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Abstract. Increasingcomplexity of real-timesystems,anddemandsfor enabling
their configurability and tailorability are strongmotivations for applying new
software engineeringprinciples,suchas aspect-orientedand component-based
development.In thispaperweintroduceanovel conceptof aspectualcomponent-
basedreal-timesystemdevelopment.The conceptis basedon a designmethod
that assumesdecompositionof real-timesystemsinto componentsandaspects,
andprovidesa real-timecomponentmodelthatsupportsthenotionof time and
temporalconstraints,spaceandresourcemanagementconstraints,andcompos-
ability. We anticipatethat the successfulapplicationsof the proposedconcept
shouldhave a positive impacton real-timesystemdevelopmentin enablingef-
ficient configurationof real-timesystems,improvedreusabilityandflexibility of
real-timesoftware,andmodularizationof crosscuttingconcerns.We provide ar-
gumentsfor thisassumptionby presentinganapplicationof theproposedconcept
on thedesignanddevelopmentof a configurableembeddedreal-timedatabase,
calledCOMET. Furthermore,usingtheCOMETsystemasanexample,weintro-
ducea novel way of handlingconcurrency in a real-timedatabasesystem,where
concurrency is modeledasanaspectcrosscuttingthesystem.

1 Intr oduction

Real-timeand embeddedsystemsare being usedwidely in today’s modernsociety.
However, successfuldeploymentof embeddedandreal-timesystemsdependson low
developmentcosts,high degreeof tailorability andquicknessto market [1]. Thus,the
introductionof thecomponent-basedsoftwaredevelopment(CBSD)paradigminto real-
timeandembeddedsystemsdevelopmentofferssignificantbenefits,namely:(i) config-
urationof embeddedandreal-timesoftwarefor aspecificapplicationusingcomponents
from the componentlibrary, thusreducingthe systemcomplexity ascomponentscan
bechosento provideexactly thefunctionalityneededby thesystem;(ii) rapiddevelop-
mentanddeploymentof real-timesoftwareasmany softwarecomponents,if properly
designedandverified,canbereusedin differentembeddedandreal-timeapplications;
and(iii) evolutionarydesignascomponentscanbe replacedor addedto the system,
�
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which is appropriatefor complex embeddedreal-timesystemsthatrequirecontinuous
hardwareandsoftwareupgrades.

However, thereareaspectsof real-timeandembeddedsystemsthatcannotbeen-
capsulatedin a componentwith well-definedinterfacesasthey crosscutthe structure
of theoverallsystem,e.g.,synchronization,memoryoptimization,powerconsumption,
andtemporalattributes.Aspect-orientedsoftwaredevelopment(AOSD) hasemerged
asa new principlefor softwaredevelopmentthatprovidesanefficientwayof modular-
izing crosscuttingconcernsin softwaresystems.AOSDallows encapsulatingsystem’s
crosscuttingconcernsin “modules”,calledaspects.Applying AOSD in real-timeand
embeddedsystemdevelopmentwould reducethecomplexity of thesystemdesignand
development,andprovide meansfor a structuredandefficient way of handlingcross-
cuttingconcernsin a real-timesoftwaresystem.

Thus,the integrationof the two disciplines,CBSDandAOSD,into real-timesys-
temsdevelopmentwouldenable:(i) efficientsystemconfigurationfrom thecomponents
in thecomponentlibrary basedonthesystem’srequirements,(ii) easytailoringof com-
ponentsand/ora systemfor a specificapplicationby changingthebehavior (code)of
thecomponentby applyingaspects,and(iii) enhancedflexibility of the real-timeand
embeddedsoftware throughthe notion of system’s configurabilityand components’
tailorability.

However, to beableto successfullyapplysoftwareengineeringtechniquessuchas
AOSDandCBSDin real-timesystems,thefollowing questionsneedto beanswered.

– What is theappropriatedesignmethodthatwill allow integrationof the two soft-
wareengineeringtechniquesinto real-timesystems?

– Whatcomponentsandaspectsareappropriatefor thereal-timeandembeddeden-
vironment?

– Whatcomponentmodelcancaptureandadoptprinciplesof theCBSDandAOSD
in areal-timeandembeddedenvironment?

In this paperwe addresstheseresearchquestions,by proposinga novel conceptof
aspectualcomponent-basedreal-timesystemdevelopment(ACCORD).Theconceptis
foundedon a designmethodthat decomposesreal-timesystemsinto componentsand
aspects,andprovidesa real-timecomponentmodel(RTCOM) thatsupportsthenotion
of timeandtemporalconstraints,spaceandresourcemanagementconstraints,andcom-
posability. RTCOM is thecomponentmodeladdressingreal-timesoftwarereusability
andcomposabilitybycombiningaspectsandcomponents.It is ourexperiencesofarthat
applyingtheproposedconcepthasa positive impacton thereal-timesystemdevelop-
mentin enablingefficientconfigurationof real-timesystems,improvedreusabilityand
flexibility of real-timesoftware,andastructuredwayof handlingcrosscuttingconcerns.
We show that theACCORDcanbesuccessfullyappliedin practiceby describingthe
waywehaveappliedit in thedesignanddevelopmentof acomponent-basedembedded
real-time databasesystem(COMET). In theCOMET examplewe presenta novel ap-
proachto modelingandimplementingreal-timepolicies,e.g.,concurrency controland
scheduling,asaspectsthatcrosscutthestructureof a real-timesystem.Modularization
of real-timepolicies into aspectsallows customizationof real-timesystemswithout
changingthecodeof thecomponents.



Thepaperis organizedasfollows. In section2 we presentanoutlineof ACCORD
andits designmethod.We presentRTCOM in section3. In section4 we show anap-
plication of ACCORDto the developmentof COMET. In the COMET examplewe
describea new way of modelingreal-timeconcurrency control policy asan aspectin
a real-timedatabasesystem.Relatedwork is discussedin section5. Thepaperfinishes
(section6) with a summarycontainingthemainconclusionsanddirectionsfor our fu-
tureresearch.

2 ACCORD DesignMethod

The growing needfor enablingdevelopmentof configurablereal-timeandembedded
systemsthatcanbetailoredfor a specificapplication[1], andmanagingthecomplex-
ity of therequirementsin thereal-timesystemdesign,callsfor anintroductionof new
conceptsandnew softwareengineeringparadigmsinto real-timesystemdevelopment.
Hence,we proposeACCORD.Throughthe notion of aspectsand components,AC-
CORD enablesefficient applicationof the divide-and-conquerapproachto complex
systemdevelopment.To effectively applyACCORD,weprovideadesignmethodwith
thefollowing constituents.

– A decompositionprocesswith two sequentialphases:(i) decompositionof thereal-
time systeminto a setof components,and(ii) decompositionof thereal-timesys-
teminto a setof aspects.

– Components,assoftwareartifactsthat implementa numberof well-definedfunc-
tions,andwherethey have well-definedinterfaces.Componentsuseinterfacesfor
communicationwith theenvironment,i.e.,othercomponents.

– Aspects,aspropertiesof asystemaffectingits performanceorsemantics,andcross-
cuttingthesystem’s functionality[2].

– A real-timecomponentmodel (RTCOM) that describeshow a real-timecompo-
nent,supportingaspects,shouldlook like. RTCOM is specificallydeveloped:(i)
to enableanefficientdecompositionprocess,(ii) to supportthenotionof time and
temporalconstraints,and(iii) to enableefficient analysisof componentsandthe
composedsystem.

The designof a real-timesystemusing ACCORDmethodis performedin three
phases.In thefirst phase,a real-timesystemis decomposedinto a setof components.
Decompositionis guidedby theneedto have functionallyexchangeableunits thatare
looselycoupled,but with strongcohesion.In the secondphase,a real-timesystemis
decomposedinto asetof aspects.Aspectscrosscutcomponentsandtheoverallsystem.
Thisphasetypically dealswith non-functionalrequirements3 andcrosscuttingconcerns
of a real-timesystem,e.g.,resourcemanagementandtemporalattributes.In the final
phase,componentsandaspectsareimplementedbasedonRTCOM. As non-functional
requirementsareamongthemostimportantissuesin real-timesystemdevelopment,we
first focuson theaspectualdecomposition,andthendiscussRTCOM.

3 Non-functionalrequirementsaresometimesreferredto asextra-functionalrequirements[3].



2.1 Aspectsin Real-Time Systems

Weclassifyaspectsin areal-timesystemasfollows:(i) applicationaspects,(ii) run-time
aspects,and(iii) compositionaspects.

Applicationaspectscanchangetheinternalbehavior of componentsasthey crosscut
thecodeof thecomponentsin thesystem.Theapplicationin this context refersto the
applicationtowardswhichareal-timeandembeddedsystemshouldbeconfigured,e.g.,
memoryoptimizationaspect,synchronizationaspect,securityaspect,real-timeprop-
erty aspect,andreal-timepolicy aspect.Sinceoptimizingmemoryusageis oneof the
key issuesin embeddedsystemsandit crosscutsthe real-timesystem’s structure,we
view memoryoptimizationasan applicationaspectof a real-timesystem.Securityis
anotherapplicationaspectthatinfluencessystem’sbehavior andstructure,e.g.,thesys-
temmustbeableto distinguishuserswith differentsecurityclearance.Synchronization,
entangledover theentiresystem,is encapsulatedandrepresentedby a synchronization
aspect.Memoryoptimization,synchronization,andsecurityarecommonlymentioned
aspectsin AOSD[2]. Additionally, real-timepropertiesandpoliciesareviewedasap-
plicationaspectsasthey influencetheoverallstructureof thesystem.Dependingonthe
system’srequirements,real-timepropertiesandpoliciescouldbefurtherrefined,which
we show in theexampleof theCOMET system(seesection4.3).Applicationaspects
enabletailoringof thecomponentsfor aspecificapplication,asthey changecodeof the
components.

Run-timeaspectsarecritical asthey referto aspectsof themonolithicreal-timesys-
temthatneedto beconsideredwhenintegratingthesysteminto therun-timeenviron-
ment.Run-timeaspectsgive informationneededby therun-timesystemto ensurethat
integratinga real-timesystemwould not compromisetimeliness,nor availablemem-
ory consumption.Therefore,eachcomponentshouldhave declaredresourcedemands
in its resourcedemandaspect,andshouldhave informationof its temporalbehavior,
containedin thetemporalconstraintsaspect,e.g.,worst-caseexecutiontime (WCET).
Thetemporalaspectenablesa componentto bemappedto a task(or a groupof tasks)
with specifictemporalrequirements.Additionally, eachcomponentshouldcontainin-
formationof theplatformwith which it is compatible,e.g.,real-timeoperatingsystem
supported,andotherhardwarerelatedinformation.This informationis containedin the
portabilityaspect.It is imperativethattheinformationcontainedin therun-timeaspect
is providedto ensurepredictabilityof the composedsystem,easethe integrationinto
a run-timeenvironment,andensureportability to differenthardwareand/orsoftware
platforms.

Compositionaspectsdescribewith which componentsa componentcanbe com-
bined(compatibilityaspect),theversionof thecomponent(versionaspect),andpossi-
bilities of extendingthecomponentwith additionalaspects(flexibility aspect).

Having separationof aspectsin differentcategorieseasesreasoningaboutdifferent
embeddedandreal-timerelatedrequirements,aswell asthecompositionof thesystem
andits integrationinto arun-timeenvironment.For example,therun-timesystemcould
definewhat (run-time)aspectsthe real-timesystemshouldfulfill so that propercom-
ponentsandapplicationaspectscould be chosenfrom the library, whencomposinga
monolithicsystem.Thisapproachoffersasignificantflexibility , sinceadditionalaspect



typescanbe addedto components,andtherefore,to themonolithic real-timesystem,
furtherimproving theintegrationwith therun-timeenvironment.

