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1 Introduction

Only recently mostof the softwareindustryandcomputersciencecommunityrecognized
the rapidly increasingmportanceof embeddedomputersystems.Up to then,embedded
systemsvereignoredby mostsoftwareengineersSoftwarefor embeddedystemsvaspro-
grammedmainly by electricalor mechanicakngineersOnereasonvasthatmostembed-
deddevicesrealizedonly a smallsetof functionsthatrequiredrelatively simpleprograms.
But todaythe numberof applicationsfor embeddedystemsseemso be endlessbecause
of the availability of awide rangeof embeddegbrocessorandperipheralcomponentsgor
almostall thinkablepurposes Embeddedsystemao longeronly measuresomedataand
transmitit to a gaugereadby humansor turn on a simple switch. They are often highly
heterogeneoudistributed systems.Moderncars,for example,containup to a hundredor
moremicrocontrollerscoupledvia real-timenetworkslike the CAN bus !

It is now widely recognizedthat the increasinglycomple designfor embeddedsystem
requiresadvancedengineeringechniquesn orderto dealwith the challengesf todays

andtomorrav's embeddesystems.Theimportantquestionto answetis whetherandhow

embeddedsoftware differs from software for othersystemsfor examplefor businessap-
plicationsor for massie parallel applications. The following work tries to answerthis

guestionand also presentdechniqueghat facilitate more ef cient software development
for embeddedystems.

The problemsthat designersof embeddedoftware faceare manifold. In additionto the
problemscommonto ary software development,embeddedsoftware developershave to
solve a numberof speci ¢ problems. In mary casegshe software hasto provide a much
higherdegreeof safetyandreliability thannon-embeddedoftware. Oftenthe softwarehas
to provide real-timeguarantees.

Despitethe non-technicahatureof productpricesit is importantto notethatthe costof an
embeddedolutionhasavery strongmostlikely thestrongesin uence onwhichembedded
platformis used.Becausenary embeddedystemsareproducedn high volumes thereis
usuallya stronginterestin usinghardwarethatis ascheapaspossible.An indicatorof this
factis thatthe bestselling processorgin numbers)are neither32 bit nor 16 bit but 8 bit
processorsln 2000 morethan60% of all processor&nd microcontrollerssold had 8 bit
CPU cores[Ten0(Q. Most of thosecheapmicrocontrollershave but little ROM andRAM

!BMW 7 upto 100, MercedesS classaround80 accordingto compary advertisements.

13



1 Introduction

availableandprovide only limited processingower. Thetechnicallyvisible implicationof
thisphenomenois thatachiering smallcodesizeandhigh run-timeef ciency of embedded
softwareis amajorconcernfor softwaredevelopers.

Dueto thelack of adequatesoftwaretechniqguesandprogramminganguagesswell asthe
simplicity of mostproblemsthatwereto be solvedin the beginning of embeddedystems
softwaredevelopmentmary projectswereimplementedisingassemblyanguagendsim-
ple imperatie languagesike C. Usingassemblyanguageallows, in theory the writing of
optimal ef cient code. It is still a commonbelief amongembeddedoftware developers
thatonly the (at leastpartial) useof assemblycodeallows to achieze the performancee-
quiredfor their speci ¢ applications.Over time andwith the availability of morepowerful
embeddegrocessorsthe useof C hasbeenincreasedut other more powerful program-
ming conceptslike objectorientation,arestill not yet widely usedin embeddedystems
programming.

On the other hand, the compl«ity and the rangeof possibleapplicationsfor embedded
systemshasgrovn so muchthat otherissuesrequiremore attention. In orderto reduce
time-to-marlet, softwarereuseis thekey factortoday Reusecomesin different avors: It
may be reuseof partsof the previously written softwarein a new project,it maybereuse
of the samesoftware on a newv hardware platform, or it may be a combinationof both.
Techniquedo enablesoftwarereusearealreadyavailable on the market. Althoughnoneof
themis perfectandreuseis still a very hot topic for software engineeringesearchmary
successfuprojectshave praventhe bene ts of reusablesoftware.

However, thereis arelatively strongresistancef theembeddedoftwarecommunityagainst
mostadwancedsoftware engineeringechniquedor reuse.The problemis that mosttech-

niguesthat promotereuseare coupledwith a more or lessnoticeableperformancedegra-

dation. Abstractionsand implementationghat allow reuseoften causerun-time and/or
code-sizeoverheadwhen comparedo a speci ¢, hon-reusablémplementatiorfor a sin-

gle application. The reasonfor the differencein performancds quite simple: reusable
implementationsftencontainfunctionalitiesthatareunnecessargndthatcauseunwanted
overhead.

The C function printf(const char* s,..) is a good exampleto illustratethis
point. Eachprintf  implementatiorcontainsa simple parserthat parseghe strings for
specialsymbolsstartingwith % The specialsymbolsarereplacedby the string versions
of theremainingparametersUsually printf  supportsa wide rangeof possibleconver
sionsincluding charactersstrings, integers, oating point numbersaswell asa number
of additionalformattingoptions. For an applicationthat prints nothingbut integers, most
of the functionality of printf  is useles$ut causedoth morecodeandrun time thana
specializedntegeroutputfunction.

But withoutreusetheefcient handlingof anumberof applicationghatarecloselyrelated
to eachotheris impossible. An examplecould be the developmentof a line of carradios

14



by onemanufcturerthatarebasedon a commonhard-andsoftwareplatformbut differ in

featuresaswell asin the designof thefront panelswith their knobs,switchesanddisplays.
They have mostpartsin common but thereareimportantdifferencesdetweerthe models.
The objective is that no piece of software realizingthe samefunction shouldbe written
twice for differentmodels. Suchsetsof applicationsconstituteapplicationdomains The
guestionis how to createsoftware for a whole domaininsteadof for a single application
while retainingthe requiredef ciency.

Someanswergo this questionarealreadyknown. Oneof the rst answersvasproposed
by Parnasbackin thelate seventieswith his concepbf programfamilies[Par79. Although

thereuseproblemwasidenti ed solong ago,andeven a solutionwasproposedprogram
familiesdid not getthe attentionthey desere until thenineties.

In the nineties,therewasan importantchangein the view of software development. In-
steadof focusingonly on oneapplicationduring software development,someresearchers
believedthatit paysoff to look atalargersetof applicationdrom thesameapplicationarea.
The maindifferenceto the seventieswasthat, in the nineties,adequatgrogrammingcon-
ceptslike objectorientationwereavailableandwidely used.The adwentof object-oriented
programmingallowedtheimplementatiorof programfamiliesbasedn classesandobjects
insteadof basedn proceduresindmodules. A goodexamplefor the useof programfami-
liesis the PEACE operatingsystermfamily for massiely parallelsystemslevelopedat GMD
FIRST[SP94].

Theresearcton programfamiliesand similar problemswentinto differentdirectionsfo-
cusingon differentpartsof the problem. Onedirectionwasthe developmentof adequate
languagego supportfamily-orientedprogramming. One of the rst language-basedp-
proachesvasNeighbors'Draco[Nei84] in the earlyeighties.His (andmary others')ideas
arenow knowvn asdomainspeci ¢ languages (DSL). Theselanguagedry to simplify the
problemof development(andreuse)by deplg/ing languageshatare developedfor a spe-
ci ¢ (setof) domain(syatherthanfor ageneral-purposeselike C/C++,Java or Eiffel.

Anotherimportantdirectionwas andis the designof developmentprocessesor family-
basedsoftware. Several processetike ODM [SCK* 96] or FAST [WL99] have beenpro-
posedor ef cient developmentof softwarefamilies.

One of the mostimportantaspectsof family-basedsoftware developmentis the analysis
modelingof the applicationdomain. Probablythe mostpioneeringwork in this areawas
FODA [KCH™* 9(], aneasyto usemodelingapproacHor domainsthathasbeenre ned in
mary subsequenprojectsandis widely acceptedasthe mostimportantdomainmodeling
approach. This work setoff the phaseof more intensive work on family-basedsoftware
developmentn thenineties.

For speci c kindsof domains severalapproachesvolvedduringtheninetieslike Don Ba-
tory's GENVOCA [BO92] for layeredsoftware familiesor the DEMRAL methodof Czar
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1 Introduction

necki[Cza9§, whichis a specializatiorof ODM for the developmentof ef cient algorith-
mic libraries.

Many other software techniqueshad an importantin uence on software family develop-
ment,like genericprogrammingechniqguesndcomponent-basesbftwaredevelopment.

However, aswasstatedabove, softwarefamily-basedlevelopments notyeta mainstream
techniquedueto mary reasons.Someof thosereasonsare discussedn this work along
with possiblesolutions.

1.1 Motiv ation and Goals

The insight that family-basedsoftware developmentin the large is not feasiblewithout a
coherentool chainfor all phase®f the developmentprocessvasthe startingpoint for the
work presentedn this dissertation.Projectswherefamily-basedsoftware was developed
withoutadequateool supportcould not exploit thefull bene tsof thatapproachThemain
reasorwasthatwith the growth of the family it becamenoreandmorecomple to select
anddeplg theappropriatdamily member

A solutionfor this problemhasto provide supportin theareasof con gurationandcompo-
sition of softwarefamilies. However, con guration andcompaositionrequirescon gurable
andcomposablentities. The designof theseentitiesis the resultof the domaindecompo-
sition procesghat startseachfamily-basedsoftware development. Therefore tool support
shouldstartas early asin the domainanalysisphaseright at the beginning of software
development.

The motivation to focus this work especiallyon embeddedsystemsand particularly on

deeplyembeddedun-time systemswvasdriven by the factthatthoughthe ideaof family-

basedsoftware seemgo t well into thesedomains,it hasnot yet beenwidely deploed

dueto variousreasonsOnereasoris thelack of toolsasdescribedabore. Anotherreason
is the prevailing demandor softwarethat providesmaximalperformanceat minimal cost.
The costof a productis stronglyin uenced by the developmentcostsrequired(time and
manpaever) and/orby the ability to usecheaphardwarewith limited computingpower and
smallmemory Techniguego solve eachof theseproblemsalreadyexistedbut the gluethat
allows the combinationof thesetechniquesnto a uniform processvasmissing.

To provide anervironmentthatallows the useof mary differenttechniquedor developing
anddeplging family-basedoftwarewasthe maingoalof thiswork.

Theconcentratioron embeddedun-timesystemsnsteadof embeddedpplicationds mo-
tivatedby thefactthattherun-timesystenfor embeddedpplicationsshouldobey thesame
principlesasthe whole application. Maximal performanceand/orminimal costcanrarely
beachi&vedwhenafamily-basedolutionfor anapplicationdomainis developedon top of

16



1.2 Contritutions

a nonfamily-basedun-timesystem. The useof a non family-basedun-time systemcan
drasticallyreducethe bene ts of the family-basedapproach.Sincethe applicationamight
useonly limited partsof the functionalitiesprovided by the run-time system thereexists
unusedcodethatis never executedor, evenworse codethatis executedout doesnotprovide
ary servicerequired.Anotherreasorfor thefocuson embeddedun-timesystemss thatthe
softwarecompleity of run-timesystemss fairly high, sotheresultsshouldbetransferable
to othercomplex softwaresystemseasily

This dissertatiorprojectstartedaspart of the work for the project“Workbenchfor tailor-
madeoperatingsystems{WABE), fundedby the Deutschd-orschung&emeinschafDFG)
at the Otto-wvon-Guericle-Universitit Magdelurg in 1998. The ideaof WABE wasto de-
velopasolutionincludingatool chainfor customizingoperatingsystemsaccordingto the
needsof anapplication. The exampleapplicationdomainsin this projectweredeeplyem-
beddedapplications.The applicationof domainengineeringechnologyprovedto be quite
usefulwhensupportedy tools.

Someof theideaswherethendevelopedfurtherin the I TEA Project‘Developmentprocess
for Embeddedsoftware Systems”(DESS).DESSwasa joint projectof researclinstitu-
tions and industrial partnersfrom several Europeancountries. The aim wasto createa
generalizednethodologyfor developingembeddedoftware systemsasedon component
technology Thespeciarequirementsf deeplyembeddedystensoftwareif acomponent-
basedapproachs usedarenotmetby standarccomponensystemsTheextensionof tools
developedin WABE proved the applicability of the DESSapproachevenfor smalldeeply
embeddedystems.

1.2 Contrib utions

The main contrikution presentedn this work is a rule-basedcon guration methodfor
component-basesdoftware families. It signi cantly easeghe problemssketchedabove,
especiallyfor projectsthatrequirevery ne-grainedsoftwarecon gurability. It doessoby
gatheringandrepresentingon guration knowledgethroughouthe software development
processn a uniform way. The methodis basedon alreadyknown software engineering
techniquedike domainengineeringand programfamilies but combinesthemin a novel
way. It doesnot requirea new software developmentprocesshut canbe seenratherasan
additionto existing approachefor softwaredevelopmentprocessnodels.

The introductionof domainmappingsfrom the family applicationdomainto component
con gurationdomainsallows a new degreeof reusefor family-basedoftwarecomponents.
Insteacbf componentshatareboundto a particularapplicatiordomainmodelof a software
family, it isthenpossiblegto reusecomponentin otherapplicatiordomains.Thisis achiezed
by providing anappropriatedomainmappingof the applicationdomainto the components
con gurationdomain.
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An importantpointwith respecto practicaluseof themethods thatthemethodandits sup-
portingtools arenot boundto ary particularway of implementingsoftwarefamilies. This
ensuresisabilityin mary differentcontexts. However, to gainmaximalbene t, themethod
andtools are bestusedin combinationwith object-orientedorogramminglanguages.A

strongfocusduringthe developmentof the methodandthetoolswasto provide a solution
thatis extensibleandadaptable.

The descriptionof several exampleswherethe proposedmethodhasbeenappliedunder
differentprerequisiteshavs its usefulnessndapplicabilityto projectsin theintendedap-
plicationdomainof embeddedystems.

There-engineerin@f anexistingimplementationthe PortableUniversalRun-timeExecu-
tive (PURE),shavs how well therepresentationf applicationdomainswith featuremodel
conceptsts into analreadyexisting family design.

Theotherexamplesonthe otherhand,shav how easyit is to derive ef cient implementa-
tionsfrom theresultsof thefeaturedomainanalysis.

1.3 Outline

Chapter2 characterizethe domainof embeddedystemsandsoftwarefor embeddedys-
tems. For that,an overvien aboutthe possibleapplicationareasof embeddedystemsand
their speci ¢ softwarerequirementss given. A specialfocuspresentshe generalabstrac-
tions an embeddedapplicationshareswith otherapplicationsfrom the sameapplication
area.Basedon this knowledge,the characteristicéor embeddedun-timesupportsystems
for theseapplicationareasarediscussedTheresultsof thediscussiorestablisithe basefor
acomparisorof availableembeddedun-timesystems.

Chapter3 presentsa discussiorof family-basedoftware. Startingwith theideasof Parnas,
differentapproacheso family-basedsoftware developmentare presentedand discussed.
Themainfocusis placedon the usability of the developmentmethodsrom a practitioners
pointof view. For eachof thepresente@dpproachegheapplicabilityin embeddedoftware

developmentis examined.

Chapter4 concentratesn implementatiortechniquedor family-basedsoftware like pro-
gramgeneratorsstaticmeta-programmingndspecialprogramminganguages.

Chapters givesan overview over the developedmethodandtools. It proposesa generic
modelfor family-basedoftwaredevelopmenprocessesThechapteicontainsadescription
of the stepsrequiredto implementthe genericfamily-basedsoftwaredevelopmentprocess.
It coversall phasedrom theanalysigto the deploymentof the developedsoftware.

Chapter6 providestwo differentcasestudiesof softwarefamiliesfor embeddedun-time
systems Onesystem(PURE) is a completerun-timesystemfor deeplyembeddedlevices.
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1.3 Outline

Its developmentstartedwithout tools supportingfamily-basedsoftware development,and
it hasbeenre-engineerethterto t into the developmentprocessdescribedn Chapter4.
Theothercasestudycoversathreadabstractiodibrary thathasbeencompletelydeveloped
usingthe processlescribedn Chapter4.

Chapter7 containsa conclusioranddiscussegssuedor futureworksin theareaof family-
basedsoftwarefor embeddedystems.
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2 Embedded Software

This chaptediscusseshefollowing questions:

What arethe differenceshetweensoftware for embeddedystemsand software for
non-embeddedystems?

Whataretherequirementembeddedoftwaredevelopmentmethodanustmeet?

At rst, thetermembeddedystemis de ned. Basedon selectiorcriteriafor embeddedys-
tems,a classi cationfor embeddedystemss presentedStartingfrom this consideration,
severalnon-embeddedoftwaretechnologiesgonceptanddeploymentareasareanalyzed.
Thegoalis to point out the commonalitiesanddifferenceso embeddedystemssoftware
technologies.

Thelastpartemphasizesnthespeciaheedof embeddedystemdor reusetechniqueshat
provide a high degreeof ef ciency of the developmentprocessaswell asof the produced
software.

2.1 Embedded Systems

Althoughembeddeaystemsarepresentalmosteverywherejt is not easyto give a precise
de nition of whatanembeddedystems. A singlesmall4 bit microprocessocoupledwith
atemperaturesensolndregulationvalve is anembeddedystemjust like a CNC machine
tool equippedwith several 32 bit processors.

An embeddedystem

is speci cally designedo provide a given,restrictedsetof functionalities,

presenthardwareandsoftwareasa unit.

It is importantto note that an embeddedsystemis not de ned by the technologyused.
Processospeedr memorysizehave noin uence on classifyinga systemasembeddear
not. In fact,ary special-purpossystemusingcomputerss anembeddedystem.
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2 Embeddedsoftware

However, while almostalwaysthe fastesiavailabletechnologiesre usedfor workstations
andpersonatomputersthecriteriafor choosingembeddedystemdechnologiegfor hard-
wareaswell asfor software)arequite different. Someof the mainissuesare:

Power consumption

The available enegy for anembeddedystemis oftenrestricted,sinceit is battery-
poweredor the heatdissipationof the systemmustnot exceeda givenvalue.

Timing
Many, but not all embeddedsystemshave to meethardreal-timeor soft real-time
constraints.Thetiming is stronglyrelatedto the available processingower, thatis
thenumberof instructionsaprocessocanexecutein agivenamountof time. Besides

the pureexecutionspeedthe predictabilityof time relatedissuedik e executiontime
calculationandcompletelydeterministidoehaior of the hardwareareimportant.

Memory space

The memory spaceconsumedoy the software must t into the available memory
spacelt is usuallyimpossibleio upgradehe availablememoryoncethe systemdas
beenproducedr shipped.

Cost

Lastbut not least,costis one of the mostimportantfactorsfor embeddedystems,
sincemostembeddedystemsare deplg/ed in areaswherelower costis a key suc-
cessfactoron the market. Therefore the companiesaim to usethe cheapeshard-
/softwarecombinationpossible.The costfactorhasanin uence on all thetechnical
factorsmentionedaborve, becausenorememoryor processingower usuallyresults
in highercostsandoftenhigherpower consumptioraswell.

Using the criteria describedabove, differentclassi cationsof embeddedystemsare pos-
sible. One of the mostcommoncateyorizations,however, dependson the bit width of
the microcontrollerused(4 bit, 8 bit up to 64 bit). Although the bit width providesonly
a rough measurdfor the available resourcesit is generallysafeto assumehat available
memoryspaceand processingoower increasewith higherbit width. This assumptioris
mainly basedon the factthat processorcoreswith higherbit widths have beendeveloped
aftercoreswith lower bit width. Onthe otherhand,somenewly developed8 bit controllers
like the Atmel AVR90Sxxxxfamily are muchfasterthansomeolder 16 bit processorst
thesameclock speed.

To provide an overvienv over the embeddedystemamarket, the distribution of processors
producedn 2000accordingo theirbit width is quitehelpful. The guresin Table2.1shav
thatthe vastmajority of processorsoldarestill 8 bit processor$58%).
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2.1 Embeddedystems

Units Shipments( 10°)
Technolayy

2B | 8Bt | 16-Bit [ 32-Bir | SUPol| %
-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: Estimatedoroductionof microprocessorand-controllersin 2000[Ten0q

Dueto limited hardware capabilitiesof most8 bit microcontrollerunits (MCU), they are
mostly usedin so calleddeeplyembeddedystems A deeplyembeddedystenperforms
only a very limited setof functions,oftenjustasingle,very simplefunction. The software
of thesesystemsausesonly small amountsof memory(few bytesof RAM, few kBytesof
ROM) andthe availableprocessingpower is low in relationto therequiredcalculations.

Consideringthe gures for 8 bit processorsn Table 2.1, it becomesclear that most of
todays embeddesystemsare deeplyembeddedystemsHowever, accordingto the de -

nition of deeplyembeddedystemsyivenabove, it is very well possibleto build a deeply
embeddedystermusinga 32 bit microcontroller

Typical usesof suchdeeplyembeddedystemsare simple commandand control applica-
tions, for exampleturning on a heaterat designatedimesif thetemperaturelropsbelov a
thresholdvalueor measuringherotationspeedf a carwheelandcalculatingits velocity.

Deeplyembeddedystemsanbefoundeverywhere pneof themostpopularexamplesare
washingmachinesBut nowadays almostall electricalhouseholdappliancegrom vacuum
cleanersover microvave ovensto television setsare controlledby deeplyembeddedys-
tems.AnotherimportantapplicationareaareautomobilesIn moderncars,dozenf rather
smallmicrocontrollersareusedto controlsafetycritical functionslik e fuel injection, ABS*
or ESP, andcomfortfunctionslike air conditioning.

Onthe otherendarehigh-endembeddedystemshat usehigh-speegrocessorandhave
plentyof memoryavailable. Theseembeddedystemsreusuallyderivedfrom aworkstation-
or PC-like architecture.Suchsystemsaretypically usedin factoryautomatizatioror for
controlling,for example,chemicalprocesses.

Marny embeddedystemsaresomevherein betweendeeplyembeddedystemsandhigh-
end embeddedsystems. Although they use fasterprocessorsand more memorythan a

LAnti blockingBrake System
2ElectronicStability Program
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2 Embeddedsoftware

personatomputetusedto have but afew yearsago,they areresource-restricteid thatthey
have to meetenegy-consumptiorconstraintsbecausehey arebattery-pavered(e.g.MP3-
Players),or thatthey have to be very fastdueto the amountof informationthey have to
procesge.g.network switch controllers)for example.

The termembeddedystemss obviously usedto characterizea ratherinhomogeneouset
of systemghat have to meeta hugevariety of requirements.But commonto almostall
embeddedystemss thatthehardwaresetshardlimits for thesoftwareconcerningesource
usagdike memory enegy consumptiorand/orprocessingpower.

Todays software productsfor personalcomputers,on the contrary do not have to ght
againstresourcgroblemspnly afew applicationdike gamesr videoprocessingtill push
amodernPCHto its limits. Memory spaceis no longeranissue,modernprocessorspend
mostof theirtime in anidle state waiting for userinput.

2.2 Related Software Technology Areas

The broadrangeof applicationsfor embeddedsystemsrequiresmary differentkinds of
software. But commonto almostall embeddedystemssoftwareis the necessityto obey
somegivenresourcdimit, for examplememoryusageruntime or enegy consumptiorof
theprocessor

None of the restrictionsgiven above are of real importancefor of ce software or most
otherapplicationsfound on workstationsor personakomputersFor along time, software
engineeringnainly focusedonthosesystemsA large-scalalevelopmentof softwaretech-
nologiesfor embeddedystemslid notreally exist. Straightforvard applicationof software
engineeringechniquedor thosesystemso the embeddedvorld often failed for various
reasonsThe Java technologygivesa niceillustration of thosereasonsin early statements
onJavaandits intendedapplication eld, Gosling[Gos93 claimedthatJavawould besuit-
ablefor ary device from toastersto personaldigital assistants.However, the conceptof
aninterpretedbyte-coddanguagdik e Java needsa signi cantly more powerful processor
thanwasusuallyfoundin mostembeddedystemsat thattime. Eventoday mary embed-
dedsystemsare not powerful enoughto useJava asits main programmingand execution
language.

In orderto nd suitablesoftwaresolutionsfor embeddeadystemsit is necessaryo deter
minethedifferencebetweerembeddedoftware(developmentiand“normal” software(de-
velopment).This sectionexaminessoftwaretechnologiegsurrentlyin usein non-embedded
contets. For thesetechnologiest is discussedvhetherthey are applicableto embedded
softwareandfor whatreason.

Themotivationfor the selectionof technologiesvasto cover for importanttopicslike cur
rently evolving technologiegcomponent-basesl/stems)commondesignandimplementa-
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tion techniquegobjectorientation) technologieslealingwith complex systemgdistributed
systems)with performancdssuesandalsowith reuse(operatingsystems).The selection
is notcompletebut shouldmale the differencesandcommonalitiebetweerembeddednd
non-embeddedoftwaretechnologyrequirementwisible.

2.2.1 Other Application Domains
2.2.1.1 High-Performance Computing

Theclosestelationof embeddedystemsegardingexecutionspeedxiststo high-performance,
massie parallelprogramswherethe applicationspeeds a critical issueto achieve mean-
ingful results. A weatherforecastneedsto be in time to be useful,just like an electronic
brale assistant.

Oftensuchprogramsarehighly dependenon high speed)ow latenyy communicatiorand
low overheadmechanismghat are also of greatinterestfor mary embeddedystemge-
signs. High performanceparallelcomputing,howvever, is more focusedon the pure start-
to-endrun time of the applicationandlesson the deterministictiming of the individual
communication.

Of specialinterestarerun-timesystemdor massve parallelsystemdike PEACE [SP94 or
Puma]WMR™* 94] thatfocuson producingalmostno unnecessargverheadso asto spare
asmary resourcesispossiblefor useby theapplication.

PEACE is not a single operatingsystembut rathera family of differentoperatingsystems
thatrepresentlifferentlevels of functionality Dependingon the needsof the application,
differentcommunicatiormodesor applicationprogrammingnterfacescanbe selected.To
achieve this high degreeof e xibility, anincrementablesignandimplementatiorapproach
basedn programfamilieshasbeenused.

ThePumaoperatingsystenuseserocopy communicatiorpuffersto achiere ahighthrough-
put. Zero copy buffers prevent additionalcopying of messageghussaving time andalso
extrakernelmemoryspacefor buffering.

Thecommonaspect®f embeddedndhigh-performancsoftwarearethe specializatioron

aspeci ¢ taskandthe focuson resourceef ciency with respecto processingpower. The

main differenceis thatthe resourceé‘'memory” is much morerestrictedin embeddedys-

tems.While parallelsystemaften have several GBytesof RAM, mostembeddedystems
have severalordersof magnituddessmemoryavailable.

2.2.1.2 Distrib uted Systems

Anotherstrongrelationcanbe drawn to the areaof distributed software sincemostof to-
day's embeddedsystemsarein fact distributed systemsconsistingof a numberof, often
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2 Embeddedsoftware

heterogeneougrocessorsonnectediia oneor morenetworks. Modernmiddle classcars
have somedozensof microcontrollersof varioussizesthat control engine brales, power-
steering ABS andcomfortfunctions.

An interestingguestioris whetheiit it possibleto reusethe existing software(conceptsjor
distributedsystemsn embeddedystems.

The shortanswerdo this questionis yes, for a limited rangeof applications.The expla-
nationis quite simple: Existingapproacheke CORBA [Obj0(, DCOM [Box98] or Java
RMI [WRW96] aresimply too hearyweightto run on a small8 bit MCU. But 8 bit MCUs
still accountfor the majority of processorfoundin embeddedystemsOnly aminority of
applicationsvheredesktopik e resourcesreavailablecanbene t from thesetechnologies.

Anotherdisadwantagds thatmostof theseechnologiesrenotreal-timecapable Although
areal-timeextensionhasbeenspeci edfor CORBA [Obj99], neitherDCOM norJava RMI
provide suchextensionsyet. This further limits the applicability of thesetechnologiesn
embeddediomains.

Even software following the MinimumCORBA standardObj02] that speci cally aimsat
embeddedystemss not suitablefor usein deeplyembeddedystemgqseeTable2.2). The
interestingpointis, however, whatthe OMG left out of theoriginal CORBA speci cations:

DynamicSkeletoninterface
Dynamiclnvocationinterface
DynamicAny
Interceptors
InterfaceRepository
AdvancedPQA features
CORBA/COM interworking
They left out almostary kind of supportfor dynamicchangedo the systemto achieve a

smallerfootprint. Table2.2 givesanimpressiorof the memoryusageof MinimumCORBA
implementations.

Ontheotherhand,therearea numberof researchistributedsystemghatareaimedspecif-
ically at mobile embeddedystemdike DACIA [LP01] or Spectrd FNSO01]. Both address
real-timecommunicatiorand/orenegy ef ciency askey issuedor mobile systemsHow-
ever, the mobile taiget systemsareagainrelatively powerful (both use32 bit systems)he-
causethey areintendedto be usedtogetherwith multimediaapplicationslike video on
demandandspeectrecognition.
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Name Vendor/URL Footprint
minimumTAO | www.cs.wustl.edu/~schmidt@E_wrappers/| 1.3MByte
docs/minimumAO.html

Varadhil.l Sankhya 107kByte
www.sankhya.com/info/produdiaradi
K-ORB Trinity College Dublin planneds0 kByte

www.dsg.cs.tcd.ie/research/minCORB

Table2.2: Memoryfootprintsfor MinimumCORBA implementations

2.2.2 Software Development Technologies
2.2.2.1 Component-Based Systems

Component-baseslstemsncapsulatéunctionalitiesin closedentitiescalledcomponents
andallow acces®nly via de nedinterfacesandprotocols.A components “anindependent
unit of deployment” [Szy99, which meanghatit canbe usedin adifferentcontext aslong
asthede ned interfacesandprotocolsareobeyed. Two differentkinds of componentgan
bedistinguishedsouice componentarecombinedwith othersourcecomponentsaindthen
compiledinto the nal program. Binary componentshowever, are componentghat are
executablémmediately

To enablecooperationbetweencomponentsan agreemenbetweenthe communicating
componentasto be madeaboutthe interfaces,the way of accessinghe componens
functionsvia the interfacesand so on. To ensurethis interoperabilitymost component
approachesleply a so called componenframeavork that senes asinfrastructurefor the
components.

Most commerciallyavailable componeninfrastructuresare not well suitedfor the needs
of embeddedystems.They arefocusedon binary componentsandusuallyincludecode
for almostall possiblesituationsand needsof thosecomponents.The lack of functional
scalabilitywithin framewvorksaccordingo therealneedsf the componentsisedresultsin
codeunnecessarfor mary applicationghathasto beloadedor evenexecutednonetheless.
As memoryis one of the most preciousresourcesor embeddedsystems this is rarely
tolerable. Examplesfor suchcomponentsystemsare JavaBeans[Feg97] and Enterprise
JavaBeang(EJB) [Sung from Sun, DCE [Fou9§ from OSFand COM/DCOM [Rog97]
from Microsoft.

Microsoft claimsthatthe nev .NET ervironmentis available for embeddedystemsput
it is only usablewith Windows CE in fact. Windows CE supportsonly 32 bit systems,
equippedwith seseral MBytes of ROM andRAM andtop speecembeddegbrocessortike
the StrongARMfrom Intel or the Hitachi SH4. As discussedearlier this doesnot repre-
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sentthe majority of embeddedystemsandthusis not a generalopportunityfor embedded
softwaredevelopment.

Sourcecomponenframevorksarenotaswidespreacsbinarycomponensystemsbecause
they requiretheexchangeof proprietarysourcecodethatis oftentreatedasa businessecret
betweerdifferentorganizations However, within a singleorganization sourcecomponent
framevorks canbe andareusedwithout theseobstacles Source-basedomponenframe-
workscanbetailoredmoreeasilyto theneedf theapplicationsf it is possibleto analyze
at, or beforecompiletime which partsof theframeavork areactuallyneeded.

The ADAPTIVECommunicatiorEnvironment{ACE) [SHO1] providesbasicfunctionsfor a
distributedC++componenframavork. Accordingto theauthorsthesourcecodeapproach
helpedto improve the performanceomparedo RMI or CORBA.

Anotheradwantageof sourcecomponenframenorks occurswherereal-timerequirements
areconcernedTo ensurghatanembeddedystenmeetdts real-timerequirementssource
codeanalyzingtools arefrequentlyused. They inspectthe completesoftware systemwith
respecto timing aspectsfor examplecritical executionpathsor unboundedoops. In bi-
narycomponensystemssuchananalysids notpossible sotheusershave to rely ontiming
descriptiongprovided by the componenproducer Sincemary factorslike memoryaccess
times,processospeedor interruptsin uence thetiming, it is hardto provide accuratdim-
ing informationwithout having accesdo thetargethardwareplatform.

2.2.2.2 Object Orientation

Objectorientationin its differentvariationslike Smalltalk,Java, C++ or C#is today’s most
commonlyusedimplementatiorparadigni. However, OO itself doesnot easethe problem
of meetingthe embeddedystemrequirementgust by designingandimplementingusing
OO. If notusedcarefully it is easyto producea functionally correctand probablynicely
designedsoftware that cannotbe usedon the intendedembeddedlatform however. The
following paragraphsliscusssomeof theseissuesn moredetail.

Portability of softwareis not per seguaranteedf object-orientednethodsareused. It is
easyto breakportability of software usingalmostary programminganguage.However,
object-orientediesignandimplementatiorallows strictencapsulationf non-portablgarts
into separatanethodsand/orclasses.Problemsarise becausehe non-portablepartsare
oftenvery small, for exampleconsistsof only a singleline of code,but are called mary
timesandfrom mary places If inlining of suchmethodss notused,a performancémpact
may arise. Many object-orientedanguagesupportexplicit or implicit inlining of such
smallmethods But thenthe ef ciency reliesmostly on the optimizationcapabilitiesof the
compilerused.

3Herb Sutter a Microsoft emplo/ee, saidin aninterview [Mau], that4.5 to 5 million out of 9 million pro-
grammersvorld wide useeitherC++or Java.
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A SomeClass

foo() % bar@ptr: A o |- - - - return aPtr->foo();
B

fool ‘}O M Ry return 42;

C

o) o---p---1 return 23;

Figure2.1: A problematicclasshierarchy

Scalabilityis oneof the mostimportantaspectsn the domainof embeddedystems.The
architecturef the softwaresystemsnustallow down-scalingof thefunctionalities.Unused
codethatremaingn the nal systemis notacceptableMany object-orientedgystemdail at
this point. The mainreasoris quite simple:the useof abstractlassedo provide ageneral
interface.If abstractlasseareusedasbaseclasseandthederivedclassesmplementspe-
cializations,it oftenis not possibleto detectwhetheran overriddenmethodis usedor not.
In theexampleshavn in Figure2.1,it is not possibleto decidewhetherpointeraPtr  will
ever referto aninstanceof B. Socodefor methodB::foo  mustalwaysbeincludedif an
instanceof a classthatwasderived from B is used.Furthermoreif exactly onespecializa-
tion classis used therun-timeoverheadesultingfrom virtual methodresolutionis wasted,
sinceit will alwaysresultin thesameactualmethodcall (e.g.C::foo ).

In fully staticscenariosvhereevery instantiatecclassis known at compiletime, it would
be possibleto avoid unusedcode,but mostly suchknowledge cannotbe gatheredeasily
Thisis especiallycritical if any kind of dynamicloadingof codeis available. In this case
every fragmentthat could possiblybe loadedhasto be analyzeda priori. Dynamismon
the methodlevel is requiredif suchananalysiscannotbe done,but for deeplyembedded
systemgheoverheadlueto afully dynamicarchitecturés nottolerable.An object-oriented
operatingsystemwith a dynamicarchitecturehardly ts into 4 kBytes. Exampleslike
JavaCard[Sun shav how small suchsystemsare, but unfortunatelythey are not small
(andfast) enoughfor deeplyembeddedapplications. On the other hand,for embedded
systemawith resourceonstraintdessstrong,a dynamicarchitecturénasmary bene tslike
loadingandunloadingof component®n demand.

Extensibilityis anotherimportantissuein an architecturefor embeddedsystems. To be
able to keeppacewith the quickly growing demandsof the market, the designerof an
embeddedystemalwayshasto considerfuture changesSoacompetitve softwaresystem
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shouldbe opento suchchangesReusahroughextensionis oneof the strongespointsfor

object-orientedsystems But if reusemeanschangingexisting abstractionsanerrorprone
softwarewill be the result. The reasondor this arethat the previously existing behaior

may changeandbreakotherpartsof thesystenthatreliedonit. A way out of thisdilemma
arecontractsbetweenthe abstractionsBeugnardet al. [BJPW99]discussdifferentkinds
of contractsaandtheir usage Anotherapproachs to useimmutableabstractionshatdo not
needto betouchedf the systenis extended.Soexisting applicationsdo not needto bother
with achangingoehaior of the system.

Extensionshouldbe madeeasyand e xible. A goodand e xible way to designextensible
systemds the useof patterngGHJV9Y. The useof the strategy patternfor selectingthe
schedulingalgorithmin anoperatingsystem for instanceallows the introductionof a new
schedulingalgorithmwithout changingary otherpartof the system.Unfortunatelytheuse
of this patternoftencon icts with the ef ciency requirementEvenif only asinglestratgy
is used thepatterncoderequiresdynamicinvocationof animplementatiorof thatstratey.
This leadsboth to the consumptionof more processoicycles for resolvingthe dynamic
invocationandto unnecessargodeanddata(dynamicdispatchcodeandvirtual function
tables)comparedo asolutionwherethestratgy wouldbecalleddirectly.: Similarproblems
occurwith mary otherpatterns.Thereasorfor thisis thata single patternmay have mary
differentimplementationsuitedfor a speci ¢ setof requirementsOftenthe mostgeneral
“standard’implementatioris usedthatmakesonly few assumptionsboutthe surrounding
systemandthuscontainsalot of codeto handleall possiblesituationsmostof which never
occurin aspeci ¢ system.

Composabilityhastwo main aspects. The rst aspectis to provide an architecturethat
allows integration of componentgrom differentsourcesfor exampledriversfor speci c
hardware or communicatiorprotocols. As discussecearlierin this chapter the currently
available solutionslike CORBA, COM, ComponentBscal[Szy99 or JavaBeansuse bi-
nary componentsAll thesecomponentmodelsaretoo hearyweightto be applicablein the
deeplyembeddedtontet, the necessangoftware infrastructureis just too expensive. A
secondpoint againsthe useof pureblack-boxbinary componentss the way they arecus-
tomizedto theneedsf applications.The codeof thecomponents x ed,differentbehaior
is achieved by modifyingthecomponenattributes.Sourcecodecomponentnodelsprovide
easiegeneratiorof leansystemssinceunnecessargodecanbeleft outif thecon guration
of theexecutioncontext is knovn atcompiletime.

But acomponenmodelthatis basedn staticcompiletime componentompositionalone
is not suitableif dynamicallychangingsystemsareto be supported.While a fully static
approachts bestfor small deeplyembeddedsystemsdynamiccompositionof varying
dggreecanbe usefulfor morepowerful systems.Thus,an architecturehat supportsboth
staticanddynamiccompositionof componentss favored. This allows sourcecodecompo-
nentsto be customizedaccordingto the actualsystemcontext anda dynamiccombination
of them.
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The secondaspectof composabilityis the questionwhich of the available componentsn

a systemmeetthe requirement®f the application.In real-timeembeddedystemsfor in-

stancethebehaior of acomponentegardingtimeis of particularimportance Thechosen
combinationof componentsnustensurefor exampletimelinessandalsodeterministicbe-
havior. Again, asin the caseof extensibility, contractsand otherformal methodsplay an

importantrole here.

For all generafequirementsnentionedabore, separatsolutionsexistin theobject-oriented
world. But if thosesolutionsareusedin combination the ef ciency requiremenis often
violated.

2.3 Software Reuse in Embedded Systems

2.3.1 The Two Dimensions of Reuse

The term reusehastwo differentdimensions:a temporaldimensionand a functional di-
mension.Thoughbothkindsof reuseoccuroftenin combinationjt is importantto separate
themclearly

Functional reuse meanghereuseof anunmodi ed pieceof softwarein a prede ned
contt. Thereuseis basedon thefunctionality provided by that pieceof software. Exam-
plesarelibrariesthatprovide ade ned setof functionsfor mary differentapplicationsThe
contet of reuseis de ned atthe productiontime of the software.

This kind of reuserelieson an adequategredictionof the functionalitiesthat arereusable
and especiallyof the combinationof functionalitiesthat areto be usedby the software
deplosers.

Functionalreuseis requiredwhena numberof productsneedthe samefunctionality This
canhappenat all levels, in upperapplicationlayersor at the lower layers,the run-time
systemor supportindibraries.

A productline of software for an ABS for car brakes, for example, sharesmost of the
functionsandthesefunctionsarereusedin all systemsproducedat a given time (frame).
But asthe systemsareproducedor differentcar manufcturersandusedin differentcars,
somepartslike the communicatiorfunctionscannotbe reused becausdhey arede ned
differently by eachcarmanugcturef.

In layeredsoftwarearchitecturesvherethe lower layersprovide basicfunctionsandupper
layersusethesefunctionsto provide morecomplex functions,functionalreuseat thelower

4Standardizatiomn embeddedystemsespeciallyin the carindustry is far from reachingthe levels of other
IT domains.
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layersis common.The mainreasorfor this is thatbasicfunctionsaremoreoftenreusable
in awide rangeof systemsTherearefor exampleanumberof embeddedperatingsystems
andrun-timelibrariesthatcanbereusedoy embeddedystemdevelopers.

Temporal reuse, ontheotherhand,isthereuseof apieceof softwarewithin adifferent
contt. Somepropertiesof this new context have not beenanticipatedvhenthe software
wasinitially produced.Thuschangego partsof the softwaremay be requiredin orderto
useit in thenaw contet. Thisreusedimensionis oftendescribedassoftwae evolution

Temporalreuseis very often requiredat the applicationlevel. Whena successoproduct
is developed,for example, as much software as possibleshouldbe reused. But usually
new functional or non-functionalrequirementsieedeither additionalcomponentsand/or
changedgo existing componentshatmay or may not have beenanticipatedduringthe orig-
inal developmentof the components.

Dynamicallychangeablsystemsftenrely ontemporalreuse.ln systemswith high avail-
ability requirementslike telecommunicatiorequipment,it is often impossibleto stop a
systemandreplacethe softwarealtogether Therefore,jt hasto be changediuringnormal
operatiorwithout haltingthe system.Thatis even moredemandingasit requiresnen and
old softwareto cooperaterery tightly.

Thosechangesaisemary issueghatrangefrom backward compatibility if the new com-
ponentsshouldbe usablewithin the old software ervironment,to the questionasto when
anew software developmentis cheapethanareuse.Someresearctprojectswork on this
subject,like the ITEA EMPRESSproject[EM] or the AIT WOODESproject[WQ] that
bothfocuson improvedembeddedoftwaredevelopmentprocesses.

Both kinds of reuseoccurin embeddeaystemsandbothkinds of reuseareequallyimpor

tant, but theratherstaticfunctionalreuseis the baseof temporalreuse which captureghe
dynamicaspect®f reuse.Sotheproblemof functionalreusehasto besolved rst, although
in away thatpermitsfor temporalreuseater.

2.3.2 Reuse Problems in Embedded Systems

The probablymostimportantproblemwhendeveloping reuseconceptdor the embedded
domainis quitesimple:if anoptimalsolutionfor a problemunderagivensetof constraints
is available,it is not necessarilyhe optimal solutionfor the sameproblemundera different
setof constraints.

To illustratethis problemthreedifferentapplicationsof the cosinefunctionareintroduced:

Application 1 A high precisionvalueis requiredreal-timeexecutionis not requiredbut
the availablememoryto storeconstantdatais limited.

32



2.3 SoftwareReusdan Embeddedsystems

const double DEG2RAD= 0.01745329251994 I (P1/180) */

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=(sigh==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 high precisionof thecosinevalueis requiredaswell, theanglemightbe
ary value but the calculationhasto be nished fastandwithin a deterministictime
frame.

Application 3 A sensomeasuretheangleonly in 16 discretevaluestheapplicationhas
tight real-timerequirementandvery limited codespaceavailable.

While it is easyto provide acommoncosineimplementatiorior all threeapplicationsausing
the standardterative algorithmshavn in Figure 2.2 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.

A differentsolution (seeFigure 2.3) that provides deterministicrun timesis basedon a
table of known cosinevaluesandinterpolationto calculatethe resultfor arbitraryvalues.
The trade-of hereis that, dependingon the numberof known values,the accurag of the
resultdiffers. Usingmorevaluesconsumesnoredatamemoryto storethetable.

%It is assumedhatthe processodoesnothave a oating pointunit.
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While this implementationis appropriatefor mary applicationsfor somean even more
simplisticsolutionis possible Becausenly alimited numberof discreteanglevalueswith
equaldistancesare possible,it is easyto implementa purely table basedcosinefunction
(seeFigure2.4). No calculationis required,no oating pointoperationoccursatall.

The codesizesfor the differentimplementationssary to a signi cant degree. Table 2.3
shavs codeanddataspacerequirementsor a numberof differentplatformsrangingfrom
8 bit controllersto 32 bit processorsThe applicationconsistof a singlecall to the cosine
functionin main . The void applicationis just an empty main function includedfor

#include

#define
double

1

1.0,

"cosine.h"

POINTS 24
cosine_table[POINTS+1] ={

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 pl = cosine_table[(int)div_degree];
double diffdegree = div_degree - (int)div_degree;
double p2 = cosine_table[(int)(diff) + 1];

return

Figure2.3: Sourcecodefor cosinecalculationusinginterpolation

comparison.

34

#define
double

pl + (p2 - pl)*div_degree;

INTERVAL 15
cosine_table[24] = { 1.0, 00965925  0.866025,

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

double

{

return

cosine(const int degree)

cosine_table[degree | INTERVAL];

omitted

Figure2.4: Sourcecodefor cosinecalculationusingatable



2.4 Summary

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

Table2.3: Codeanddatasizes(in bytes)for samplecosineapplications

Takingtherequirementsf theapplicationsnto accountanexperiencecembeddedystems
programmemould chooseémplementatiori for the rst application,sinceit providesthe
bestaccurag and consumeso valuabledatamemory (besidethe requiredstackspace).
Implementatior2 ts to application2 asit providesthe requiredreal-timecharacteristics.
For application3 implementatior8 is obviously bestsuited.

Thisis the crux of embeddegrogramming:oftenthereis not just onecorrectimplementa-
tion. Reuseconceptdor embeddedystemshave to take thisinto account.

2.4 Summary

Despitethe mary similaritiesandconnectiongo othersoftware applicationdomains,em-

beddedsoftwareis different. Theubiquitousrestrictionsn termsof availablememoryspace
and processingpower often prevent a simple applicationof developmentconceptsfrom

otherdomains.

The diversity of non-functionalrequirementslemandmary different realizationsfor the
samefunctionalaspecbof embeddedoftware systems.Reusein this arearequiresadapt-
ability in amuch ner granularitythanin otherdomains.

The ef cient realizationand managementf thesesoftware variantsis the key factorfor
technicallyand economicallysuccessfuembeddedsystemssoftware developmentin the
future.
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3 Family-Based Software Development

3.1 Introduction

As discussedn the Chaptersl and2, for embeddedoftware developmentit is important
to produceboth reliable software andresourceef cient softwarein a fastand costeffec-
tive process.So the main goal of this chapteris to evaluateapproachesor family-based
software developmentwith respecto their usability in embeddedsoftware development.
Therefore,it is relevant which partsof the software developmentprocessare coveredby
amethodologyhow it helpsto producethe implementation(sandthattheseimplementa-
tionsusethe memoryandprocessindime effectively. Thisrequiresnotonly to look atthe
technicalaspect®f the methodologieslone. It is alsonecessaryo take the typical skills
andeducatiorof embeddedoftwaredevelopersinto account.

The promotersof software families and software productlines generallyclaim thatthese
areanefcient way to producereliablesoftware (andareableto prove this). The question
of resourceef ciency doesrarelygetsomuchattention howvever.

This chapterstartswith a generaintroductionto softwarefamiliesandproductlines. The
following detaileddiscussiorof the stateof the artin this areacoversgeneralmethodolo-
gies,which aremorefocusedon processesaswell asrealizationstechniqueghat canbe
usedto actuallyimplementsoftwarefamiliesor productlines. The concludingsectiondis-
cussesow the differentmethodologiesanbe combinedandsummarizeshe mainissues
of this chapter

3.2 Family-Based Software Development and
Product-Line Engineering

In the sixties and seventiesof the last centurya phenomenaalled “software crisis” ap-
peared. Fastercomputeramadepreviously unthinkableapplications(theoretically)possi-
ble. But while the creationof betterandfasterhardware eventodayfollows Moore's Law
[Moo75], which predictsa doublingof computingspeedper 18 month,the growing com-
plexity of softwaredevelopmentstartedto causeproblems.More complex softwareresults
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3 Family-BasedsoftwareDevelopment

in morelinesof code,moreinteractionbetweerprogramparts,morepossibleerrorsin pro-
grams,andmoretime to getsoftwareproduced.Thereforedevelopmentof new programs
couldnotbedoneat the samepacehardwareevolved.

Oneof thereasonsvasthat,comparedo otherareasof businessreuseof softwareartifacts
in thesedayswaslimited. The emeging software engineeringdiscipline startedto think
abouthow asystencouldbebuilt from reusablgparts.Parnaswith hiswork aboutprogram
familiespioneeredn anareathatis oneof the hottesttopicsin softwareengineeringoday
The term program familieswas coinedby Parnasin 1976 when he discoreredthat mary
problemsof software developmentand deplgyment are relatedto the fact that software
developmentactiities areoftenfocusedon solving only a singleproblem. He recognized
thatit maypayoff to look notonly atoneproblematatime but to considersimilar problems
simultaneously

His de nition for programfamilies,asgivenin [Par7§, is

We considera setof programgo constitutea family, wheneer it is worthwhile
to study programsfrom the setby r st studyingthe commonpropertiesand
thendeterminingthe specialpropertiesof theindividual family members.

While this de nition canalsobe appliedto alreadyexisting programgor ary setof related
softwareartifacts),Parnasalreadysav the mainapplicationof the programfamily concept
in the creationof new software. In [Par79 he describedthe applicationof the program
family concepto supportreusein theareaof operatingsystemdesign.

The term productline appearednuch later in the software engineeringcommunity The
focus of product-lineengineerings quite different, yet the main ideasare the samefor
programfamiliesandproductlines.

Thede nition for aproductline, asgivenin Griss[Gri0Q], is quite closeto thede nition of
Parnas:

A productline is asetof productghatsharea commonsetof requirementshut
alsoexhibit signi cant variability in requirements.This commonalitycanbe
exploitedby treatingthesetof productsasafamily anddecomposinghedesign
andimplementatiorinto a setof shareccomponentshatseparateoncerns.

Butthisde nition requireghatasigni cant amountof variability hasto bepresentwhereas
Parnasfocusegmoreon commonalitybetweerfamily members.

Anotherde nition, givenby Lopez-Herrejoretal. [LHBO1], stateghat“A productlineis a
family of relatedsoftwareproducts . . Differentfamily membergproduct-lineapplications)
arerepresentedy differentcombination®f components”This de nition statessvenmore
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3.2 Family-BasedSoftware DevelopmentandProduct-LineEngineering

clearlythatwhile therehave to berelationsbetweerthe productsin a productline, it does
not have to beavery strongrelation.

Both de nitions focuson differentaspect®f productlines. The rst de nition emphasizes
ontheorigin of aprogramfamily basedn asetof requirementsyhereaghesecondie ni-
tion givesahintonhow product-linesareimplementedBoth usethetermfamilyto describe
the setof membersf a productline andboth t into Parnasde nition of a programfam-
ily if programis replacedby product. Productlines areby de nition not necessarilypure
software productsbut may be ary kind of product. The main differencebetweernprogram
familiesand product-linesis the view on commonalitiesand variabilities: A productline
is de ned by the needsof the customerof the productline, which is an externalview, a
programfamily is de ned by its internalview onthe programs.

Althoughthe product-linetermis the morepopulartermtoday this dissertatiorfocuseson
softwarefamily developmentatherthanproduct-linedevelopmentfor two reasons:

The term softwae family' focuseson the aspectof producingsoftware, which is
aninsideview, a product-lineapproachakesan outsideview, focusingon the nal
results(the products).Productsarenot alwaysjust software, often, especiallyin the
embeddedystemsareathey areacombinationof hard-andsoftware.

Althoughit is possible(landsometime®venthe optimalway) to implementsoftware
for productlineswithout usingsoftwarefamilies,softwarefamiliesarein generathe
appropriatesolution.

The goal of family-basedsoftware developmentis to bene t from producingthe common
partsof afamily only onceandreuse¢hemto createdifferentfamily membersy combining
commonpartsandmemberspeci ¢ parts. Admittedly, the extractionandrealizationof the
commonpartsof a setof applicationsmay initially costmorethanthe creationof a small
numberof separateapplications but oncethe numberof applicationsgrows, the family-
baseddevelopmentnally costsless,asis shavn for examplein [CHW98].

The Figure 3.1 shavs that underthoughsimpli ed yet reasonablyaccurateassumptions,
thereis a pointwherethe high initial investmentor a family startsto pay off, becauséhe
costfor creatinga family membeiris lower thanthe costfor producinga new singlesystem
solutionfrom scratch.

Although Parnasusedthe term program family, the term softwae family seemsto be more appropriate,
because softwarefamily is not necessarilya setof completeprogramsbut may be ary kind of software
artifactlike alibrary or component.

39



3 Family-BasedsoftwareDevelopment
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Figure3.1:Bene ts of softwarefamiliesversussingleapplicationdevelopment

3.3 Family-Based Software Development Process

Contraryto “traditional” softwaredevelopmenprocessnodeldike OMT [RBP* 91], Booch
[Boo94 ortheRationalUni ed Proces$JBR99, family-basedoftwaredevelopments di-

videdinto two separat@rocessesdomainengineering“engineeringor reuse”)andappli-

cationengineering“engineeringwith reuse”).Domainengineeringomprisesll actvities
to createthereusableartsof afamily. Applicationengineerings concernedvith thecon-
structionof concreteapplicationdrom the previously createdparts.

Despitethe fact that family-baseddevelopmentprocessmodelsdiffer in mary ways, the
separatiorbetweerdomainandapplicationengineeringalwaysexists. The degreeof sepa-
rationandthewaysof linking bothcanbe quitedifferent.

3.4 Domain Engineering

Domainengineeringanbede ned as*. .. theactvity of collecting,organizingandstoring
pastexperiencein building systemsor partsof systemsn a particulardomainin the form
of reusableassetgi.e. reusablevork products) aswell asproviding anadequateneandor
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Figure3.2: Relationbetweerdomainandapplicationengineeringbasedn [SEI97))

reusingtheseassetgi.e. retrieval, quali cation, disseminationadaptationassemblyandso
on) whenbuilding new systems’[CEQO].

The domainengineeringtself canbe furtherdivided into domainanalysis domaindesign
anddomainimplementation Eachof thesepartshasa strongrelationto its corresponding
counterpartsn applicationengineering.Therelationsaredepictedin Figure3.2. It isim-
portantto point out the feedbackpathfrom the applicationengineeringrackto the domain
engineering.During applicationengineeringadditionalrequirementshat have to be con-
sideredin the domainengineeringmay be found. Theserequirementsnay in uence the
domainanalysisdesignor implementation.

The gatheringof domainknowledgeis not only an actiity whereexternalinformationis
processedgust once. Knowledgegatheredduring the other partsof the procesanay also
changethe view on the domain. The sameholdstrue for all parts. Evena customdevel-
opmentmay eventuallyleadto the inclusionof partsof thatdevelopmentinto the domain
designor implementation.

3.4.1 Domain Analysis

The domainanalysis(DA) is the mostimportantand probablyalsothe mostdif cult step
in developingof family-basedsoftware. It is mainly concernedvith de ning the problem
domain Theterm “problemdomain”is used,becauset describeghe differentproblems
the family membershave to solve. The goal of DA is to modelthe problemdomainin a
way thatcanbe usedto producea softwarefamily for it.
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In orderto be ableto producea modelfor a domain,everyonemustagreeon what the
domainactuallyis. Thereforethe rst actwity in DA is to de ne the scopeof the domain
thatis, to nd a measurdo decidewhich problemsbelonginto the domainandshouldbe
supportedy family membersandwhich do not.

DA requiresan in-depthunderstandingf the (possible)problemsof the domainto give

a preciseand clear de nition of the domainscope. The domainexpertsare responsible
for thescopede nition. They have to createthede nition in cooperatiorwith all potential
staleholdes of thedomain like endusersdomaindesignergandimplementorsapplication
analystsaanddesignersandeventhe developingorganizationrmanagement.

The scopingactity, like all otheractiity in domainanalysis,usually doesnot produce
nal resultsmmediately Resultsof thefollowing actvities duringthedomainanalysisand
alsoduring the other partsof domainandapplicationengineeringmay leadto a changed
view on the domainandcould eventuallyresultin a changedandimproved domainscope

de nition.

The next activity is to nd out whatdifferentiateghe problemsin the domainandwhatis
commorto all problemsor subset®f them. Theresultsof this variability andcommonality
(VC) analysisalreadygive a measurdo evaluatethe scopede nition with respecto the
rangeof problemsncluded.

If the numberof commonalitiesis high and only a very limited numberof variabilities
exists, the scopemight be too smallto justify the developmentof a family. If the number
of potentiallyusefulfamily memberss too small,the additionaleffort for creatinga family
couldbewasted.

It is alsopossiblethatthe VC analysisshavs alow numberof commonalities.This could

indicatethat the scopeis too wide, therecould be too mary systemsn the domainthat

have not enoughin commonto be effectively produciblefrom the sameset of reusable
abstractions.However, sinceall theseindicatorsare very soft, it is not possibleto give

generahdviceonhow to interprettheresultsof theVC analysis.Experiencdrom previous,

comparablgrojectsis necessaryo decidethis matter

Thescopeandrepresentatioof theresultsof aVC analysidiffersfor differentmethodolo-
gies. Most methodologiesisea graph-like structureto representommonalitiesyariabili-
tiesandtheir relations. Somemethodsadditionallyinclude casediagrams statediagrams
andothermeango representhe problemscoveredby thedomain.

To enablediscussionduring the analysisand to communicatets results,it is necessary
for all personsnvolved to understandeachother Often, differenttermshave the same
meaningto different personsor, even worse,the sameterm is interpreteddifferently by
differentpersons.To solve this problemmostmethodologieproposehe creationanduse
of adomaindictionary Suchadictionaryholdsthede nitions for all speciatermsrelevant
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in the domain. The domaindictionaryis createdat the beginning of the domainanalysis
phaseandextendedater, if required.

The scopede nition, the resultsof the VC analysisand the domainterminologydictio-

narytogetherform a modelof the domainthatis thenusedin the subsequerdevelopment
actuities.

Themainproblemof domainanalysids thatit reliesmostly on soft factorslike knowvledge
aboutthedomain,the appropriatechoiceof the domainscope commonalitiesandvariabil-

ities. Evensmall changesnay resultin completelydifferentresultsthatmay t betteror

worse.In generaljt is not possibleto decidewhethera betterdomainrepresentatioexists.

3.4.2 Domain Design

Thedomaindesignactiity translatesheresultsof the domainanalysigthedomainmodel)
into asoftwaredesignthatallowsto createhedifferentfamily memberdromit. Foragiven
domainmodeltheremight be mary differentdesignghatcouldbe used.The choiceof the
designis in uenced,for instancepy the skills of the designerandthe availabletools.

Oneof the mostimportantin uencesis the natureof the domainitself. If, for instance,
a high degreeof variability mustnot causeavoidableoverhead the chosendesignhasto
ensurehis.

The methodologievary extremelyin the way they supportthe domaindesignactiity. A
numberof methodologie®nly de ne the procesf how to createa domaindesignbut do
notprescribeaspeci c designmethodology(for exampleFAST [WL99], ODM [SCK* 96])).

While this permitsthe useof thesemethodologiesn a wide rangeof domains,the price
to be paidis that externaldomaindesignmethodologiedave to be integrated. Someother
methodologiesle ne aspeci c wayhow theresultsof thedomainanalysiscanbetranslated
into a designmoreor lessdirectly (for exampleGen\bca[BO92] or DEMRAL [Cza9§).
Usually thesemethodologiest only for a smallerrangeof domains but areeasieno use
andproduceresultsin shortertime.

3.4.3 Domain Implementation

Theimplementatiorof asoftwarefamily from adomainmodelis thelaststepin thecreation
of asoftwarefamily. Thoughthedesignhasa strongin uence ontheimplementationthere
is still a high degreeof freedomfor an implementation. Object-orienteddesignscan be
realizedwith a numberof differentprogramminganguages.As with the domaindesign,
thedomainimplementatiordepend®nfactorsik e developerskills, resourceonstrainetc.

To implementfamilies and especiallythe variability within families, it is possibleto use
differenttechniquesdependingon the designand other criteria like the binding time of a
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variability (con gurationtime, compiletime, link time or run time). Thesetechniquesre
discussedn moredetailin Section4.

3.5 Application Engineering

Applicationengineerings thecounterparto domainengineeringTheresultof thedomain
engineeringthe softwarefamily, is deployedto construcia speci ¢ application.

3.5.1 Requirement Analysis

Therequiremenganalysiscapturegsheneedof theapplication.To beableto selectafamily
memberfrom the software family, the requirementdave to be expresseckither directly
in termsof the domainmodelor have to be translatednto thosetermseithermanuallyor
automatically

Thedomainmodelcanbe usedto guidethe applicationengineeruring the analysis asit
alreadyshouldcontainthe relevantvariationpointsandcommonalitiedor the givenappli-
cationdomain.

The requirementsanalysismight also detectde cienciesof the domainmodelif, for in-
stancea variability thatis notrepresenteé thedomainmodelis found.

3.5.2 Application Design and Implementation

The applicationdesignactiity createsa designthat matcheshe requirementf the ap-
plication that were identi ed during requirementsanalysis,using the appropriatefamily
memberof the softwarefamily.

Theapplicationdesigndoesnot have to be stronglyrelatedto thefamily design.If afamily
exportsits functionality throughcommoninterfaceslike COM/DCOM interfaces[Rog97
or ary other API wherethe designof the family is virtually hidden,it is not necessaryo
usethe designprinciplesof thefamily for the concreteapplicationdesign.

Likewise,theapplicationmplementatiorusegheimplementatiorof thefamily membeibut
may implementits own additionalfunctionality with differentimplementatiortechniques.
If thefamily membeiis representetbr exampleby CORBA componentandimplemented
in C++,theapplicationrmayuseJavafor its implementatiorandcommunicatesia CORBA
protocolswith its family component(s).
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3.6 Selected Approaches

Thefollowing sectioncontainsa selectionof methodologieshatareusefulfor thecreation
and useof software families. Someof the methodscover only partsof the processfor

examplethe domainanalysis)and have to be combinedwith otherapproacheso create
andusefamilies. Othersprovide a full solutionfor family developmentand deplgyment.
The selectionof approachesvas basedon their in uence on the family-basedsoftware
developmentandtheir usability in practice. The presentatiorof the differentmethodsis

organizedbasedn the variability modelingapproachusedin the methodology

3.6.1 Domain-Specic Languages-Based Methodologies
3.6.1.1 Draco

In his PhD thesis[Nei80], Neighborspresentedvith Draco the rst domainengineering
approachHis modelfor thegeneradomainengineeringprocesith separatiorof domain
engineeringrom applicationengineerings still valid. Almost all never modelsare only

re nementsof this model.

Neighborsrecognizedhatit is importantto represent domainin alanguagehat ts the
problemsof the domainratherthanusing a general-purposprogramminglanguage.He
introducedthe term domainlanguaye? for theselanguages The Dracoapproachs based
on source-to-sourcansformation®f domainlanguagesThe Dracotool chainallows to
specifyandtransformthe domainspeci ¢ languageinto statement®f a general-purpose
language.The differencebetweemormalcompilertechnologyand Dracotransformations
is thatthe transformationsre userde ned andcanbetaggedwith constraintfor a selec-
tion of transformationdasedon domainknowledge. Thatin turn enablesiomain-speci ¢
optimizations.This is achieved by includingmorethanonepossibletransformatiorfor an
inputlanguagestatemenfrom which oneis selecteasedn the givenconstraints.

Theinitial Dracosystemhadsomede cienciesregardingscalability For eachnen domain,
the processof developinga domainspeci ¢ languageandits transformationgo the tamget
languagéhadto beredonefrom scratch.This haslaterbeen x edin Draco[Nei84] with the
introductionof subdomains.

A subdomairrepresents part of the solution for the parentdomain. It is a Draco do-
mainitself, usingits own domainlanguage.The parentdomaincanusethe subdomairby
providing a mappingof its domainlanguage(or partsof it) to the subdomainanguage.
This canincreaseeusabilitysigni cantly. Carefullydesignedubdomainganbereusedn
mary differentcontexts underthe assumptiorthatit is easierto provide the mappingthan
to developnew transformationsr adapttransformationgrom otherdomains.

2Todaythetermdomainspeci ¢ language is morecommon but hasessentialljthe samemeaning.
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Figure3.3: The FAST procesgtakenfrom [WL99])

3.6.1.2 FAST — Family-Oriented Abstraction, Specication and Translation

The Family-OrientedAbstraction,Speci cationand Translation(FAST) approachwasde-
velopedby Weissetal. [WL99]. FAST hasits rootsin the SynthesigCBFO91]approach.
FAST is a customizablgrocessaandartifact modelfor family-basedoftwaredevelopment.

Thedevelopmentprocesss describedn termsof artifacts,stepsto producetheseartifacts
andan associatedole model. Eachartifact hasa de nition wherethe structure possible
statesandtransitionof eachartifactaredescribed.

The basicstepsfor producinga software family are shavn in Figure ??°. FAST starts
with a domainqualifying activity to decidewhetherit is worthwhile to paythe increased
initial investmenfor developingafamily whencomparedo developinganumberof single

systemdor thedomainof interest.If the qualifying actiity resultsin a positive evaluation

scopeyariability andcommonality(VC) analysigfollows.

Theresultsfromthisanalysisarerepresentedslists. For eachvariability asetof parameters
of variationis de ned. Theseparametersith their value rangesdescribethe different

3FAST'sdomainanalysisactiity includesthe domaindesignactivity.
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variationspossibleatthatpoint. A decisionrmodelis derivedfrom thevariabilitieslist. This
modelcontainsan orderedlist of decisionsandallows to differentiatethe possiblefamily
memberdasedon thesedecisions.As with the resultsof the VC analysisit is not clearly
de ned how thesedecisionsshouldberepresented.

The decisionmodelis usedto de ned an application modelinglanguaye (AML) for the
descriptionof the family members.An AML canbe arything from simply more or less
informaltext, whichis processednanually up to anew languagdor which compilershave
to bebuild. Thedecisionwhatkind of AML representatioto usedepend®n the natureof
thedomain,thedevelopmentervironmentandalsothe skills of the developersinvolved.

The domainimplementatioractivity consistsof the implementatiorof the AML erviron-
mentandincludesthe constructiorof tools, librariesanddocumentatiorior the AML.

The applicationengineerusesthe ernvironmentto modelthe applicationin termsof the
AML. The AML toolsthengeneratall or partsof the applicationfrom that AML speci -
cation.Partsthatcannotbe generatedreaddedo producethe nal application.

The strengthof the FAST procesdies in its detailedprocesanodelthatis supportedby a
procesanodelingapproach(Processand Artif act StateTransitionAbstraction- PASTA).
This modelallows anorganizatiorto introducefamily-basedievelopmentasilyby follow-
ing the processmodelandchanginghe processaccordingo its needs.

Dueto its generalapproachFAST doesnot give muchinformationon how to implementa
family. Therepresentatiofor commonalitiesandvariabilitiesis wealer andlessformally
de ned asin FODA or otherfeaturemodel basedapproaches.On the other handit is
possibleto customizethe procesdor the useof featuremodelsfor this representation.

3.6.1.3 P3

P3[BCRWOO0] is a DSL for containerdatastructures.lt is implementedusinga Gen\oca
generatgrseesection4.5.1for a detaileddescriptionof Gen\bca. Its rootis P2[BTS94],
anearlierapproachor the sameapplicationdomain.

P3is notanentirely new languagebut extendsthe Java languageo supporteasyde nition
of containerdatastructuresand ef cient accesgo them. The userof P3 hasto specify
how the containedatastructuresareconstructedrom basictypesandwhatkind of access
operationsare required. The generatedcodeprovides specialobjects(cursorobjects)for
datastructureaccess. Eachcursortype hasto be de ned usingthe DSL as part of the
containerdatastructuredescription.A cursorcanhave a numberof attributes,for example
how oftenthis cursorwill be used,predicatesle ning which dataitemsarevisible using
this cursor or whatoperationon the dataitemscanbe performedusingthe cursor From
this informationthe implementatiorof the datastructureitself andthe associateadursors
typesis generated.
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‘ Domain Analysis ‘

Context Analysis ‘ ‘ Domain Modelling ‘ ‘ Architecture Modelling
Structure Diagram Entity Relationship Diagram Process Interaction
Context Diagram Feature Model Model Structure Chart

Functional Model

Domain Terminology Dictionary

Figure3.4: FODA actvities andresults(from [KCH™* 90])

P3is a good examplewhereadditionaldomainknownledge, which usually cannotbe ex-
pressedatasilyin commonprogramminganguagess usedto provide implementationshat
aremoreef cient. Thecomparisorwith otherJava-basedibrariesin [BCRWO0O0] shawvsthat
usingthe additionalknowledgeleadsto betterperformancdor the DSL basedapproach.

3.6.2 Feature Model-based Methodologies
3.6.2.1 FODA — Feature Oriented Domain Analysis

TheFeatureédrientedDomainAnalysis(FODA) wasintroducediy Kangetal. in [KCH * 90].
A revisedversionof theoriginal FODA proces$asbeenincludedin theModel-Basedoft-
wareEngineering MBSE) methoddescribedn [SEI97].

FODA encompasses$reedifferentactvities (seeFigure3.4):

Feature modeling providesa modelof end-usewisible featuresthatare presentin the
given domainby providing a descriptionfor eachfeatureand a relationshipmodel
for thesefeatures.A detaileddiscussiorof featuremodelsis givenin the respectie
sectionbelow.

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

Operational analysis captureghepossible o wsof dataandcontrolwithin theapplica-
tionsfor the domain. FODA allows the useof differentrepresentationfor this kind
of information,for examplesequencehartsor statediagrams.
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Feature Models: Thecentralelementof the FODA methodologyis the featue model
A featuremodelrepresentthe commonalitiesandvariabilitiesof thedomain. A featurein
FODA is de ned asanend-usewisible characteristicsof a system

Featuresreorganizedn the form of featue models A featuremodelof adomainconsists
of

Feature description: Eachfeaturedescriptiorin turnconsistf afeaturede nition and
arationale.

Thede nition explainswhich characteristiof thedomainis describedy thefeature,
sothatanenduseris ableto understandhe purposeof the feature. This de nition
may be given asinformal text only or asa de ned structurewith prede ned elds
andvaluesfor someinformationlik e thebindingof thefeature thatmeanghetime a
featureis introducedn the system(con gurationtime, compiletime,...).

Therationalegivesanexplanationwhenor whennotto choosea feature.

Feature relations: Thefeaturerelationsde ne valid selection®f featuredor adomain.
The mainrepresentationf theserelationsis the featue diagram Sucha diagramis
a directedagyclic graphwherethe nodesare featuresandthe connectiondetween
featuredndicatewhetherthey areoptional,alternatve or mandatory Table3.1gives
anexplanationonthesegermsandtheirrepresentatiom featurediagrams Additional
constraintsanbeexpressedscompositiorrules Possibleconstraintsncludethata
givenfeaturecanonly beincludedif two of threeotherfeaturesareselectechswell,
or thatthe featuremay not be chosenif oneof a speci ¢ setof featuress selected.
The original FODA method,however, de nes only two constraints: requires and
mutex-with.

Going backto the cosineexamplegivenin Section2.3, it is possibleto modelthe reuse
problemdescribedn thatsectionwith afeaturemodelquiteeasily For the cosineexample,
a featuremodel shouldcontaina featurethat allows to specify the precisionrequiredfor

theresults(Precision )% afeaturethatrepresentsvhetherdiscreteanglevaluesareused
(ValueDistributi on), afeatureto expressthat x ed calculationtime (FixedTime )

is requiredandsoon. Thecompletefeaturemodelis shavn in Figure3.5.

A seriousproblemof FODA is thata featuremodelis focusedon the enduserof a family

alone. Differentstaleholdersmight have differentviews on the samedomainthat could

resultin differentfeaturemodelsfor the samedomain. A domaindesignercannotrequest
theinclusionof additionalfeatureghatarerelevantfor thedomaindesignbut shouldnotbe

visible to endusers.In latermethodologiesike FORM or ODM (seesections3.6.2.2and

3.6.4.1) this problemwasrecognizedand x ed.

“Thenamesn parenthesearethe featurenamesusedin theresultingfeaturemodel,seeFigure3.5.
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Featuretype

Description

Graphical representation

mandatory

MandatoryfeatureB hasto be
includedif its parentfeatureA is
selected

optional

Optional feature B may be in-
cludedif its parentfeatureA is
selected

H. H

alternatve

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

IH

or

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

H. H
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Table3.1: Explanationof featurediagramelements

Range Precision ValueDistribution

FixedTime

AN

Continuous | - | Discrete

e

| Equidistant

. | NonEquidistant

Figure3.5: Featurenodelof cosinedomain
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Feature — Architecture — Architecture

Modeling Design , Refinement
Feature Functional
Feature Model Functional Architecture Process anc
Model Architecture Deployment
Candidate Design Object Architecture
Objects Model
Candidate Object_» Design Object _» Component
Identification Modeling Design

Figure3.6: FORM developmeniactvities

Tool supportfor the FODA methodhasnot beenan integral part of the initial work. All
informationwasrepresenteth atextual or graphicalway andinterpretecby humans.The
adaptatiorof toolsto partially supportFODA hasbeendescribedn [Kru93].

FODA coversonly theanalysispartbut its principleshada greatin uence on the develop-
mentof mary otherdomainengineeringnethodologiegfor exampleFORM, FeatureRSBE
[GFd98],0DM, MBSE) thatincludedfeaturemodelsastheir maindomainrepresentation.
Therearealsospeci ¢ adaptation®f FODA for speci ¢ domainslike FODAcom [VA98]
thatprovidessuchanadaptatiorfor thetelecommunicationdomain.

3.6.2.2 FORM — Feature-Oriented Reuse Method

The Feature-OrienteBReusevlethod(FORM) by Kangetal. [KLLKO2] is anextensionof
the FODA method.It extendsFODA to includedomaindesignanddomainimplementation
basedn object-orienteccomponents.

FORM consistsof guidelinesfor eachof the six developmentactities shavn in Figure
3.6. The rst actiity is the creationof a featuremodelfor the given domain. The feature
modelingactvity is executedasin FODA but usesadditionalfeaturecategyories. FORM
de nesfour featurecategories:

Capability: Capabilityfeatureglescribeend-usevisible servicesandnon-functionaknd-
uservisible aspectaswell assocalledoperationsthatareinternalfunctionsrequired
to provide end-usewisible features.

System environment: Systemervironmentfeaturesde ne the external context of the
domainsuchasthe available computingenvironmentor protocolsandinterfacesto
otherdomains/systems.

Domain technology: Domaintechnologyfeaturesdescribethe domainspeci ¢ tech-
nologies,patternsmethodsgetc. thatare usedto implementcapabilityfeaturegthat
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meansservicespperationandaspects)Suchfeaturesareoftennotreusablen other
domaing(unlike theimplementatiortechniqueeaturedelow).

Implementation technique: Implementatiortechniquefeaturesare moregenericthan
domaintechnologyfeaturesandrepresentlesignandimplementatiordecisionghat
areusefulfor realizingotherfeatures.Examplesnclude designpatternscommuni-
cationmethodsor synchronizationmethods.

Any featurebelongsto exactly onecatayory. In afeaturemodel,the capabilityfeaturesare
thetop-level features.

Thefeaturemodelingguidelineconsistof anumberof recommendationdravn from prac-
tical experienceshathelpthe domainengineetto developadequatenodels.

Thearchitecturedesignguidelineproposeso modelthearchitecturén four separateiews
(functional,processdeploymentandmodule)to reducethe compleity of themodels.The
modelsform ahierarchywherethefunctionalmodelis thetop-level modelandalsothebase
for theprocessnodel. The processnodelis thentranslatednto thedeploymentmodeland
nally amodulemodelis derived.

Thecomponentesignactivity is usedto de ne thelarge-scalecomponentslesign.Thein-
put of thefeaturemodelingactivity givesanoverviev overthe commonandvariableparts
of the productline. Componentsre separatednto componentshat capturethe common
featuresof afamily. Thesecomponent$ave to be designedo allow extensionby product
speci c componentsTheproductspeci c componentsapturethevariability of thesystem.
Theguidelinerequestso designthe componentsn sucha way thatthe binding of compo-
nentsto deploymentcontets is separatedrom the componenitself asmuchaspossible.
This allows for themost e xible (re)useof acomponent.

For components cateyorizationis suggestedoo. Six differentcomponentateyoriesare
given:

Work- o w management components realizebusinesgprocessem businessapplica-
tionsandcontrol,coordinatiomandsynchronizatiorin embeddedystems.

Functional components realizethecorefunctionalitiedik e datatransformationgrans-
actionsetc.

Domain technology components realizefunctionalitiesthat enablefunctional com-
ponentgo provide their functionalities. An exampleis the transmissiorof nancial
datain ane-commerceaystemhatcanbe changedndependentlyrom thedatato be
transmittedwhich comesfrom functionalcomponents.

Interface components realizethe higherlevel part of communication(protocols,data
conversion)betweercomponent®r devicesoutsidethe system.
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Data sharing components realizedatarepositoriefdatabase,..) .

Comm unication/sync hronization components providecommunicatiorandsynchro-
nizationabstractiongor interactionbetweenrcomponentsThesecomponentareof-
tenusedto abstracfrom the middle-ware or operatingsysteminterfaces.

FORM s intendedfor the implementatiorof large-scalesystems.The guidelinesallow an
engineeto bene tform arelatively detailedcateyorizationof featuresandcomponentshat
helpto organizethe architectureandcomponentslesign.

The main additionof FORM to the original FODA methodarethe featurecatayoriesthat
allow the representatiomf not end-userelatedfeaturesin the model. But FORM does
not answerthe questionof how to implementthe componentarchitecture FORM doesnot
includetool supportfor ary of its activities.

3.6.2.3 Other Approaches

FeatuRSEB — Featured Reuse-Driven Software Engineering Business [GFd99
combineghe usecase-baseBRSEBmethodologywith featuremodelingasan elementfor
managingthe variability. The featuremodelis the centralmodelto which usecasesare
attachedn orderto illustratebehaior of differentmemberr membermgroups.

3.6.3 Decision Model-Based Methodologies

MRAM — Method for Requirements Authoring and Management Mannionet
al. proposedn [MKKW99] the MRAM approacHor representinghe requirement®f an
applicationin termsof applicationfamily requirements.The applicationfamily require-
mentsrepresenthe domainmodelof the family. The domainmodelis a hierarchicalbrga-
nizedtreeof requirementsvith the sameexpressienessaasfoundin featuremodels.

A requirementanbemandatoryoptional,asingleadaptor( = alternativefeatue in feature
models)or amulti adaptor( = or featue in featuremodels).Thedifferencebetweerfeature
modelsandthe MRAM modelis thatMRAM prescribesnorderin whichtheusertraverses
thedomainmodel. Startingfrom therootrequirementadepth- rst searctis performedand
if a non-mandatoryequirements found, the userhasto malke a choicewhetheror which

requiremento choose Requiremenbrancheshatlie belov anunselectedequirementire
not consideredor theremaindeiof thesearch.

Theauthorsclaimthatthis stratgy reducegshe numberof decisiondo be madeby theuser
andbelieve thatthisis superiorto whatthey call “free selection”asit is usedin thefeature-
modelbasedapproachesBut this claim doesnot holdin generalsinceevery featuremodel
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hasthe sameexpressienessasa MRAM modelwith the samehierarchicalstructureand
canbe usedwith the samealgorithm. The ability to view and explore the whole feature
modelcanbea greatadvantage . Theusermight seeafeatureandthe pathto thatfeaturein
themodel,soheor sheknowvs which otherfeaturesarerequiredin orderto obtainaspeci ¢
feature.Thisis not possiblewith the MRAM approachhattriesto hidethe modelfrom the
user

Tool supportfor de ning andusingaMRAM modelexistsandis describedn [MKKW99].

3.6.3.1 Other Approaches

PULSE hasbeendevelopedat FraunhofelESE[BFK™* 99]. It consistof asetof domain
engineeringnethodologiethatcanbecombinedaccordingo theneedsf thecustomerand

the skill level within the customess organization.The partof PuLSErelatedto variability

and commonalitymodeling (PuLSE CustomizableDomain Analysis), usesa table based
variability model. Eachvariability is listed with its permissiblebindingtimes,valueranges
andconstraints.

As thereis notools supportfor PuLSEavailable,the procesof derving afamily 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

The ODM [SCK™* 96] is a domainengineeringnethodologythatintegratesconceptsrom
otherapproachesgven from non-softvare domains,nto a completeguidefor the domain
engineeringprocessODM, like FAST, intendsto be completeon the onehand but opento
specializatiorandcustomizatioron the otherhand.

ODM usesa differentterminologyfor its actvities but ts in the generalmodelfor the
domainengineeringprocess.The actvities plan domainandmodeldomaincorrespondo
the domainanalysiswhereaghe engineerassetbaseactvity includesthe domaindesign
andimplementation.

ODM's highlight is the introduction of a more elaborateview on mary issuesalready
presenin othermethodologies:

Stakeholder s: Theanalysigesults({domainmodels)of ODM arerelatedto staleholders.
For eachstaleholder for instancehis or herfeature(s)f interestcanbetraced.
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Feature: To supportthe conceptof staleholderswhich do not have to be endusers fea-
turesdo not have to be visible to endusersin the senseof FODA but have to be of
interestfor atleastonestaleholder

Domain types: ODM characterizeglomainsby a type that explains the natureof the
domain. A domaintype is built from a combinationof attributeslike native or in-
novative domain,encapsulatedr diffuseddomain,etc. The domaintype de nition
permitsspecializegprocessefor differentdomaintypes.

Asset base scoping: ODM explicitly allowsthepartialimplementatiorof domainmod-
elsexplicitly by rst prioritizing featuresfrom the domainmodelduring the imple-
mentationactiity. Featureghat do not have enoughpriority are thennot imple-
mentedevenif they arepartof themodel.

ODM hasto becustomizedthatmeansnstantiatedpeforeit canbeusedn anorganization.
Thereforetheinitial effort whenintroducingODM is quitehighaswell astherisk of failure.

Other Approaches

DEMRAL — Domain Engineering Method for Reusab le Algorithmic Libraries
DEMRAL [Cza9§ is notanentirely new approachbut a specializatiorof ODM in combi-
nationwith adomainimplementatiorapproachThemethodologyallows to develophighly
ef cient algorithmiclibrariesbasedn generatie programmingconcepts.

3.7 Summary

The numerousapproachepresentedn this chapterare not asdifferentasthey might ap-
pear Most approachessefeaturemodellik e variability andcommonalitymodels(FODA,
FORM, FeatureRSBEMBSE) or modelsthatcanbe easilytransformednto featuremod-
els (MRAM, PuLSE).The adwntageof featuremodelbasedconceptss that the models
are easyto understandand scalequite well with larger domains. A dravback of feature
modelsandsimilar models,s thereducedeusabilityof thefamily artifactsdueto thetight
couplingto problemdomainspeci c featuremodels.

Approachedasedndomainspeci c languagesanprovide anappropriatavay of express-
ing thefamily membersandgenerateéhosefamily membergrom themembeispeci cation.
However, the effort for building a DSL is ratherhigh, sinceit requiresexperiencedeams.
Theuseof DSL is probablynotjusti ed in mostcasesgspeciallynotin smallerprojects.
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3.7 Summary

Themainfocusof mostmethodologiess the organizationof the developmentprocessand
the domainanalysisactiity. BesidesFORM and partially FAST, no methodologygives
detailedinstructionsregardingdesignandimplementation While thesephasesrecovered
by all presentednethodologiesyith the exceptionof FODA, to someextent, thereis no
focuson deriving the software designor implementatiorfrom the resultsof the analysis
directly.

Tool supportis a anotherweak point of almostall approachesDedicatedtool supportas
an integral part of the methodologyis only available for Dracoand FAST, for MRAM a
modelingtool exists. While it is consensushat tool supportis a critical factor for the
succes®f a methodologyall othermethodologieseitherrequirenor provide toolsor tool
chainintegration.

While theseapproachegsontainmary valuableideas,their practicalusability in embed-
dedsoftware developmentis quite limited becausef the missingtool support,mismatch
betweenthe knowledgeandskill level thatis requiredand available,andthe investments
requiredfor domainengineeringTable3.2 givesa summarizedvervien. Thetableshavs
that featuremodelingrelatedmethodologiedike FODA and FORM are good candidates
for furtherinvestigationssincethey provide a goodscalabilityof the model,do notrequire
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 domainengineeringnethodologiepresentedn Chapter3 are not complete. They

focusmainly on the overall processnodelfor family-basedsoftwaredevelopmentFAST,

ODM, PuLSE).Someof them(ODM, FODA, FORM, FeatuRSEB)ncludea detailedde-
scriptionof how to performthedomainanalysisandhow to represenits results.But almost
none,with the exceptionof FORM, give adviceon how to designandimplementa family
usingthe artifactsproducedduring the domainanalysis.Neverthelessdesignshave to be
developedandimplemented.

Thefollowing sectionanalyzegechniqueswvailablefor softwarefamily realization.In order
to understandvhento usea certaintechniqueijt is importantto know its limitations and
implications. Becausdghe domainsvary in sizeandnaturethereis no “ts all” technique
available for implementingvariability. Sometechniquesare very easyto usebut do not
scalewell, othersrequireextensve initial investmentsn termsof time andmanpaver, but
canbe usedwith very complex domains othersin turn areusefulonly for certaintypesof
domains.

Thesuney focuseon

Variations thataresupportedoy the technique.This includesthe point of variationand
thetime atwhich thevariationis resohed (bindingtime). Seethe Tables4.1and4.2
for thevariationpointsandbindingtimesconsidered.

Performance impacts of variationpointimplementationsDifferentkinds of variation
pointsand binding timesrequirea certainamountof memoryand processingime
thatmightbeareasorfor choosinga speci ¢c implementatiortechnique.

Combination of techniquesthat meanswhethera certaintechniquesan be combined
with othertechniques.

Under standability of the systemimplementation.

Suppor ted domains thatmeandor whatkind of problemdomainsa solutionbasedon
thistechniques adequate.
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Binding time

Description

con gurationtime

Thevariationpointis boundby generatinganimplementatiorwhere
thevariationis alreadyremored.

compiletime

The implementatiorlanguagecompilerbindsthe variation point to

a variation. This binding cannotbe changedater The binding re-

lies on the implementatiorlanguagefeaturesfor instancetemplate
evaluation.

loadtime

Thevariationpointis boundat loadtime. Oneof the possiblevari-
ationsis includedin the executable.This is differentfrom compile
timevariationbecausé is basednobjectcoderatherthanonsource
codeselection Examplesaresharedibraries.

runtime

Theapplicationis ableto changehevariationduringruntime, 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.
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4.1 Preprocessors

When designand implementationactiities for single systemsoftware developmentand
software family developmentare comparedit is obvious that family-basedsoftware re-
quiresa higherdegreeof variability.

Thesoleuseof programmingconceptsandlanguageshatareonly designedor singlesys-
temdevelopmento realizesoftwarefamiliesoftenyieldsresultsthatarehardto understand
[SC92]or do not meetthe performanceequirement$HU96].

Althoughmary differentprogrammingparadigmsouldbeusedfor implementingsoftware

families, only object-orientedorogrammings investigatedurther sinceotherparadigms
do not play an importantrole (for examplelogic programmingand functional program-
ming) or canbeseenasa (very) limited subsebf object-orienteghrogrammingimperatve

programming).

4.1 Preprocessor s

Someof the mostwidely usedprogrammindanguage$C andC++) featurea built-in pre-
processqrmary otherscanbe usedin conjunctionwith an externalpreprocessolike m4,
thestandardJnix preprocessor

Preprocessormgerformtextual manipulationson programsourcecodebeforecompilation.
This allows to exchangeplaceholdestringsby concretevalues. Marny preprocessoeven
allow to write macrosthatcanbe executedandin turn generatgorogramsourcecode.

Preprocessom@rewidely usedto implementvariationsat compiletime. Basedon con gu-
rationinformationthatis fed into the preprocesspmacrosmay generatalifferentprogram
codeor setdifferentvaluesfor constants.

Theuseof preprocessdanguagebearssomerisks. Usually theerrorcheckingcapabilities
arevery limited. In orderto verify if the preprocessoproducesthe intendedresults, it
is necessaryo checkthe outputof the preprocessingtate. This checkinvolvesin most
casehumaninspectiorof arbitrarylarge preprocessegeneated output,whichmakesthese
checksneffective anderrorprone.

4.2 Object-Oriented Languages

Themajority of programsarenovadaysimplementedisingobject-orientedanguagedike
C++, C#, Java or Smalltalk. Accordingto Wegner[Weg86], an object-orientedanguage
provides

1The GNU projectprovidesanopensourceimplementatiorof m4. For moreinformationsee[Gnul].
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encapsulationf datastructuresandoperationson the datawithin classes,
inheritanceof classdatastructuresandoperationgmethod),

objectsthatareinstantiatedrom a class.

While notall programmersisetheseeaturesn their OO programsthosebasicmechanisms
provide a goodbasefor implementingvariation. 2

4.2.1 Inheritance

The inheritancemechanismallows the implementationof extensionvariation points. A
baseclassprovidesa commoninterfacethatis sharedoy all extensions.Eachextensionis
implementedasa subclas®f this baseclassandprovidesspecializedmplementations.

Thespecializatiorof animplementatiorcanbedonein severalways:

Interface change: Theinterfaceof thebaseclassis extendby anadditionalmethodthat
providesanew operationor amethodis removedfrom theinterface’.

Method change: An alreadyexisting methodis replacedy a changedmplementation.

Data addition: Additional datamemberof theclassareintroduced.

This variationcanbeboundatary time becausét is possibleto introducenew subclassm-

plementationgatcon gurationtime (sourcecode) atlink time or loadtime (objectmodules)
andat runtime (dynamicloadingof objectcode)aswell. Dependingon the programming
languagenotall bindingtimesaresupportedy thelanguagealirectly but requireadditional
supportfor examplefrom the run-time system. Java, for instance doessupportdynamic
loadingof new classesnto the running programby its classloader whereasC++ hasno

built-in supportfor this.

Alternativevariation pointscanbe implementedik e the extensionvariationpoint but only
oneof the available extensionds actuallyused. In this case the systemmustensurethat
only thecorrectextensionis usedall thetime. Thealternatve mustnotbeboundmorethan
once.

An option variation point can also be realizedby using a subclasghat implementsthe
optionalpart. If anobjectis instantiatedrom the baseclassit doesnot supportthe option.
If it is instantiatedrom the subclasst supportghe option.

2Someof theconceptsanalsobeemulatedn imperatize languagesik e C or Pascalwith additionalcodeand
lessstrict checkingof type systemsetc.
SWhile Eiffel [Mey92] supportgheremaoval of methodsmostotherobject-orientedanguagesio not.
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Figure4.1: Featuremodelexhibiting dependentariability of features

<<variation>> A

Figure4.2: Classnumberexplosionproblem

If thevariationpointsaresub-\ariationsof anothewariation,inheritances anef cient way
to implementthesevariations. The featuremodelin Figure4.1 canbeimplementecdeasily
usingary object-orientedanguage.

However, inheritancdacesseriougproblemswhendifferentvariationpointsthatareimple-
mentedvia inheritancearecombined.Figure4.2 demonstratethe problem.

Thefeaturemodelrequestdwo differentvariationpointsthat could be implementedising
inheritance. Both extensionvariationsare independenfrom eachotherand can be real-
ized by a singlemethod. The classeB1-B2 and C1-C3implementthesemethods.Using
inheritanceit is necessaryo combinetheminto a hugeclasshierarchywith 6 classe$.

Object-orientedanguageshatdonotsupporimultipleinheritancearenotableto implement
morethanoneindependentariationpoint with inheritance but somelanguagedike Java
allow to simulatemultiple inheritancevia interfaceinheritancemechanismsseethesection

46 = (numberof variantsof classB) * (numberof variantsof classC).
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Figure4.3: Aggregation-baseimplementatiorof dependenteaturevariability

onaggrgationbelow.

Application of inheritance-basetechniquesare describedin [SB00] (C++) and [BC9(]
(CLOS).

4.2.2 Aggregation

Objectaggr@ationis the combinationof instancesf different classesas datamembers
in anotherclass. The aggreating classties all the differentaggregatedclassegdogether
by its own methods. Aggregation allows the combinationof independengxtensionsand

alternatves even for OO languageshat supportonly singleinheritancebut still facesthe

problemof classnumberexplosionas describedn Section4.2.1. The realizationof the

featuremodelfrom Figure4.2 usingaggreationis shavn in Figure4.3.

The useof genericor parameterizetlypesofferedby someobject-orientedanguages al-
lows to avoid there-implementatiomf theaggregatingclassfor eachpossiblecombination.
The genericimplementationof the aggreation classis parameterizedvith the possible
combination®f classeshatimplementthe variations.

SC++ supportsgenerictypeswith its templatemechanismfor Java several languageextensionsfor generic
typeshave beenproposedy severalauthor§BOSW98,MBL97, Vir01].

64



4.3 Meta-programming

4.2.3 Uses-Relation

Theuses-relations anotherway to implementvariationpoints. Insteadof aggreatingthe
objectinstancesn the class,only a referenceo an objectof a given classtypeis stored.
Thereferences resohedatruntime andthereferenceabjectis accessedy changinghe
referenceo pointto anotherobject,alternatve objectscanbe accessedEachof thoseob-
jectsmightrepresent variation. The differencebetweeraggr@ationandthe uses-relation
is thatfor anaggr@atedobject,thevariationis boundatinstantiatiortime, whereas varia-
tionimplementedria uses-relationsanbe changediuringthewholelifetime of the object.

4.2.4 Parameters

Parametersare often the mosteasiestway to realizea variation. Parametersare given to

objectsat instantiationtime or suppliedby a methodcall. The instantiationcodeor the
methodimplementatiorevaluateghe parameteduringruntime andbehaesdifferentlyfor

differentparametevalues thusrealizingvariation. Alternatvesandoptionscanberealized
by booleandecisiondbasedn the parametevalue,extensionausea discriminatorfunction
to decidewhich extensionis goingto beused.

Thedrawvbackof usingparameterss thatthe bindingtime is usuallyresoled at run time
every time the variationpoint is accessedThis may causeseriousoverheadwhensucha
variationis accessedery often. Somelanguagesandcompilers(C++,Eiffel) have limited
supportfor constantpropagatiorand partial evaluationat compiletime, but mostobject-
orientedanguagesio not supportthis.

4.3 Meta-programming

For a programminglanguage rules exist that de ne for eachbasic statementwhat will
happenf this statements executed.Meta-programmingllows to changehe semantidoy
introducinga way to modify the way a languageworks. It could be possible for instance,
to changethe way a methodcall is carriedout for all (or certain)classesThis canbe very
usefulfor pro ling applicationsor to make remotemethodcalls.

Somelanguagesre basedon the conceptof meta-programminglirectly, like Smalltalk
[GR83]or Beta[LKMM94], for othersit is possibleto de ne anenvironmentthatenables
meta-programmingp someextent. With the C++ templatemechanisnjiCEOQQ, Fro01], for

example,meta-programmingt compiletimeis possiblebut meta-programmingtruntime

is not.
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Figure4.4: Aspectweaving process

4.4 AOP — Aspect-Oriented Programming

While mary featureof asystenfamily canbeimplementedn clearlyde nedlocationdike
amethodclassor componentsomeof thefeaturesarecross-cuttinghe systemsmplemen-
tation. Thesecross-cuttingeaturesare called non-functionalfeaturesor aspectsvhereas
theotherfeaturesarefunctionalfeaturesof the system.

Therealizationof non-functionafeaturedik e synchronizationn uencestheimplementa-
tion of functionalfeatures AOP[KLM * 97] suggests separatiorof concernsFunctional
featuresarestill implementedn anormalfashion but theadditionalnon-functionafeatures
(aspectsareexpressedn aspectanguageshatallow to expressthe cross-cuttingaspect(s)
in an aspect-speci danguage. The aspectcodeis integratedinto the functional feature
implementatiorduring a weavingprocesdy the aspectweaver Figure4.4 illustratesthis
processTheweaving mighttake placebeforecompiletime usinga generatoor duringrun
time usinganinterpreter

The examplein Figure4.5shavs how a simplesensoreadoperationread_sensor()
writtenin C or C++, is eithermademultiprocessosafeor multi-threadsafewith the help
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/I activated in  multiprocessor case
aspect MPSafe {
advice execution(“% read_sensor()"): around()

{

do_spinlock()

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

return  retval;

}
h
/I activated in  multithreaded case
aspect MTSafe {
Semaphore mtSema(l); // semaphore shared by all instances

advice execution(“% read_sensor()"): around()
{
mtSema.wait()
int  retval = tjp->proceed(); /I call orginal function

mtSema.signal();
return  retval,

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

Figure4.5: Modelingsynchronizatiorusingaspects

of AspectC+HAC]. TheaspectMPSafe addssynchronizatiomusingspinlocksto thecode,
while the MTSafe aspecintroducessemaphordéasedocking. Theresultingimplementa-
tionsafterweaving shav how strongthein uence of theseaspect®n thefunctionalimple-
mentationis: therearemorelinesof codeconcerninghesynchronizatiorthanarenecessary
for theactualfunctionality

Functionalfeaturesarerelatively separatecindindependenso it is easyto handlevari-
ability on a functionallevel. Including a functionalfeaturemeansinclusionof its imple-
mentation. For non-functionalfeatures,this is not possiblebecauseheir addition may
modify/in uencetheimplementatiorof all otherfeatures Family-basedoftwaredevelop-
mentcanbene t from AOR becauséAOP malkesit possibleto handlemary non-functional
featuredn the sameway asfunctionalfeatureshecauseachnon-functionaffeaturehasan
isolatedimplementation.

AOP is arelatively nev eld, sothereareonly alimited numberof matureaspectian-
guagesvailable. Most notablyare AspectJAJ], which allows to weave Aspectswith Java
programs,and AspectC++[GSPS01aAC], which providesthe samefor C++ programs.
Weaving canbe performednot only at compiletime but alsoatloadtime, like AspectJl.1,
or atruntime [SP02]. However, suchideasarestill in their early stagesandnot yet widely
used.
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4.5 Generator s

Domain speci ¢ languagesan be usedto expressdomainknowledge more easily than
general-purposprogramminganguagesBut oftenthe effort to build a compilerthatgen-
eratesthe completemachine-gecutablesystemfrom a DSL is not feasible. The useof
standardrogramminganguagesndervironmentsasbasefor a DSL is oftenmuchmore
economical.

Domainspeci ¢ languagesillow to hidethe compleity of theimplementatiorof variabil-

ity from the userandallow for optimizationsbasedon applicationknowledge. Standard
compilershave their strengthin the ne-grained optimizationsof programcodeincluding

domainknowledgeaboutthetargetprocessoplatform. Only thecombinatiorof bothmakes
it possibleto generaténigh-performanceystems.

Creatinga new DSL for a domaincanbe a dif cult task,becauseét involvesthe creation
of thelanguagstself, the toolsto translatethe languagénto anothedanguagainderstood
by the following tools, and a supportingervironment(run-timelibraries, graphicaltools,

deluggers,...). The useof compilergeneratiortechnologiesanbe very helpful in this

case.

Theimplementationgeneratedisuallydeploy someof thetechniquepresentedbove like
staticmetaprogramsAOR OO, etc. but hidetheir compl«ity from theuser

45.1 GenVoca

Gen\bcaallows to modelafamily in termsof incrementakxtensionsof afamily, described
by equations.The valid equationsaredescribedby a grammar Using this grammar it is
possibleto describeeachfamily memberby its equation.

Theexamplegivenbelaov shavs the basicideaof Gen\oca. Thefeaturesa andb represent
basicfeatureghat canbe usedstand-aloneThe featuresc(X ) andd(X ) arefeatureshat
extendanotherfamily memberX . A family membeiwith thefeaturesa andc is described
by c(a). Thisfamily membercanbe extendedby the featured usingthe equationd(c(a)).
The grammarallows to specify anotherfamily memberwith the samefeaturesa; c andd
but a differentequationc(d(a)).

Comparedo a featuremodel, Gen\bca addsthe ability to describea structurein which
featuresareto be combinedand allows to attachsemanticgo the structure. That means
thata family membemwith the samesetof featuresout a differentequatiormay or may not
berepresentetly thesamemplementationAlthoughGen\bcanot necessarilylescribes
layeredarchitectureit is quiteeasyto derive suchalayeredarchitecturdrom theequations.
In this casethe creationof thegrammaralsodevelopsthe systemdesign.
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It is notrequiredthata Gen\bcagrammaiis processetby atool to generatea family mem-
ber In [CEOQ thegrammarsreusedo derive amatchingsystemarchitecturemplemented
by staticmeta-programmingn C++. Eachgrammarule is representethy a C++ template
andsystemsaarebuilt by combiningthetemplates.

Althoughthis approachs sufcient for somedomainsmary otherscanbene t from gen-
eratorghatprocessa Gen\bcaequationandgenerateéhe appropriatefamily memberfrom

it. Batoryetal. [BTS94, [BCRWO0O0] have developeda numberof generatorsupporting
differentkinds of implementationanguagedor family features. They have recentlyim-

plementedhe JTS[BLS98] that allows to generateGen\bcageneratorgor Java from a
Gen\bcagrammar

The limitations of Gen\oca are obvious: if the family architecturecan not be modeled
easilybe a layeredor stacked design,Gen\bcacannotbe used. Gen\ocais not a stand-
alonefamily-basedsoftware developmentapproachlt lacksthe domainanalysis.Though
Batory et al. give hints on whatto look at during the analysisactvity, the constructionof

Gen\ocagrammarselieson adomainanalysighatallows to modelthedomainin termsof

layersof features.

4.6 Summary

All techniquepresentedh this chaptemaybeusedto provide the differenttypesof varia-
tion points.However, thereis no singletechniquehatcanbe used but carefulcombination
of theappropriatdechniquess thekey. Somearevery easyto usein the rst placebut get
veryproblematidn morecomplex scenariosTable4.3givesanoverviev overthepresented
techniquesndtheir characteristics.

The C/C++preprocessais a goodexamplefor thisissue.lt is very easyto learn,available
in every C/C++compilerandcanbe very helpful but alsointroducesvery nastyproblems
dueto missingtypecheckingandthelike. Similar problemson a differentlevel canbe ob-
senedwhenstatictemplatemeta-programmings used.It providesvery interestingvaysof
compile-timecon guration of C++ applicationsout programmerson the otherhand,tend
to produce‘write-once” code. Statictemplatemetaprogramscanbe written by an experi-
encedprogrammeandmay provide the expectedresults.Theintentionof ametaprogram,
however, often cannotbe easily graspedoy anotherprogrammeror even by the original
programmerafter a while. Discussionswith users[Fr602 and Krzysztof Czarnecki,one
of theinventorsof statictemplatemeta-programmin§Cza03, attestedo this perception.
However, in combinatiorwith codegeneratorshereis awide rangeof applicationghatcan
bene t from staticmeta-programmintechniguesDynamicmeta-programmintgechniques
usuallyrequirevery specializedanguageshat are not main streamin embeddedystems
developmentand,evenmoreimportantly requiremoreprocessingover andcodesizedue
to the necessaryneta-programmingun time of thetamgetapplication.
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While parameterizatiortpgethemwith preprocessorss themostcommontechniquen em-
beddedapplications,it may causemary problems. Performancelependsheaily on the
“cleverness’of the compilers,for exampleif for constantparameterappropriatepartial
evaluationis performedat compiletime. Realizingcross-cuttingvariationsis alsoa weak
point of parameterization.However, for local run time, decisionparametersare a good
choice.

The object-orientedechniquegpresentea@bore provide a goodratio betweeneaseof use,
performanceémpactsandapplicability While mostembeddegrogramsarestill notwritten
in object-orientedanguagesthereis a trendtowardsC++ (EC++) andalsoJasa. Theuse
of aspect-orientetechniquewvill alsobene t from thistrend. AOPis agoodcompromise
betweenthe full power of meta-programmingMP) andthe problemof performancefor
dynamicMP)/understandabilitystaticMP) whenit comesto theimplementatiorof cross-
cuttingvariations.Drawbacksarethesstill limited tool support.However, with Aspectdand
AspectC++wo general-purposAO-languagesreavailable.

Lastbut notleast,codegeneratorareespeciallyin theembeddedavorld a well-knowvn and
alreadyappliedconcepto hidethecomplity of certainprogrampartsfrom theapplication
programmer However, the creationof nev codegeneratorss a demandingaskandonly
feasiblefor larger applicationdomains. Code generatorgshemseles may useall of the
techniquepresentedbove in their generatedode,asit is (mostly) hiddenfrom the users.

The main conclusionis that mostof the techniquesarerelatvely complicatedandnot di-
rectly usablefor typical embeddedoftware developers.The useof standardizeghrogram-
ming languagegC, C++, Java) togetherwith additionaltechniquedike codegenerators
and,to alimited degree,alsogeneral-purposaspect-orientethnguagegAspectC++ As-
pectJ)seemgo be the mostsensibleapproach.An additionalbene t, when standardized
techniquesare used,is the transferof developerknowledge andskills into new projects,
whichincreaseguality andreducesost.
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5 Tool-Based Construction and
Composition

Basedon the discussiornpresentedn the previous chaptersit is obvious that successful
applicationof the softwarefamily approachrequiresadequateool support.However, most
existing approachedo not comewith tool support.Thelack of tool supportfor thedomain
of embeddedystemgevelopmentwvasthe main motivationfor the work presentedn this
chapter

TheapproacHor embeddedoftwareproductionpresentedh this chapteris acombination
of

Family-based domain engineering — to producereusablesoftwarecomponentsvith
therequiredlevel of functionalvariability.

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

An integrated tool chain — toconnectdlomainmodelswith designandimplementation
andaid the userof components.

Theexplicit goalherewasnotto inventa completelynew solutionfor domainengineering
but to reusethebestof themary alreadyexistingmethodsandto improve thepartsthatneed
it. Specialattentionhasbeenpaidto the practicabilityof the methodsn embeddedievel-
opmentcontets. It wasnotintendedto develop a universalmethodthatis ableto support
everyfamily-basedlevelopmenbptimally but ratherto provide a solutionfor restrictedsets
of problemdomainsn theembeddedontext.

Thebasicideaof CONSUL! is to provide a setof toolsfrom acommonbasefor eachphase
of the family-basedsoftware developmentprocess. To ensurethe ability to integratethe
CONSUL toolswith othertools, it hasto be designedasanopenframeavork thatintegrates
the datasourcesand othertools usedthroughoutthe family-baseddevelopmentprocess,
like the modelingtool for VC analysis,object-orientednodelingtools, codegenerators,
compiler UML or SDL descriptionsdocumentationsourcecode etc.

1CONSUL = CON guration SUpportLibrary

73
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Figure5.1shavsthefour cornerstonesf family-basedoftwaredevelopmentandthemod-
elsusedin CONSUL to representhe necessarynformation. The problemdomainis rep-
resentedby hierarchicalfeaturemodels,an extendedform of the original FODA feature
models. For the solution domain, that meansthe concretedesignof a software family
andits implementatiormodel,a nev modelinglanguagethe CONSUL componenfamily
model (CCFM) hasbeendeveloped. The reuseof an existing modelinglanguagevasnot
feasible sincethoselanguageslo not supportthe required e xibility of artifactsin aneasy
way (UML) and/oraretoo specializedon speci ¢ software architecturegGen\oca). The
two modelinglanguagegor the deploymentof familiesduring applicationengineeringare
complementaryo the modelinglanguagesisedfor domainengineering. The featureset
represents single probleminside the problemdomainwith featuresand associatedal-
ues.Theconcretecomponenimodeldescribes concretanemberderivedfrom thesolution
family.

The CONSUL methodologycombineghe knowvledgecapturedn thesemodelsto provide
tool supportfor the differentroleswithin afamily-basedoftwaredevelopmentprocess:

Thedomainanalystusesa CONSUL-basefieaturemodeleditorto build andmaintain
the problemdomainmodel.

The domaindesignemsesa componenfamily modeleditor to describethe family
architectureandto connecit via appropriateulesto thefeaturemodels.

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

The applicationdevelopergetsa memberof the solutionfamily generatedrom the
concretecomponenmodelwith the help of the CONSUL transformatiorengine.

Thoughthe tools have to be tailoredto the differentneedsof the differentroles, they all
usethe modelevaluationand manipulationfacilities provided by CONSUL. The basefor
successfutooperatiorof thesalifferentrolesarethatboththemodelsandthetoolsprovide
the necessargxpressienessand supportfor describingthe relevant dataand solving the
relatedtasks(for examplemodelinga problemdomainor describinga softwaresolution).

To getanideahow a CONSUL applicationcouldlook like, Figure5.2 shavs an example
for aninteractve applicationbasecon CONSUL.Theconsul@guapplicationis ageneral-
purposeeditor for CONSUL modelsandis alsoableto generatamily members.More

specializedCONSUL applicationsinclude a Java appletfor interactve con guration of

existing modelsvia a web browvser and a commandline client that evaluatesprede ned
models.Otherpossibleapplicationsncludeseamlesintegrationof plug-insfor integrated
developmentervironmentsor client/serer applications.
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Figure5.1: Overview of CONSULmodels

Figure5.2: consul@guianinteractve CONSUL modeleditor
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Figure5.3: Overview of CONSUL methoddata o w

A generabverviev overthe o w of dataduringthe modelevaluationin CONSUL s shavn
in Figure5.3. Exceptfor theintroductioninto somegeneratonceptuahspect®f CONSUL
in the next section theremaindeiof this chaptelis structuredalongthis data o w. The rst
block, startingin Sections.3,introduceghefeaturemodelingconceptgfeaturemodelsand
featuresets)usedin problemdomainanalysisandapplicationanalysisto provide abstract
de nitions of the problemsto be solved. The secondblock in Section5.5 dealswith the
modeling of solution domainswith componentgcomponentfamily model and concrete
componenimodel)andthetransformatiorof theknowvledgecapturedn featuremodelsinto
solutions.

5.1 Foundations of CONSUL

5.1.1 Software Family Hierarchy

Almostevery problemin softwaredevelopmentwith a certaincompleity is usuallysolved
by decomposingt into smallerunits (problems)that can be solved independently This
ability to decomposeroblemss alsooneof thefundamentalsf reuse sinceif aproblemis
decomposeihto smallerproblemsijt is morelik ely thata solutionfor the smallerproblems
alreadyexists or canbe reusedn a later project. Softwarefamiliesareno exceptionfrom
this rule. A software family for a speci ¢ domainmay be built from a setof reusable
softwarefamiliesthatwerebuilt from otherreusablesoftware familiesthemselesandso
on.

The CONSUL approactproposes threelevel hierarchyof softwarefamilies:
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Application family level: Applicationfamiliesare end-usewisible systemsfor exam-
ple completeembeddedystemsThe numberof family membergs relatively small,
aseachfamily memberrepresentsn end product. A CONSUL applicationfamily
canbebuilt from any numberof componentamilies.

Component family level: A componentamily is composeaf asetof componentsnd
thecomponenarchitecture A componentamily providesfunctionalitiesthatcanbe
usedin differentapplications/applation families. Thenumberof componenton g-
urations(thatmeangamily members)s high.

Component implementation family level: Eachcomponenin turn canbe a family
in itself, providing differentimplementation$or usein differentcomponentamilies
and componentfamily con gurations. Most componentdhave a small to medium
numberof differentimplementationgthatmeangamily members).

Eachhierarchylevel hasdifferent characteristicend requirements.Therefore,thereare
differentwaysto dealwith them. In general,it is not possibleto analyzeand develop a
wholeapplicationtheway a singlecomponents analyzedanddeveloped.Oneof the main
reasongor thisliesin thedifferentreusecharacteristicgor eachfamily type.

A singlecomponentvith differentimplementationgendsto be reusedby differentappli-
cation domains,providing its de ned setof functionalities. This type of reuseis called
functionalreuse(seeSection2.3.1). Applicationfamilies,however, areusuallyextendedoy
nev membersyith changedunctionalitiesduring the family life time. Often, sometimes
too often, the changesequiredare quite extensive. This is atemporalreuse.Component
familieslie somavherein betweenThey canbeusedin anumberof differentprojectsrela-
tively unchangedput their functionalitiesmay alsoevolve over time. Therelationbetween
thereusedimensionsandthesehierarchylevelsis illustratedin Figure5.4

To supportreusebasedn hierarchicakoftwarefamiliesto thefull extentin adevelopment
approachit is necessaryo provide the ability to combinehierarchicaimodelsof different
problemdomainsandalsoto supportthe compositionof severalsolutiondomains.

Most family-basedmethodologiesio not provide suchsupport. Often they usea single
combinedproblemdomainandfamily modelthatis not reusabléy de nition (Gen\ocais
oneexample).

5.1.2 Restrictions
Restrictionexpressionglay a centralrole in CONSUL. They are usedin almostevery

modelin mary different places. A restrictionexpressionis an arbitrary expressionthat
evaluatesto a booleanvalue. Usually the booleanvaluetrue indicatessuccesandthe
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Figureb5.4: Relationbetweerreusedimensionsanddevelopmenthierarchylevels

associate@lementor evaluationoperationcanbe performed.Thevaluefalse indicates
failure andis interpretedn differentways. If a restrictionsis the left handside of anim-
plication,theimplicationasawholereturnstrue . In mostothercasesafailedrestriction
indicatessomeerror state.

The actuallanguageof restrictionsis not part of the CONSUL models,which allows to
usedifferentlanguage$ere.The currentversionof CONSUL, however, allows to usetwo
differentlanguagesthe ObjectConstraini_anguagg OCL) andProlog.

Prologis a general-purpostogical programminganguageanddescribedn mary books,
for examplein [CM87]. CONSUL usesProlog asthe core languagefor model check-
ing/evaluation. The CONSUL PrologAPI allows accesgo ary CONSUL modelelement
and a numberof differentprede nedProlog clausesallows evaluationof speci ¢ condi-
tionsin the models. The has(feature('X ", _NT) clause for example,canbeused
to checkfor the existenceof a speci ¢ featureX in thefeaturesetstoredin _NT.

OCL is partof UML. It is a general-purposeonstrainianguageusedin UML to specify
conditionsfor UML modelelementsCONSULusesonly alimited subsebf OCL. It senes
mainly as easy-to-usalternatve to Prolog andis internally translatednto Prolog upon
evaluation. The functionsavailable for accessinghe modelsare the sameasin Prolog.
BecauseDCL hasa differentsyntax,however, they look a little bit different. The check
has(feature('X' ), _NT) becomedas(feature('X' )) .

As the OCL is mucheasierto learnandunderstandit will becomethe standardanguage
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for restrictiondn futureversionsof CONSUL.

5.2 The CONSUL Feature Modeling Language

The following sectionintroducesthe CONSUL featuremodelinglanguage. Figure 5.5
shavs anoverview overthevariouselementof thelanguage.

Eachproblemdomainmodelhasone or more relatedfeaturemodelsthatin turn consist
of a setof features. The parent/childrelation betweenfeaturesis expressedoy feature
groupsthatcollectreferenceso relatedchild featuregSection5.2.1). Additional relations
betweerfeatureqfor examplemutualexclusion)areexpressedby featurerelations(Section
5.2.2).Thespeci cationof arbitraryfeaturepropertiegfor exampleanassociatedalue)is

supportedy the possibilityto attachany numberof featureattributes(Section5.2.3). The
interconnectiometweenmmodelsis donevia modelmappinggSection5.2.4).

The featureset(Section5.2.5) representshe applicationdomainmodel and containsref-
erencedo featuresandadditionalinformation, like featureattribute values,to specifythe
applicationdomainin termsof features.

Many element®of thefeaturemodelmayhave arestrictionexpressior(Sections.1.2)thatis
evaluatedbeforetherespectie itemis accessedf the evaluationof arestrictionsyieldsthe
boolearvaluefalse |, therestrictedelements notaccessibleTheelementcontet de nes
whatactionswill follow thisinaccessibility

5.2.1 Feature Model Structure

Thebasicstructureof a CONSUL featuremodelis atreeof uniquefeatures.Thechild fea-
turesarecollectedin featuregroups.A featuregrouphasatype,indicatingthe parent/child
relationof theparentfeatureandthefeatureseferencedn thefeaturegroup.In additionto

thethreefeaturegrouptypesof the original FODA method(mandatoryoptionalandalter

native), CONSUL supportghe or featue asdescribeor examplein [CE0O] (seeTable3.1
on page50). Althoughthereareotherfeaturetypesdiscussedn the literature,Czarnecki
shavs in [CEO( that mostof thoseotherfeaturetypescanbe representedby thesefour

featuretypes,sothereis no needto supportotherfeaturetypes.

A featureor a featuregroup may have a guardingrestriction. If a restrictionexpression
existsandthis expressiorevaluatedo false , thefeature/featuresf therespectre group
(andary child featuresannotbe memberof avalid featureset.
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Figure5.5: Simpli ed CONSUL problemdomainmodelclassdiagram

5.2.2 Feature Relations

For representingadditionalrelations(besidesthe parent/childrelation) betweenfeatures,
CONSUL provides the featurerelations. Eachfeaturerelation belongsto a featurethat

may itself have ary numberof featurerelations.A featurerelationde nesatypedrelation

betweerthisfeatureandthefeaturesnentionedn therelationexpression CONSULcomes
with a setof prede nedrelations,seebelow, thatcanbe extendedvia a simplemechanism
to containarbitraryrelations.

Featurerelationsmay have a guardingrestriction. If the guardingrestrictionevaluatesto
false, therelationis not checled. Thusthe restrictionandthe relationform animpli-
cation. If the guardingrestrictionis not thereor evaluatesto true , the relationmustbe
ful lled.

Thefour prede nedrelationsare:

requires( fist) Thefeaturecanonly beselectedf atoneleastfeaturecontainedn f jig; is
alsoselected.
conicts( fist) Thefeaturecannotbeselectedf ary featureof f |ig; is selected.

recommends( fist) Thefeatureshouldonly be selectedf atleastonefeaturecontained
in f)ist is alsoselected.
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discoura ged(fist) Thefeatureshouldnotbeselectedf ary featureof f |is; is selected.

Thedifferencebetweerthe rst andthe lasttwo relationsis thatrecommends/discouraged
never fails. They allow the userto interprettheinformationthatsomethingnight bewrong
in bothdirections(ignore/correcproblem).

Theseprede nedrelationsare almostidenticalto the original FODA style constraintsas
far astheir expressienesss concerned.However, dueto the structuralconstraintof the
expressionsjt is not only possibleto checkwhethera certainfeaturesetis allowed by
the modelandits relations,but alsoto detectand solve con icts automatically Suchan
automateaton ict detectionandsolvingmechanisnis ableto decidewhetherit is possible
to nd aconict freesolutionatall, andif so,caneven nd it.

Theuserde ned relationexpressionganbemorecomple, namelyary boolearexpression
in eitherarestrictedsubsebf OCL or Prolog.

If possibletheuserde ned relationexpressiorshouldbe avoidedbecausautomaticprob-
lem solvingis notpossiblefor ary of theseuserde ned relationexpressionsThisis caused
by the fact that theserelationsmay be of arbitrary compleity, allowing usersto express
undecidablgoroblemshat, naturally cannotbe solvedby CONSUL.

However, usingtheadditionalexpressienesss usefulfor animportantextensionto FODA
stylefeaturemodelsthatis availablein CONSUL,namelythe featurevalue.

5.2.3 Feature Attrib utes

Somefeaturesof a domaincannotbe easily expressedoy normalfeaturesemanticghat
requirea x eddescriptiorof thefeatureandallow only inclusionor exclusionof thefeature.
For mary featureghisis perfectlysuitable but somevariabilitiescannotbe expressedn an
ef cient mannerusingthis simpleapproach.

An examplefrom the operatingsystemsdomainis the numberof processorshe operat-
ing systemmustsupport. Therearetwo possibilitiesto modelthis: eachpossiblenumber
of processorss representedsa separatdeatureof an alternatve featuregroup,or to as-
signthe choservalueto a feature. Figure5.6 shavs both ways. For larger setsof values,
representinghe useof onefeaturepervalueis not very easyto useand mostly provides
no additionalinformationcomparedo the useof a single featurewith a numericfeature
attribute.

CONSULusessocalledfeatureattributesto specifyadditionalinformationassociateavith
afeature.A featureattribute is a typedandnamedelementthatcanrepresenary kind of
information(accordingto the valuesallowed by thetype). A featuremayhave ary number
of featureattributes.
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Figureb.6: Alternative featuregroupversusfeatureattribute value

Featureattributes may be global or local. The differencebetweena global and a local
attribute this the visibility of the associatednformation. The value of a global feature
attribute is storedtogethemith thefeatureinsidethe featuremodelandis consideredo be
partof thefeaturemodel. A local featureattribute valueis storedin the featureset,sothe
valuemay bedifferentin anotherfeatureset.

Thetypescurrentlyavailablefor attributesareintegervaluesandstrings,but ary type (like
enumeration®r even structures)could be addedeasily A featureattribute may have a
defaultvaluethatis usedwhenthefeatureis selectecandno valuehasbeenspeci ed.

Theavailability of afeatureattribute to the modelevaluationprocessnayberestrictedby a
guardingrestriction.If therestrictionevaluatedo false,theattribute is consideredotto be
availableandmaynot beaccesseduringmodelevaluation.

Although featureattributesare a deviation from the original featuremodelapproachand
someauthorsamgue againstsuchextensions(again[CE0Q]), careful and selectve use of
featureattributesmakesfeaturemodelsmuchmorereadableandusable.Besideshe sce-
nariosketchedabove, featureattributescanhave mary differentuses.The optionalfeature
deploymentmodel,for example,(Section5.3.9) makesuseof featureattributesto provide
informationon thedeploymentcharacteristicef a feature(bindingtime, etc.).

The main drawvbackis that for checkingthe featureattribute values,the simple requires,
con icts, recommendsanddiscouragedtatementare not sufcient. If value checksare
necessaryfor exampleto determinewhethera value within a given rangecon icts with

anotherfeature OCL/Prologlevel restrictionsarerequired.

5.2.4 Model Mapping

To connectdifferent featuremodels, CONSUL usesthe model mappingexpressions.A

mappingexpressionis basicallyanimplication. Theleft handside of the implication de-
scribesa condition.If the conditionis true, theright handsidespeci esa setof featureghat
mustbe selected.This canbe usedto simply mapfeaturenamesor to introducea feature
thatrepresenta combinationof featuresn anothemodel.

Theleft handsideis expressedisingthe normalrestrictionstheright handsideis a simple
list of features Sothemappingexpressiorhas(M L:A) > M 2:Y; M 3:Z de nesthatif A
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Mappingfunctions: Mappingfunctions:
has(feature(M1.A")) has(feature('M1.A")
implies  feature('M2.Y") implies  feature(M2.Y")

has(feature('M2.X"))
implies  feature('M1.B")

Featureset: Featureset:
{M1.A} {M1.A}
Mappinggraph: Mappinggraph:
M2 M2

M1

M1 l
Y

>
1
w
x p— < p—
>
1
' m
»
\
\
b— |

Tt X

valid modeldependenc invalid modeldependenc

Figureb5.7:Valid andinvalid dependencgraphfor modelmapping

in Model M 1 is in the setof selectedeaturesthefeaturesy in ModelM >, andZ in Model
M 3 shouldbe selectedoo.

Figure 5.7 shaws two differentmappingfunctionsfor the samefeaturemodel and same
featureset. Theresultingdependencgraphsarevalid (left side)or invalid (right side,the
selectionof two alternatvesis not possible).

The mappingallows the combinationof the advantage®f a singlemodel(clarity, userori-
entedvocalulary) andtheadwantage®f multiple models(reusejncreaseanodelstability).
The dravbackis the additionaleffort to createand maintainthe mappingfunctions. Es-
pecially the consisteng betweenmodelsis a critical issue. Whena modelis changeda
featureis removed or renamedor example),all relatedmodelswith their mappingfunc-
tionshaveto berecheckd. To supporthis, CONSULis ableto traceall changeso amodel
andmalkesit possibleto detectmostchangesutomatically

Exceptfor smallandnon-criticalchangesik e featurerenamingthe consisteng checkcan-
not be automatedndis to be executedoy humans.However, mostchangesio not require
immediateaction. If the relationsof featureswithin a modelchangedueto modi ed re-
strictionrulesor changesn theparent-childeaturehierarchythis canleadto thefollowing

situations:
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At leastone possiblemappingresultsin aninvalid featureselection.If this occurs,
the usercannotproceedandhasto consultthe modeldevelopersto x theproblem.
This may or may not be acceptabldor the user but at leastno invalid selectionis
possible.

No possiblemappinggenerateganinvalid selectionsothereis no problematall.

An automatedcheckwhetherthereareinvalid selectionscausedoy a featuremappingis
usuallynotfeasible becausef the high numberof possiblefeatureselections.

5.2.5 Feature Sets

A featuresetdescribeshe speci ¢ probleminsidethe problemdomain. It containsthelist
of selectedeaturesandlocal featureattribute values. Thelist of selectedeaturesecords
for eachfeaturethereasorandthesourceof its selection Possiblaeasongor selectiorare:

User selected: A userhasselectedhis feature.lt will be never removedfrom thelist of
selectedeaturesxceptby userrequest.

Mapped: A mappingexpressioncausednclusionof this feature. The responsiblenap-
ping expressioris recordedassource.Oncethereasonthe mappingrestrictioneval-
uatesto true ) is nolongervalid, the featurecanberemoved.

Auto: An automategroblemsolver includedthatfeaturein thelist. The featuremay be
removed whenthe reason(the detectedoroblem)no longer exists. A typical case
is thatarequires () featurerelationcausedhe problemsolver to selecta feature.
Whentherequires () is no longerpresentthe featurecan be removed from the
selection.

Implicit: Whena featureis selectedall parentfeaturesandits mandatorychild features
areimplicitly selectedoo. Whena parentfeatureis not alreadyselectedoy other
meansit is recordedasanimplicit selection.

5.2.6 Langua ge Representation

The CONSUL featuremodelinglanguageusesa partial graphicalrepresentatiorior user
interaction.Thefeaturemodeltreerepresentinghe mainsub-featureelations(mandatory
optional,alternatve, or), for example,is shavn in graphicalform. Additional information
like valuesandrestrictionsare shawn in textual form. The graphicalnotationis a slightly

2Theworstcaseis thatall n featuresareoptional. Thatleadsto 2" combinations.
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<<mandatory>>
Cosine

VAN

<<optional>> <<optional>> <<mandatory>> <<mandatory>>
Range FixedTime Precision ValueDistribution
<<alternative>> <<alternative>>
Continuous Discrete
<<alternative>> <<alternative>>
Equidistant NonEquidistant

Figure5.8: UML versionof the cosinefeaturemodel

modi ed form of the original FODA style graphicalelementsandthe ideaspresentedn
[CEO0O].

A UML conformrepresentatiors possible see[Cla01]], but doesnot achieve the compact-
nessof the original notationand makes it more complicatedto understand.However, if

integrationwith standardJML toolsis required,thesenotationcould be used. Figure5.8
shavs thefeaturemodelfrom Figure3.5(page50) in the proposedJML notation.

Theinternal CONSUL representationsedfor storages basedn XML for easymanipula-
tion, exchangeandalsofor simpleintegrationof future extensions.

5.3 Feature-Based Problem Analysis

A goodandcompleteproblemanalysiss thebasefor successfusoftwareprojects.Without
precise&knowvledgeaboutthe problemso besolved, it isimpossibleto build agoodsolution.

Althoughthesestatementsretrue for ary software developmentthey arethe key to ary
kind of family-basedsoftware development. Family baseddevelopmentin factcombines
a numberof relatedproblemsandtriesto form synegiesby reusingpartsof solutionsin
differentcontets (thatmeangamily members).

Themaindif culty of problemanalysisis thatit is mostly a creatve procesghatinvolves
mary soft factorslike the knonvledgeandexperienceof the peopleinvolved (analystscus-
tomersdevelopersetc.). It isimpossibleto de ne a practicablanethodthatneglectsthese
“human” factorswithin the problemanalysisentirely Somemethodologieseave theissue
completelyopenandjustrequirea “problemanalysis”but do notde ne how to performit,

for examplein ExtremeProgrammingXP). Othermethodologiedike Gen\bcaandmost
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domainspeci ¢ language-basedpproachesequirethe resultto be a very formalizedde-
scriptionof the problemdomainin termsof thelanguagegrammar

Like mostfamily-basedievelopmentapproachesCONSUL lies betweerthesewo camps.
Dependingonthe natureof the project,theresultshave moreor lessformal character

Therequiredresultsare:

Precisdextual problemdomainde nition (Section5.3.1).

Variability andcommonalityanalysisas(setof) featuremodel(s)(Sections.3.7and
5.3.8).

Featuresetsandcompositionrulesthatdescribethe possiblefamily membersased
on featuremodel(s)(Section5.4).

Additionalresultscanbeinteractiondiagramsetweertheexternalervironmentandfamily
membergsequenceharts timing description®tc.),alist of referencedgtandards;common
non-functionakequirementsetc. The amountandcharactewvariesfrom projectto project
andwith the problemdomainlevel, seenext section.Althoughtheseresultsarealsoimpor

tant, their productionlies not within the scopeof thework presentedhere.

5.3.1 Problem Domain De nition

The CONSUL problemdomainde nition actwvity correspondso the plan domainphaseof
ODM with its threesubphasegsetobjectives,scopedomainandde ne domain). There-
sultsarethe domainde nition andtheinitial featureset(starterset)for thedomainmodels.

Insteadof repeatinghe ODM tasks this sectionwill presenbnly issuesspeci ¢ to embed-
dedprojectsthathave to be includedinto the problemdomainde nition actvity aswell as
CONSULspeci cissues.

5.3.1.1 Domain Attrib utes

ODM alreadyassignsattributesto the problemdomain(vertical versushorizontal,encap-
sulatedversudiffused,native versusnnovative). As alreadydiscussedCONSUL requires
theintendedfamily deploymentscenaricof the problemdomain(applicationfamily, com-
ponentfamily, componenimplementatiorfamily) as part of the domainde nition. This
characterizations later usedto decideon the appropriatenvay to modelthe problemdo-
mainbasedn featuresThisis discussedh detailin the Sections.3.7and5.3.8.
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5.3.1.2 Embed ded Specics

Embeddedoftwareis often coupledwith speci ¢ hardware. To be ableto choosethe ap-
propriatedesignand implementationsit is importantto de ne the characteristicof the
potentialhardware platformsregardingavailable memory sizesand types (ROM, RAM,
ash), processingower, supportechardvaredevices,etc.preciseaspossible.

For developmenton componentmplementatiorevel, it is oftencomplicatedo gatherthis
kind of information, sincea componeninmay be usedin very differentcontets with very
differenthardwareresourcesFurthermorethe actualshareof a singlecomponenimple-
mentationof resourceusageis often not very large, especiallyif a high numberof com-
ponentss involved. Usually the goal on componenimplementatiorevel is just resource
ef ciency without speci ¢ resourceconstraints.

But the higherthefamily level, themoreimportantpreciseknovledgeabouthardwarelim-
its gets. For anapplicationfamily, it canbe crucialto know the limits to decideaboutthe
designor even the domainmodel,to decide,for instance whetherto reuseexisting mod-
els/design/implementatis with known resourcaisage.

5.3.2 Feature Starter Set

Building afeaturemodelfor the problemdomainrequiresknowvledgeaboutwhich features
representhe commonalitieandvariabilitiesin adomain.Candidate$or thesecommonal-
ities andvariabilitiescanbe derived from the domainde nition. The boundaryde nition,
which allows to decidewhatis insidea domainandwhatnot, hasto describdeaturescom-
monto all memberf thedomain.

Variablefeaturescanbederivedfrom theinitial descriptionof differentfamily membersA
featurethatis presenin somebut notall family memberss avariablefeature.

Theselists of commonand variable featuresare usedas a starting point for building a
featuremodelin the next step,the domainmodelingactivity. Thefeaturelists do not need
to becompletebut ratherrepresentneknowledgeatthis point. During lateractiities, more
domainknowledgeis gatheredandis usedto re ne the modeland possiblythe domain
de nition aswell.

5.3.3 From Problem to Model

The procesdo huild a featuremodelfor a problemdomainis stronglyin uenced by the
characteristic®f the domain. An innovative domainhasto be handleddifferently thana
native domain,becaus¢heknowledgeof thedomainanalystsaboutthe domainwill proba-
bly changdo a greaterextentfor aninnovative domainthanfor a natve domainwherethe
analystshave a lot of experience.
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Anotherimportantissueis that thereis not a single “valid” modelfor a given problem
domain,but thereexists a large numberof possiblemodels,even mary goodones. The
CONSUL methodologyasall othermethodologies;anonly provide guidelinesto produce
modelsbut will notgive aguarante¢hatthe producedmodelis agoodmodel.

5.3.4 Building a Feature Model

What is a feature? Thede nition of afeatureasgivenin Section3.6.2.1stateshata
featureis somethingvisible to the enduser Thus nding a featurerequiresa knowledge
abouttheenduser TheCONSULdomainde nition allowsto identify theintendedenduser
by looking atthe domainlevel. Eachdomainlevel (applicationfamily, componentamily,

componentmplementationhasa differentenduserandin turn hasa differentspecialized
de nition of afeature.

Application family features: Theenduserof anapplicationfamily is someonavho
wantsto chosebetweenthe differentmembersof the family accordingto their functional
characteristicsvithout botheringhow a membertis realized.A featuredescribes whatnot
ahow A featurecansummarizecertaindifferentfunctionalitieswhenthey areusedasa
packagen theapplicationfamily.

As anexample Figure5.9 shavs afeaturemodelfor awebbrowserapplicationfamily with
its applicationfeatures. In the gure, thereareonly a small numberof featurespresent,
describingwo differentmainoperatiormodesof the browser(text versusgraphic)andthe
possiblealternatve operatingsystemsplatforms.Therearemary morerequirementgor the
brawsersrepresentedy this family, but they arepartof thecommonbaseandthereforenot
presenin thefeaturemodel.

Component family features: Endusersof componenfamiliesareapplicationengi-
neerswho wantto build applicationgrom a setof componentamilies. Sofeaturesarethe
functionalitiesprovidedby thecomponenfamily andalsonon-functionapropertiesmpor

tantfor applicationdevelopmentin the given domain. Eachfunctionalandnon-functional
discriminatorshouldberepresentedsanindependenteature.

Featurerelationsshouldbe independenfrom componenimplementatiorissues. A rela-
tion betweenwo featuresshouldindicateonly generakelations,not a relationthatis only
valid for the available implementationof the componenfamily. Otherwise,changego
theimplementatiorwould force changedo the componentamily model,which shouldbe
avoided.

A cti ve HTML viewer componenfamily modelis givenin Figure5.10. It exposesa lot
moredetailsthananapplicationfamily, because componenfamily shouldbe as e xibly
reusableaspossibleby providing a scalablesetof functionalities.
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Browser
HTML Platform
/ AN
RenderMode Windows |- Unix |-:[ MacOS
Text || Graphic

Figure5.9: Featuremodelof awebbrowserapplicationfamily

HTMLView

Transport ScriptEngines

o 0
’ HTTP ‘ ’ FTP ‘ ’ RenderMode ’ Dialect ECMAScript

] o
HTTPS Text ’ Graphic ’ HTML3.2 } ’ HTML4 ’ XHTML ‘ JavaScript} ’ VBScript ‘

Figure5.10: Featuranodelof anHTML viewer componentamily
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HTMLDRAW

RenderMode Dialect ‘ ScriptEngines
%n \, I N

‘ Text F‘ Graphic } ‘ HTML3.2 ‘ ‘ HTML4 }‘ XHTML ‘ ‘ ECMAScript ‘

Voice

JavaScript }‘ VBScript ‘

Figure5.11:Featuranodelof anHTML draving componentmplementatiorfamily

Component implementation family feature: Componentsreintegratedin oneor
more componentamilies, thereforetheir end usersare the implementorsof component
families. Featuregxposethe functionalandnon-functionaimplementatiordetailslik e the
implementationanguagesisedor componeninterfacestandardsupported.

In contrasto thefeaturemodelsin the otherlevels,componentmplementatiormodelsare
tied to a speci c componentmplementatiorandmay changef the componentmplemen-
tationchanges.

Figure 5.11 shaws a featuremodel for an HTML drawving componenthat hasdifferent
implementationgor differentoutputmedialike graphicalscreentext modeor evenvoice
mode.

5.3.5 Feature Types versus Feature Relations

A featuremayhave severalrelationgto differentfeaturesut canhave justoneparenteature
andfeaturetype. Therefore ary otherrelationhasto be expressedy featurerelations.

Thedecisionwhichrelationto expresshy a parent/childfeaturerelation,is in uencedby a
numberof factors,like the probability of a relationchangeandthe positionof the feature
within themodel.

Thelower the probabilitythatthe relationbetweenwo featureschangesthe betteris it to
expressthis relation by the parent/childrelation. Featurerelationswith a high likelihood
of changeshouldbe expressedsrestrictionspecausét is mucheasierto changea feature
relationthanto changea parent/childrelation. Thisis especiallyrelevantif the child is not
aleaffeaturebut a parentitself.

Duringthefeature nding actiity andmodelbuilding, all known relationsshouldbemarked
asstableor instable For modelbuilding, the stablerelationsareusedfor determiningthe
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parent/childstructure rst. Remainingstableand instablerelationsare addedas feature
relationslateron.

5.3.6 From Feature Relations to a Feature Model

Building a featuremodelis anincrementalprocess. 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-basedgbrojects.

Thestartingpointis to usethelist of featuredrom the startersset. Startingwith thislist, a
modelcanbebuilt executingthe following steps:

. List all known featuresandmarkthefeaturesasstableor instable.
. List all known relationsbetweerfeaturesandmarkthemasstableor instable.

1
2
3. Identify stablegroupsof alternatve featuresandor features.
4

. Find all stablefeatures/featurgroupsthathave no stablerelationto otherstablefea-
turesandmodelthemasoptionalor mandatoryfeaturesof the top-level featurerep-
resentinghe completedomain.

5. Find all features/featurgroupsthat have just one stablerelationto a featurein the
modelor have only relationsto featuresthat have a parent/childrelation. Integrate
themaschild feature(s).Repeauntil no morefeature/featurgroupswith suchrela-
tionsareavailable.

6. Decidewhich stablerelationfor the remainingstablefeaturesshouldbe expressed
via a parent/childrelationandrepeathe steps4 to 6.

7. Repeasteps4 to 6 for instablefeatureswith their stablerelations.

8. Expresdnstablerelationsasrestrictions.

9. Review of featurerelations.
This algorithm provides an initial featuremodelthat is the basefor further re nements
andoptimizations.Possiblere nementsarethe introductionof mandatoryparentfeatures
for groupsor subgroupsf featuresto provide betterreadabilityand understandabilityf
the model. An optimization/impreementthatis often possible,is the replacemenbf an

alternatve groupof justtwo featuresy anoptionalfeaturerepresenting specializatiorof
theparents feature.
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Leaf featuresor nodeswith a small setof childrenare mucheasierto remove or change
without causingoroblemghana featurewithin thetree. Thedistinctionbetweerstableand
instablefeaturesandthe delayedadditionof instablefeaturesandrelation positionshelps
to increaseshe modelstability by positioninginstablefeaturescloserto the outerborderof
thefeaturemodel.

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

Cosine Thetop level featureis thedomainitself.

FixedTime A featurethatrequiresgheimplementatiorto executein a deterministiovay
andthusto provide aknown time limit.

Precision A featurethatdescribeghe requiredprecisionof a calculatedcosinevalue.
It is afeaturewith avalueandthereforerepresentin factanalternatve groupof all
possibleprecisionvalues.

EquidistantAng| eVal ues All inputvaluescanbeexpressedsn baseandewhere
baseandeis aconstanandn aninteger. Thefeaturevaluerepresentthebaseande.

NonEgquidistantA  ngle Valu es Possiblanputvaluesarenotexpressiblan theform
n baseande. Thefeaturevaluerepresentthe numberof possiblenputvalues.

ThefeaturesPrecision  andFixedTime arenotlikely to changeasthe componenis
intendedfor the real-timedomainthatrelieson both features.The two otherfeaturesare
initially marked asinstable becausét is notyetknown if they areimportantatimplemen-
tationlevel. Thesetwo featuresare mutually exclusive andthereforehave a stablecon ict

relationwith eachother

Figure5.12shavs theresultinginitial featuremodelafterapplyingthe presenteglgorithm
to theinitial list of features.The startingmodelconsistsof Cosine only. In the next step,
FixedTime is addedas an optional featureand Precision  asa mandatoryfeature.
Thereareno morestablefeaturesavailable. The featuresEquidistantAng| eVal ues

andNonEquidistant ~ Angl eValu es form a groupof alternatve featureswhereboth
membersareinstable. This groupis now addedaschildrento theroot feature,sincethere
areno otherrelationsbetweerthe groups featuresandthe otherfeatures.

Obviously, the modeldiffersfrom the modelin Figure3.5 (page50). Thisis not surprising
asthemodelhereis built ontheinitial knowvledgefrom the problemanalysis.Re nements
of theinitial modelandgatheringadditionalknowledgeled to the nal featuremodel. For
improved readability for example,the mandatoryfeatureValue distribution with
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Cosine

‘ FixedTime

Precision ‘ Equidistant ‘ NonEquidistant

Figure5.12:Building of theinitial modelfor the Cosinedomain

the alternatve groupaschild wasintroduced.Additional investigationsof the characteris-
tics of theimplementatioried to the introductionof an additionalalternatve for the value
distribution Continuous  and an additional structuringmandatoryfeatureDiscrete
TheoptionalfeatureRange is introducedpecaus¢heresourcaisageof someof theimple-
mentationsusedss in uencedby theanglerangefor whichthevalueshave to becalculated.
Again, thisis afeaturewith avalueattachedhatrepresentthe numericalrangeof angles.

5.3.7 Single Domain Model Approach

All featuremodel-basedomainanalysisapproachessea singlefeaturemodelto describe
the domainof interest. CONSUL supportsthis approachaswell. However, sinceusing
a single model approachhasseveral limitations, CONSUL supportsalso domainmodels
basedn morethanonefeaturemodel.

Thesinglemodelapproachasdescribedabore, hasproblemswhenit comesto unexpected
changesof core featuresin the model. This can happenfor innovative domains,if for
examplethe domainknowledgeis notyet matureandevolvesalot duringthe development
actuities.

Reuseof thefeaturemodelis alsolimited in a singledomainapproach.The featuremodel
triesto represent given domainasclosely as possible. The usageof sucha specialized
modelin a differentcontet, which meansgn a differentdomain,is problematic.

Singlemodelapproachearegoodif

Thedomainis very well knowvn andanalyzedoy the modeldesigners.
Thedomainbordersare x edandnotlikely to change.

Themodelwill notbereusedn othercontexts.
Thosethreerequirementsreoftenmetin applicationfamily development.An application
family modelis 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 the domainof real-timerun-timesystemdor whichit is relatively easy
to modelthe domainwith a singlemodel,becausehe requirementsvithin this domainare
stableandwell analyzedy mary experts.Section6.2 givesa detailedreview on building a
domainmodelfor this domain.

Dif culties ariseif the conditionsgiven abore arenot met, sinceit is thenproblematicto
nd anexactandstabledescriptionof commonalitiesandvariabilitiesexpressedn a single
model.

5.3.8 Multiple Domain Model Approach

It is not always easyto build a stablefeaturemodelfor a given domain. Somereasons
have beendiscussedn the previous section.Oneotherreasoris the compleity of models
for larger domainswith a high numberof features( >100). Suchdomainsoften exhibit
compl« relationsbetweerfeaturesaswell.

Suchmodelsarehardto develop,hardto maintainandhardto reuse.The problemssketched
above are not uniqueto featuremodelsbut occurwherezer complex scenariosareto be
representedThe mostcommonsoftware engineeringapproachto handlethoseproblems
is decompositiorinto smallerproblemsthatareeasierto handle. The multi domainmodel
approachof CONSUL allows just that for featuremodels, unlike other approachesike
FODA, FORM or FeatuRSERhatuseonly a singlefeaturemodel.

CONSULsupportdwo differentdecompositiompproachebasedn multiple featuremod-
els.

5.3.8.1 Domain Decomposition

Closerexaminationof a problemdomainwill alwaysrevealthatit is in fact composedf
anumberof smallersubdomainsvith a specializedocus. Of course differentdecomposi-
tionsarepossible becaussomefeatureanaybelongto morethanonedomain.

LookingattheHTML viewer componenfamily examplealreadyintroducedFigure5.10),
a sampledecompositions 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 domainscontrituteto the HTML viewerdomain. TheHTML viewer domain
is anintersectiorof thesedomains.However, the relationsbetweerfeatureswithin thein-
tersectedlomaingemainthesameor aremorerestricted For examplein thegeneraimodel
afeatureHTTP is probablyan option or partof anor-featuregroup. In the HTML viewer
componentit is mandatoryBut HTTPSis asub-featuref HTTPin bothmodels.Addition-
ally moredomainmodelsmay containmorefeatureqshavn with differentcolorin Figure
5.13),sincethey coversdifferentproblemsnotrelevantin theHTML viewer case.
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Figure5.13:Decompositiorof adomain:HTML viewer componenfamily domain

feature('Script in gLanguages. JavaScrip t' ) implies
conflicts(featur e('D ocument Repr esent at io n. HTML3 2') )

Figure5.14: Samplecrossmodelfeaturerelationfor decomposetiTML viewer domains

Sucha decompositiorseemdo have notmuchusein the rst place butthebene tsbhecome
ohlvious whena similar problemis to be solved andthereforeto be modeled. For a word

processoasimilarmodelcouldbeusedbasednthesameour domainshut with adifferent
intersectionresult. For examplea differentdocumentrepresentationvould be probably
used but therenderingdomainwould remainthe same.

As long asthosemodelsare independenfrom eachother their handlingis easy Often,
therewill be somekind of relationshipdbetweenthesemodels,althoughit is advisableto
minimize theserelations. CONSUL supportsthe connectionof differentmodelsvia their
featurerelationsandmodelmappingexpressions.

Insteadof referringto featureslocal to the model, it is also possibleto include features
from othermodelsin the relation expression. For this, to eachmodel a uniquenameis

assignedhatis usedaspre x for its featurenames.Figure5.14 shavs an exemplaryrule

for thedomainbasedn thedecompositiomivenin Figure5.13. Theleft-handside,before
the colon, shavs the nameof the featureto which the relationexpressionis attachedthe

right-handsideshavs theactualrelation. In this example thefeatureJavaScript  of the

ScriptingLangu  ages featuremodelcon icts with thefeatureHTML3_2in themodel
DocumentRepres enta tio n,thatmeanghatthey cannotselectedor the samefeature
set.

95



5 Tool-BasedConstructiorandComposition

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:Mappingthe HTML viewer domain

5.3.8.2 Domain Composition

Decomposinghedomainof interestinto anumberof smallerdomainsamakesit moremain-
tainable easierto changeandalsoeasierto reuse but on the ip-side is the lossof clarity
for the family deployer. With just a singlemodel, it is easiernto visualizethe mostimpor
tantrelationsbetweerfeaturesasa parent/childrelation. Betweenindependeninodelsno
suchrelationexists. Additionally, whenmodelsarereusedthevocallary (feature)usedin
oneor moreof themodelsmay not be the desiredone. Therecould be mary featuresn a
domain for example thathave norelevanceto the speci ¢ case.Therearetwo options:the
useof amodi ed featuremodel,or the hiding of the problems.

Dependingon the situation,oneapproacthasto be chosen.The useof a nev modelneeds
no furtherexplanationandalsono specialsupportoy CONSUL.

CONSUL supportghelaterapproactby featue mapping

The examplein Figure5.15shavs somemappingfunctionsof the original HTML viewer
domainto thetwo otherdomainmodels.

5.3.8.3 Hierarchical Domain Models

The combinationof the multi domainmodelingwith CONSULSs threelevels of software
family domainspresentedhn Section5.1.1,leadsto a hierarchadomainmodelstructure.

Thestartingpointis adomainmodelfor theapplicationfamily thatmaybemappedo other

reusabladomainmodelson the applicationfamily level. Thesemodelsarein turn mapped
to the modelsthatdescribehe componentamiliesusedto implementthe applicationfam-

ilies. Onthelowestlevel, the componentamily modelsaremappedo componenspeci ¢

models.

Figure 5.16 shaws the previously introducedHTML browser applicationfamily with its
featuremodel hierarchies. In this example,only the componentamily HTML Viewer
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Figure5.16: Structureof hierarchicadomainmodels
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usesmultiple models. The featuresselectedn the HTML Browser are mappedto the
viewer modelthatin turn is mappedo the four sub-modelgmappingexpressiongFigure
5.17)). Themappingexpressiongor the sub-modemappingusesomespecialexpressions.
Theexpressiorhas(f eature(M odell : 9) is expandedo matchseveralexpressionspne
for eachfeaturein themodel. Thef eatur e("™ odeR:%9) is the counterparaindreferences
the matchedeatureon theleft-handside. Thus,if bothpartsarecombinedthe expression
mapseachfeatureof the rst modelto the samefeatureof the secondmodel.

This top-davn view on the model structuress only possibleafter the completionof the
applicationfamily development.In reality, the developmentof anapplicationfamily from
reusablecomponentamiliesis composedf two different,complementaryprocessesThe
top-davn procesghatanalyzeghe applicationdomainandbuilds/reusesnodelsfor it, and
the bottom-upprocessof matchingexisting reusablecomponentamiliesagainsthe appli-
cationdomainrequirementsThe sameappliesto the componentamily/componentevels.
Theresultof theseparallelprocessess the completedhierarchicamodelstructure.

Comparedo approacheshatrely on a single model, the hierarchicalmodel approachof
CONSUL allows easielintegrationof existing softwarefamiliesinto new families.Usinga
singlemodelfor eachapplicationfamily would force the developersof componentamilies
to maintainthefeaturegelevantto theircomponentamily in all applicationdomainmodels.
With featuremodelmapping,only thelinks betweerthe modelshave to be maintained.

5.3.9 Feature Deployment Model

For realizingef cient family designsandimplementationsit is not sufcient to build fea-
turemodelsrepresentinghe functionalandnon-functionapropertieof a problemdomain.
Usually more designandimplementationspeci ¢ informationis requiredto supportthe
designprocessandallow moredetailedselectionof the propertiesof family memberslike
binding time of variations,in uence of a featureto the system,etc. The useof this kind
of information canresultin more ef cient implementations.Otherfeaturemodel-based
methodologiesack supportfor a uniform representationf suchinformation. The CON-
SUL methodintroducesa newv additionalmodel, the featuredeploymentmodel, to solve
this problem.

Thefeaturemodelcaptureswvhich featuresepresentariationpointswithin the family, the
family deploymenmodel(FDM) is usedto expresshowthe variability hasto be presenin
thefamily andin a speci ¢ family member

The aggregatedinformationbuilds anadditionalmodelusedin the designanddeplayment
of afamily. It is a separatanodelthatis derived from the featuremodel and contains
additionalinformationaboutthe problemdomainanddesignconstraints.If sucha model
would be anintegral part of the featuremodelitself, it would limit the reuseof the feature
model,sinceit is possibleto build mary featuredeploymentmodelsfor the samefeature
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5.3 Feature-BaseRroblemAnalysis

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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5 Tool-BasedConstructiorandComposition

model. Therefore,the FDM is associatedvith a concretedesign. For the samefeature
modelswith adifferentdesigntherecanbeadifferentFDM necessary

TheFDM liesatthebordembetweerdomainanalysisanddomaindesign asit re ectsdesign
relatedissuesrom the perspectie of thedomainanalysis.

An FDM describedor eachfeaturetheimpactwhenandhow it is introducednto afamily
member Thefollowing list describeshe elementf a featuredeploymentmodelentry:

1. Locality of change

Self contained: A selfcontainedeaturedoesnotrequirechangeso therestof the
systemijt is implementedocally.

Cross-cutting: Theimplementatiorof a cross-cuttingeatureneedsmodi cations
in mary placesof a system.For exampleif the featuresynchronizatio n
is selectedor an operatingsystemsthis requireschangesn all placeswhere
synchronizatiorhasto be used.

2. Kind of change

Addition: Theimplementatiorof thefeaturedoesnotrequiremodi cationsto other
partsof the system.Theintroductionof a new classor evena new component
areexamplesfor sucha featureimplementation.

Modi cation:  To realizethefeature,it is necessaryo changeexisting partsof the
system.A modifying featurecanbe realizedasa wrapperto existing partsof
thesystentor exampleby anoverwrittenmethodin anobject-orientendlesign.
Themaodi cation typecanbefurthersubdvidedinto

Wrapping: All existing partsremainunchangedThe changesrerealizedby
providing awrapper/adaptehatchangeshe systenor partsof thesystem
but still usesthe alreadyexisting parts.

Replacement: Thesystemis modi ed by replacingpartsof the systemwith
new partswith differentbehaior/requiremets/characteristics.

3. Time of binding

Compile time: Thevariationexpressedy this featureis resolhed atcompiletime.
Load time: Thevariationexpressedy this featureis resohedatloadtime.

Run time: The variationexpressedy this featureis resoled at runtime. If com-
bined with the property“dynamic”, the featuremay be loadedand unloaded
duringruntime.
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5.3 Feature-BaseRroblemAnalysis

Feature

Change Binding
Locality Kind Time Type
| AN SN NN
Local |-:| Crosscutting Addition | ‘| Modification Compile |--| Load | | Run Static |- -| Dynamic
Wrapping Replacement

Figure5.18:Featuremodelof designcriteriadervedfrom afeature

4. Bindingtype

Static: Thefeatureis presenin theresultingsystemandusedall thetime.

Dynamic: Thefeatureis notrequiredto be presentaindusableduringthewholerun
time of asystem.

Figure5.18shaws thesecriteriain form of afeaturemodel. This modelillustratesthatary
combinationof featurecriteriais possiblein principle. The analysisof thesecriteria has
to be performedfor eachpossiblefamily membeybecausdhe samefeaturemayin uence
differentfamily membersn adifferentway. Especiallythebindingtime mayvary. In some
casesthebindingcanbedoneat compiletime, in othercasest mustbedoneatruntime.

In the CONSUL tools,the FDM is technicallyrealizedasprede nedfeatureattributesthat
areassociateavith eachfeature.

Table5.1 shaws the modelfor the cosineexampledomainandthe designusedin Chapter
2.

Theunderlyingfeaturemodelof the FDM (seeFigure5.18) canbe extendedby morefea-
turesaccordingto the needsof the concretedesignandimplementatiormethodologyand
stratgy. In alarge scalecommercialdevelopmentfor instancejt might berelevantto ex-
cludefeaturesrom beingreleasedn productsput they shouldbe presenin the model. To
expressthis the feature,deployment modelcould be extendedby an optionalfeature“not
for release”.

The FDM propertiesof the featuresof a featuremodelcanbe speci ed by differentstale-
holdersandatdifferenttimes.It maybepossibleto x all propertiedor thefeaturesduring
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5 Tool-BasedConstructiorandComposition

Features Criteria
Cosine Range PrecisionFixedTime cross-cuttingcompiletime, static, modi ca-
tion

ValueDistrilution, ContinuousDiscrete, | selfcontainedcompiletime, static,addition
EquidistantNonEquidistant

Table5.1: Featuredeploymentmodelfor the cosineexampleimplementation

designand implementatiortime of the family asin the examplegiven abore. It is also
possible however, to setsomeor evenall propertiesduring the applicationanalysiswhen
the applicationengineerdecideson the featureselectionfor the desiredfamily member
This usuallyrequiresa muchmore e xible designandimplementatiorbut allows a very
ne-grainedadaptatiorof thefamily memberto the need<of the application.

5.4 CONSUL Component Models

Therepresentationf solutiondomainss a crucialfactorin the designprocessof software
families. Existing standardsoftware descriptiontechniqguesnamelyUML, do not support
the descriptionof variable software family architecture§SRPC02]. It was necessaryo
developanadditionalmodelinglanguagdor thatpurpose.

CONSUL aimsto supportcomponent-basetamily designin a way that is opento ary
componentarchitecture. For CONSUL a componentencapsulatea con gurable set of
functionalities. CONSUL supportghe descriptionof componentsascon guration entities
but doesnot rely on a speci ¢ componenframenork like CORBA or COM. Figure5.19
gives an overvienv over the hierarchicalstructureof the component-basethmily model
supportecoy CONSUL. The concretecomponenimodel hasthe samebasicstructurebut
usesonly asubsebf the componentamily modelinglanguagesinceit describesnstances
of the family modelwith all variation pointsremoved. Therefore the following descrip-
tion appliesto both, in the concretecomponenimodel, however, thereare no restrictions
allowed/generated.

As a consequencef its opennesso ary componenimodel, CONSUL doesnot checkin-
terfacesof connecteccomponentsy itself. To provide sucha functionality it is possible
to introduceuserde nable checksappropriatdor theintendedramework/architecturénto
the CONSULtool chain.

This approactis re ectedin the CONSUL componenfamily modelthatmainly describes
theinternalcomponenstructureof afamily andits con gurationdependencies’Themodel
is complementaryo modelslike OMG's CORBA IDL or Microsoft's COM IDL thatfocus
ontheexternalview of acomponent.
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5.4 CONSUL ComponenModels

Figure5.19: Structureof the CONSUL solutioncomponentnodels

However, differentcon gurationsof a CONSUL componentanalsoprovide differentin-
terfacedescriptionspecausdunctionalchangeften, but not alwaysarealsore ectedin
theexternalinterfacesof thecomponentsln thiscasethe CONSULcomponentescription
languageallows to provide the supportfor managinghesechanges.

A smallexampleof thelanguage is givenin Figure5.20. It shavs asimplecomponente-
alizing the cosineexampledomainwith threedifferentimplementationles. Dependingon

theselectedeaturestheappropriateeosine_?.cc  implementationle ischosenlf there
areno real-timeconstraintso bemeet for example theimplementationn cosine_1.cc

is selectedregardlessof the otherfeatures settings. This is correct,becauseghe general-
purposdamplementatiormeetsall functionalrequirementgprecisionworksfor ary angle,
etc.) andit is not necessaryo optimizethe run time of the cosinefunctionin a nonreal-
time ervironment. In real-timecontets the implementations selectedaccordingto the
input characteristicef theanglevalues.It is obviousthatwhenthis smallfamily is usedin

conjunctionwith the cosinedomainfeaturemodelpresentedn Figure3.5 (page50), there
areseseralfeatureghatarenot usedfor con guration purposes.This is permittedaslong

asthe implementationglo not con ict with ary of the selectecbut unusedfeatures.lt is

not permitted,for example,to provide just a singleimplementatiorik e the onefoundin

cosine_l.cc , becausehis implementationwould con ict with ary featureselection
thatincludesFixedTime.

3In theexamplePrologis usedinsteadof OCL for restrictionsput OCL couldbeusedtoo.
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5 Tool-BasedConstructiorandComposition

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) componentescriptionfor cosinecomponent
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5.4 CONSUL ComponenModels

5.4.1 CONSUL Family Model Structure

The CONSUL family modelrepresenta family asa setof relatedcomponentsTheinter
componentelation of thesecomponentss not x ed. That meansthat both hierarchical
componenstructuredike the OpenComponennodel [GSPSO01blor normalindependent
componentsanbe modeledby afamily model. The CONSUL family descriptiolanguage
(CFDL) is thetextual representationf the model.

Components: A componenis anamedentity Eachcomponents hierarchicallystruc-
turedinto partsthatin turn arebuilt from soucce elements A componenimay specifya
parentcomponentA components only includedin the concretemodelif its parentcom-
ponentis included.

Parts: Partsarenamedandtypedentities. Eachpartbelongsto exactly onecomponent
andconsistof any numberof source elements

A part canbe an elementof a programminglanguagelike a classor an objectbut also
ary otherkey elementof the innerandexternalstructureof a componentfor examplean
interfacedescription. CONSUL providesa numberof prede nedparttypes,like class
object ,flag , classalias orvariable . Themodelis opento theintroductionof
new parttypes,dependingn the needsof the users.Table5.2 givesa shortdescriptionof
theavailableparttypesin the currentCFDL version.

Source elements: A partasa logical elementneedssomephysicalrepresentation(s)
that aredescribedy the source elements A sourceelementis an unnamedout typedel-
ement. The type of a sourceelementis usedto determinethe way to generatehe source
codefor thespeci edelement.Differenttypesof sourceslementsaresupportedlik e file
thatsimply copiesa le from oneplaceto a speci ed destination.Somesourceelements
aremoresophisticatedik e the classaliasfile . Tableb5.3lists the currentlyavailable
sourceelementrepresentations.

Theactualinterpretatiorof thesesourceelementss handedover to the CONSUL transfor
mationbaclend. To allow theintroductionof customsourceelementsaandgeneratorules,
CONSUL is ableto plug in different transformatiorenginesthat interpretthe generated
concretecomponenmodelandproducea physicalsystenrepresentatiofrom it.

Currently two differenttransformatiorenginesexist. Oneis implementedn Prologand
operatedirectly on the Prolog knowvledge databaseepresentation.The secondusesan
XML basedapproach.

Theadwantageof the Prolog-basedpproachs its speedandthe ability to usethe power of
Prolog.However, it requiresadecenknowledgeof Prologto changeor addsourceelement
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5 Tool-BasedConstructiorandComposition

Part type Description

interface X) RepresentanexternalcomponeninterfaceX.

class (X) Representa classX with its interface(s) attributesandsourcecode.
object (X) RepresentanobjectX.

classalias (X) | Representatype-basedariationpointin acomponentA classalias
is anabstractype namethatis boundto a concreteclassduringcon-
guration.

flag (X) Represents con gurationdecision.X is boundto a concretevalue
during the con guration. Dependingon the physicalrepresentatior
choserfor the ag, it canberepresentedsamalke le variable,vari-
ableinsidea classor a preprocessorg.

variable  (X) Similarto a ag, but avariableshouldnotrepresentirectvariation
pointsratheradditionalcon gurationinformationlik e buffer sizesor
thenumberof resourceswvailable.

project (X) Representarything thatcannotbe describedy the parttypesgiven
above.

Table5.2: Overvien of CFDL parttypes

generatorsThe otherapproachdescribedn [Roe03, usesXML to describethe transfor
mations. This allows usersto integrateown special-purposenodulesinto the systemsvia
an easy-to-usenoduleconcept. This enablesusersto introducetheir own family speci ¢
transformatiorengineswithout any needto changehe core CONSUL tools.

Using restrictions in CFDL: A key elementwhich makesthe CFDL differentfrom
other componentdescriptionlanguagesis the supportof e xible rulesfor the inclusion
of componentspartsand sources. For eachof theseelementsyulesof inclusioncanbe
speci edby Restrictions

Eachelementmay have ary numberof restrictions.At leastoneof themhasto betrueto
includetheelemeninto thesystem.If thereis norestrictionspeci ed,anelementis always
included.

5.5 Domain Design and Implementation

Family designis designwith changeand for change. Designwith changerefersto the
knowvn and anticipatedchangeswithin the family that representhe differencesbetween
family members.Designfor changegefersto the changeghat may happerwhen more
domainknowledgeis gatheredand/orthe domainscopes changed.
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Sourceelement

Description

Part types

file  (Dir ,Name:,Type)

Representa le thatis usedunmodi ed.Dir
is the nameof the tamget directory N ame :
the lename, and Type can be usedto de-
scribethe type of the le, e.g.if it contains
animplementation(impl ) or a de nition of
aclass(def .) Forunknavn typesthespecial
typemisc shouldbeused.

ary

file (Dir ,Name:, TypeOSource Sameasthe previousfile , but the original | ary
le can have a different namespeci ed via
OSource

flagfile (Dir ,FileName,N ame :) Represents C++ preprocessolag Name : | flag
storedinthe le FileNameindirectoryDir. | variable ,
This is a generatedource,it is producedby | classalias
CONSULduringcon guration. Thevalueof
the ag is determinecby Value statementsg
giveninsidethe partdescription.

makefile (Dir ,FileNameName:) Representsa male le variable N ame flag ,
storedinthe le FileNameindirectoryDir. | variable ,
This is a generatedource,it is producedby | classalias
CONSULduringcon guration. Thevalueof
the variableis determinedby Value state-
mentsgiveninsidethe partdescription.

classalias (Dir ,FileName,N ame:) | Representa C++ typedefvariableN ame : | flag ,

storedinthe le FileNameindirectoryDir. | variable ,
This is a generatedource,it is producedby | classalias

CONSULduringcon guration. Thevalueof
the ag is determinecby Value statementsg
giveninsidethe partdescription.
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5 Tool-BasedConstructiorandComposition

Family desigrrequiresadditional e xibility incorporatednto thedesignin contrasto single
systemdesignwhereeachdesignrepresentfust the equivalentof afamily member

Not only for embeddedystemss it importantthatthis e xibility in thefamily designdoes
not causeexcessie resourceusagein the tamget system. Flexible designparts,wherethe
e xibility canberemaoved prior to runtime shouldnotimposeary run-timeoverhead.

5.5.1 Variable Designs

Althoughit is not possibleto derive the family designfrom the resultsof the designphase
automaticallyespeciallythefeaturemodelcanhelpto nd appropriatalesigngor thegiven
problemdomain.

CONSUL itself doesnotrequirethe developerso follow ary specialdesignapproachThe
developerscanuseary designstratgy suitablefor the concretefamily domain.However, a
detailedanalysisof thefeaturemodelandfeaturedeploymentmodelhelpsto nd a match-
ing designfor theproblemdomain.

Flexibility always comesat a price, which is one of the reasonsvhy mary component
architecturesare not suitablefor embeddedrojects. In the attemptto supportall kinds
of problemdomainswith just oneimplementationthe e xibility of thosearchitecturess
usually heavily basedon dynamicbinding at run time. This introducesmuch overhead,
sincedynamicchangesreusuallynot requiredfor every partof the system.The complete
dynamicapproachs oftenusedaryway, since from a purefunctionalpoint of view, thisis
equialentto adesignthatis (atleast)partially static.

Especiallythefeaturedeploymentmodelallowsto re ect ontherequiredevelsof e xibility

of the design,which is very importantespeciallyfor embeddedrojects. The availability
of thosemodelsenableghe developersto build designswith just the amountof e xibility

required,becausdor eachfeaturethe bindingtime for the variationis known in advance.
The rule of thumbis that the earlier the binding is done, the lower the costin termsof
memoryandprocessocyclesatruntime.

But evenif thesebindingtimesaredeterminedor eachfeatureduringthe domainanalysis,
thesolutiondesigndoesnotnecessarilymplementhemunconditionally It is oftenpossible
to delaybindingof afeatureto alatertime without breakingthe functionality of the system
atthe expenseof speedandmemoryusage.

5.5.2 Family Variation versus Family Member Flexibility

Oneof themainproblemsof family-basedoftwaredesignds that, with afamily-basedap-
proachtherearetwo levelsof e xibility or variationin thedesign.Ononehand the“usual”
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5.5 DomainDesignandimplementation

DeviceSupport

ADCControl

ADC_1 | | ADC_2 |-/| ADC_3

Figure5.21:Partial featuremodelfor the ADC example

e xibility a family memberor a singleapplicationhasto provide and,on the otherhand,
the variationinsidethe family to provide differentfamily members.Both levels cannotbe
totally separateth a design.The samedesigncanoftenrepresenbothfamily variationand
membere xibility .

Thefollowing examplewill illustratethis problemandalsogive anideahow CONSUL can
beusedto dealwith it in away thatsuitsthe needsof embeddedystems.

Animportantserviceof ary operatingsystems to provide accesso thehardwareconnected
to the processor Dependingon the hardware con guration and/orthe needsof the appli-
cationsoftware,anoperatingsystemhasto provide softwarecomponentandinterfacesto
differentsetsof hardware devices. In embeddedsystemshis applicationcentricview is
oftenfound, sincesoftware supportfor unusedchardware devices lls only memoryin the
bestcasebut hasan impacton performanceor stability of the systemin the worst case.
Thereforea (minimal) family approachis almosta mustfor device driversandoperating
systemdor embeddedystems.

Example Scenario: Theexampleis basedon a ctitious hardwarethat hasthreedif-
ferenttypesof analog/digitakcorverters(ADC) available. Thegoalis to provide a software
designandimplementatiorthatis scalablewithout having to programdifferentversionsof
the device driversfor differentfamily membersThe scalabilityshallbe achiered by using
theservicesof CONSUL.

Figure5.21shavstherelevantpartof thefeaturemodel. WhenADC supportvia thefeature
ADCControl is selectedary combinationof supportfor the threedifferent ADC types
canberequestedThereforethereareseven combination$ of functionalsupportfor ADCs

“Threewith asingleADC, threewith two ADCs out of threeADCs, andonewith all threeADCs.
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D ADC ADC ADC

s N Ul s

ADC_1 ADC_2 ADC_3 ADC_1 ADC_2 ADC_1 ADC_2 ADC_3

Figure5.22:Classhierarchiedor differentmembers

possible.ln someapplicationit is known in advancewhich ADC(s) aregoingto beused so
compile-timebindingshouldbe possible put therecanbealsoapplicationghatwill bindan
ADC atloadtime, andsomewill deferthe decisionuntil runtime andmayrequesiaccess
to differentADCs over thetime.

Thedriversshallbe realizedwithin a singlecomponentAll ADCs mustprovide the same
interfaceto be ableto switchbetweerdifferentADCs easily

Domain Design and Implementation:  This settingseemdo be a classicalexample
for the use of an abstractbaseclass,de ning the commoninterface and three different
subclasse$or the concreteimplementationf the interface. In mary con gurationsas
shavn in Figure5.22, however, the baseclassis not necessaryasthereis only oneclass
derived from it in use. Thoughthe useof abstractbaseclassess goodfor modelingand
communicatingnterfacesto usersanddevelopers,it alsousesresourcesluring run time.
To implementthe variability, C++ aswell asotherobject-orientedanguagesely ontables
associatedvith eachclass. Eachtable storesthe locationof the methodimplementations
for thecommoninterface.ln C++theseablesareusuallycalledvirtual methodables The
useof suchtablescostsmemoryfor storingthetableandalsoruntime, sincefor eachcall
to anabstracmethodthe correspondingableis consulted.

Themeasuremenfer anabstract/concretedasspairwith justonevirtual method(seeTable
5.4) clearly prove the increasednemoryusage.Of specialimportanceis the useof data
memory Without virtual methodsho datamemoryis used. Many embeddednicrocon-
trollers have separateodeanddatamemories.The datamemoryis oftenvery small (few

bytesto onekByte), so wastinga few dozenbytesof datamemorycanbe a real problem,
especiallysincetherecanbe mary partsin the systenthatlook alike andmay alsousevir-

tual methods A skilled embeddegrogrammemvill avoid usingvirtual methodsvhenerer
possiblé. In theproposedamily, thefamily memberghatprovide supportfor only asingle
ADC controllershouldavoid themaswell.

SCompiler:gcc2.96for x86, gcc2.95. 2for avr.
%Today mostdo thatby not evenusingobject-orientedanguagesgor embeddedystemsgprogramming.
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5.5 DomainDesignandimplementation

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: Memoryconsumptiorof abstracandnon-abstractlasses

ADC
<<alias>>
TS

ADC_Base | :

Vans

ADC_1 ADC_2 ADC_3

Figure5.23:Variableclasshierarchyfor ADC component

CONSULprovidestheclassalias to allow descriptiorof e xible, staticallychangeable
classrelations. Figure 5.23 shavs a new classhierarchywherethe external component
interfaceADCcanbe mappedo ary of the ADC_?classes.

The correspondingomponentlescriptionis shavn in Figure5.24. The classto which the
aliasshouldbesetis determinedy thefour Value statementgiveninsidetheclassalias
de nition. The rst statemenfor which the rule given as secondargumentevaluatesto
true is usedto calculatethe value. The rst amumentof this statementetsthe value.
The CONSULPROLOG clausés_single(X, NT ) istrueif only X is selectedromiits
or-featuregroup. If morethanoneADC is selectedrom the group,the abstracbaseclass
is used.

To solwe the problemwhetherthe ADC_? classediave to be derived from anabstracbase
classtheclassADC_Base hastwo differentdeclarationspneasanabstractlasswhile the
otheris justanemptyclassde nition.

Thedescriptionof classADC_ 1is straightforvard. It is includedin the componenivhen-
ever supportfor ADC_lis requestedFor the othertwo classeshedescriptiondook alike.
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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_317,1,_N T)"
}
file("include", "ADC_Base.h",def,"include/ADC_Base_empty.h")
Restrictions {
Prolog("selection_count([ADC_1''ADC_2''ADC 2371 ,_NT)")
}
}
}
}
class("ADC_1") {
Sources  {
file("include", "ADC_1.h",def)
file("src", "ADC_1.cc",impl)
{ Restrictions { Prolog("has_feature('ADC_1',_NT)") } o}
}
}
}
}
Restrictions { Prolog("has_feature('ADCControl',_NT)") }
}

Figure5.24:CFDL for ADC component
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5.6 Family Deployment

This exampleillustratesthatthe mechanismsisedto implementcustomizableeomponents
areavailable, even without CONSUL. Changinga classhierarchycould be easilyaccom-
plishedby aconditional¢#include resolhedby the C++ preprocesscaccordingo acom-
piler amumentthatis de ned in amalke le. With the CFDL, however, thereis onesingle
placeto managehe customizatiorprocess.Theinformationwhatandhow to con gureis
notspreacbutoverdifferent les in differentlanguagesilt separatethestructureof systems
andcomponentsrom thesourceles in whichthey areimplemented.

The extensibility of the CFDL throughits customizabldaclendmakestheintroductionof
new high-level descriptiorelementseasy

Combining CONSUL with AOP: Goingbackto theexamplegivenabove, it wasnec-
essaryto dealwith the problemof having differentbaseclasseof ADC_? To be ableto
leave theclassde nitions unmodi ed, afake baseclassfor thecasesvheretheabstracbase
classshouldnot be usedhadto be provided.

The aspectlanguageAspectC++[AC] allows to write aspectghat are able to introduce
new baseclassego arbitrary classes. To male this available in the CFDL, a new part
descriptionelementnamedBaseclass , which takestwo aguments hadto be de ned,
carryingthenameof theintendedaseclassandtheprivilegelevel (private, public,
protected for C++). This couldbeaccomplishedby addinga nev XML transformation
descriptionfor the baseclass statemento the baclend transformatiorlibrary. Figure
5.25shavs themodi ed componentiescriptiorandFigure5.26thegeneratecdspectode.

Thegeneratedspectodeis laterwovenwith the C++ sourcecodeof theclassADC_1and
resultsin a modi ed declarationof this classwith an additionalbaseclassADC_Base.
Thebene tsareobvious: the useof a“dummy” classis nolongernecessargandthe CFDL
expresseshedesignvariationmoreexplicitly.

5.6 Family Deployment

A critical pointin softwarefamily-baseddevelopmentis the deploymentof the previously
developedfamilies. Deploymentof softwarefamilieshappensn differentways. A single
memberof a softwarefamily mightbe usedin thedevelopmenbf a softwaresystemor the
developmentametis itself a softwarefamily andintegratesothersoftwarefamilies.

An application(or even a family of applications) for instance might always requirethe
sameset of operatingsystemfunctionalities. In this case,an appropriatememberof an
operatingsystemfamily canbe choserandusedin the applicationdevelopmentlik e other
existing non family-basedsoftware artifacts. If the deplgyment of the operatingsystem
family happensn 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_317,1, N T)"
}

}
class("ADC_1") {
Sources {
file("include", "ADC_1.h",def)
file("src", "ADC_1.cc",impl)
/I 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 componentisingthebaseclass () sourceelement

aspect consul_ADC_1_ADC_Base
{

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

Figure5.26:Aspectcodegeneratedor the CFDL baseclass  sourceelement
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memberof anembeddedperatingsystemfamily arerequireddependingon the different
scenarioghe new family is going to be usedin, thenit is an integration processof one
family into another

CONSUL supportshothwaysof deploymenteasily The integration of an existing family
into a new family developmentis doneby providing a mappingof the new family feature
model(s)to the existing family usingthe CONSUL mappinglanguage. Of course,the
“normal” actwities, like providing matchinginterfaces,analyzingthe interactionbetween
the partsof theimplementatiorandsoon, have to be doneaswell.

In mostcasesof component-basedevelopmentssucha family integrationwill leadto a
hierarchicaktructure asdiscussedn the previous partof the chapterSection5.3.8.3)and
is thereforesupportecdby CONSUL aspartof thefamily developmenfprocessn thedomain
engineeringphase.

Thedeploymentof a singlefamily membetin anapplicationdevelopments the lastphase
in ary family-baseddevelopment.Basedon the applicationrequirementspeci cationthe
variation pointsin the software family areresohed. For CONSUL basedsoftware fam-
ilies this is doneby selectinga setof features,assigningfeaturevaluesif necessarand
specifyingthe family deploymentinformation.

5.6.1 From feature model to feature sets

As alreadydiscusseatarlier usinga family-basedsoftwarefor developmentdoesnot only

have bene ts. Therearealsoproblemsassociatedavith suchanapproach.Usinga family

insteadof a x edsolutionrequireshespeci cationof theneed=f theintendedapplication
in termsof the softwarefamily. This customizatiorandcon guration processneedso be

easyenoughsothatit really paysoff in termsof developmentime and/orresourceisagdo

doit. Figure5.27shavstheimportantissueshere.Thecompleity andnumberof decisions
to be madebeforea family/family membercanbe usedin the applicationis a critical point

for the succes®f a method. Software developersarenot willing to investtoo mucheffort

into theselectiornprocessf it is too comple andtakestoo muchtime. If theprocesss easy
but doesnotoffer theexpressienesgo specifyapplicationrequirementsjeveloperscannot
useit.

CONSUL (andthereforeall otherfeaturemodel-basedpproachesysesfeaturemodels
asa main instrumentin this decisionmaking process. The relatively simple languageof
thosemodelsmalesit easyto understandOneproblemseemgo bethe numberof features
onehasto consider However, unlike approacheshat usedecisionmodelsto guideusers
troughthecon gurationprocessfeaturemodelsallow theexplorationof all featuresonary
hierarchylevel without the needto nd out which answersarerequiredto reacha speci c
point (feature)in thetree.
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Obstacles Benefits
Granularity of Decisions <;:> Adaptability
Complexity of Decisions Reusability

Figure5.27:0Obstacleversusbene tsof con guration modelsfor softwarefamilies

CONSULenablesiuserto selectary featuresheor helikes,andit canimmediatelyexecute
checkswvhetherthereareopendecisiongthatmeansinboundvariationpoints)or unful lled
restrictions.Figure5.28 shaws the cosinefeaturemodelwherea problemis signaledby a
colorindication.In thisexampletheuserselectedifeature(Trace ) for whichanadditional
requiredfeatureis de ned (PCConnection ,sedowerright partof thewindow) . Theuser
mustnow eitherdeselecthe Trace orselectPCConnection aswell.

The numberof featuresselectedrom a modelis usuallyrelatively smallcomparedo the
numberof featuresin the model (seeSection6.2.3). Onereasonfor this is that through
the selectionof a featureall its parentfeaturesup to the root node are includedin the
con gurationautomatically

5.6.2 From Feature Sets to Family Members

The nal stepin usinga family memberin an applicationdevelopmentis the generation
of the family memberitself. CONSUL usesthe threeelementdeatue mode] component
modelandfeatue setasinput for the membergeneratiomprocess.Dependingon the gen-
erationprocesaused eithersourcecodeor binary codeis generatedrom theseinputsand
canbeusedby theapplication.

5.6.2.1 Feature Sets versus Family Members

As alreadymentionedearlierin this chapter CONSUL doesnot requirea distinct family
memberfor eachvalid featureset. This might seemlike a problembut is really a bene t.
A featuresetdescribesherequirementsf theapplicationin termsof the problemdomain,
a family memberis one of the available membersof the solutiondomain. Thereis not
necessarilya one-to-onemappingbetweervalid featuressetsandfamily members.Many
differentfeaturesetsmightberealizedusingthesamefamily membef. Theremightbealso
featuresetsthathave no associatedamily membeythatmeanshatthereis no realization

’In the cosineexample(Figure5.200n pagel04)all featuresetswithoutthefeature Fix edTime' usethesame
implementationthatis the samefamily member
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Figure5.28: Theinteractve CONSUL featuremodelchecler shaving a modelwith anin-
valid featureselection
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known for thegivenrequirementsDependingnthefeaturemodelandthesoftwarefamily,
there might also be family membersthat cannotbe mappedto ary of the possiblevalid
featuresets.

Althoughit shouldbe ensuredhatasmuchfeaturesetsaspossibleare mappedo existing
family membersit is alsopossibleto wait for a userto really selecta featuresetandstart
the procesof providing a solution,thatis a family membeyonly then. Thisis alsocalled
thereactve approaci{CharlesKrueger[Kru02]).

CONSUL canhandlethis problemgracefully it is possible for instanceto notify the de-
velopersautomaticallyif for a givenfeaturesetnoworking realizatiorf couldbefound.

5.7 Summary

The describedCONSUL methodfor featuremodel-basedievelopmentanddeplo/mentof
softwarefamilieswasintroducedin this chapter The CONSUL methodis inspiredby the
early featuremodel-basednethodsFODA and FORM. The chapterintroducedthe nevly
developedconceptsof multi domainfeaturemodelsand the hierarchicalfeaturemodels
thatallow a muchbetterreuseof featuremodels.The presentedpproactgoesbeyondthe
FODA andFORM approachoy alsogiving supportfor the domaindesign/implementation
via the componenfamily model. This modelremainsneutralto programminganguages
andspeci ¢ componenimodelsandthereforeprovidesa universaldescriptionof software
family implementations.

Theopennessf thepresentednethodtselfis alsosupportedy thetoolsthatimplementhe
infrastructurdor family developmentanddeployment. The presente@dpproachusesProlog
for knowledgerepresentatioandcon ict resolution.Userscanextendtheknowledgeeasily
to incorporatea domainspeci ¢ knowledgebase.Thegeneratiomprocesss alsocontrolled
by toolsthatallow all necessargustomizatiorby theusersof CONSUL.

Somedesignissuesspeci ¢ to embeddedystemsverediscussedandit wasshavn how
the CONSUL methodcanbeusedto solve theseproblemsef ciently. Alsothecombination
of CONSUL with aspecbrientedprogrammingvasintroducedbrie y.

8The meaningof the term “working realization”in this context is de ned as“The CONSUL systemcan-
not provide a family memberin the form requestedoy the user”. For obvious reasons,t cannotbe
checled/guaranteetly CONSUL that a generatedamily memberworks in the usersapplicationcontext
asexpected.Thisis the eld of formalveri cation techniquesiotincludedin CONSUL.
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An importantpracticeduring the developmentof CONSUL was the continuousexperi-
mentationwith the ideas,modelsandtools. The immediatefeedbackof the usersleadto
mary changesadditionsandcorrectionsThefollowing chaptempresentshe applicationof
CONSUL to several projectsin the embeddediomain. The experimentdiscussedreall
basedn Pure[BGP* 99, anobject-orientedperatingsystenfamily for deeplyembedded
systems.

Thecombinatiorof PureandCONSULwasa reengineeringxperimentsincePurealready
existedby thetime CONSUL wasdeveloped.Basedon initial experience®f usingCON-
SUL with Pure,several Pureextensionswere createdwith the help of CONSUL. Section
6.3 discussesheimprovedreusabilitywhenmultiple featuremodelsareused.The context
is anextensionof Pureto provide astandardizedperatingsystemapplicationprogramming
interface(API) for the automotve domain. Lastbut not least,the applicationdevelopment
with CONSUL (Section6.3)is discussedThe objectof experimentatiorwasthe develop-
mentof a completeembeddedystemasmallweatherstation.

Beforethediscussiorbegins,however, a brief overview of the CONSULtoolsdevelopedis
givenbelow.

6.1 CONSUL Tool Family

As alreadydiscussee@arlierin thisdissertationgoodtool supportis oneof thekey elements
for a successfusoftware engineeringnethodologyfor softwarefamily development.The

CONSUL andits tool family (Figure 6.1) is no exceptionfrom this rule. Much effort has
beenspentin providing anervironmentthatwasacceptedy theusers.

An importantpoint was the availability of a setof differenttools for different purposes.
Theneedsduringfamily developmentiffer from theneedsduringfamily deployment. The
resultwasa (small) family of tools centerecarounda commonkernel. The kernelcontains
the completemodelevaluationand handlingup to the generatiorof family members.The
toolsdiffer in the userinterfacesandalsothe setof functionalitiesavailable.
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consul@gui )
consul@cli

N7

CONSUL
Kernel

\

consul@web

Figure6.1: CONSUL tool family

The maintool is consul@guithat providesan interactve, graphicaluserinterface. It can
be usedduring all phasesf family developmentanddeplg/ment. It enableghe usersto
designandexplorefeaturemodels createfeaturesets,andto generatdamily members.

For the deploymentof software familiessucha powerful tool is not alwaysnecessaryTo

supporta “read-only” useof the developedmodels,the consul@wehinterface hasbeen
designedhat allows usersto interactvely selectfeaturesetsand generatehe respectie

family member It usesa client/serer model. All work is doneby the sener. Theresults
providedby the sener arepresentedisinga Java applet.

The third memberis consul@cli,a commandine interfaceof the CONSUL kernel. This
tool canbeintegratedinto male les or automatedestscripts.It allowstheuseof prede ned
informationthatcreatedusingthe consul@gubr consul@welprogramgor example.

As expectedmainlytheconsul@guandconsul@clihave beenusedduringtheexperiments
describedbelaw, sincethe developershadto changeand extend modelsfrequentlyand
wantedto experimentwith the changedoftwarefamily.
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6.2 Pure — Reverse Engineering a Program Family with
CONSUL

The startingpoint for the discussioris Pureitself, the rst applicationfor CONSUL. Be-
causeof the sheersize of the Purefamily and the ongoingdevelopmentby several re-
searcherandstudentsit providedanideal groundfor experimentatiorof usability practi-
cability andalsosoundnessf CONSUL.

6.2.1 Pure Basics

Pureis an acrorym for Portable Universal RuntimeExecutive Pureis in mary waysa
successoof PEACE, a paralleloperatingsystemfamily developedin the early ninetiesat
GMD FIRST.

Becausamary ideasin Pureare heaily in uenced by PEACE experiencesand because
Purealsosharesomeof its de ciencies,it paysoff to have alook at PEACE rst, andthen
give amoredetailedintroductionto Pure.

Pure's Ancestor PEACE: PEACE [SP94]wasdesignedwith theideato provide the
bestpossiblesupportfor parallel programmers.It was designedas a portableoperating
system.Severaldifferentexecutionervironmentsveresupportednamelythe SUPRENUM
andthe MANNA platforms,developedinhouseat GMD FIRST, anda numberof so-called
guestlevel implementation®n top of otheroperatingsystemqfor exampleWindows and
unix-like operatingsystems).

Parallelprogramsarespecial becausé¢hey aremoresensitve to certainkinds of overhead
thanmostotherprogramsMostof thetime, aparallelprogramis eithercalculatingsomere-
sults,whichdoesnotinvolve interactionwith othernodespr communicatinghaiting (for) a
result,which meanghatcommunicatioratencieshave a big in uence ontheperformance.
As communicatiorhandling (device drivers, protocol stacks)is usually seenas an oper
ating systemtask, PEACE hadto provide this support. Differentprogramshave different
communicatiomeedghatrequiredifferentprotocolsimplementedy 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
othercaseseveralthreadshadto beexecutedon a singlenode, sometimegvenin separate
addresspacesAdditional variability camethroughthesupportfor differentmultiprocessor
architecturegsingleprocessqrsymmetricmulti processingasymmetrianulti processing).

At the time, no tool supportfor the con guration of the several membersof PEACE was
used.The numberof availablefamily memberavas32 on top of eachsupportechardware
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platform (natve and guestlevel). In reality, only a much smallernumberwas actually
deplored by the users. The hardware abstractionsvailable on a platformthatwereto be

supportedvere more or lessidentical sincejust the main memoryanda communication
device wereof actualinterestfor mostparallelapplications.

The designof PEACE was basedon functional hierarchiesand incrementaldesign(this
will be elaboratedn Section6.2.2.1)andimplementedusing C++. To achiese both the
con guration of the differentfamily membersandthe requiredexecutionperformancea
compile-timeapproactwasusedmainly?.

Becausef the non-&istenceof toolsfor this purposé, thecon gurationwasbasedn the
well known but alsonotoriouslyproblematianacromechanisnof C/C++[SC92]. Accord-
ing to the settingof several so calledfame(FAmily MEmber) ags thatrepresente@ither
true or false,different partsof the sourcecodewereactuallyincludedin the compilation
process Sochoosinga family membemeantsettingthe appropriatéame ags. Sincethe
numberof fame ags wasrelatively low this could be donequite easily

From the Parallel World to the Real-time World: A rst stepinto anew application
domainfor PEACEwasthatadaptatiorior massiely parallelcomputatiorin areal-timeap-
plicationduringthe METRO projectin the mid-nineties PEACE wasportedto arelatively
powerful dualprocessoboardusinga hybrid PoverPC/Tansputearchitecture.

From the Real-time World to the Embed ded World Thesuccessoof PEACE goes
onestepfurther The Pureoperatingsystemsamily was designedwith the resultsof the
PEACE experimentin mind but asan operatingsystemfamily for deeplyembeddedys-
tems.Thegoalwasto provide very ef cient yet ultra portablerun-timesystemshatsuitas
mary differentembedde@pplicationsaspossible Sincemostembeddedystemsrerather
badlyequippedvith respecto memoryspaceandprocessingpower, similarto parallelsys-
temsef cient resourcaisagds akey issue.

However, thereareseveral key differencesof embeddedystemsomparedo parallelsys-
tems:

Thenumberof differenthardwareplatformsis very large.

Thenumberof con gurationsof asinglehardwareplatform(availabledevices,mem-
ory organization)s evenlarger

'HenningSchmidtdescribesa PEACE extensionto allow dynamicchangesn his PhDthesis[Sch9b
2And alsobecause strongbut understandablskepticismof PEACE developersandusersagainsthe useof
“just another"tool
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The needof applicationsaremuchmorediverse.Someuseonly a smallpartof the
availablehardwarebut needto befast. Somedo nothave to befastbut must t intoa
very limited memoryAnd somehave to be bothfastandsmall.

Purelystaticcon guration of the operatingsystemis not alwayspossible.However,
whatcanbedonestaticallyshouldbe donestaticallyif it savesruntime andmemory
space.

The designandimplementatiorof Purewas basedon the sameprinciplesas PEACE: an
incrementatlesignwasusedwith C++asimplementatiodanguageln the rst step,only a
staticallycon gurablefamily wasdeveloped.

6.2.2 Pure Architecture

Tounderstandhearchitecturef Pure,it isimportantto understandheideasof incremental
designandfunctionalhierarchies

6.2.2.1 Incremental Design

The approachknown asincrementaldesignwasintroducedby HabermanfHFC76]. In-
crementadesignis basedon the notion of a minimal baseand minimal extensiongo that
base.The minimal basede nes the setof functionscommonto all family members.The
minimal extensionsarethe extensiongequiredto extendthis basewith sufcient function-
ality to build afamily member An extensionis consideredo be minimalif nounnecessary
functionalityis introducedby this extensioninto ary possiblefamily membemwhich usest.
Theresultof anincrementatlesignprocesss afunctionalhierarchybuild from thebaseand
the extensions.This designrepresentsnly functionalaspect®f thefamily, non-functional
aspectdike memoryusageor real-timecapabilitiesarenot representeth suchahierarchy

Functional Hierarchies and Object-Orientation:  The resultingfunctional hierar
chy of a softwarefamily canbeimplementedn severalways. Figure6.2 shaws the func-
tional hierarchyfor thecontrol o w andinterruptsupportof the Pureoperatingsystenfam-
ily. A functionalhierarchydoesnotimply a speci ¢ implementatiordesignasHabermann
[HFC76]said:

It is thesystemdesignwhichis hierarchicalnotits implementation.
The Purefamily with its mostly static variation binding and compile-timedecisionsuses

classinheritanceextensvely to representhe functionalhierarchies.The baseclasscorre-
spondsto the minimal baseandpossiblymary differentsubclassesepresenthe minimal
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Figure6.2: Functionalhierarchyof Purethreadingsupport

extensions(Figure 6.3). Figure 6.4 shaws the Pureclasshierarchyfor Figure 6.2. The
adwantageof theinheritanceapproachs theef ciency of theresultingsystemgBGP* 99.

Oneof thedownsidess thattheimplementationtendto have alargenumberof classesn an
inheritancepath. This makesit complicatedor usersanddevelopersof asoftwarefamily to
getacompleteovervien overafamily memberbecausenary differentclasseandmethods
have to beexploredin orderto understandheinterfacesandinnerworkingsof thefamily®.
Theclassrepresentingheinitial threadGenius , for instancemay be composedrom up
to 20 classedrom a setof over 45 classes.To understandvhich operationdmethods}he
Genius classin agivenfamily membelsupportst is necessaryo gothroughthecomplete
inheritancepathandcheckwhich methodsareavailable.

This problem,howvever, would occurwith otherapproachem asimilarfashion.In adesign
wherethefunctionalhierarchiesareimplementedisingmodulesof which eachimplements
a setof minimal extensionsthe sameproblemcould be obsered. This kind of problemis

not technicala problemsincethe designdeliversthe requiredperformancegures. It is a

problemof maintainabilityandunderstandabilityln orderto useandextendsucha system
ef ciently, adeveloperhasto beableto understandhe systemeasily

By relying more or lessentirely on inheritance,it is also necessaryhat at somepoints
in the classhierarchy several different classimplementationsare useddependingon the
con guration. The darker shadedoxesin Figure 6.4 mark thesemutualexclusionpoints
for classesthatmeanghatthe Schemer abstractiorusesoneof six classeslependingon

3Tool supportfor classinterfaceexplorationcouldlimit the problemsketchedabove to somedegree. However
currently available tools are not able to copewith e xible classhierarchieswherethe baseclassesare
choserdependingonthecon guration.
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software family object-orientation
minimal base - base class
minimal extension(s) | <+—» sub class(es)

Figure6.3: Objectorientationandsoftwarefamilies

the requiredfunctionality Thisis necessaryo avoid eithercodeduplicatiorf or the useof
indirectiontechniquesik e aggregation. Codeduplicationis a night marefor maintenance
andwould de nitely leadto evenmoreconfusion.Usingaggr@ationinsteadof inheritance
would not solve the problemseither asthe type of the aggr@atedobjectwould have to be
resohed at compiletime aswell and,additionally the aggr@ateobjectneedsaccesdo the
functionalityof thebaseclasse®f Schemer , which would incuremorerun-timeoverhead
becausef the costof indirection.

It is importantto note, that not the incrementaldesignitself is the problemherebut the

implementatiorusinginheritanceasa meango expressfunctionalvariability andto com-

posepartsof a system. Besidesthe problemof deepclasshierarchiesa secondproblem
is that the ef cient implementatiorof suchmutualexclusionpointsvia inheritanceis not

very well supportedby object-orientedanguages.Alternatives to the useof inheritance
arenotalwaysavailable,becauseasalreadydiscussednh Chapter, otherapproachebave

increasedesourceequirementsyhichis oftenproblematic.

An additionaldesignconstraintverethetools availableat the time of the creationof Pure.
Most C++ compilers for instancewerenotableto handletemplatesn themid-90s.There-
fore, approachedpr examplestatictemplatemeta-programmingr templatebasedaggre-
gation/compositiortould notbe used.

Realizing Inheritance Variation with C++ The control of thesevariation pointsin
Pureis handledby C++ preprocessade nitions justlike in PEACE. Figure6.5 shawvs the
relevant con guration les from the Puresources.Selectinga speci ¢ con guration was
handledby choosingheright valuein fameScheme.h anduncommentingt.

Severalcritical issueswith the choserapproacttanbeseenhere:

4The subclasshierarchyof the Schemer representationsould have to be clonedin a separatenamespace
for eachof the six Schemer variants.
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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

/l#definefameLCFS_thread
#definefameFCFS_thread
/l#definefameLCFS_bundle
/l#definefameFCFS_bundle
[[#define famePriority_non

[l#define famePriority_pre
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Maintainability: A new variation of the inheritedbaseclassrequireschangingexisting
sourcecode.Thecon gurationinformationis scatteregcrosgshe systemandhidden
in headerles. It is not obviousthata le namedSchemer.h isin factavariation
point.

Under standability:  To understandhow thesystemis con gured, it is necessaryo check
every source le andexaminewhich con gurationis currentlyusedandhow a spe-
ci ¢ con gurationinformationis used.A closelook at the examplegiven above for
instancerevealsthattherearetwo con gurationvaluesfamePriority_no ne and
famePriority_pr e thatare not handledin the correspondingscheme.h le.
Obviouslythisis doneelsavhere.

Scalability: As the numberof con guration points grows, the correctcombinationof
the differentcon guration pointsinto valid con gurationsgetsexponentiallyharder
Every nen con guration point at leastdoublesthe numberof possiblecon gura-
tions,but notall con gurationvaluecombinationsarenecessarilyalid. Preprocessor
macrosdo notallow to checkfor valid combinations.

At acertainpoint Pureconsistedf about200classesdistributedin over 600 les andwas
con gured using64 preprocessorags. Theresultwasthat mostof thetime only threeor
four differentcon gurationswerein use,otherswereusedinfrequently if they wereused
atall. At this point,anewv way of handlingthefamily wasneeded.

What was requiredwas a way to modelthe family membersand their relationshipsn a
userfriendly way. Furthermorejt shouldbe possibleto derive the con guration from an
abstracspeci cationof thesystenratherthanforcingtheuserto editsourceles manually

6.2.3 (Re-)modeling Pure

Themainproblemto besolvedwastheability to expressarbitraryrelationsbetweerboththe
implementatiorelementgfor exampleclassimplementationshat cannotbe usedtogether
for somereasonpndalsoontheuserrequirementevel (for exampletheinability to support
bothsingletaskingandmulti taskingat the sametime). In addition,changego theexisting
implementationshouldbe avoided.

Among the modeling approachesvaluatedwere somein which both kinds of relations
arerepresentetibgether(annotatedsourcecode,UML/OCL) andsomethat separatedhe
problemsn differentmodels(Gen\bca,decisionmodelsandfeaturemodels).

The mixture of relationinformationandsourcecodeincreaseshe sourcecodecompleity
andleadsto reusabilityproblems sincethe domainmodelcannotbe separate@asilyfrom
theimplementatiorspeci ¢ modelparts. First experiencesith suchanapproactBeu97,
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Beu9§ shavedthatit is dif cult to maintainaconsistenmodelwhenthemodelinformation
is scatteredhroughoutheimplementation.

A UML-basedsolutionwould have requiredquite complex tool support,including OCL
evaluation,whichwasnot availableat thetime of theinitial modeling(1997). Additionally,
usinggraphicalUML modelsdirectly asa way to communicatecon guration optionsto
the useris problematicfor larger problemssinceUML modelstendto take large spaceon
screenA separatgraphicalmodelinglanguagevould have beenrequiredaryway.

Gen\bcaasan approachthat usesuserde ned domainspeci ¢ languagesand,usually a
codegeneratoiis problematicin a reengineeringscenario. Adapting the grammarof the
languageandtherespectre codegeneratois a matterof Gen\ocaexperts. Contritutions
to themodelrequirechangego languageandgeneratoby the Gen\ocaexpert(s),soeither
the domainexpertsanddevelopersbecomeGen\ocaexpertsaswell or modelchangesan
bemadeonly by a smallnumberof people.

Decisionmodelsandfeaturemodelsarequite similarin their expressienessHowever, the
ideaof free explorationof availablevariationpointsis easiewith featuremodels.Decision
modelsprescribeheway to a speci ¢ con guration, while featuremodelsexpressonly re-
lationsbetweerfeatures Both (decisiormodelsandfeaturemodels)cannoteuseddirectly
to expressrelationsbetweernimplementatiorelementsThis requiresadditionalmodels.

Besidesthe simplicity of their basicconceptsfeaturemodelswere seeminglysuitableto
modelfunctionalhierarchiegjuite well. The searchfor anadequatenodelinglanguageor
therequirementevel thuseventuallyleadto theselectiorof afeaturemodelbasedapproach
in combinationwith a modelinglanguagdor implementatiordescriptions.

To verify thisissue the rst stepwasto try to modelthe functionalhierarchyof the thread
supportfrom Purewith afeaturemodel.Figure6.2 shavs the basicfunctionalhierarchyof
this partof Pureaswell astheinterruptsupport.

The modelshavn in Figure 6.6 wastheresult. The featureshatrepresennon-functional
issuesn the modelareshavn with a gray border Severalinterestingobserationscanbe
made. The featuremodelresemblesn fact the decisionmodela programmethasto go
throughwhen decidingwhich kind of threadsupporthis or her applicationreally needs.
The rst questionis to decidewhetherreally more than one threadis needed. If not, a
singlethreadmodelis sufcient (objectification in Figure6.2). Otherwisethe next
questionis whethera simplecooperatie schemds sufcient (Coroutine)or somekind of
threadmanagemenhasto be provided by the operatingsystem(Dispatching).Embedded
softwaredeveloperswith prior knowledgeaboutreal-timeoperatingsystemsaneasily nd
theright setof featuressufcient for the desiredapplication.

Feature Model Obser vations:
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Threadinstance
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BundlePreemption BundleStrategy \dieGuard |- { IdiePanic “Idleuser ThreadPreemption ThreadStrategy
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Figure6.6: The Threaddomainfeaturemodel

The resultingfeatue modelnot relatedto Pure, mostof the threadsubsystemef
todays operatingsystemsouldbe describedy the givensetof features.The Linux
schedulingfor example s describedy PriorityCoopera ti ve,SchedulerLockabl
Integrated , VolatileSet , FloatSet , GlobalLife ; thelate Win 3.x by
ThreadFCFS , Integrated , VolatileSet ,FloatSet , GlobalLife

Anotherobsenrationis thatthe non-functionafeatuesare groupedat the outerbor-
der of thetree No functionalfeatureis a sub-featureof a non-functionalone. This
is not very surprising,asnon-functionalfeaturegendto lie orthogonato functional
features.

Relatvely surprisingwasthe numberof additionalrestrictionsrequired to modelthe
threaddomain. Actually nonewas used. This domainis so well structuredthat it
could be expressedy the four basicrelationsof features(mandatory optional, or
andalternatve).

Thelaststepwasto provide a correspondindgamily modelthatdescribegheimplementa-
tion in termsof les, constantsetc. The CONSUL family descriptionlanguageprovides
constructgich enoughto completelyexpressPureusingit.

In mostcaseshe part® weresimpleclass or object parts. The main con guration

SPartrefersto the CONSUL CCFM parthere.
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6.2 Pure— ReverseEngineeringa ProgramFamily with CONSUL

flag(“fameClasp_lock")
{

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

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

Figure6.7: Part of the Purefamily model,describingafame ag

instrumentthe fame ags insidethe Puresource werenot alwaysreplaced.If they were
usedto enableor disablepartsof the sourcecode,the #ifdef  basedon ags wereleft
untouched.However, the settingof the fame ags is nov doneautomaticallyduring the
family membergenerationaccordingto rulesspeci ed in the family model. Figure 6.7
shaws the family rule thatsetsthe ag fameClasp_lock  basedon the selectionof the
featureSchedulerLocka bl e. TheValue statemensetsthevalueofthe ag to 1if the
PROLOG ruleis satis ed, otherwisethe ag remainsunset.The le containingthe ag is
generatedn both casesbecausdt may bereferencedy othersource les to getthevalue
of the ag. To preventthegeneratiorof the le, arestrictionrule couldbeusedwhichwas
notnecessaryere.

However, the variation points shavn in Figure 6.4 were no longer representedby ags.
To male the variationmoreexplicit, the classalias partwasused.In Pureeachof the
variationpointsalreadyhadanameJike Schemer , Scheme or Servant . Thecon gured
classwvasreferencedby thisname(whichwassetto theactualnameof theclassvia #ifdef
and#define ). Theclassalias makesthevariationpointexplicit in thefamily model.
A classaliass basicallyavariabletypedef thatis resoledat membermeneratiortime.

Figure6.8shavsthede nition for theServant classaliasTheconcreteclassis calculated
from the valuesof the featuredntegrated =~ andSeparate © in the featureselectionof
the member The advantageof the useof classaliasemsteadof the mechanismshavn in
Figure6.5is obvious. A singlelocationinsidethefamily modelexpresseshevariability in
aneasilyunderstandableay:.

Theresultsfor the otherpartsof Pureweresimilar. It wasrelatively straightforvardto build

thefeaturemodelif thefunctionalhierarchywasusedasa startingpoint. Theoutcomewas
afeaturemodelwith about220featureghatwererealizedby about57 componentsn the
family model. Thenumberof featuress relatively highfor variousreasonsThe rst reason
is thatPuresupportanary differentprocessorandhardvareplatforms,eachmodeledby a

5Thesefeaturescontrol the placewherethe memoryspacefor saving processoregisterson a context switch
is allocated.
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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: Part of the Purefamily model,describinga classalias

System

|

FileSystems Streams Synchronisation Compiler Machine

Interfaces F

\} Thread

Memory ]’ ‘ Signalling \} TraceSupport

Interrupt F

Figure6.9: Thetop level of the Purefeaturemodel

feature(43features) hasa highly con gurable streamednput/Outputmodel (33 features)
andthe schedulingcontributes 44 featuresaswas alreadyshavn. The largestamountof
featureshowever, comesfrom the modelingof hardware devices: 74 features. In total,
almosthalf of thefeaturesdescribehehardwareplatform.

In the currentversionof Purethe numberof featureshasincreasedaigni cantly. Thereare
now about411 features.Althoughthe numberof featuress muchhigherthanthe number
of previously existing fame ags (64), the selectionof a family membethasbecomemuch
easiersincea typical featuresethas21 userselectedeatureson average.

6.2.3.1 Multi Domain Models for Pure

For several reasonsthe modelingof Purewasnot basedon multi-domainsinitially. The

mostprominentoneis thatthe concepof multi domainmodelswasdevelopedater®. How-

ever, it is easyto seethatthereareseveral, relatively looselycoupleddomainsinsideeach
operatingsystem. Threadhandling, memory managementgevice control or IO streams
have almostno relationto eachother

In thefeaturemodelof Purethisis visible by thefactthatthesedomainsareall optionalparts
of themodelandalsodirectsub-featuresf thetop-level featureSystem (seeFigure6.9).

"Thetypical featuresetswererepresentely the collectionof apprared Puretestcasefeaturesetsin the Pure
sourcetree(currently193sets).The standardieviation for the numberof featuresvasaround7.4.
8Theexperiencesvith Purewereasigni cant reasorfor developingmulti domainmodels.
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The only mandatoryfeaturesat this level areMachine andCompiler . The Machine
featureandits descendantdescribeshetargetsystemandtheCompiler  feature tree
is usedto describehe applicationdevelopmentenvironment.

Sothe modelof Pureconsistdn factof seseralindependentiomainmodels.In anext step
themodelwassplit up andreoganizedaccordingly

6.3 Reusing Pure — PureOSEK

An examplefor the usefulnessf splitting up adomainmodelinto several (smaller)models
is given below in the context of an extensionof Purein termsof supportfor a specic
operatingsysteminterfacestandard.

Many differentrun-timesystemsandoperatingsystemgor deeplyembeddedystemsave
beendevelopedindependentlywith different applicationprogramminginterfaces(API).
Changinghehardwareplatformoftenmeantrewriting theapplicationdbecausef changed
operatingsystemsAPIs. Several companiesn the automotve industrytried to develop
standardizedAPIs for automotie operatingsystemsto avoid this problem. One of the
mostsuccessfuktandardsn this areais OSEK. OSEK is an abbreiation for the german
term“OffeneSystemeindderenSchnittstelleritr die Elektronikim Kraftfahrzeug'(*Open
Systemsandtheir Correspondingnterfacesfor Automotive Electronics”).Severalcarman-
ufacturerdBMW, DaimlerChryslerVW) wereamongthe foundersof the OSEK Groupin
1993. Renaultand PSA joined the consortiumrelatively fastand contrituted their VDX
(VehicleDistributed eXecutve) standardchangingthe of cial nameto OSEK/VDX. This
groupdevelopeda numberof standard$or the variousbasicsoftwarefunctionsin automo-
tive real-timeapplicationgoperatingsystemcommunicationnetwork management).

In aresearclprojectthe Pureoperatingsystemwasto be extendedby animplementation
of the OSEK operatingsystemAPI. A detailedanalysisof the OSEK OS standardshaved
thatmostof therequiredfunctionalityof OSEK OSwasalreadypresenin Pure.Themain
differencewasthe applicationlevel API itself andthe con guration processof OSEK OS.
The API of OSEK s proceduralso a thin layerto mapthe object-orientedPureworld to
OSEKwasneeded.

Theinterestingoartwasthecon guration. OSEK OSis completelystaticallycon gured. It

usesa con gurationlanguageQIL® , to describethe applicationandusesthis information
to generatdoththeapplicationandalsocon gurationinformationfor theoperatingsystem.
Figure6.10shawvs the principalway of developmentwith OSEKOS.

Tasksresourcesisedby thetasks errorevents timing information,applicationsourceles,
etc. canbe describedusing OIL. The systemgeneratoproducesa linkable versionof the

°0IL = OSEKImplementatiorLanguage.

133



6 Rule-basedCon gurationof EmbeddedystemSoftware
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Figure6.10:An examplefor the OSEK developmentprocesgfrom [OSEQ01])
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‘ ErrorHook H PostTaskHook } ‘ PreTaskHook } ‘ ShutdownHook H StartupHook ‘ ‘ full-preemptiv } ‘ mixed-preemptiv H non-preemptiv

Figure6.11: The OSEKOSdomainfeaturemodel

applicationandalsoprovidesinformationhow to con gure the operatingsystemwhichis
con guredseparatelyn anoperatingsystemvendorspeci ¢ way.

In principle, it would have beensufcient to just provide a Purespeci ¢ systemgenerator
that produceghe appropriatdeaturesetfor the intendedapplication. The problemis that

OIL doesnotincludeary speci cationof hardware platforms(processotype, etc.). This

is left opento the applicationdeveloperwho hasto provide an appropriatehardware ab-

stractionlayer Anotherissueis thatfor somescenariosQIL is not used,sothe automatic
con gurationwasnot possible.

It was decidedto develop a specializedfeaturemodelthat could be usedby the system
generatoaswell asby humanswith theappropriat&knonvledgeof OSEKOS (notPure!)to
con gure the PureOSEK.

Figure6.11shavsthe OSEKOSdomainaccordingo the OSEK speci cation. It de nesso
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OsekOS Machine Interfaces Streams
JA) JAY JAY
OSBase
OSEK Pure
Component Component
Family Family

Figure6.12: The OSEK OSdomainfeaturemodel

calledconformancelasseshatcontrolbasicfeaturesof the operatingsystem.BothBCC1
andBCC2, for instancedo not allow event basedactivation of tasks. The otherfeatures
allow the developeror the generatotto provide additionalinformation aboutthe services
theapplicationrequires.

Thismodelwasintegratedinto a hierarchicadomainmodel,whichis schematicallyshovn
in Figure6.12. The OsekOSmodelis mappedo the OSBase thatis basicallythe original
Purefeaturemodelminusthe Machine , Interface = andStreams sub-model.Those
threemodelsarealsoexposedo theuserand/orthesystengeneratarThe OSEKcomponent
family consistsalmostentirely of the API interfacelayer The hiding of OSBase features
with the OsekOS modelreduceghe amountof featuresthe usermay selectby 74% (16
versusabout100),the numberof possiblecon gurationsis reducedevenfurther

This provesthe usefulnes®f multi domainmodels bothin termsof reusabilityandusabil-
ity.

6.4 The Weather Station — a Pure Application

While the previous exampleswere centeredn the componenbr componentamily level,
the nal exampleis asmallapplicationfamily thatshavs againthe usefulnessf hierarchi-
cal featuremodels. In a projectthe goalwasto develop a completeweatherstationbased
on a small experimentalmicrocontrollerboardequippedwith an ATMEL ATMEGA103.
The boardwasequippedwith several sensorgair pressuretemperaturewind speedjand
hasanLCD display a serialcontrolleranda USB controllerfor outputandinput purposes.
Althoughthe ATMEGA103has128kByte of codememory for the projectthememorywas
limited to 8 kBytes(Figure6.13)
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Figure6.13:Weatherstation
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Figure6.14: Theweatherstationapplicationfeaturemodel

Severalinput andoutputoptionshadto beimplemented Eachof the sensorsvasoptional,
the outputoptionswereformattedor unformattecoutputfor the LCD displayandfor serial
output. Anotheroutputoption wasthe useof SLIP® UDP!! pacletsin a prede nedway.
Oneresultingfeaturemodelfor this applicationfamily is shavn in Figure6.14. The model
was completelyindependenfrom the implementationplatform used(in this casePure)
andcould be reusedwithout ary change®n top of ary otheroperatingsystem.Only the
mappingfunctionality hadto beexchanged.

The implementationof the weatherstationrelied heavily on the combinationof simple
C++ componentsrealizing separatdunctions,and AspectC++aspectdhat provided the
“glue” for combiningtheindependentomponentsFeaturesvereusedto selectfunctional

03erialLine InternetProtocol
yserDatagranProtocol
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#ifndef  _ Pressure_ah__
#define _ Pressure_ah___
#include  "PressureSensor.h"
#include  "WeatherData.h"
aspect Pressure {

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

advice args (weather) && execution ("void  Sensors::measure(...)")
after (WeatherData &weather) {
weather.pressure = PressureSensor::measure 0;

}

/I 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);
}

h

#endif // __ Pressure_ah__

Figure6.15: Aspectconnectingoressuresensorlandoutputcomponents

componentsike pressuresensodriver, LCD outputdriver andthe connectingaspectgsee
Figure6.15).

The combinationof functional C++ code and aspectgroved to be easyto handle. The
aspectsverequitesmall,thefunctionalcomponentsemainedunclutteredrom thedifferent
variations,the sensorsfor example,did not know whetherandhow their outputwasused
for displayingor transmittingvia USB. Othertechniqueslik e virtual methods/abstratiase
classesyould have allowed the sameeffect but requiremoreresourcesasshavn in Table
5.4onpagelll.

6.4.1 Feature Model Templates

Thefeaturemodelof the weatherstationexhibits aninterestingproblem. Eachof the dif-
ferentoutputdevices(USB, SerialandLCD) have almostidenticalsub-featuresThisis not
very surprisingasall devicescanbe usedfor the samefunctionality Theresultingreplica-
tion is a generalproblemof featuremodels. The alternatve of representinghe formatting
featuresin a separateand independensub-modelis not possible,becausdhenit is not
de ned which formattingoption hasto be supportedoy which outputdevice. All devices
would have to supportall outputoptions.The outputformattinghasto be setseparatelyor
eachoutputdevice.

Themostintuitive solutionwould bea matrix of D eviceType FormatO ption. Thefea-
turemodelshavn is in facta attened matrix. However, the creationfor largernumbersof
featuresnvolved canbe very expensie. 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:Proposafor featuremodeltemplates

parameteraremodelsthatcanbeinsertednto specificedlocationswould make this quite

easyto handle.Basedon thefeaturemodelnotationintroducedn [vDK02], atemplateno-

tationis proposedFigure6.16). To avoid namecon icts whenthe samemodelor template
is inserted,anindividual pre x canbe speci ed for a templateparameteiat instantiation
time. CONSUL doesnot yetimplementthis extensionbut will do soin thenearfuture.

6.5 Summary

The chapterpresentedxamplesof the applicationof CONSUL in differentscenarios.It
shavedthat CONSUL canbeusedin reengineeringasksaswell asfor new developments.
The ability to performreengineerings animportantsuccesgactorin embeddedoftware
developmentcontets, sinceevenwhena completeswitchfrom singlesystemdevelopment
to family-baseddevelopmentis made,third-party software or legag/ software hasto be
integratedinto thedevelopment(process).

Theeasiercon guration modelcomparedo approachebasedn simplemechanismdike
male le variablesandpreprocessatirectives,increasedhe numberof Purecon gurations
deplo/edby userssigni cantly. Thisin turnincreasedhequality of the softwareindirectly:
the morepossiblecon gurationsaredeplg/ed, the betterthe independentomponentsre
tested.Upondetectionof invalid combinationsthe knowledgecould be expressedn terms
of the CONSUL featuremodelandcomponentamily model.
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6.5 Summary

The OSEK example shaved that throughthe multi domain model approach,increased
reusabilityof featuremodelbasedsoftware developmentscanbe achieved, sinceit allows
theintegrationof previously creatednodelsin othercontexts.

Thefunctionalityandexpressienesof CONSULseemdo besufcient for thecaseshovn
that re ect mary relevant scenariosfrom the embeddedsoftware developmentdomain.
However, with respecto userinteractionandincreasedisability somepotentialimprove-
mentshave beenidenti ed, mostnotablythe needfor featuremodeltemplates.

Someof thepresenteissuesandexamplesarediscusseth moredetailin [ BSSP02BSPSS00
BPSPO3
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7 Conclusions

This thesispresentedhe CONSUL approacHor family-basedsoftwaredevelopment.This
approacHollows aratherpragmatioway, usingmary conceptsalreadyknown like feature
modelsand componenbrientedsoftware development. It thencombinesthesewith new
elementgo male it suitablefor the needsof both the embeddedystemsoftware domain
andthe embeddedoftware developers.The formerrequires ne-grainedvariability in the
softwarearchitectureto achieve anef cient resourcaisageandreusabilityof the resulting
software. The latter requiresmodelsthat are easyto understandand scalewell even for
larger software projectsandpermitasmuchautomatioraswanted.

The CONSUL approactsupportsbothgoalsby providing:

Reusablelomainmodelingwith hierarchicafeaturemodels(Sectionss.2and5.3).
A e xible anduseradaptableomponentnodel(Sections.4and5.5).

Tool supportfor every CONSUL relatedactvity in all phasesf the development
procesgSection6.1).

For successfulseof almostary software engineeringnethodfor the embeddedoftware
domain,it isimportantto provide theability for reengineeringsinceit is notfeasibleto start
new softwaredevelopmentdgrom the scratch.The examplesgivenin Chapter6 provedthat
even comple softwarelike a full- edged operatingsystemfamily for embeddedystems
canbemodeledandusedrelatively easywith CONSUL tools.

An importantissuefor tool supportwastheinteractvity concept.Thetoolsshouldbeasin-
teractie aspossiblesoasto allow explorationof themodels.This wasa relevantconstraint
thathadto bedealtwith. Too complex modelswould requiretoo muchcomputatiorpower
to be evaluatedin a shorttime frame, breakingthe conceptof interactveness.The useof
relatively simple modelslike the featuremodel allows, with currentdesktopcomputers,
interactve modelevaluationevenfor complex scenarios.

LIt is importantto distinguishbetweerthe terms“as wanted”and“as possible”. Any successfutool should
supportthe useronly whereit is necessaryand wanted. Developerssometimesendto do somethings
manuallyevenwhenit could be doneautomaticallyandrejecttoolsthatleave no choicein this matter

141



7 Conclusions

7.1 Comparison with Related Work

The issuesaddressedy CONSUL get increasinglymore attentionin both the software
industry and software engineeringesearch.Naturally other projectsand productstry to
solve thesameor similar problems.Thefollowing sectiondiscussesomeof thoseprojects
mostcloselyrelatedto CONSUL thatprovide atleastlimited tool support.

Therearenot mary tools available for language-indepéert, cross-leel managemenof
softwarevariability. The compary BigLever with their productGEARS[Kru02] is oneof
thefew. GEARSoperateonthe 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 independensetsof parametersare usedto de-
scribethoseconditions.Althoughthis might enhanceeusability it restrictsthe description
of cross-componerdependenciesThe GEARS approachdoesnot provide a separation
betweenthe problemdomainmodelsandthe solutiondomainmodels. Thusindependent
reuseor exchangeof thesemodelsis not possiblewhich limits the usabilityof GEARS.

Severalotherapproachessefeaturemodelsfor domainmodeling[GFd98 KLLK02]. Most
of them,however, do not usean explicit featuremodelingtool. Featuremodelingwithout
tool supportrestrictsthe sizeof the modelsto a smallnumberof featuresrenderingfeature
modelsalmostuselesdgor practicalpurposesin [vDKO02] atool is describedhatevaluates
featuremodelsandis ableto generatelava classskeletonsfrom featuremodels. Another
tool for drawing featuremodelsis AmiEdit , which was developedas part of a diploma
thesisat the University of Applied Sciencesn KaiserslauternHowever, this tool supports
drawing only, thereis no connectiorto othermodelsor amodelevaluator

Thetransformatiomprocessn CONSUL, which produceghe customizedmplementation
from componentdescriptionshassomesimilaritiesto frame-basedourcegeneratordike

COMPOST[ARMOZ or XVCL [JZ0]]. Theideaof framesblendsperfectlyinto the con-

ceptsof CONSUL. The openmodelof the CONSUL tools allows the integration of such
a generatorinto the transformationprocess and the parameterizatiof the generatolis

controlledby the featuremodelandthe componenfamily modelconstraints.

A differentapproacho solve the problemof providing ef cient andyetadaptablesoftware
is programspecialization Programspecializatiorusescompilertechnologiego transform
genericprogramsinto specializedprograms. Basedon alreadyknow input datathat is
boundto variable elementgfunction parameter®r object attributes)in the genericpro-
gramatransformatioriool generategpartially evaluatedcodewherethe alreadyestablished
knowledgeaboutalreadyinput datais incorporatednto the programsource. The[MCEQ2]
describesninterestingtool for the C programminganguage A separatesolutionmodel,
however, is not part of programspecialization.Becauseof the natureof programspecial-
ization,thosetools usuallysupportust onespeci ¢ programminganguage.

Programspecializatiortechniguedik e frameprocessorsould be usedto implement(parts
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Figure7.1: MDA: FromPIM to platformspeci ¢ applicationgtakenfrom [Sol01])

of) solutiondomains.To be usefulfor softwarefamily developmentthey have to be com-
binedwith adequatenodelingapproaches.

To solvethereusabilityproblem the ObjectManagemenGroup(OMG) proposeshe useof
theModel DrivenArchitectureApproach(MDA). MDA is mainly concernedvith software
portability It providestwo differentmodels:the PlatformIndependenModel (PIM) and
the PlatformModel (PM). Theintentionis to modelthe logic of a programin a platform
2 independenmanner The mappingto the desiredplatform(s)is the task of tools that
getthe PIM of an applicationandthe PM of the tamget platform(s)asinput and produce
the concreteapplicationdrom this information(Figure7.1) mostly automatically. In fact,
MDA applicationscanbe seenassimple product-lineswherethe variability is mainly the
platform.

This might be feasiblefor relatively homogeneoudomaindik e businessapplicationswith
only a smallsetof platformvariants. Problemsarisewhenthe numberof variantsis high
andthe platformsitself areinhomogeneouasit is thecasein embeddedystems.

The GenericModeling Environment(GME) [LMB * 01] is atool setthatallows the de ni-
tion andevaluationof arbitrarymodelinglanguagedasedn objectsandrelationsbetween

2In termsof the OMG the middlevarelayerand/oroperatingsystemlayerde ne a platform.

3A platformis mainly by the combinationof middlevare platforms(CORBA, J2EE, WebService)pperating
systemgWindows, Unix) anddatabasefOracle,MySQL, ... ). The numberof relevantmemberof each
of theseelementss notvery high.
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objects.Thereforejt would be possibleto de ne the CONSUL modelinglanguagesvithin
GME andusethe GME for basicmodelevaluation.However, morecomple operationdike
the CONSUL featuremodelmappingcannotbe modeleddirectly. The GME would have to
be extendedto enablesuchoperations Anyway, the availability of atool like GME at the
beginning of this dissertatiorprojectwould have beenbene cial, sinceit allows to realize
toolsfor modelevaluationquite quickly.

7.2 Open Problems

ThoughCONSUL n its currentform is ableto easethe handlingof a numberof pressing
problemin embeddedoftware development,mary openproblemsremain. Someof the
problemscould be solved with extendedor improved CONSUL methodsandtools, some
areoutsidethescopeof CONSUL andhave to be solvedseparately

Thefollowing sectiondiscussegst alist of openproblemsthenconcludeswith 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 caveredexplicitly. Evolution canhappenin all phasesbut the earlier
thechangesreintroducedthe morecomplex therealizationof thesechangesanbeif the
changesave not beenanticipated.Whenchangingthe relationbetweentwo featuresn a
featuremodelfrom “alternative” to “or”, forinstanceit is necessaryo tracethein uence of
thechangehroughall connecteanodels.Theremightbemodelpartswherethealternatve
existenceof thesdeaturesvasassumedmplicitly. Thedetectiorof suchproblematianodel
partsis animportantstepinto the usabilityof CONSUL in large-scaledevelopmentsvhere
requirementandconsequentlyheresultsof the domainanalysismay changeoftenandin
waysthatwerenot alwaysanticipated.

Version Control and Management: Anotheraspecbf evolution is the versioningof
boththe modelsandthe componentmplementationsExisting versioncontrolsystemdik e
RationalClearCaseCVS or TelelogicCMSynepy areusedto recordthetemporalchanges
of asystemoverthetime, usuallyatthe granularityof les.

A cleardistinction betweenvariability in the family (handledby CONSUL) andversions
(handledby a versioncontrol system)hasto be made. Conceptdor cooperatiorof these
variationdimensionsave to bedeveloped.
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Standards: CONSULusesown modelinglanguagesindmodelsfor its purposesThere
arewidely acceptednodelingstandard#n the softwaredevelopmentcommunity however,
for instanceUML oder SDL. The existenceof mappingsbetweenCONSUL modelsand
thosestandardnodelswould allow the use/reusef alreadyexisting modelsfor example
expressedn UML.

Testing:  Testing, especiallyautomatedesting, of software is an importantissuefor
embeddedsoftware developers. The degree of variability in software families/softvare
products-linesopensa nenv dimension. If a completetestof eachpossiblePurefamily
memberwould take one second,it would take approximatelyé 103’ yeard. Testap-
proacheshatcandealwith thesecomple testsscenariohave to bedevelopedandcoupled
to CONSUL. An appropriatevay could be the generatiorof customizedestsfor a given
family memberon demandwhenacon gurationhasbeenselected.

7.2.1 Future Work

Therearemary interestingopicsfor futurework relatedto the CONSUL approactandthe
prototypicalimplementatiorof supportools. However, sincetheideasandtoolsrealizedas
partof this dissertatiorarea key elementof acommerciatool developmentprojectof the
pure-system&mbH?®, futurework hasa strongfocuson usabilityin today’s development
processeandlessontheoreticalproblems.

With respecto practicabilityand usability of CONSUL in the real world, the integration
of CONSUL into existing developmentprocessegeengineeringf existing processeand
softwareproductsis the problemto be solved. Sincealmostno projectstartsfrom scratch,
CONSUL tools must be able to blendinto the existing tool chain and should not cause
unnecessaryork. Becauseof the manifold developmentprocessegthere are probably
not two organizationswith the sameprocessthis requiresa large amountof e xibility
built into the tools andthe method.However, if the customizatioreffort is too high it will
limit thepracticabilityandusabilityall thesame.Theconceptof CONSULwith its XML-
basedepresentationsf modelsandits externalcommunicationnterfaces andthemodular
transformatiorprocesshouldbe a goodbasefor achieving this goal.

Anotherimportantpartof futurework will bethe gatheringof moreknowledgeaboutscal-
ability and usein different developmentdomainsbesidesthe embeddediomain. Tool-
supportedeaturemodelinghasnot beenevaluatedin mary domainsbecausef the lack

“Basedon thevariability presenin the currentfeaturemodel,which resultsin approximately2 10* family
members.

Ssupportedby the Bundesministeriunfiir Wirtschaftund Arbeit (GermanFederalMinistry of Economyand
Work)
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7 Conclusions

of featuremodelingtools. Probablybettervisualizationsandtool supportis requiredwhen
handlinglargermodelswith severalthousandeatures.
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