCL) andsomethatseparatedthe
problemsin differentmodels(GenVoca,decisionmodelsandfeaturemodels).

Themixtureof relationinformationandsourcecodeincreasesthesourcecodecomplexity
andleadsto reusabilityproblems,sincethedomainmodelcannotbeseparatedeasilyfrom
theimplementationspeci�c modelparts.First experienceswith suchanapproach[Beu97,
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6.2 Pure— ReverseEngineeringaProgramFamily with CONSUL

Beu98] showedthatit isdif�cult to maintainaconsistentmodelwhenthemodelinformation
is scatteredthroughouttheimplementation.

A UML-basedsolutionwould have requiredquite complex tool support,including OCL
evaluation,whichwasnotavailableat thetimeof theinitial modeling(1997).Additionally,
usinggraphicalUML modelsdirectly asa way to communicatecon�guration optionsto
theuseris problematicfor largerproblemssinceUML modelstendto take large spaceon
screen.A separategraphicalmodelinglanguagewouldhave beenrequiredanyway.

GenVocaasan approachthat usesuser-de�ned domainspeci�c languagesand,usually, a
codegeneratoris problematicin a reengineeringscenario.Adaptingthe grammarof the
languageandtherespective codegeneratoris a matterof GenVocaexperts.Contributions
to themodelrequirechangesto languageandgeneratorby theGenVocaexpert(s),soeither
thedomainexpertsanddevelopersbecomeGenVocaexpertsaswell or modelchangescan
bemadeonly by asmallnumberof people.

Decisionmodelsandfeaturemodelsarequitesimilar in their expressiveness.However, the
ideaof freeexplorationof availablevariationpointsis easierwith featuremodels.Decision
modelsprescribetheway to a speci�c con�guration,while featuremodelsexpressonly re-
lationsbetweenfeatures.Both(decisionmodelsandfeaturemodels)cannotbeuseddirectly
to expressrelationsbetweenimplementationelements.This requiresadditionalmodels.

Besidesthe simplicity of their basicconcepts,featuremodelswereseeminglysuitableto
modelfunctionalhierarchiesquitewell. Thesearchfor anadequatemodelinglanguagefor
therequirementlevel thuseventuallyleadto theselectionof afeaturemodelbasedapproach
in combinationwith amodelinglanguagefor implementationdescriptions.

To verify this issue,the�rst stepwasto try to modelthefunctionalhierarchyof thethread
supportfrom Purewith a featuremodel.Figure6.2shows thebasicfunctionalhierarchyof
thispartof Pureaswell astheinterruptsupport.

Themodelshown in Figure6.6 wastheresult. The featuresthat representnon-functional
issuesin themodelareshown with a grayborder. Several interestingobservationscanbe
made. The featuremodel resemblesin fact the decisionmodela programmerhasto go
throughwhendecidingwhich kind of threadsupporthis or her applicationreally needs.
The �rst questionis to decidewhetherreally more than one threadis needed. If not, a
singlethreadmodelis suf�cient (objectification in Figure6.2).Otherwise,thenext
questionis whethera simplecooperative schemeis suf�cient (Coroutine)or somekind of
threadmanagementhasto beprovidedby theoperatingsystem(Dispatching).Embedded
softwaredeveloperswith prior knowledgeaboutreal-timeoperatingsystemscaneasily�nd
theright setof featuressuf�cient for thedesiredapplication.

Feature Model Obser vations:
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BundleSchedule

BundlePreemption BundleStrategy

BundleStrategyReplugging BundleFCFS BundleLCFS

Coroutine

Dispatching Location Size

DispatchMethod Scheduling Integrated Separate FloatSet VolatileSet MinimalSet

GlobalLife IdleControl QuerySchedule ThreadSchedule

IdleGuard IdlePanic IdleUser

Multiple Single

Priority

ScheduleSamePriority PriorityBehaviour PriorityCount

ThreadFCFS

PriorityCooperative PriorityPreemptive Priority16 Priority32 Priority8

ThreadPreemption ThreadStrategy

Thread

ThreadInstance

NonpreemptableThreads SchedulerLockable ThreadStrategyRepluggingThreadLCFS

Figure6.6:TheThreaddomainfeaturemodel

� The resultingfeature modelnot relatedto Pure, mostof the threadsubsystemsof
today's operatingsystemscouldbedescribedby thegivensetof features.TheLinux
scheduling,for example,isdescribedbyPriorityCoopera ti ve ,SchedulerLockabl e,
Integrated , VolatileSet , FloatSet , GlobalLife ; the late Win 3.x by
ThreadFCFS , Integrated , VolatileSet , FloatSet , GlobalLife .

� Anotherobservationis thatthenon-functionalfeaturesare groupedat theouterbor-
der of the tree. No functionalfeatureis a sub-featureof a non-functionalone. This
is not very surprising,asnon-functionalfeaturestendto lie orthogonalto functional
features.

� Relatively surprisingwasthenumberof additionalrestrictionsrequired to modelthe
threaddomain. Actually nonewasused. This domainis so well structuredthat it
could be expressedby the four basicrelationsof features(mandatory, optional,or
andalternative).

Thelaststepwasto provide a correspondingfamily modelthatdescribesthe implementa-
tion in termsof �les, constants,etc. The CONSUL family descriptionlanguageprovides
constructsrich enoughto completelyexpressPureusingit.

In mostcasesthe parts5 weresimpleclass or object parts. The main con�guration
5Part refersto theCONSULCCFMparthere.
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...

flag("fameClasp_lock")

{

Sources { flagfile("include/thread/fame","fameClasp.h ","fam eClasp_ lock") }

Value(1,Prolog("has_feature('SchedulerLockable ',_NT), !"))

}

...

Figure6.7:Partof thePurefamily model,describinga fame�ag

instrument,the fame�ags insidethePuresource,werenot alwaysreplaced.If they were
usedto enableor disablepartsof the sourcecode,the #ifdef basedon �ags were left
untouched.However, the settingof the fame�ags is now doneautomaticallyduring the
family membergeneration,accordingto rulesspeci�ed in the family model. Figure6.7
shows the family rule thatsetsthe �ag fameClasp_lock basedon theselectionof the
featureSchedulerLocka bl e. TheValue statementsetsthevalueof the�ag to 1 if the
PROLOG rule is satis�ed,otherwisethe�ag remainsunset.The�le containingthe�ag is
generatedin bothcases,becauseit maybereferencedby othersource�les to get thevalue
of the�ag. To preventthegenerationof the�le, a restrictionrulecouldbeused,whichwas
notnecessaryhere.

However, the variation points shown in Figure 6.4 were no longer representedby �ags.
To make thevariationmoreexplicit, theclassalias partwasused.In Pureeachof the
variationpointsalreadyhadaname,likeSchemer ,SchemeorServant . Thecon�gured
classwasreferencedby thisname(whichwassetto theactualnameof theclassvia#ifdef
and#define ). Theclassalias makesthevariationpointexplicit in thefamily model.
A classaliasis basicallyavariabletypedef thatis resolvedatmembergenerationtime.

Figure6.8showsthede�nition for theServant classalias.Theconcreteclassis calculated
from thevaluesof thefeaturesIntegrated andSeparate 6 in thefeatureselectionof
themember. Theadvantageof theuseof classaliasesinsteadof themechanismsshown in
Figure6.5is obvious.A singlelocationinsidethefamily modelexpressesthevariability in
aneasilyunderstandableway.

Theresultsfor theotherpartsof Pureweresimilar. It wasrelatively straightforwardto build
thefeaturemodelif thefunctionalhierarchywasusedasastartingpoint. Theoutcomewas
a featuremodelwith about220featuresthatwererealizedby about57 componentsin the
family model.Thenumberof featuresis relatively highfor variousreasons.The�rst reason
is thatPuresupportsmany differentprocessorsandhardwareplatforms,eachmodeledby a

6Thesefeaturescontrol theplacewherethememoryspacefor saving processorregisterson a context switch
is allocated.

131



6 Rule-basedCon�gurationof EmbeddedSystemSoftware

...

classalias("Servant")

{

Sources { classaliasfile("include/machine","Servant.h ","Serv ant") }

Value("tocServant",Prolog("has_feature('Integra ted',_ NT)"))

Value("tocPointer",Prolog("has_feature('Separat e',_NT )"))

}

...

Figure6.8:Partof thePurefamily model,describinga classalias

System

API FileSystems Interfaces Interrupt Memory Signalling Streams Synchronisation Thread TraceSupport Compiler Machine

Figure6.9:Thetop level of thePurefeaturemodel

feature(43 features),hasa highly con�gurablestreamedInput/Outputmodel(33 features)
andthe schedulingcontributes44 featuresaswasalreadyshown. The largestamountof
features,however, comesfrom the modelingof hardware devices: 74 features. In total,
almosthalf of thefeaturesdescribethehardwareplatform.

In thecurrentversionof Purethenumberof featureshasincreasedsigni�cantly. Thereare
now about411features.Althoughthenumberof featuresis muchhigherthanthenumber
of previously existing fame�ags (64), theselectionof a family memberhasbecomemuch
easier, sincea typical featuresethas21 userselectedfeatureson average7.

6.2.3.1 Multi Domain Models for Pure

For several reasons,the modelingof Purewasnot basedon multi-domainsinitially. The
mostprominentoneis thattheconceptof multi domainmodelswasdevelopedlater8. How-
ever, it is easyto seethat thereareseveral,relatively looselycoupleddomainsinsideeach
operatingsystem. Threadhandling,memorymanagement,device control or IO streams
have almostno relationto eachother.

In thefeaturemodelof Purethisisvisibleby thefactthatthesedomainsareall optionalparts
of themodelandalsodirectsub-featuresof thetop-level featureSystem (seeFigure6.9).

7Thetypical featuresetswererepresentedby thecollectionof approvedPuretestcasefeaturesetsin thePure
sourcetree(currently193sets).Thestandarddeviation for thenumberof featureswasaround7.4.

8Theexperienceswith Purewerea signi�cant reasonfor developingmulti domainmodels.
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Theonly mandatoryfeaturesat this level areMachine andCompiler . TheMachine
featureandits descendantsdescribesthetargetsystem,andtheCompiler feature tree
is usedto describetheapplicationdevelopmentenvironment.

Sothemodelof Pureconsistsin factof several independentdomainmodels.In a next step
themodelwassplit up andreorganizedaccordingly.

6.3 Reusing Pure — PureOSEK

An examplefor theusefulnessof splittingupadomainmodelinto several(smaller)models
is given below in the context of an extensionof Purein termsof supportfor a speci�c
operatingsysteminterfacestandard.

Many differentrun-timesystemsandoperatingsystemsfor deeplyembeddedsystemshave
beendevelopedindependentlywith different applicationprogramminginterfaces(API).
Changingthehardwareplatformoftenmeantrewriting theapplicationsbecauseof changed
operatingsystemsAPIs. Several companiesin the automotive industry tried to develop
standardizedAPIs for automotive operatingsystemsto avoid this problem. One of the
mostsuccessfulstandardsin this areais OSEK.OSEK is an abbreviation for the german
term“OffeneSystemeundderenSchnittstellenfür dieElektronikim Kraftfahrzeug”(“Open
SystemsandtheirCorrespondingInterfacesfor AutomotiveElectronics”).Severalcarman-
ufacturers(BMW, DaimlerChrysler, VW) wereamongthefoundersof theOSEKGroupin
1993. RenaultandPSA joined the consortiumrelatively fastandcontributed their VDX
(VehicleDistributedeXecutive) standard,changingtheof�cial nameto OSEK/VDX. This
groupdevelopedanumberof standardsfor thevariousbasicsoftwarefunctionsin automo-
tive real-timeapplications(operatingsystem,communication,network management).

In a researchprojectthePureoperatingsystemwasto be extendedby an implementation
of theOSEKoperatingsystemAPI. A detailedanalysisof theOSEKOSstandardshowed
thatmostof therequiredfunctionalityof OSEKOSwasalreadypresentin Pure.Themain
differencewastheapplicationlevel API itself andthecon�gurationprocessof OSEKOS.
TheAPI of OSEK is procedural,so a thin layer to maptheobject-orientedPureworld to
OSEKwasneeded.

Theinterestingpartwasthecon�guration.OSEKOSis completelystaticallycon�gured. It
usesa con�guration language,OIL9 , to describetheapplicationandusesthis information
to generateboththeapplicationandalsocon�gurationinformationfor theoperatingsystem.
Figure6.10shows theprincipalwayof developmentwith OSEKOS.

Tasks,resourcesusedby thetasks,errorevents,timing information,applicationsource�les,
etc. canbedescribedusingOIL. Thesystemgeneratorproducesa linkableversionof the

9OIL = OSEKImplementationLanguage.
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Figure6.10:An examplefor theOSEKdevelopmentprocess(from [OSE01])
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Figure6.11:TheOSEKOSdomainfeaturemodel

applicationandalsoprovidesinformationhow to con�gure theoperatingsystem,which is
con�guredseparatelyin anoperatingsystemvendorspeci�c way.

In principle, it would have beensuf�cient to just provide a Purespeci�c systemgenerator
thatproducestheappropriatefeaturesetfor the intendedapplication.Theproblemis that
OIL doesnot includeany speci�cationof hardwareplatforms(processortype,etc.). This
is left opento the applicationdeveloperwho hasto provide an appropriatehardwareab-
stractionlayer. Anotherissueis thatfor somescenarios,OIL is not used,sotheautomatic
con�gurationwasnotpossible.

It was decidedto develop a specializedfeaturemodel that could be usedby the system
generatoraswell asby humanswith theappropriateknowledgeof OSEKOS(notPure!)to
con�gure thePureOSEK.

Figure6.11shows theOSEKOSdomainaccordingto theOSEKspeci�cation.It de�nesso
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OSBase

Pure
Component

Family

OSEK
Component

Family

MachineOsekOS Interfaces Streams

Figure6.12:TheOSEKOSdomainfeaturemodel

calledconformanceclassesthatcontrolbasicfeaturesof theoperatingsystem.BothBCC1
andBCC2, for instance,do not allow event basedactivation of tasks. The otherfeatures
allow the developeror the generatorto provide additionalinformationaboutthe services
theapplicationrequires.

Thismodelwasintegratedinto ahierarchicaldomainmodel,which is schematicallyshown
in Figure6.12.TheOsekOSmodelis mappedto theOSBasethatis basicallytheoriginal
PurefeaturemodelminustheMachine , Interface andStreams sub-model.Those
threemodelsarealsoexposedto theuserand/orthesystemgenerator. TheOSEKcomponent
family consistsalmostentirelyof theAPI interfacelayer. Thehiding of OSBase features
with the OsekOS modelreducesthe amountof featuresthe usermay selectby 74% (16
versusabout100),thenumberof possiblecon�gurationsis reducedevenfurther.

Thisprovestheusefulnessof multi domainmodels,bothin termsof reusabilityandusabil-
ity.

6.4 The Weather Station — a Pure Application

While thepreviousexampleswerecenteredon thecomponentor componentfamily level,
the�nal exampleis asmallapplicationfamily thatshows againtheusefulnessof hierarchi-
cal featuremodels.In a projectthegoalwasto developa completeweatherstationbased
on a small experimentalmicrocontrollerboardequippedwith an ATMEL ATMEGA103.
Theboardwasequippedwith several sensors(air pressure,temperature,wind speed)and
hasanLCD display, aserialcontrolleranda USBcontrollerfor outputandinputpurposes.
AlthoughtheATMEGA103has128kByteof codememory, for theprojectthememorywas
limited to 8 kBytes(Figure6.13)
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Figure6.13:Weatherstation
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Figure6.14:Theweatherstationapplicationfeaturemodel

Severalinput andoutputoptionshadto beimplemented.Eachof thesensorswasoptional,
theoutputoptionswereformattedor unformattedoutputfor theLCD displayandfor serial
output. Anotheroutputoptionwastheuseof SLIP10 UDP11 packetsin a prede�nedway.
Oneresultingfeaturemodelfor this applicationfamily is shown in Figure6.14.Themodel
was completelyindependentfrom the implementationplatform used(in this casePure)
andcould be reusedwithout any changeson top of any otheroperatingsystem.Only the
mappingfunctionalityhadto beexchanged.

The implementationof the weatherstationrelied heavily on the combinationof simple
C++ components,realizingseparatefunctions,andAspectC++aspectsthat provided the
“glue” for combiningtheindependentcomponents.Featureswereusedto selectfunctional

10SerialLine InternetProtocol
11UserDatagramProtocol
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#ifndef __Pressure_ah__
#define __Pressure_ah__
#include "PressureSensor.h"
#include "WeatherData.h"
aspect Pressure {

// measure the pressure, when the weather data should be updated

advice args (weather) && execution ("void Sensors::measure(...)") :
after (WeatherData &weather) {

weather.pressure = PressureSensor::measure ();
}

// advise the display to print the wind speed after each update
advice args (weather) && execution ("void Display::update(...)") :

before (WeatherData &weather) {

thisJoinPoint->that ()->print ("Pres", "hPa",
850 + (int)weather.pressure);

}
};
#endif // __Pressure_ah__

Figure6.15:Aspectconnectingpressuresensorandoutputcomponents

componentslike pressuresensordriver, LCD outputdriver andtheconnectingaspects(see
Figure6.15).

The combinationof functionalC++ codeandaspectsproved to be easyto handle. The
aspectswerequitesmall,thefunctionalcomponentsremainedunclutteredfrom thedifferent
variations,thesensors,for example,did not know whetherandhow their outputwasused
for displayingor transmittingvia USB.Othertechniques,likevirtual methods/abstractbase
classes,would have allowedthesameeffect but requiremoreresources,asshown in Table
5.4on page111.

6.4.1 Feature Model Templates

Thefeaturemodelof theweatherstationexhibits an interestingproblem.Eachof thedif-
ferentoutputdevices(USB,SerialandLCD) havealmostidenticalsub-features.This is not
verysurprising,asall devicescanbeusedfor thesamefunctionality. Theresultingreplica-
tion is a generalproblemof featuremodels.Thealternative of representingtheformatting
featuresin a separateand independentsub-modelis not possible,becausethen it is not
de�ned which formattingoptionhasto besupportedby which outputdevice. All devices
wouldhave to supportall outputoptions.Theoutputformattinghasto besetseparatelyfor
eachoutputdevice.

Themostintuitive solutionwouldbeamatrixof DeviceType� F ormatOption . Thefea-
turemodelshown is in facta �attenedmatrix. However, thecreationfor largernumbersof
featuresinvolved canbe very expensive. A featuremodeltemplatemechanismwherethe
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model FormatOption
{ alternative(Formatted,Unformatted,UDP) }

template WeatherStationTemplate<LCDFO,SFO,USBFO>

{ ...
Device: or(LCD,USB,Serial)
LCD: LCDFO
Serial: SFO
USB: USBFO

}

model WeatherStation<LCD: FormatOption,
Serial: FormatOption,
USB: FormatOption>

Figure6.16:Proposalfor featuremodeltemplates

parametersaremodelsthatcanbeinsertedinto specificedlocationswouldmake thisquite
easyto handle.Basedon thefeaturemodelnotationintroducedin [vDK02], a templateno-
tationis proposed(Figure6.16).To avoid namecon�icts whenthesamemodelor template
is inserted,an individual pre�x canbe speci�ed for a templateparameterat instantiation
time. CONSULdoesnotyet implementthisextensionbut will dosoin thenearfuture.

6.5 Summar y

The chapterpresentedexamplesof the applicationof CONSUL in differentscenarios.It
showedthatCONSULcanbeusedin reengineeringtasksaswell asfor new developments.
Theability to performreengineeringis an importantsuccessfactorin embeddedsoftware
developmentcontexts,sinceevenwhenacompleteswitchfrom singlesystemdevelopment
to family-baseddevelopmentis made,third-party software or legacy software hasto be
integratedinto thedevelopment(process).

Theeasiercon�gurationmodelcomparedto approachesbasedon simplemechanisms,like
make�le variablesandpreprocessordirectives,increasedthenumberof Purecon�gurations
deployedby userssigni�cantly. This in turn increasedthequalityof thesoftwareindirectly:
themorepossiblecon�gurationsaredeployed, thebetterthe independentcomponentsare
tested.Upondetectionof invalid combinations,theknowledgecouldbeexpressedin terms
of theCONSULfeaturemodelandcomponentfamily model.
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6.5 Summary

The OSEK exampleshowed that through the multi domainmodel approach,increased
reusabilityof featuremodelbasedsoftwaredevelopmentscanbeachieved,sinceit allows
theintegrationof previouslycreatedmodelsin othercontexts.

Thefunctionalityandexpressivenessof CONSULseemsto besuf�cient for thecasesshown
that re�ect many relevant scenariosfrom the embeddedsoftware developmentdomain.
However, with respectto userinteractionandincreasedusabilitysomepotentialimprove-
mentshave beenidenti�ed, mostnotablytheneedfor featuremodeltemplates.

Someof thepresentedissuesandexamplesarediscussedin moredetailin [BSSP02, BSPSS00,
BPSP03]
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7 Conc lusions

This thesispresentedtheCONSULapproachfor family-basedsoftwaredevelopment.This
approachfollows a ratherpragmaticway, usingmany conceptsalreadyknown like feature
modelsandcomponentorientedsoftwaredevelopment. It thencombinesthesewith new
elementsto make it suitablefor the needsof both the embeddedsystemsoftwaredomain
andtheembeddedsoftwaredevelopers.Theformerrequires�ne-grainedvariability in the
softwarearchitecture,to achieve anef�cient resourceusageandreusabilityof theresulting
software. The latter requiresmodelsthat areeasyto understandandscalewell even for
largersoftwareprojectsandpermitasmuchautomationaswanted1.

TheCONSULapproachsupportsbothgoalsby providing:

� Reusabledomainmodelingwith hierarchicalfeaturemodels(Sections5.2and5.3).

� A �e xible anduseradaptablecomponentmodel(Sections5.4and5.5).

� Tool supportfor every CONSUL relatedactivity in all phasesof the development
process(Section6.1).

For successfuluseof almostany softwareengineeringmethodfor theembeddedsoftware
domain,it is importantto providetheability for reengineering,sinceit is notfeasibleto start
new softwaredevelopmentsfrom thescratch.Theexamplesgivenin Chapter6 provedthat
even complex softwarelike a full-�edged operatingsystemfamily for embeddedsystems
canbemodeledandusedrelatively easywith CONSULtools.

An importantissuefor tool supportwastheinteractivity concept.Thetoolsshouldbeasin-
teractiveaspossiblesoasto allow explorationof themodels.Thiswasarelevantconstraint
thathadto bedealtwith. Toocomplex modelswould requiretoomuchcomputationpower
to be evaluatedin a shorttime frame,breakingtheconceptof interactiveness.Theuseof
relatively simple modelslike the featuremodel allows, with currentdesktopcomputers,
interactive modelevaluationevenfor complex scenarios.

1It is importantto distinguishbetweenthe terms“as wanted”and“as possible”.Any successfultool should
supportthe useronly whereit is necessaryandwanted. Developerssometimestend to do somethings
manuallyevenwhenit couldbedoneautomaticallyandrejecttoolsthatleave nochoicein this matter.
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7 Conclusions

7.1 Comparison with Related Work

The issuesaddressedby CONSUL get increasinglymore attentionin both the software
industryandsoftwareengineeringresearch.Naturally, otherprojectsandproductstry to
solve thesameor similarproblems.Thefollowing sectiondiscussessomeof thoseprojects
mostcloselyrelatedto CONSULthatprovide at leastlimited tool support.

Therearenot many tools availablefor language-independent, cross-level managementof
softwarevariability. Thecompany BigLever with their productGEARS[Kru02] is oneof
thefew. GEARSoperateson the�le systemlevel to managevariability. It allows to spec-
ify conditionsfor the inclusionof a speci�c �le into a resultingsystem. However, there
is no completedomainmodelbut several independentsetsof parametersareusedto de-
scribethoseconditions.Althoughthismight enhancereusability, it restrictsthedescription
of cross-componentdependencies.The GEARSapproachdoesnot provide a separation
betweenthe problemdomainmodelsandthe solutiondomainmodels. Thusindependent
reuseor exchangeof thesemodelsis notpossible,which limits theusabilityof GEARS.

Severalotherapproachesusefeaturemodelsfor domainmodeling[GFd98, KLLK02]. Most
of them,however, do not useanexplicit featuremodelingtool. Featuremodelingwithout
tool supportrestrictsthesizeof themodelsto asmallnumberof features,renderingfeature
modelsalmostuselessfor practicalpurposes.In [vDK02] a tool is describedthatevaluates
featuremodelsandis ableto generateJava classskeletonsfrom featuremodels.Another
tool for drawing featuremodelsis AmiEdit , which wasdevelopedaspart of a diploma
thesisat theUniversityof Applied Sciencesin Kaiserslautern.However, this tool supports
drawing only, thereis no connectionto othermodelsor amodelevaluator.

The transformationprocessin CONSUL,which producesthecustomizedimplementation
from componentdescriptionshassomesimilaritiesto frame-basedsourcegeneratorslike
COMPOST[Aßm02] or XVCL [JZ01]. The ideaof framesblendsperfectlyinto thecon-
ceptsof CONSUL.The openmodelof the CONSUL toolsallows the integrationof such
a generatorinto the transformationprocess,and the parameterizationof the generatoris
controlledby thefeaturemodelandthecomponentfamily modelconstraints.

A differentapproachto solve theproblemof providing ef�cient andyetadaptablesoftware
is programspecialization.Programspecializationusescompilertechnologiesto transform
genericprogramsinto specializedprograms. Basedon alreadyknow input data that is
boundto variableelements(function parametersor object attributes) in the genericpro-
gramatransformationtool generatespartiallyevaluatedcodewherethealreadyestablished
knowledgeaboutalreadyinputdatais incorporatedinto theprogramsource.The[MCE02]
describesan interestingtool for theC programminglanguage.A separatesolutionmodel,
however, is not partof programspecialization.Becauseof thenatureof programspecial-
ization,thosetoolsusuallysupportjustonespeci�c programminglanguage.

Programspecializationtechniqueslike frameprocessorscouldbeusedto implement(parts
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7.1 Comparisonwith RelatedWork

Figure7.1:MDA: FromPIM to platformspeci�c applications(takenfrom [Sol01])

of) solutiondomains.To beusefulfor softwarefamily development,they have to becom-
binedwith adequatemodelingapproaches.

Tosolvethereusabilityproblem,theObjectManagementGroup(OMG) proposestheuseof
theModelDrivenArchitectureApproach(MDA). MDA is mainlyconcernedwith software
portability. It providestwo differentmodels:the PlatformIndependentModel (PIM) and
the PlatformModel (PM). The intentionis to modelthe logic of a programin a platform
2 independentmanner. The mappingto the desiredplatform(s)is the task of tools that
get the PIM of an applicationandthe PM of the target platform(s)as input andproduce
theconcreteapplicationsfrom this information(Figure7.1)mostlyautomatically. In fact,
MDA applicationscanbe seenassimpleproduct-lineswherethevariability is mainly the
platform.

This might befeasiblefor relatively homogeneousdomainslike businessapplicationswith
only a smallsetof platformvariants3. Problemsarisewhenthenumberof variantsis high
andtheplatformsitself areinhomogeneousasit is thecasein embeddedsystems.

TheGenericModelingEnvironment(GME) [LMB + 01] is a tool setthatallows thede�ni-
tion andevaluationof arbitrarymodelinglanguagesbasedonobjectsandrelationsbetween

2In termsof theOMG themiddlewarelayerand/oroperatingsystemlayerde�ne a platform.
3A platformis mainly by thecombinationof middlewareplatforms(CORBA, J2EE,WebService),operating

systems(Windows, Unix) anddatabases(Oracle,MySQL, ... ). Thenumberof relevantmembersof each
of theseelementsis not veryhigh.
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objects.Therefore,it wouldbepossibleto de�ne theCONSULmodelinglanguageswithin
GME andusetheGME for basicmodelevaluation.However, morecomplex operationslike
theCONSULfeaturemodelmappingcannotbemodeleddirectly. TheGME wouldhave to
beextendedto enablesuchoperations.Anyway, theavailability of a tool like GME at the
beginningof this dissertationprojectwould have beenbene�cial, sinceit allows to realize
toolsfor modelevaluationquitequickly.

7.2 Open Problems

ThoughCONSULin its currentform is ableto easethehandlingof a numberof pressing
problemin embeddedsoftwaredevelopment,many openproblemsremain. Someof the
problemscouldbe solved with extendedor improved CONSULmethodsandtools,some
areoutsidethescopeof CONSULandhave to besolvedseparately.

Thefollowing sectiondiscusses�rst a list of openproblems,thenconcludeswith remarks
aboutthefuturework relatedto CONSUL.

Temporal Reuse / Evolution: The main goal of the developmentof CONSUL was
to provide supportfor functionalreusein software families. Temporalreuse,that means
evolution, is not yet coveredexplicitly. Evolution canhappenin all phases,but theearlier
thechangesareintroducedthemorecomplex therealizationof thesechangescanbeif the
changeshave not beenanticipated.Whenchangingtherelationbetweentwo featuresin a
featuremodelfrom “alternative” to “or”, for instance,it is necessaryto tracethein�uenceof
thechangethroughall connectedmodels.Theremightbemodelpartswherethealternative
existenceof thesefeatureswasassumedimplicitly. Thedetectionof suchproblematicmodel
partsis animportantstepinto theusabilityof CONSULin large-scaledevelopmentswhere
requirementsandconsequentlytheresultsof thedomainanalysismaychangeoftenandin
waysthatwerenotalwaysanticipated.

Version Contr ol and Management: Anotheraspectof evolution is theversioningof
boththemodelsandthecomponentimplementations.Existingversioncontrolsystemslike
RationalClearCase,CVSor TelelogicCMSynergy areusedto recordthetemporalchanges
of asystemover thetime,usuallyat thegranularityof �les.

A cleardistinctionbetweenvariability in the family (handledby CONSUL) andversions
(handledby a versioncontrol system)hasto be made.Conceptsfor cooperationof these
variationdimensionshave to bedeveloped.
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7.2 OpenProblems

Standar ds: CONSULusesown modelinglanguagesandmodelsfor its purposes.There
arewidely acceptedmodelingstandardsin thesoftwaredevelopmentcommunity, however,
for instanceUML oderSDL. The existenceof mappingsbetweenCONSUL modelsand
thosestandardmodelswould allow the use/reuseof alreadyexisting modelsfor example
expressedin UML.

Testing: Testing, especiallyautomatedtesting, of software is an important issuefor
embeddedsoftware developers. The degreeof variability in software families/software
products-linesopensa new dimension. If a completetest of eachpossiblePurefamily
memberwould take one second,it would take approximately6 � 1037 years4. Test ap-
proachesthatcandealwith thesecomplex testsscenarioshave to bedevelopedandcoupled
to CONSUL.An appropriateway couldbe thegenerationof customizedtestsfor a given
family memberon demand,whenacon�gurationhasbeenselected.

7.2.1 Future Work

Therearemany interestingtopicsfor futurework relatedto theCONSULapproachandthe
prototypicalimplementationof supporttools.However, sincetheideasandtoolsrealizedas
partof this dissertationarea key elementof a commercialtool developmentprojectof the
pure-systemsGmbH5, futurework hasa strongfocuson usability in today's development
processesandlesson theoreticalproblems.

With respectto practicabilityandusability of CONSUL in the real world, the integration
of CONSULinto existing developmentprocesses,reengineeringof existing processesand
softwareproductsis theproblemto besolved. Sincealmostno projectstartsfrom scratch,
CONSUL tools must be able to blend into the existing tool chain and shouldnot cause
unnecessarywork. Becauseof the manifold developmentprocesses(thereare probably
not two organizationswith the sameprocess)this requiresa large amountof �e xibility
built into thetoolsandthemethod.However, if thecustomizationeffort is too high it will
limit thepracticabilityandusabilityall thesame.Theconceptsof CONSULwith its XML-
basedrepresentationsof modelsandits externalcommunicationinterfaces,andthemodular
transformationprocessshouldbeagoodbasefor achieving thisgoal.

Anotherimportantpartof futurework will bethegatheringof moreknowledgeaboutscal-
ability and usein different developmentdomainsbesidesthe embeddeddomain. Tool-
supportedfeaturemodelinghasnot beenevaluatedin many domainsbecauseof the lack

4Basedon thevariability presentin thecurrentfeaturemodel,which resultsin approximately2 � 1045 family
members.

5supportedby theBundesministeriumfür WirtschaftundArbeit (GermanFederalMinistry of Economyand
Work)
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of featuremodelingtools. Probablybettervisualizationsandtool supportis requiredwhen
handlinglargermodelswith severalthousandfeatures.
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