After aspectsareidentified,werecommendthata tableis madewith all thecompo-
nentsandall identifiedapplicationaspects,in whichthecrosscuttingeffectsto different
componentsare recorded(an exampleof onesuchtable is given in section4.3). As
we show in thenext section,this stepis especiallyusefulfor thenext phaseof thede-
sign,whereeachcomponentis modeledanddesignedto take into accountidentified
applicationaspects.

3 Real-Time ComponentModel (RTCOM)

In this sectionwe presentRTCOM, which allows easyandpredictableweaving of as-
pects,i.e., integratingaspectsinto components,thus reflectingdecompositionof the
systeminto componentsandaspects.RTCOM canbeviewedasa componentcolored
with aspects,both inside(applicationaspects),andoutside(run-timeandcomposition
aspects).RTCOM is a language-independentcomponentmodel,consistingof the fol-
lowing parts(seefigure 1): (i) the functionalpart, (ii) the run-timesystemdependent
part,and(iii) thecompositionpart.
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Fig.1. A real-timecomponentmodel(RTCOM)

Thefunctionalpart representsthe actualcodethat implementsthe componentfunc-
tionality. RTCOM assumesthefollowing for thefunctionalpartof thecomponent.

– Eachcomponentprovidesa set of mechanisms,which are basicand fixed parts
of thecomponentinfrastructure.Mechanismsarefinegranulemethodsor function
calls.



– Eachcomponentprovidesasetof operationsto othercomponentsand/orto thesys-
tem.Implementationof theoperationsdeterminesthebehavior of thecomponent,
i.e., componentpolicy. Operationsarerepresentedby coarsegranulemethodsor
function calls.Operationsareflexible partsof the componentastheir implemen-
tationcanchangeby applyingdifferentapplicationaspects.Operationsareimple-
mentedusingtheunderlyingmechanisms,whicharefixedpartsof thecomponent.

In order to enableeasyimplementationof applicationaspectsinto a component,the
designof the functionalpart of the componentis performedin the following manner.
First, themechanisms,asbasicblocksof thecomponent,areimplemented.Here,par-
ticular attentionis given to identifiedapplicationaspects,andthe tablereflectingthe
crosscuttingeffectsof applicationaspectsto differentcomponentsis usedto determine
which applicationaspectsare likely to usewhich componentmechanisms.Next, the
operationsof thecomponentareimplementedusingcomponentmechanisms.Note,the
implementedoperationsprovide aninitial componentpolicy, i.e., basicandsomewhat
genericcomponentfunctionality. This initial policy we call a policy framework of the
component.The policy framework could be modifiedby applyingdifferent applica-
tion aspects,andassuchit providesa way of tailoring a componentby changingits
behavior, i.e., applicationaspectschangethecomponentpolicy. If all crosscuttingap-
plicationaspectsareconsideredwhenimplementingoperationsandmechanisms,then
theframework is genericandhighly flexible. However, if thesystemevolvessuchthat
new applicationaspects(not consideredwhendevelopingthepolicy framework) need
to beimplementedinto componentcode,thennew mechanismscanbedefinedwithin
theapplicationaspect.

Thedevelopmentprocessof thefunctionalpartof a componentresultsin thecom-
ponentthatis coloredwith applicationaspects.Therefore,in thegraphicalview of RT-
COM in figure1, applicationaspectsarerepresentedasverticallayersin thefunctional
partof thecomponent,asthey influencecomponentbehavior, i.e., changecomponent
policy.

Therun-timesystemdependentpart of RTCOM accountsfor temporalbehavior of the
functionalpartof thecomponentcode,not only without aspectsbut alsowhenaspects
areweavedinto thecomponent.Hence,run-timeaspectsarepartof therun-timedepen-
dentpartof RTCOM, andarerepresentedashorizontalparallellayersto thefunctional
partof thecomponentasthey describecomponentbehavior (seefigure1). In therun-
time partof thecomponent,run-timeaspectsareexpressedasattributesof operations,
mechanisms,andapplicationaspects,asthosearetheelementsof thecomponentfunc-
tionalpart,andtherebyinfluencethetemporalbehavior of thecomponent.

Thecompositionpart refersbothto thefunctionalpartandtherun-timepartof acom-
ponent,andis representedasthethird dimensionof thecomponentmodel(seefigure1).
Giventhattherearedifferentapplicationaspectsthatcanbeweavedinto thecomponent,
compositionaspectsrepresentedin thecompositionpartof RTCOM shouldcontainin-
formationaboutcomponentcompatibilitywith respectto differentapplicationaspects,
aswell aswith respectto differentcomponents.



ForeachcomponentimplementedbasedonRTCOM,thefunctionalpartof thecom-
ponentis first implementedtogetherwith theapplicationaspects,thentherun-timesys-
temdependentpartandrun-timeaspectsareimplemented,followedby thecomposition
partandrulesfor composingdifferentcomponentsandapplicationaspects.

In thefollowing sectionswegive a close-upof theapplicationaspectsandtherun-
timeaspectswithin theRTCOM, followedby interfacessupportedby RTCOM.

3.1 Application Aspectsin RTCOM

Existingaspectlanguagescanbeusedfor implementationof applicationaspects,and
their integration into components.The weaving is doneby the aspectweaver corre-
spondingto the aspectlanguage[2]. All existing aspectlanguages,e.g.,AspectJ[4],
AspectC[5], AspectC++[6], areconceptuallyvery similar to AspectJ,developedfor
Java.

Eachapplicationaspectdeclarationconsistsof advicesandpointcuts.A pointcut
consistsof oneor morejoin points,andis describedby a pointcutexpression.A join
point in an aspectlanguagerefersto a method,a type (structor union),or any other
point from which componentcodecanbeaccessed.In RTCOM, thepointcutmodelis
restrictedto themechanismsandtheoperationsin thecomponent,anda type(struct).
This restrictionis necessaryfor obtainingpredictableaspectweaving, i.e.,enablingthe
temporalanalysis4 of the resultingcode.An advice is a declarationusedto specify
the codethat shouldrun whenthe join points,specifiedby a pointcutexpression,are
reached.Differentkindsof advicescanbedeclared,suchas:(i) beforeadvice, executed
beforethejoin point,(ii) afteradvice, executedimmediatelyafterthejoin point,and(iii)
aroundadvice, executedin placeof thejoin point.In RTCOM, theadvicemodelis also
restrictedfor thereasonsof enablingtemporalanalysisof thecode.Hence,theadvices
areimplementedusingonly the mechanismsof thecomponents,andeachadvicecan
changethe behavior of the component(policy framework) by changingoneor more
operationsin thecomponent.

3.2 Run-time Aspectsin RTCOM

We now illustratehow run-timeaspectsare representedandhandledin RTCOM us-
ing oneof the most importantrun-timeaspectsasan example,i.e., WCET. Oneway
of enablingpredictableaspectweaving is to ensureanefficientway of determiningthe
WCETof theoperationsand/orreal-timesystemthathavebeenmodifiedby weaving of
aspects.WCETanalysisof aspects,components,andtheresultingaspect-orientedsoft-
ware(whenaspectsareweavedinto components)is basedonsymbolicWCETanalysis
[7]. Applying symbolicWCETanalysisto ACCORDimpliesthefollowing: (i) WCETs
of themechanismsareobtainedby symbolicWCET analysis,(ii) theWCET of every
operationis determinedbasedthe WCETsof the mechanismsusedfor implementing
theoperation,andtheinternalWCETof thefunctionor themethodthatimplementsthe
operation,i.e., managesthemechanisms,(iii) theWCET of every advicethatchanges

4 Temporalanalysisrefersbothto staticWCETanalysisof thecodeanddynamicschedulability
analysisof thetasks.



theimplementationof theoperationis basedontheWCETsof themechanismsusedfor
implementingtheadvice,andtheinternalWCETof theadvice,i.e.,codethatmanages
themechanisms.Figure2 shows theWCET specificationfor mechanismsin thecom-

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

Fig.2. Specificationof theWCETaspectof componentmechanisms

operations {
  operation {
    name [nameOfOperation];
    uses {

    [Name of mechanism] [Number of times used];
    }
    intWcet [Value of internal operation wcet

(called mechanisms excluded)]
  }
   ......
}

Fig.3. Specificationof theWCETaspectof acomponentpolicy framework

ponent,wherefor eachmechanismtheWCET is declaredandassumedto beknown.
Similarly, figure3 shows theWCET specificationof thecomponentpolicy framework.
Eachoperationdefiningthepolicy of thecomponentdeclareswhatmechanismsit uses,
andhow many timesit usesa specificmechanism.This declarationis usedfor com-
putingWCETsof the operationsor thecomponent(without aspects).Figure4 shows
theWCETspecificationof anapplicationaspect.For eachadvicetype(before,around,
after)thatmodifiesanoperation,theoperationit modifiesis declaredtogetherwith the
mechanismsusedfor theimplementationof theadvice,andthenumberof timesthead-
vice usesthesemechanisms.TheresultingWCET of thecomponent(or oneoperation
within thecomponent),coloredwith applicationaspects,is computedusingthe algo-
rithm presentedin [8]. Thealgorithmutilizestheknowledgeof WCETsof all mecha-
nismsinvolved,andWCETsof all aspectsthatchangeaspecificoperation.Thedetailed
explanationof thealgorithmandthediscussionon computingWCETsof components
modifiedby aspectscanbefoundin [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. Specificationof theWCETaspectof anapplicationaspect

3.3 RTCOM Example

We now give a brief andsimpleexampleof onecomponentandoneapplicationas-
pect.The purposeof this simpleexampleis to provide guidancethroughthe process
of RTCOM implementation,andprovide a clearunderstandingof RTCOM internals,
introducedsofar (a morecomplex anddetailedexampleof RTCOM usingCOMET is
discussedin section4.4).

policy

listInsert()
listRemove()
listFindFirst()

createNode()
deleteNode()
getNextNode()
linkNode()
unlinkNode()

mechanisms

Fig.5. Thefunctionalpartof thelinkedlist component

In this example,we considera componentimplementingan ordinary linked list.
The mechanismsneededare the onesfor the manipulationof nodesin the list, i.e.,
createNode , deleteNode , getNextNode , linkNode , unlinkNode (seefig-
ure5).Operationsimplementingthepolicy framework,e.g.,listInsert, listR-
emove, listFindFirst , definethe behavior of the component,andare imple-
mentedusing the underlyingmechanisms.In this example, listInsert usesthe



mechanismscreateNode and linkNode to createand link a new nodeinto the
list in first-in-first-out(FIFO)order. Hence,thepolicy framework is FIFO.

aspect listPriority {
1:
2: pointcut listInsertCall (List_Operands * op)=
3:   call("void listInsert(List_Operands*)")&&args(op);
4:
5: advice listInsertCall (op):
6:   void before (List_Operands * op){
7:     while
8:   the node position is not determined
9: do
10:       node = getNextNode(node);
11:   /* determine position of op->node based
12:       on its priority and the priority of the
13:       node in the list*/
14:    }
15: }

Fig.6. The listPriority applicationaspect

Assumethatwewantto changethepolicy of thecomponentfrom FIFOto priority-
basedorderingof thenodes.Then,this canbeachievedby weaving anappropriateap-
plicationaspect.Figure6 shows the listPriority applicationaspect,which con-
sistsof onepointcut listInsertCall , identifying listInsert asa join point
in the componentcode(lines 2-3). Whenthis join point is reached,the before ad-
vice listInsertCall is executed.Hence,theapplicationaspectlistPriority
interceptsthe operation(a methodor a function call to) listInsert , and before
the codein listInsert is executed,the advice,usingthe componentmechanisms
(getNextNode ), determinesthepositionof thenodebasedonits priority (lines5-14).
As aconsequenceof weaving anapplicationaspectinto thecodeof thecomponent,the
temporalbehavior of the resultingcomponent,coloredwith aspects,changes.Hence,
run-timeaspectsneedto bedefinedfor thepolicy framework (thecomponentwithout
applicationaspects)andfor theapplicationaspects,sowe candeterminetherun-time
aspectsof thecomponentcoloredwith differentapplicationaspects.

Figure7 presentsthe specificationof the WCET aspectfor the policy framework
of thelikedlist component.Eachoperationin theframework is namedandits internal
WCET (intWcet ), andthe numberof timesit usesa particularmechanism,arede-
clared(seefigure7).TheWCETspecificationfor theapplicationaspectlistPriori-
ty thatchangesthepolicy framework is shown in figure8.Temporalinformationof the
applicationaspectincludestheinternalWCETof anadvicethatmodifiedtheoperation,
andthe informationof the mechanismsusedby the advice,aswell asthe numberof
times(upperbound)theadvicehasuseda particularmechanism.Hence,the informa-
tion provided in the run-timepart of thecomponentenablestemporalanalysisof any
combinationsof thecomponentpolicy frameworksandapplicationaspects.



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. TheWCETspecificationof thepolicy framework

aspect listPriority (noOfElements){
  advice {
    name listInsertCall;
    type before ;
    changes {
      name listInsert ;
        uses {
          getNextNode noOfElements;

}
    }
    intWcet 4ms+0.4*noOfElements;
  }
....
}

Fig.8. TheWCETspecificationof the listPriority applicationaspect



3.4 RTCOM Interfaces

RTCOM supportsthreedifferenttypesof interfaces(seefigure9): (i) functionalinter-
face,(ii) configurationinterface,and(iii) compositioninterface.

RTCOM

Composition
interface

Provided
functional
interface

Configuration
interface

Required
functional
interface

Fig.9. Interfacessupportedby theRTCOM

Functionalinterfacesof componentsareclassifiedin two categories,namelypro-
vided functionalinterfaces,andrequiredfunctionalinterfaces.Provided interfacesre-
flectasetof operationsthatacomponentprovidesto othercomponentsor to thesystem.
Requiredinterfacesreflecta set of operationsthat a componentrequiresfrom other
components.Having separationto provided andrequiredinterfaceseasescomponent
exchangeandadditionof new componentsinto thesystem.

RTCOM

Real-Time System

System's configuration
interface

Composition
interface

Aspects
weaved into
component

System's
functional interface

System's
functional interface

Provided
functional
interface

Required
functional
interface

Configuration
interface

Fig.10. Interfacesandtheir role in thecompositionprocess

Theconfigurationinterfaceis intendedfor theintegrationof areal-timesystemwith
therun-timeenvironment.This interfaceprovidesinformationof temporalbehavior of
eachcomponent,andreflectstherun-timeaspectof thecomponent.Combiningmultiple
componentsresultsin asystemthatalsohastheconfigurationinterface,andenablesthe



designerto inspectthe behavior of thesystemtowardsthe run-timeenvironment(see
figure10).

Compositioninterfaces, which correspondto join points,are embeddedinto the
functionalcomponentpart.Theweaver identifiescompositioninterfacesandusesthem
for aspectweaving. Compositioninterfacesareignoredat component/systemcompile-
time if they arenot needed,andare“activated”only whencertainapplicationaspects
areweaved into the system.Thus,thecompositioninterfaceallows integrationof the
componentandaspectualpartof thesystem.Aspectweaving canbeperformedeither
on thecomponentlevel, weaving applicationaspectsinto componentfunctionality, or
on thesystemlevel, weaving applicationaspectsinto themonolithicsystem.

Explicit separationof softwarecomponentinterfacesinto compositioninterfaces
andfunctionalinterfacesis introducedin [9].

4 COMET: a COMponent-basedEmbeddedreal-Time database

Thissectionshowshow to applytheintroducedconceptof aspectualcomponent-based
developmenton a designanddevelopmentof a concretereal-timesystemby present-
ing the applicationof the designmethodto developmentof a configurablereal-time
embeddeddatabasesystem,calledCOMET.

4.1 Background

Thegoalof theCOMET projectis to enabledevelopmentof a configurablereal-time
databasefor embeddedsystems,i.e., enabledevelopmentof differentdatabaseconfig-
urationsfor differentembeddedandreal-timeapplications.Thetypesof requirements
we aredealingwith canbestbe illustratedon theexampleof oneof theCOMET tar-
getingapplicationareas:controlsystemsin theautomotiveindustry. Thesesystemsare
typically hardreal-timesafety-criticalsystemsconsistingof severaldistributednodes
implementingspecificfunctionality. Althoughnodesdependon eachotherandcollab-
orateto provide requiredbehavior for the overall vehiclecontrol system,eachnode
canbeviewedasa stand-alonereal-timesystem,e.g.,nodescanimplementtransmis-
sion, engine,or instrumentalfunctions.The sizeof the nodescanvary significantly,
from very small nodesto large nodes.Dependingon the functionality of a nodeand
theavailablememory, differentdatabaseconfigurationsarepreferred.In safety-critical
nodestasksareoftennon-preemptiveandscheduledoff-line, avoiding concurrency by
allowing only onetask to be active at any given time. This, in turn, influencesfunc-
tionality of adatabasein agivennodewith respectto concurrency control.Lesscritical
nodes,having preemptabletasks,would requireconcurrency controlmechanisms.Fur-
thermore,somenodesrequirecritical datato be logged,e.g.,warninganderrors,and
requirebackupson startupandshutdown, while othernodesonly have RAM (main-
memory),anddo not requirenon-volatile backupfacilities from the database.Hence,
in thenarrow senseof thisapplicationarea,thegoalwasto enabledevelopmentof dif-
ferentCOMET configurationsto suit the needsof eachnodewith respectto memory
consumption,concurrency control, recovery, differentschedulingtechniques,transac-
tion andstoragemodels.



In thefollowing sectionswe show how we have reachedour goalby applyingAC-
CORDto thedesignanddevelopmentof theCOMETsystem.

4.2 COMET Components

USER INTERFACE

RECOVERY
& LOGGING
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���
	��

INDEXING

LOCKING

TRANSACTION
MANAGER

TRANSACTION
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Fig.11.COMETdecompositioninto asetof components

Following the ACCORDdesignmethodpresentedin section2 we have first per-
formedthedecompositionof COMETinto asetof componentswith well-definedfunc-
tions andinterfaces.COMET hasseven basiccomponents(seefigure11): userinter-
facecomponent,transactionschedulercomponent,locking component,indexing com-
ponent,recoveryandloggingcomponent,memoryhandlingcomponent,andtransaction
managercomponent.

Theuserinterfacecomponent(UIC) enablesusersto accessdatain the database,
anddifferentapplicationsoftenrequiredifferentwaysof accessingdatain thesystem.

The transactionschedulercomponent(TSC)providesmechanismsfor performing
schedulingof transactionscominginto thesystem,basedontheschedulingpolicy cho-
sen.COMET supportsa varietyof schedulingpolicies,e.g.,EDF andRM [10]. Hard
real-timeapplications,suchasreal-timeembeddedsystemscontrollinga vehicle,typi-
cally do not requiresophisticatedtransactionschedulingandconcurrency control,i.e.,
thesystemallowsonly onetransactionto accessthedatabaseata time [11]. Therefore,
theTSCshouldbeaflexible andexchangeablepartof thedatabasearchitecture.

Thelockingcomponent(LC) dealswith lockingof data,andit providesmechanisms
for lock manipulationandmaintainslock recordsin thedatabase.

Theindexingcomponent(IC) dealswith indexing of data.Indexing strategiescould
vary dependingon the real-timeapplicationwith which the databaseshouldbe inte-
grated,e.g.,t-trees[12] andmulti-versioningsuitablefor applicationswith alargenum-
ber of read-onlytransactions[13]. Additionally, it is possibleto customizeindexing
strategy dependingon thenumberof transactionsactive in thesystem.For example,in
vehiclecontrolapplications,whereonly onetransactionis active at a time,non-thread



safeindexing is used,while in morecomplex applicationsappropriateaspectscouldbe
weaved into the componentto allow thread-safeprocessingof indexing strategy (this
canbeachievedby weaving thesynchronizationaspect).

The recoveryand logging component(RLC) is in chargeof recovery andlogging
of datain the database.As COMET storesdatain main-memory, thereis a needfor
differentrecovery andlogging techniques,dependingon the typeof thestorage,e.g.,
non-volatileEEPROM or Flash.

The memoryhandlingcomponent(MHC) managesaccessto datain the physical
storage.

The transactionmanager component(TMC) coordinatestheactivities of all com-
ponentsin the systemwith respectto transactionexecution.For example,the TMC
managestheexecutionof a transactionby requestinglock andunlockoperationspro-
videdby theLC, followedby requeststo theoperations,whichareprovidedby theIC,
for insertingor updatingdataitems.

4.3 COMET Aspects

COMET Aspects

Run-Time Composition Application

Security

Transaction
Compatibility

VersioningTemporal
Constraints
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Real-Time  Scheduling
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Fig.12.Classificationof aspectsin anembeddedreal-timedatabasesystem

Following ACCORD,afterdecomposingthesysteminto a setof componentswith
well-definedinterfaces,we decomposethesysteminto a setof aspects.Thedecompo-
sition of COMET into aspectsis presentedin figure12,andit fully correspondsto the
ACCORDdecomposition(givenin section2.1)in threetypesof aspects:run-time,com-
position,andapplicationaspects.However,asCOMETis thereal-timedatabasesystem,
refinementto theapplicationaspectsis madeto reflectbothreal-timeanddatabaseis-
sues.Hence,in theCOMETdecompositionof applicationaspects,thereal-timepolicy
aspectis refinedto includereal-timeschedulingandconcurrency controlpolicy aspects,
while thereal-timepropertyaspectis replacedwith thetransactionmodelaspect,which
is database-specific.Thecrosscuttingeffectsof theapplicationaspectstoCOMETcom-
ponentsareshown in thetable1.As canbeseenfromthetable,all identifiedapplication
aspectscrosscutmorethanonecomponent.



The applicationaspectscould vary dependingon the particularapplicationof the
real-timesystem,thusparticularattentionshouldbe madeto identify the application
aspectsfor eachreal-timesystem.
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Table1. Crosscuttingeffectsof differentapplicationaspectson theCOMETcomponents

4.4 COMET RTCOM

Componentsandaspectsin COMET areimplementedbasedon RTCOM (discussedin
section3). Hence,thefunctionalpartof componentsis implementedfirst, togetherwith
applicationaspects.We illustratethis process,its benefitsanddrawbacks,by the ex-
ampleof onecomponent(namelyLC) andoneapplicationaspect(namelyconcurrency
control).

TheLC performsthe following functionality:assignslocks to requestingtransac-
tions,andmaintainsa lock table,thusit recordsall locksobtainedby transactionsin the
system.As canbeseenfrom thetable1, theLC is crosscutwith severalapplicationas-
pects.Theapplicationaspectthatinfluencesthepolicy, i.e.,changesthebehavior of the
LC, is a concurrency control(CC) aspect,which definestheway lock conflictsshould
be handledin the system.To enabletailorability of the LC, andreuseof codein the
largestpossibleextent,theLC is implementedwith thepolicy framework in whichlock
conflictsareignoredandlocksaregrantedto all transactions.Thepolicy frameworkcan
bemodifiedby weaving CC aspectsthatdefineotherwaysof handlinglock conflicts.
As differentCCpoliciesin real-timedatabasesystemsexist, themechanismsin theLC
shouldbecompatiblewith mostof theexistingCC algorithms.

TheLC containsmechanismssuchas(seeleft partof thefigure13): insertLock-
Record() , removeLockRecord() , etc.,for maintainingthetableof all locksheld
by transactionsin thesystem.Thepolicy partconsistsof theoperationsperformedon
lock recordsandtransactionsholdingand/orrequestinglocks,e.g.,getReadLock() ,
getWriteLock() , releaseLock() . The operationsin the LC areimplemented



policy

mechanisms

aspect CCpolicy {
1: resolveConflict(LC_Operands * op){
2: /*apply specific CC policy to resolve
3:   lock conflict*/
4: /* for HP-2PL */
5: for all lockHolders on op.dataItem
6:   if lockRequester.priority>lockHolder.priority
7:   then abort each lockHolder
8:   else block locRequester
9: }
10: pointcut getReadLockCall (LC_Operands * op)=
11:    cal l ( " voi d get ReadLock( LC_Oper ands* ) " ) &&ar gs( op) ;
12: pointcut getReadWriteCall (LC_Operands * op)=
13:     cal l ( " voi d get Wr i t eLock( LC_Oper ands) " ) &&ar gs( op) ;
14: advice getReadLockCall (op):
15:   void before (LC_Operands * op){
16:     if the write-lock is already held
17:       then
18:        /*there is a conflict which needs
19:         to be resolved by applying CC policy */
20:        resolveConflict(op);
21:    }
22:  advice getWriteLockCall (op):
23:    void before (LC_Operands * op){
24:      if write- or read-lock is already held
25:       then
26:         /*there is a conflict which needs
27:          to be resolved by applying CC policy */
28:         resolveConflict(op);
29:   }
30: }

Locking Component (LC) Concurrency control aspect

operations{
  operation{
    name getRealLock;
    uses{
      insertLockRecord 1;
      findLockRecord   1;
    }
    intWcet 1ms;
....
}
mechanisms{
  mechanism{
    name insertLockRecord;
    wcet  5ms;
  }
....
}

getReadLock()
getWriteLock()
releaseLock()
......

insertLockRecord()
removeLockRecord()
findLockRecord()
deallocLock()
insertLockHolder()
removeLockHolder()
....

changes

uses

Run-time part,
WCET aspect

Functional
part

Fig.13.Thelockingcomponentandtheconcurrency controlaspect

usingunderlyingLC mechanisms.The mechanismsprovided by the LC areusedby
theCCaspectsimplementingtheclassof pessimistic(locking)protocols,e.g.,HP-2PL
[14] andRWPCP[15]. However, asalargeclassof optimisticprotocolsis implemented
usinglockingmechanisms,themechanismsprovidedby theLC canalsobeusedby CC
aspectsimplementingoptimisticprotocols,e.g.,OCC-TI [16] andOCC-APR[17].

The right part of the figure 13 representsthe specificationfor the real-timeCC
aspect(lines1-30) thatcanbeappliedto a classof pessimisticlocking CC protocols.
Wechoseto givemorespecificdetailsfor theHP-2PLprotocol,asit is bothcommonly
usedin main-memorydatabasesystemsanda well-known pessimisticCC protocol.

TheCC aspecthasseveralpointcutsandadvicesthatexecutewhenthepointcutis
reached.As definedby the RTCOM pointcutmodel,the pointcutsrefer to the opera-
tions:getReadLockCall() andgetWriteLockCall() (lines10 and12).The
first pointcutinterceptsthecall to thefunctiongetReadLock() , whichgrantsa read
lock to the transactionandrecordsit in the lock table.Similarly, the secondpointcut
interceptsthecall to thefunctionthatgivesa write lock to thetransactionandrecords
it in thelock table.Beforegrantinga reador write lock, theadvicesin lines14-21and
22-29checkif thereis a lock conflict. If conflictexists,theadvicesdealwith it by call-
ing thelocalaspectfunctionresolveConflict() (lines1-9),wheretheresolution
of theconflict shouldbedoneby implementinga specificCC policy. Theadvicesthat
checkfor conflictsareimplementedusingtheLC mechanismsto traversethelock table
andthelist of transactionsholdinglocks.



Sofarwehaveshown thattheCCaspectaffectsthepolicy of theLC, but theCCas-
pectalsocrosscutsothercomponents(seetable1). In theexampleof theCCaspectim-
plementingpessimisticHP-2PLprotocol(seefigure13),theaspectusestheinformation
abouttransactionpriority (lines5-8),whichis maintainedby theTSC,thuscrosscutting
theTSC.Optimisticprotocols,e.g.,OCC-TI, would requireadditionalpointcutsto be
definedin the TMC, as the protocol (ascomparedto pessimisticprotocols)assumes
executionof transactionsin threephases:read,validateandwrite.

Additionally, dependingon the CC policy implemented,the numberof pointcuts
andadvicesvaries.For example,someCCpolicies(likeRWPCP, or optimisticpolicies)
requireadditionaldatastructuresto beinitialized. In suchcases,anadditionalpointcut
namedinitPolicy() couldbeaddedto theaspectthatwould interceptthecall to
initialize the LC. A beforeadvice initPolicy would then initialize all necessary
datastructuresin theCC aspectafterdatastructuresin theLC havebeeninitialized.

Thebenefitsof applyingACCORDto thedevelopmentof COMETplatformarethe
following (in thecontext of thegivenexample).

– Enablingcleanseparationof concurrency control asan aspectthat crosscutsthe
LC, which allows high codereusabilityas the samecomponentmechanismsare
usedin almostall CC aspects.

– Weaving of aCCaspectinto theLC changesthepolicy of thecomponentby chang-
ing thecomponentcode,andprovidesanefficient way of tailoring thecomponent
andthesystemto fit aspecificrequirement(in thiscasespecificCCpolicy), leaving
theconfigurationof COMETunchanged.

– Having theLC functionalityencapsulatedinto thecomponent,andtheCC encap-
sulatedinto an applicationaspectenablesreconfiguringCOMET to supportnon-
locking transactionexecution(excludingtheLC), if othercompletelynon-locking
CC protocolis needed.

– Having a run-timepartof thecomponentsandaspectsenablesanalysisof thetem-
poralbehavior of theresultingcode(seetherun-timepartof theLC in the left of
thefigure13).

Thedrawbackof applyingACCORDto real-timesystemdevelopmentis anexplosion
in possiblecombinationsof componentsandaspects.This is commonfor all software
systemsusingaspectandcomponents,andextensive researchhasbeingdonein iden-
tifying anddefininggoodcompositionrulesfor the componentsandaspects[18,19,
9].

5 RelatedWork

In this sectionwe addressthe researchin the areaof component-basedreal-timeand
databasesystems,andthereal-timeanddatabaseresearchprojectsthatareusingaspects
to separateconcerns.

The focusin existing component-basedreal-timesystemsis enforcementof real-
time behavior. In thesesystemsa componentis usuallymappedto a task,e.g.,passive
component[1], binarycomponent[20], andport-basedobjectcomponent[21]. There-
fore,analysisof real-timecomponentsin thesesolutionsaddressestheproblemof tem-
poral scopesat a componentlevel as taskattributes[20,1,21]: WCET, releasetime,



deadline.ACCORDwith its RTCOM modelsupportsmappingof a componentto a
task,andtakesa broaderview of the compositionprocessby allowing real-timesys-
temsto becomposedout of tasksandcomponentsthatarenot necessarilymappedto
a task.ACCORD,in contrastto otherapproachesbuilding real-timecomponent-based
systems[20,1,21],enablessupportfor multidimensionalseparationof concernsandal-
lowsintegrationof aspectsinto thecomponentcode.VEST[1] alsousesaspect-oriented
paradigm,but doesnotprovideacomponentmodelthatenablesweaving of application
aspectsinto thecomponentcode,ratherit focusesoncompositionaspects.

In areaof databasesystems,theAspect-OrientedDatabases(AOD) initiative aims
at bringing thenotionof separationof concernsto databases.The focusof this initia-
tive is on providing a non-real-timedatabasewith limited configurabilityusingonly
aspects(i.e., no components)[22]. To the bestof our knowledge,KIDS [23] is the
only researchprojectfocusingonconstructionof aconfigurabledatabasecomposedout
of components(databasesubsystems),e.g.,objectmanagementandtransactionman-
agement.Commercialcomponent-baseddatabasesintroducelimited customizationof
thedatabaseservers[24,25], by allowing componentsfor managingnon-standarddata
types,datacartridgesand DataBlademodules,to be pluggedinto a fully functional
databasesystem.A somewhat differentapproachto componentizationis Microsoft’s
UniversalDataAccessArchitecture[26], wherethecomponentsaredataprovidersand
they wrapdatasourcesenablingthetranslationof all local dataformatsfrom different
datastoresto a commonformat.However, from a real-timepoint of view noneof the
component-baseddatabaseapproachesdiscussedenforcereal-timebehavior and use
aspectsto separateconcernsin thesystem.

In contrastto traditionalmethodsfor designof real-timesystems[27,28],whichfo-
cusprimarily on thewaysof decomposingthesysteminto tasksandhandlingtemporal
requirements,ACCORDdesignmethodfocuseson the waysof decomposinga real-
timesysteminto componentsandaspectsto achievebetterreusabilityandflexibility of
real-timesoftware.

6 Summary

In recentyears,oneof the key researchchallengesin softwareengineeringresearch
communityhasbeenenablingconfigurationof systemsandreuseof softwareby com-
posingsystemsusingcomponentsfrom a componentlibrary. Our researchfocuseson
applyingaspect-orientedandcomponent-basedsoftwaredevelopmentto real-timesys-
tem developmentby introducinga novel conceptof aspectualcomponent-basedreal-
time systemdevelopment(ACCORD).In this paperwe presentedACCORDandits
elements,which we have appliedin the developmentof a real-timedatabasesystem,
calledCOMET. ACCORDintroducesthefollowing into real-timesystemdevelopment:
(i) adesignmethod,whichenablesimprovedreuseandconfigurabilityof real-timeand
databasesystemsby combiningbasicideasfrom component-basedandaspect-oriented
communitieswith real-timeconcerns,thusbridgingthegapbetweenreal-timesystems,
embeddedsystems,databasesystems,andsoftwareengineering,(ii) a real-timecom-
ponentmodel,called RTCOM, which enablesefficient developmentof configurable
real-timesystems,and(iii) anew approachto modelingof real-timepoliciesasaspects



improving theflexibility of real-timesystems.In theCOMETexamplewehaveshown
thatapplyingACCORDcouldhave animpacton thereal-timesystemdevelopmentin
providing efficient configurationof real-timesystems,improvedreusabilityandflexi-
bility of real-timesoftware,andmodularizationof crosscuttingconcerns.

Severalresearchquestionsremainto beresolved,including:

– developingrulesfor checkingcompatibilityof aspectsandcomponents,
– analyzingcomponentandaspectbehavior ondifferenthardwareandsoftwareplat-

formsin real-timeenvironmentsto identify trade-offs in applyingaspectsandcom-
ponentsin a real-timesetting,

– studyingperformanceof thereal-timesystemwith differentconfigurationsof com-
ponentsandaspects,and

– providing automatedtool supportfor theproposeddevelopmentprocess.

Currentlywearefocusingonenablingpredictableaspectweaving andcomponentcom-
position,andproviding toolsfor automatizedtemporalanalysisof aspects,components,
andtheresultingsystem.
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11. Nyström,D., Tešanović, A., Norström,C., Hansson,J.: Datamanagementissuesin vehi-

cle control systems:a casestudy. In: Proceedingsof the 14thEUROMICRO International
ConferenceonReal-TimeSystems,Vienna,Austria(2002)249–256

12. Lu, H., Ng, Y., Tian, Z.: T-treeor b-tree:Main memorydatabaseindex structurerevisited.
11thAustralasianDatabaseConference(2000)



13. Rastogi,R., Seshadri,S., Bohannon,P., Leinbaugh,D.W., Silberschatz,A., Sudarshan,S.:
Improving predictabilityof transactionexecutiontimes in real-timedatabases.Real-time
Systems19 (2000)283–302Kluwer AcademicPublishers.

14. