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Abstract. Increasingcompleity of real-timesystemsanddemands$or enabling
their configurability and tailorability are strong motivationsfor applying new
software engineeringprinciples,suchas aspect-oriente@nd component-based
developmentln this papemweintroduceanovel concepof aspectuatomponent-
basedreal-timesystemderelopment.The conceptis basedon a designmethod
that assumeslecompositiorof real-timesystemsnto component@andaspects,
andprovidesa real-timecomponentmodelthat supportghe notion of time and
temporalconstraintsspaceandresourcananagementonstraintsandcompos-
ability. We anticipatethat the successfubpplicationsof the proposedconcept
shouldhave a positive impacton real-timesystemdevelopmentin enablingef-
ficient configuratiorof real-timesystemsimproved reusabilityandflexibility of
real-timesoftware,andmodularizatiorof crosscuttingconcernsWe provide ar
gumentdor thisassumptiomy presentingnapplicationof theproposedoncept
on the designand developmentof a configurableembeddedeal-timedatabase,
calledCOMET. Furthermoreusingthe COMET systemasanexample weintro-
ducea novel way of handlingconcurreng in areal-timedatabassystemwhere
concurreng is modeledasanaspectrosscuttinghe system.

1 Intr oduction

Real-timeand embeddedsystemsare being usedwidely in today’s modernsociety
However, successfutleploymentof embeddedndreal-timesystemsdependson low
developmentcosts,high degreeof tailorability andquicknesgo market [1]. Thus,the
introductionof thecomponent-basesbftwaredevelopmen{CBSD)paradigminto real-
time andembeddedystemslevelopmenbfferssignificantbenefitspnamely:(i) config-
urationof embeddedndreal-timesoftwarefor aspecificapplicationusingcomponents
from the componentibrary, thusreducingthe systemcompleity ascomponentgan
bechoserto provide exactly the functionalityneededy the system{ii) rapiddevelop-
mentanddeploymentof real-timesoftwareasmary softwarecomponentsif properly
designedandverified,canbereusedn differentembeddedndreal-timeapplications;
and (iii) evolutionarydesignas componentsanbe replacedor addedto the system,

* This work is supportecby ARTES, A network for Real-timeandgraduateeducatiorin Swe-
den,andCENIIT, Centerfor IndustrialinformationTechnologyundercontract01.07.



which is appropriatdor complex embeddedeal-timesystemshatrequirecontinuous
hardwareandsoftwareupgrades.

However, thereareaspectof real-timeandembeddeadystemshat cannotbe en-
capsulatedn a componentwith well-definedinterfacesasthey crosscuthe structure
of theoverallsystemg.g.,synchronizationmemoryoptimization power consumption,
andtemporalattributes.Aspect-orientedgoftware development(AOSD) hasemepged
asanew principlefor softwaredevelopmenthatprovidesanefficientway of modular
izing crosscuttingconcernsn softwaresystemsAOSD allows encapsulatingystems
crosscuttingconcerndgn “modules”, calledaspectsApplying AOSD in real-timeand
embeddedystemdevelopmentvould reducethe compleity of the systemdesignand
developmentandprovide meandor a structuredandefficient way of handlingcross-
cuttingconcernsn areal-timesoftwaresystem.

Thus,theintegrationof the two disciplines,CBSD and AOSD, into real-timesys-
temsdevelopmentvouldenablefi) efficientsystenconfiguratiorfrom thecomponents
in thecomponentibrary basednthesystems requirementgji) easytailoring of com-
ponentsand/ora systemfor a specificapplicationby changingthe behaior (code)of
the componenby applyingaspectsand(iii) enhancedlexibility of the real-timeand
embeddedsoftware throughthe notion of systems$ configurability and components’
tailorability.

However, to be ableto successfullyapply softwareengineeringechniquesuchas
AOSDandCBSDin real-timesystemsthefollowing questionsieedto beanswered.

— Whatis the appropriatedesignmethodthatwill allow integrationof the two soft-
wareengineeringechniquesnto real-timesystems?

— Whatcomponentg&ndaspectareappropriatdor thereal-timeandembeddeden-
vironment?

— Whatcomponenmodelcancaptureandadoptprinciplesof the CBSDandAOSD
in areal-timeandembedde@nvironment?

In this paperwe addressheseresearchyuestionsby proposinga novel conceptof
aspetual component-baserkal-timesystemdevelopmenf{ACCORD).Theconceptis
foundedon a designmethodthat decomposegeal-timesystemsnto componentsnd
aspectsandprovidesa realtime componentmodel(RTCOM) thatsupportghe notion
of timeandtemporakonstraintsspaceandresourcananagemertonstraintsandcom-
posability RTCOM is the componenmodeladdressingeal-timesoftware reusability
andcomposabilitpy combiningaspectandcomponentdt is ourexperiencesofarthat
applyingthe proposedconcepthasa positive impacton the real-timesystemdevelop-
mentin enablingefficient configurationof real-timesystemsimprovedreusabilityand
flexibility of real-timesoftware, andastructuredvay of handlingcrosscuttingoncerns.
We shaw thatthe ACCORD canbe successfullyappliedin practiceby describingthe
way we have appliedit in thedesignanddevelopmenbf aconponent-basedmbedded
realtime databasesystem(COMET). In the COMET examplewe presenia novel ap-
proachto modelingandimplementingreal-timepolicies,e.g.,concurreng controland
schedulingasaspectshatcrosscuthe structureof areal-timesystemModularization
of real-timepoliciesinto aspectsallows customizationof real-time systemswithout
changinghe codeof thecomponents.



The paperis organizedasfollows. In section2 we presentan outline of ACCORD
andits designmethod.We presentRTCOM in section3. In section4 we shov anap-
plication of ACCORD o the developmentof COMET. In the COMET examplewe
describea new way of modelingreal-timeconcurreng control policy asan aspectn
areal-timedatabassystemRelatedwork is discussedh section5. The paperfinishes
(section6) with a summarycontainingthe main conclusionsanddirectionsfor our fu-
tureresearch.

2 ACCORD DesignMethod

The growing needfor enablingdevelopmentof configurablereal-timeandembedded
systemghatcanbetailoredfor a specificapplication[1], andmanaginghe comple-
ity of therequirementsn thereal-timesystemdesign callsfor anintroductionof new
conceptsandnew softwareengineeringparadigmsnto real-timesystemdevelopment.
Hence,we proposeACCORD. Throughthe notion of aspectsand componentsAC-
CORD enablesefficient applicationof the divide-and-conqueapproachto complex
systemdevelopmentTo effectively apply ACCORD,we provide a designmethodwith
thefollowing constituents.

— A decompositioprocesaith two sequentiaphases(i) decompositiorof thereal-
time systeminto a setof componentsand(ii) decompositiorof thereal-timesys-
teminto a setof aspects.

— Componentsassoftware artifactsthatimplementa numberof well-definedfunc-
tions,andwherethey have well-definedinterfaces Componentsiseinterfacesfor
communicatiorwith theervironment,i.e., othercomponents.

— Aspectsaspropertieof asystemaffectingits performancer semanticsandcross-
cuttingthe systems functionality[2].

— A real-timecomponenimodel (RTCOM) that describeshow a real-timecompo-
nent, supportingaspectsshouldlook like. RTCOM is specificallydeveloped:(i)
to enableanefficientdecompositiorprocess(ii) to supportthe notionof time and
temporalconstraintsand (iii) to enableefficient analysisof componentandthe
composedystem.

The designof a real-time systemusing ACCORD methodis performedin three
phasesin the first phasea real-timesystemis decomposeéhto a setof components.
Decompositioris guidedby the needto have functionally exchangeabl@nitsthat are
loosely coupled,but with strongcohesionln the secondphase a real-timesystemis
decomposethto a setof aspectsAspectscrosscutomponentandthe overall system.
This phaséypically dealswith non-functionarequirementsandcrosscuttingoncerns
of areal-timesysteme.g.,resourcenanagemenandtemporalattributes.In the final
phasecomponentandaspectareimplementedasedn RTCOM. As non-functional
requirementsreamongthemostimportantissuesn real-timesystendevelopmentwe
first focuson the aspectuatiecompositionandthendiscussRTCOM.

3 Non-functionarequirementsresometimeseferredto asextra-functionarequirement§3].



2.1 Aspectsin Real-Time Systems

We classifyaspectsn areal-timesystemasfollows: (i) applicationaspects(ii) run-time
aspectsand(iii) compositionaspects.

Applicationaspectsanchangeaheinternalbehaior of componentasthey crosscut
the codeof the componentsn the system.The applicationin this context refersto the
applicationtowardswhich areal-timeandembeddedystemshouldbeconfigurede.g.,
memoryoptimizationaspectsynchronizatioraspectsecurityaspectreal-timeprop-
erty aspectandreal-timepolicy aspectSinceoptimizing memoryusages oneof the
key issuesin embeddedystemsandit crosscutghe real-timesystems structure we
view memoryoptimizationasan applicationaspeciof a real-timesystem.Securityis
anothempplicationaspecthatinfluencesystems behaior andstructureg.g.,thesys-
temmustbeableto distinguishuserswith differentsecurityclearanceSynchronization,
entangledverthe entiresystemjs encapsulatedndrepresentedly a synchronization
aspectMemory optimization,synchronizationandsecurityarecommonlymentioned
aspectsn AOSD[2]. Additionally, real-timepropertiesandpoliciesareviewed asap-
plicationaspectasthey influencetheoverall structureof thesystemDependingpnthe
systems requirementsieal-timepropertiesandpoliciescouldbefurtherrefined which
we shav in the exampleof the COMET system(seesection4.3). Application aspects
enableaailoring of thecomponent$or a specificapplicationasthey changecodeof the
components.

Run-timeaspectarecritical asthey referto aspect®f themonolithicreal-timesys-
temthatneedto be consideredvhenintegratingthe systeminto the run-timeerviron-
ment.Run-timeaspectgive informationneededy the run-timesystemto ensurethat
integratinga real-time systemwould not compromisdimeliness,nor available mem-
ory consumptionTherefore eachcomponenshouldhave declaredesourcedemands
in its resourcedemandaspectandshouldhave informationof its temporalbehaior,
containedn thetemporalconstraintsaspectg.g.,worst-casexecutiontime (WCET).
Thetemporalaspecenablesa componento be mappedo atask(or a groupof tasks)
with specifictemporalrequirementsAdditionally, eachcomponenshouldcontainin-
formationof the platformwith whichit is compatible g.g.,real-timeoperatingsystem
supportedandotherhardwarerelatedinformation.This informationis containedn the
portability aspectlt is imperatve thattheinformationcontainedn therun-timeaspect
is providedto ensurepredictabilityof the composedsystem easethe integrationinto
a run-time ervironment,and ensureportability to differenthardware and/orsoftware
platforms.

Compositionaspectsdescribewith which componentsa componenttanbe com-
bined(compatibilityaspect)the versionof the component{versionaspect) andpossi-
bilities of extendingthe componentvith additionalaspectgflexibility aspect).

Having separatiorof aspectsn differentcategyjorieseaseseasoningboutdifferent
embeddedndreal-timerelatedrequirementsaswell asthe compositiornof the system
andits integrationinto arun-timeernvironment.For example therun-timesystencould
definewhat (run-time)aspectghe real-timesystemshouldfulfill sothatpropercom-
ponentsand applicationaspectsould be chosenfrom the library, whencomposinga
monolithicsystemThis approacthoffersa significantflexibility , sinceadditionalaspect



typescanbe addedto componentsandtherefore to the monolithic real-timesystem,
furtherimproving theintegrationwith therun-timeervironment.

After aspectareidentified,we recommendhatatableis madewith all thecompo-
nentsandall identifiedapplicationaspectsin whichthecrosscuttingffectsto different
componentsare recorded(an exampleof one suchtableis givenin section4.3). As
we shaw in the next section this stepis especiallyusefulfor the next phaseof the de-
sign, whereeachcomponenis modeledand designedo take into accountidentified
applicationaspects.

3 Real-Time ComponentModel (RTCOM)

In this sectionwe preseniRTCOM, which allows easyandpredictableveaving of as-
pects,i.e., integrating aspectdnto componentsthus reflectingdecompositiorof the
systeminto componentaindaspectsRTCOM canbe viewed asa componentolored
with aspectsbothinside (applicationaspects)andoutside(run-timeandcomposition
aspects)RTCOM is a language-independenbmponenmmodel, consistingof the fol-
lowing parts(seefigure 1): (i) the functionalpart, (ii) the run-time systemdependent
part,and(iii) thecompositiorpart.
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Fig. 1. A real-timecomponenmodel(RTCOM)

Thefunctionalpart representshe actualcodethatimplementsthe componenfunc-
tionality. RTCOM assumeshefollowing for thefunctionalpartof thecomponent.

— Eachcomponentrovides a setof mechanismswhich are basicand fixed parts
of thecomponeninfrastructureMechanismsarefine granulemethodsor function
calls.



— Eachcomponenprovidesasetof operationso othercomponentand/orto thesys-
tem. Implementatiorof the operationsletermineshe behaior of the component,
i.e., componenpolicy. Operationsarerepresentedby coarsegranulemethodsor
function calls. Operationsareflexible partsof the componentastheirimplemen-
tation canchangeby applyingdifferentapplicationaspectsOperationsareimple-
mentedusingthe underlyingmechanismsyhich arefixedpartsof the component.

In orderto enableeasyimplementatiorof applicationaspectsnto a componentthe
designof the functionalpart of the componenis performedin the following manner
First, the mechanismsasbasicblocksof the componentareimplementedHere,par

ticular attentionis given to identified applicationaspectsandthe tablereflectingthe
crosscuttingeffectsof applicationaspectgo differentcomponentss usedto determine
which applicationaspectsarelikely to usewhich componenimechanismsNext, the
operation®f thecomponenareimplementedisingcomponenmechanismaNote, the
implementedperationgrovide aninitial componenpolicy, i.e., basicandsomavhat
genericcomponenfunctionality. This initial policy we call a policy framevork of the
componentThe policy framewnork could be modified by applying different applica-
tion aspectsandassuchit providesa way of tailoring a componenby changingits

behaior, i.e., applicationaspecthangethe componenpolicy. If all crosscuttingap-
plicationaspectareconsideredvhenimplementingoperationsandmechanismsthen
theframawork is genericandhighly flexible. However, if the systemevolvessuchthat
new applicationaspectgnot consideredvhendevelopingthe policy frameavork) need
to beimplementednto componentode,thennenv mechanismsanbe definedwithin

theapplicationaspect.

Thedevelopmeniprocesf the functionalpartof acomponentesultsin the com-
ponentthatis coloredwith applicationaspectsThereforejn thegraphicalview of RT-
COMin figurel, applicationaspectarerepresentedsverticallayersin thefunctional
partof the componentasthey influencecomponenbehaior, i.e., changecomponent

policy.

Therun-timesystendependenpart of RTCOM accountgor temporalbehaior of the
functionalpartof the componentode,not only without aspectdut alsowhenaspects
areweavedinto thecomponentHence run-timeaspectsirepartof therun-timedepen-
dentpartof RTCOM, andarerepresentedshorizontalparallellayersto thefunctional
partof the componentasthey describecomponenbehaior (seefigure 1). In therun-
time partof the componentrun-timeaspectareexpressedisattributesof operations,
mechanismsndapplicationaspectsasthosearethe elementof thecomponentunc-
tional part,andtherebyinfluencethetemporalbehaior of the component.

Thecompositiorpart refersbothto thefunctionalpartandtherun-timepartof acom-
ponentandis representedsthethird dimensiorof thecomponenimodel(seefigurel).
Giventhattherearedifferentapplicationaspectshatcanbeweavedinto thecomponent,
compositionaspectsepresenteth the compositiorpartof RTCOM shouldcontainin-
formationaboutcomponentompatibilitywith respecto differentapplicationaspects,
aswell aswith respecto differentcomponents.



For eachcomponenimplementedasedn RTCOM, thefunctionalpartof thecom-
ponentis firstimplementedogethemwith theapplicationaspectsthentherun-timesys-
temdependenpartandrun-timeaspectareimplementedfollowedby thecomposition
partandrulesfor composingdifferentcomponentandapplicationaspects.

In thefollowing sectionswe give a close-upof the applicationaspectandthe run-
time aspectsvithin the RTCOM, followedby interfacessupportecby RTCOM.

3.1 Application Aspectsin RTCOM

Existing aspecianguageanbe usedfor implementatiorof applicationaspectsand
their integrationinto componentsThe weaving is doneby the aspectweaver corre-
spondingto the aspectlanguagg2]. All existing aspectanguagese.g.,AspectJ4],
AspectC[5], AspectC+H6], are conceptuallyery similar to AspectJ,developedfor
Java.

Eachapplicationaspectdeclarationconsistsof advicesand pointcuts.A pointcut
consistsof oneor morejoin points,andis describedoy a pointcutexpressionA join
pointin an aspectanguagerefersto a method,a type (structor union), or ary other
point from which componentodecanbe accessedn RTCOM, the pointcutmodelis
restrictedto the mechanismsindthe operationsn the componentanda type (struct).
Thisrestrictionis necessarjor obtainingpredictableaspecivearing, i.e.,enablingthe
temporalanalysié of the resultingcode.An adviceis a declarationusedto specify
the codethat shouldrun whenthe join points,specifiedby a pointcutexpressionare
reachedDifferentkindsof advicescanbedeclaredsuchas:(i) before advice executed
beforethejoin point, (i) afteradvice executedmmediatelyafterthejoin point,and(iii)
aroundadvice executedn placeof thejoin point.In RTCOM, theadvicemodelis also
restrictedfor thereason®f enablingtemporalanalysisof the code.Hence theadvices
areimplementedusingonly the mechanism®f the componentsandeachadvicecan
changethe behaiior of the componen{policy framewnork) by changingone or more
operationsn thecomponent.

3.2 Run-time Aspectsin RTCOM

We now illustrate how run-time aspectsare represente@nd handledin RTCOM us-
ing one of the mostimportantrun-time aspectsaasan example,i.e., WCET. Oneway
of enablingpredictableaspectvearing is to ensurean efficientway of determiningthe
WCET of theoperationsnd/orreal-timesystenthathave beenmodifiedby weaving of
aspectsWCET analysisof aspectscomponentsandtheresultingaspect-orientedoft-
ware(whenaspectareweavedinto components)s basedn symbolicWCET analysis
[7]. Applying symbolicWCET analysiso ACCORDimpliesthefollowing: (i) WCETs
of the mechanismsreobtainedby symbolicWCET analysis ii) the WCET of every
operationis determinedasedhe WCETsof the mechanismsisedfor implementing
theoperationandtheinternal WCET of thefunctionor themethodthatimplementghe
operationj.e., manageshe mechanismg(iii) the WCET of every advicethatchanges

4 Temporaknalysisefershothto staticWCET analysisof thecodeanddynamicschedulability
analysisf thetasks.



theimplementatiorof theoperatioris basenthe WCETsof themechanismssedfor
implementinghe advice,andtheinternalWCET of theadvice,i.e.,codethatmanages
themechanismsFigure2 shaovs the WCET specificatiorfor mechanismin the com-

mechanisms {
mechanism {
name [nameOfMechanism];
wcet  [value of wcet];

Fig. 2. Specificatiorof the WCET aspecbf componentnechanisms

operations
operation  {
name [nameOfOperation];
uses {

[Name of mechanism] [Number of times used];
}

intWcet  [Value of internal operation wcet
(called mechanisms excluded)]

Fig. 3. Specificatiorof the WCET aspecbf acomponenpolicy framewvork

ponent,wherefor eachmechanisnthe WCET is declaredandassumedo be known.

Similarly, figure 3 shavs the WCET specificatiorof thecomponenpolicy frameawork.

Eachoperationdefiningthepolicy of thecomponenteclaresvhatmechanismg uses,
andhow mary timesit usesa specificmechanismThis declarationis usedfor com-

puting WCETsof the operationsor the componen{without aspects)Figure4 shovs

the WCET specificatiorof anapplicationaspectFor eachadvicetype (before,around,
after)thatmodifiesanoperationthe operationit modifiesis declaredogethemvith the

mechanismsisedfor theimplementatiorof theadvice andthenumberof timesthead-

vice usesthesemechanismsTheresultingWCET of the componen{or oneoperation
within the component)coloredwith applicationaspectsis computedusingthe algo-

rithm presentedn [8]. The algorithmutilizesthe knowledgeof WCETsof all mecha-
nismsinvolved,andWCETsof all aspectshatchangea specificoperationThedetailed

explanationof the algorithmandthe discussioron computing?WCETsof components
modifiedby aspectganbefoundin [8].



aspect {
advice {
name [nameOfAdvice];
type [typeOfAdvice:before, after, around];
changes {
name [nameOfOperation];
uses {
[NameOfMechanism] [Number of times used];

intWcet [Value of internal advice wcet

(called mechanisms excluded)]

Fig. 4. Specificatiorof the WCET aspecbf anapplicationaspect

3.3 RTCOM Example

We now give a brief and simple example of one componentand one applicationas-
pect. The purposeof this simple exampleis to provide guidancethroughthe process
of RTCOM implementationand provide a clearunderstandingf RTCOM internals,

introducedsofar (a morecomplex anddetailedexampleof RTCOM usingCOMET is
discussedh sectiond.4).

listinsert()
) listRemove()
—policy — listFindFirst()

createNode()
—mechanisms —| deleteNode()
getNextNode()
linkNode()
unlinkNode()

Fig. 5. Thefunctionalpartof thelinkedlist component

In this example,we considera componenimplementingan ordinary linked list.
The mechanismseededare the onesfor the manipulationof nodesin the list, i.e.,
createNode ,deleteNode ,getNextNode ,linkNode ,unlinkNode (se€fig-
ureb). Operationsmplementinghepolicy framework, e.g. listinsert, listR-
emove, listFindFirst , definethe behaiior of the componentand are imple-
mentedusing the underlyingmechanismsin this example,listinsert usesthe



mechanismgreateNode andlinkNode to createandlink a new nodeinto the
list in first-in-first-out(FIFO) order Hence thepolicy frameworkis FIFO.

aspect listPriority {
pointcut listinsertCall (List_Operands * op)=
call("void listinsert(List_Operands*)")&&args(op);

advice listinsertCall (op):
void before (List_Operands * op){
while
the node position is not determined
do
node = getNextNode(node);
/* determine position of op->node based
12: on its priority and the priority of the
13: node in the list*/
14: }
15:}

CINIARWNE

e
B o

Fig. 6. ThelistPriority applicationaspect

Assumethatwe wantto changehe policy of thecomponenfrom FIFO to priority-
basedrderingof thenodes.Then,this canbe achiezed by wearing anappropriateap-
plication aspectFigure 6 shawvs the listPriority applicationaspectwhich con-
sistsof one pointcutlistinsertCall , identifying listinsert asajoin point
in the componentode(lines 2-3). Whenthis join pointis reachedthe before ad-
vice listinsertCall is executedHence the applicationaspectistPriority
interceptsthe operation(a methodor a function call to) listinsert , and before
the codein listinsert is executed the advice,usingthe componenmechanisms
(getNextNode ), determineshepositionof thenodebasednits priority (lines5-14).
As aconsequencef wearing anapplicationaspecinto the codeof thecomponentthe
temporalbehaior of the resultingcomponentcoloredwith aspectschangesHence,
run-timeaspectseedto be definedfor the policy framework (the componenivithout
applicationaspectspndfor the applicationaspectssowe candeterminethe run-time
aspect®f the componentoloredwith differentapplicationaspects.

Figure 7 presentghe specificationof the WCET aspecfor the policy framewvork
of thelikedlist componentEachoperationin the framewvork is namedandits internal
WCET (intWcet ), andthe numberof timesit usesa particularmechanismarede-
clared(se€figure7). TheWCET specificatiorfor theapplicationaspectistPriori-
ty thatchangeshepolicy frameworkis shavnin figure8. Temporainformationof the
applicationaspectncludestheinternal WCET of anadvicethatmodifiedthe operation,
andthe informationof the mechanismsisedby the advice,aswell asthe numberof
times(upperbound)the advicehasuseda particularmechanismHence theinforma-
tion providedin the run-timepart of the componenenablegemporalanalysisof ary
combination®f thecomponenpolicy framevorksandapplicationaspects.



operations  (noOfElements){
operation{
name listinsert;
uses{
createNode 1;
linkNode 1;
}
intWcet 1ms;
}
operation{
name listRemove;
uses{
getNextNode noOfElements;
unlinkNode 1;
deleteNode 1;

intWcet 4ms;

}

mechanisms {
mechanism{
name createNode;
wcet 5ms;
}
mechanism{
name deleteNode;
wcet 4ms;

mechanism{
name getNextNode;
wcet 2ms;

}

Fig. 7. The WCET specificatiorof the policy framewvork

type

name

}
}

aspect listPriority
advice {
name listinsertCall;

(noOfElements){

changes {

getNextNode noOfElements;

}

intWcet 4ms+0.4*noOfElements;

Fig. 8. The WCET specificatiorof thelistPriority

applicationaspect




3.4 RTCOM Interfaces

RTCOM supportghreedifferenttypesof interfaces(seefigure 9): (i) functionalinter-
face,(ii) configurationinterface,and(iii) compositioninterface.

Composition
interface

RTCOM .
Required
functional
t interface

Configuration
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Provided f
functional
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Fig. 9. Interfacessupportedby the RTCOM

Functionalinterfacesof componentsre classifiedin two categories,namelypro-
vided functionalinterfaces andrequiredfunctionalinterfaces Provided interfacesre-
flectasetof operationshatacomponenprovidesto othercomponentsrto thesystem.
Requiredinterfacesreflecta set of operationshat a componentequiresfrom other
componentsHaving separatiorto provided andrequiredinterfaceseasessomponent
exchangeandadditionof nev componentinto the system.
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/ ;
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weaved into

component System' s configuration
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Fig. 10. Interfacesandtheirrole in thecompositiornprocess

Theconfiguationinterfaceis intendedor theintegrationof areal-timesystenwith
therun-timeenvironment.This interfaceprovidesinformationof temporalbehaior of
eachcomponentandreflectsherun-timeaspecbf thecomponentCombiningmultiple
componentsesultsin asystenthatalsohastheconfiguratiorinterface andenableshe



designetto inspectthe behaior of the systemtowardsthe run-time ervironment(see
figure10).

Compositioninterfaces which correspondo join points, are embeddednto the
functionalcomponenpart. Theweaveridentifiescompositiorinterfacesanduseshem
for aspectveaving. Compositioninterfacesareignoredat component/systemompile-
time if they arenot neededandare“activated” only whencertainapplicationaspects
areweaved into the system.Thus,the compositioninterfaceallows integrationof the
componenendaspectuapart of the system Aspectwearing canbe performedeither
on the componentevel, weaving applicationaspectsnto componenfunctionality, or
onthesystemlevel, weaving applicationaspectsnto the monolithicsystem.

Explicit separatiorof software componentinterfacesinto compositioninterfaces
andfunctionalinterfacesds introducedn [9].

4 COMET: a COMponent-basedEmbeddedreal-Time database

This sectionshonvs how to applytheintroducedconcepbf aspectuatomponent-based
developmenton a designand developmentof a concretereal-timesystemby present-
ing the applicationof the designmethodto developmentof a configurablereal-time
embeddediatabassystemcalledCOMET.

4.1 Background

The goal of the COMET projectis to enabledevelopmentof a configurablereal-time
databaséor embeddedystemsi.e., enabledevelopmentof differentdatabaseonfig-
urationsfor differentembeddedindreal-timeapplicationsThetypesof requirements
we aredealingwith canbestbe illustratedon the exampleof oneof the COMET tar
getingapplicationareascontrolsystemsn theautomotve industry Thesesystemsare
typically hardreal-timesafety-criticalsystemsconsistingof several distributednodes
implementingspecificfunctionality. Althoughnodesdependon eachotherandcollab-
orateto provide requiredbehaior for the overall vehicle control system,eachnode
canbeviewed asa stand-alongeal-timesystem e.g.,nodescanimplementtransmis-
sion, engine,or instrumentalfunctions.The size of the nodescan vary significantly
from very small nodesto large nodes.Dependingon the functionality of a nodeand
theavailablememory differentdatabaseonfigurationsarepreferredin safety-critical
nodestasksareoften non-preemptie andscheduleaff-line, avoiding concurreng by
allowing only onetaskto be active at ary giventime. This, in turn, influencesfunc-
tionality of adatabasén a givennodewith respecto concurreng control.Lesscritical
nodeshaving preemptabléaskswould requireconcurreng controlmechanisms-ur
thermore,somenodesrequirecritical datato be logged,e.g.,warninganderrors,and
requirebackupson startupand shutdavn, while othernodesonly have RAM (main-
memory),anddo not requirenon-wlatile backupfacilities from the databaseHence,
in the narrav senseof this applicationareathe goalwasto enabledevelopmenbf dif-
ferent COMET configurationgo suit the needsof eachnodewith respecto memory
consumptiongconcurreng control, recovery, differentschedulingechniquestransac-
tion andstoragemodels.



In the following sectionave shav how we have reachedur goal by applyingAC-
CORDto the designanddevelopmenif the COMET system.

4.2 COMET Components

DBMS

| USER INTERFACE

TRANSACTION
TRANSACTION SCHEDULER

MANAGER

RECOVERY LOCKING
& LOGGING

[ moExng ]

| MEMORY HANDLING |

Fig. 11. COMET decompositiorinto a setof components

Following the ACCORD designmethodpresentedn section2 we have first per
formedthedecompositiomf COMET into a setof componentsvith well-definedfunc-
tions andinterfaces. COMET hasseren basiccomponentgseefigure 11): userinter-
facecomponentfransactiorschedulecomponentlocking componentindexing com-
ponentyrecoveryandloggingcomponentmemoryhandlingcomponentandtransaction
managercomponent.

The userinterfacecomponen{UIC) enableausersto accesslatain the database,
anddifferentapplicationftenrequiredifferentwaysof accessinglatain the system.

Thetransactionschedulercomponen{TSC) providesmechanism$or performing
schedulingof transactionsominginto the systembasedn the schedulingpolicy cho-
sen.COMET supportsa variety of schedulingpolicies,e.g.,EDF andRM [10]. Hard
real-timeapplicationssuchasreal-timeembeddedystemsontrollinga vehicle,typi-
cally do notrequiresophisticatedransactiorschedulingandconcurreng control,i.e.,
thesystemallows only onetransactiorio accesshedatabasatatime[11]. Therefore,
the TSCshouldbe aflexible andexchangeablgartof the databasarchitecture.

Thelockingcomponen(LC) dealswith locking of data,andit providesmechanisms
for lock manipulatiorandmaintaindock recordsin thedatabase.

Theindexing componen(IC) dealswith indexing of data.Indexing strat@iescould
vary dependingon the real-timeapplicationwith which the databaseshouldbe inte-
gratede.g. t-treeg12] andmulti-versioningsuitablefor applicationswith alargenum-
ber of read-onlytransactiong13]. Additionally, it is possibleto customizeindexing
stratgy dependingn the numberof transactionsctive in the system For example,in
vehiclecontrolapplicationswhereonly onetransactioris active at atime, non-thread



safeindexing is usedwhile in morecomplec applicationsappropriateaspectsouldbe
weaved into the componento allow thread-safg@rocessingf indexing stratey (this
canbeachievedby weaving the synchronizatioraspect).

The recovery and logging componen{RLC) is in chage of recovery andlogging
of datain the databaseAs COMET storesdatain main-memorythereis a needfor
differentrecovery andlogging techniquesdependingon the type of the storageg.g.,
non-wlatile EEPROM or Flash.

The memoryhandlingcomponen{MHC) managesccesdo datain the physical
storage.

Thetransactionmanajer componen{TMC) coordinateghe actiities of all com-
ponentsin the systemwith respectto transactionexecution.For example,the TMC
manageshe executionof a transactiorby requestindock andunlock operationgro-
videdby the LC, followedby requestdo the operationswhich areprovidedby thelC,
for insertingor updatingdataitems.

4.3 COMET Aspects

COMET Aspects
iti Application
Run-Time Composition pp -
o Transaction

Resource demand Compatibility Real-Time Scheduling
Temporal Versioning Concurrency Control

: Memory
Constraints S

- Flexibility Optimization
Portability Synchronization

Security

Fig. 12. Classificatiorof aspectsn anembeddedeal-timedatabassystem

Following ACCORD,afterdecomposinghe systeminto a setof componentsvith
well-definedinterfaceswe decompose¢he systeminto a setof aspectsThe decompo-
sition of COMET into aspectss presentedn figure 12, andit fully correspondso the
ACCORDdecompositiorigivenin section2.1)in threetypesof aspectstun-time,com-
position,andapplicationaspectsHowever,asCOMET is thereal-timedatabassystem,
refinemento the applicationaspectss madeto reflectbothreal-timeanddatabasés-
suesHence,n the COMET decompositiorof applicationaspectsthe real-timepolicy
aspectsrefinedto includereal-timeschedulingandconcurreng controlpolicy aspects,
while thereal-timepropertyaspects replacedvith thetransactiormodelaspectywhich
is database-specifithecrosscuttingffectsof theapplicatioraspectso COMET com-
ponentsaareshavnin thetablel. As canbeseerfrom thetable,all identifiedapplication
aspectgrosscutmorethanonecomponent.



The applicationaspectscould vary dependingon the particularapplicationof the
real-timesystem thus particularattentionshouldbe madeto identify the application
aspectdor eachreal-timesystem.

Components
cl|ld|l=lalB|I=|Z
Applicatio 5181°1°15 I|5
aspects
Transaction X | X[ X | X | X|[X]X
Real-time
scheduling X X
Concurrency x | x| x X
control
Memory x x| x!1 x| x X
optimization
Synchronization XX | XX X
Security X X | X X X

Table 1. Crosscuttingeffectsof differentapplicationaspect®nthe COMET components

4.4 COMET RTCOM

Componentandaspectsn COMET areimplementedasedon RTCOM (discussedh
section3). Hence thefunctionalpartof componentss implementedirst, togethemwith
applicationaspectsWe illustrate this processijts benefitsand dravbacks,by the ex-
ampleof onecomponentnamelyL.C) andoneapplicationaspec{namelyconcurreng
control).

The LC performsthe following functionality: assigndocks to requestingransac-
tions,andmaintainsalock table thusit recordsall locksobtainedoy transactiongn the
systemAs canbeseernfrom thetablel, theLC is crosscutwith severalapplicationas-
pects.Theapplicationaspecthatinfluenceghepolicy, i.e.,changeshebehaior of the
LC, is aconcurreng control (CC) aspectwhich definesthe way lock conflictsshould
be handledin the system.To enabletailorability of the LC, andreuseof codein the
largestpossibleextent,theLC is implementedvith thepolicy framavorkin whichlock
conflictsareignoredandlocksaregrantedo all transactionsThepolicy framavork can
be modifiedby weaving CC aspectghatdefineotherwaysof handlinglock conflicts.
As differentCC policiesin real-timedatabassystemsxist, themechanismn the LC
shouldbe compatiblewith mostof the existing CC algorithms.

TheLC containganechanismsuchas(sedeft partof thefigure13):insertLock-
Record() ,removelLockRecord() ,etc.,for maintainingthetableof all locksheld
by transactionsn the system.The policy partconsistsof the operationgperformedon
lock recordsandtransaction$ioldingand/omrequestindocks,e.g.,getReadLock() ,
getWriteLock() , releaselock() . The operationgn the LC areimplemented



aspect CCpolicy
getReadLock) 1: resolveConflict(LC_Operands * op){
getWriteLock() T - \
--policy releaseLock() 2: [*apply spgclflc CC policy to resolve
3: lock conflict*/
4: [* for HP-2PL */
5: for all lockHolders on op.dataltem

Functional insertLockRecord() 6: if lockRequester.priority>lockHolder.priority
part removeLockRecord() 7: then abort each lockHolder
findLockRecord() < 8: else block locRequester
deallocLock() &, |9}
i insertLockHolder() Q| 10:  pointcut getReadLockCall (LC_Operands * op)=
—mechanisms - . " i " .
ecpanisms removeLockHolder() < 11: cal | ("voi d get ReadLock(LC _Operands*)") &ar gs(op) ;
Ses (LC_Operands * op)=
WitelLock(LC Operands)") &ar gs(op)
operatitc_msé S o
operationt . . iyl
name getRealLock; ig |ft::1€enwme-lock is already held
uses{ 18: [*there is a conflict which needs

insertLockRecord 1;

findLockRecord 1: 19: to be resolved by applying CC policy */

20: resolveConflict(op);

} .
. . 21}
Run-time part, | intweet 1ms; 22:  advice getWriteLockCall (op):
WCET aspect 23: void before (LC_Operands * op){
mechanisms{ gg |L;Nr|te- or read-lock is already held
mechanism{ . :E . flict which d
name insertLockRecord; 26: there is a conflict which needs
. 27: to be resolved by applying CC policy */
weet 5ms; -
} 28: resolveConflict(op);
29: }
) 30:}
Locking Component (LC) Concurrency control aspect

Fig. 13. Thelocking componengandthe concurreng controlaspect

usingunderlyingLC mechanismsThe mechanismgrovided by the LC are usedby

the CC aspectsmplementingheclassof pessimistiqlocking) protocolse.g.,HP-2PL
[14] andRWPCP[15]. However, asalargeclassof optimisticprotocolsisimplemented
usinglockingmechanismghemechanismprovidedby theLC canalsobeusedby CC

aspectsmplementingoptimisticprotocolse.g.,O0CC-TI[16] andOCC-APR[17].

The right part of the figure 13 representghe specificationfor the real-timeCC
aspecflines 1-30) that canbe appliedto a classof pessimistidocking CC protocols.
We choseo give morespecificdetailsfor the HP-2PLprotocol,asit is bothcommonly
usedin main-memorydatabaseystemsanda well-known pessimistiaCC protocol.

The CC aspechasseveral pointcutsandadvicesthat executewhenthe pointcutis
reachedAs definedby the RTCOM pointcutmodel,the pointcutsrefer to the opera-
tions: getReadLockCall() andgetWriteLockCall() (lines10and12). The
first pointcutinterceptghecall to thefunctiongetReadLock() ,whichgrantsaread
lock to the transactiorandrecordsit in the lock table. Similarly, the secondpointcut
interceptghe call to the functionthatgivesa write lock to the transactiorandrecords
it in thelock table.Beforegrantinga reador write lock, theadvicesin lines14-21and
22-29checkif thereis alock conflict. If conflictexists,theadvicesdealwith it by call-
ing thelocal aspecfunctionresolveConflict() (lines1-9),wheretheresolution
of the conflict shouldbe doneby implementinga specificCC policy. The advicesthat
checkfor conflictsareimplementedisingthe LC mechanismso traversethelock table
andthelist of transaction$oldinglocks.



Sofarwe have shavn thatthe CC aspechffectsthepolicy of theLC, butthe CCas-
pectalsocrosscut®thercomponentgseetablel). In theexampleof the CC aspecim-
plementingpessimisticdP-2PLprotocol(seefigure13),theaspectisegheinformation
abouttransactiompriority (lines5-8), whichis maintainedy the TSC,thuscrosscutting
the TSC. Optimistic protocols,e.g.,OCC-TI, would requireadditionalpointcutsto be
definedin the TMC, asthe protocol (ascomparedo pessimisticprotocols)assumes
executionof transactionén threephasesread validateandwrite.

Additionally, dependingon the CC policy implementedthe numberof pointcuts
andadvicesvaries.For example someCC policies(like RWPCR or optimisticpolicies)
requireadditionaldatastructurego beinitialized. In suchcasesanadditionalpointcut
namedinitPolicy() could be addedto the aspecthatwould interceptthe call to
initialize the LC. A beforeadviceinitPolicy would theninitialize all necessary
datastructuresn the CC aspectfterdatastructuresn the LC have beeninitialized.

Thebenefitsof applyingACCORDto thedevelopmenbf COMET platformarethe
following (in the context of thegivenexample).

— Enablingcleanseparatiorof concurreng control as an aspectthat crosscutghe
LC, which allows high codereusabilityasthe samecomponenimechanismsre
usedin almostall CC aspects.

— Weaving of aCCaspecinto theLC changeshepolicy of thecomponenby chang-
ing the componentode,andprovidesan efficient way of tailoring the component
andthesystento fit aspecificrequirementin this casespecificCC policy), leaving
theconfigurationof COMET unchanged.

— Having the LC functionality encapsulatedhto the componentandthe CC encap-
sulatedinto an applicationaspectenableseconfiguringCOMET to supportnon-
locking transactiorexecution(excludingthe LC), if othercompletelynon-locking
CCprotocolis needed.

— Having arun-timepartof the componentandaspectenablesanalysisof thetem-
poralbehaior of the resultingcode(seethe run-timepartof the LC in the left of
thefigure13).

The drawbackof applyingACCORDto real-timesystemdevelopments anexplosion
in possiblecombination®f componentsindaspectsThis is commonfor all software
systemausingaspectandcomponentsandextensie researcthasbeingdonein iden-
tifying and defininggood compositionrulesfor the componentsand aspectd18,19,
9].

5 RelatedWork

In this sectionwe addresghe researchin the areaof component-basegkal-timeand
databasseystemsandthereal-timeanddatabaseesearclhprojectshatareusingaspects
to separateoncerns.

The focusin existing component-basekal-timesystemds enforcemenbf real-
time behaior. In thesesystemsa components usuallymappedo atask,e.g.,passve
componenfl], binarycomponenf20], andport-basedbjectcomponenf{21]. There-
fore, analysisof real-timecomponentin thesesolutionsaddressethe problemof tem-
poral scopesat a componenievel astaskattributes[20,1,21]: WCET, releasetime,



deadline ACCORD with its RTCOM model supportsmappingof a componento a
task,andtakesa broaderview of the compositionprocesshy allowing real-timesys-
temsto be composedaut of tasksand componentshat are not necessarilynappedo
atask.ACCORD,in contrasto otherapproachesuilding real-timecomponent-based
systemg20, 1,21], enablesupporfor multidimensionaseparatiomf concernsandal-
lowsintegrationof aspectinto thecomponentode VEST([1] alsousesaspect-oriented
paradigmput doesnot provide acomponenimodelthatenablesveaving of application
aspectsnto thecomponentode ratherit focuseson compositionaspects.

In areaof databaseystemsthe Aspect-Orientedatabase$AOD) initiative aims
at bringing the notion of separatiorof concerngo databasesThe focusof this initia-
tive is on providing a non-real-timedatabasevith limited configurability using only
aspectdi.e., no components]22]. To the bestof our knowledge,KIDS [23] is the
only researctprojectfocusingon constructiorof aconfigurabledatabaseomposeaut
of componentgdatabaseubsystemsk.g.,0bjectmanagemenandtransactiorman-
agementCommercialcomponent-basedatabasemtroducelimited customizatiorof
thedatabasseners[24,25], by allowing component$or managinghon-standardiata
types, datacartridgesand DataBlademodules,to be pluggedinto a fully functional
databasesystem.A somevhat differentapproachto componentizatioris Microsoft’s
UniversalDataAccessArchitecture[26], wherethe componentaredataprovidersand
they wrap datasourcesnablingthe translationof all local dataformatsfrom different
datastoresto a commonformat. However, from a real-timepoint of view noneof the
component-basedatabasepproachesliscussedkenforcereal-timebehaior and use
aspectdo separateoncernsn thesystem.

In contrasto traditionalmethoddor designof real-timesystemg27, 28], whichfo-
cusprimarily onthewaysof decomposinghe systeminto tasksandhandlingtemporal
requirementsACCORD designmethodfocuseson the ways of decomposing real-
time systeminto componentandaspectdo achiee betterreusabilityandflexibility of
real-timesoftware.

6 Summary

In recentyears,one of the key researcichallengesn software engineeringresearch
communityhasbeenenablingconfigurationof systemsandreuseof softwareby com-
posingsystemausingcomponentgrom a componentibrary. Our researctfocuseson
applyingaspect-orientedndcomponent-basesbftwaredevelopmento real-timesys-
tem developmentby introducinga novel conceptof aspectuatomponent-basetal-
time systemdevelopment(ACCORD). In this paperwe presentedACCORD and its
elementswhich we have appliedin the developmentof a real-timedatabaseystem,
calledCOMET. ACCORDintroduceghefollowing into real-timesystendevelopment;
(i) adesignmethod which enablesmprovedreuseandconfigurabilityof real-timeand
databassystemgyy combiningbasicideasfrom component-baseshdaspect-oriented
communitieswith real-timeconcernsthusbridgingthegapbetweerreal-timesystems,
embeddeasystemsdatabaseystemsand software engineering(ii) areal-timecom-
ponentmodel, called RTCOM, which enablesefficient developmentof configurable
real-timesystemsand(iii) anew approacho modelingof real-timepoliciesasaspects



improving theflexibility of real-timesystemsin the COMET examplewe have shavn
thatapplyingACCORDcouldhave animpacton thereal-timesystemdevelopmentn
providing efficient configurationof real-timesystemsjmproved reusabilityandflexi-
bility of real-timesoftware,andmodularizatiorof crosscuttingoncerns.
Severalresearclyuestiongemainto beresohed,including:

— developingrulesfor checkingcompatibilityof aspect@andcomponents,

— analyzingcomponenandaspecbehaior on differenthardwareandsoftwareplat-
formsin real-timeernvironmentso identify trade-ofsin applyingaspectandcom-
ponentsn areal-timesetting,

— studyingperformancef thereal-timesystenmwith differentconfiguration®f com-
ponentsandaspectsand

— providing automatedool supportfor the proposedievelopmeniprocess.

Currentlywe arefocusingon enablingpredictableaspectvearing andcomponentom-
position,andproviding toolsfor automatizedemporalanalysisof aspectsgcomponents,
andtheresultingsystem.

References

1. Stanlovic, J.: VEST: A toolsetfor constructingandanalyzingcomponenbasedoperating
systemdor embeddedndreal-timesystems.TechnicalReportCS-2000-19Departmenbf
ComputerSciencelniversity of Virginia (2000)
2. Kiczales,G., Lamping,J.,MendhekarA., Maeda,C., Lopes,C., Loingtier, J.M., Irwin, J.:
Aspect-orientecprogramming. In: Proceeding®f the ECOOP Volume 1241 of Lecture
Notesin ComputerScience.SpringefVerlag(1997)220-242
3. Crnkovic, I., LarssonM., eds.: Building ReliableComponent-BaseReal-Time Systems.
ArtechHousePublisher§2002)ISBN 1-58053-327-2.
. Xerox: The AspectJprogrammingguide(2002)
5. Coady Y., Kiczales,G., Feelg, M., Smolyn,G.: Using AspectCto improve the modular
ity of path-specificcustomizationn operatingsystemcode. In: Proceeding®f the Joint
EuropearSoftware EngineeringConferenc ESEC)and 9th ACM SIGSOFTInternational
Symposiunon the Foundationsf SoftwareEngineering FSE-9).(2002)
6. Spinczyk,0., Gal, A., SchrédetPreikschat\W.: AspectC++:An aspect-orienteextension
to C++. In: Proceedingsf the TOOLS Pacific 2002,AustralianComputerSociety(2002)
7. Bernat,G., Burns,A.: An approachto symbolic worst-caseaxecutiontime analysis. In:
Proceedingsf the 25thIFAC Workshopon Real-Time ProgrammingPalma,Spain(2000)
8. TeSanwic, A., Nystrom,D., Hansson,J., Norstrém,C.: Integrating symbolic worst-case
executiontime analysisnto aspect-orientegystendevelopment OOPSLA2002Workshop
on Toolsfor Aspect-Oriente®oftwareDevelopment(2002)
9. ABmannU.: Invasive SoftwareComposition.SpringerVerlag,Universitatkarlsruhe(2002)
10. Liu, C.L., Layland,J.W: Schedulingalgorithmsfor multipprogrammingn hardreal-time
traffic environment.Journalof the Associatiorfor ComputingMachinery20 (1973)46-61

11. Nystrém,D., TeSanwic, A., Norstrom,C., Hansson,).: Datamanagemenissuesin vehi-
cle control systemsa casestudy In: Proceedingsf the 14th EUROMICRO International
Conferencen Real-Time Systems)ienna,Austria(2002)249-256

12. Lu, H., Ng, Y., Tian, Z.: T-treeor b-tree:Main memorydatabaséndex structurerevisited.

11thAustralasiarDatabas€onferencé2000)

N



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

Rastogi,R., SeshadriS., BohannonP, Leinbaugh,D.W.,, SilberschatzA., SudarshanS.:
Improving predictability of transactionexecutiontimesin real-timedatabases Real-time
Systemsl 9 (2000)283—-30KIluwer AcademicPublishers.

Abbott,R.K., Garcia-MolinaH.: Schedulingeal-timetransactionsA performancevalua-
tion. ACM Transaction®n Databas&ystemsdl 7 (1992)513-560

Sha,L., RajkumarR., Son,S.H.,Chang,C.H.: A real-timelocking protocol. IEEE Trans-
actionson Computerst0(1991)793-800

Lee,J., Son,S.H.: Using dynamicadjustmenbf serializationorderfor real-timedatabase
systemsIn: Proceedingsf the 14thIEEE Real-Time SystemsSymposium(1993)
Datta,A., Son,S.H.: Is abird in the handworth morethantwo birdsin the bush?Limita-
tionsof priority cognizancén conflictresolutionfor firm real-timedatabassystemsIEEE
Transaction®n Computerst9 (2000)482-502

Bosch,J.: DesignandUseof SoftwareArchitectures Addison-Wesley (2000)
BachmannF, Bass,L., Buhman,C., Comella-DordasS.,Long, F., Robert,J., SeacordR.,
Wallnau,K.: Technicalconceptof component-basesbftwareengineering.TechnicalRe-
port CMU/SEI-2000-TR-008Carngie Mellon University (2000)

Isovic, D., Lindgren,M., Crnkovic, |.: Systemdevelopmentwith real-timecomponentsin:
Proceedingsf ECOOPWorkshop- Penasive Component-BaseflystemsFrance(2000)
Stewart, D.S.: Designingsoftware componentdor real-timeapplications.In: Proceedings
of EmbeddedystemConferenceSanJose CA (2000)Class408,428.

Rashid,A., Pulvermuelley E.: Fromobject-orientedo aspect-orientedatabasesin: Pro-
ceeding®f theDEXA 2000.Volume1873of LectureNotesin ComputeiScience.Springer
Verlag(2000)125-134

GeppertA., ScherrerS., Dittrich, K.R.: KIDS: Constructiorof databasenanagemengys-
temsbasedn reuse.TechnicalReportifi-97.01, Departmenbf ComputerScience Univer-
sity of Zurich (1997)

Oracle: All your data:The Oracleextensibility architecture.OracleTechnicalWhite Paper
(1999)

Informix: Developing DataBlademodulesfor Informix-Universal Sener. Informix Dat-
aBladeTechnology(2001)Availableat http://www.informix.com/datablades/.
(Papers0.D.W)

GomaaH.: Softwaredevelopmentof real-timesystems.Communication®f the ACM 29
(1986)657-668

Kopetz H., Zainlinger R.,Fohler, G.,Kantz,H., Puschner, Schiitz\W.: Thedesigrnof real-
time systemsfrom specificatiorto implementatiorandverification. Software Engineering
Journal6 (1991)72-82



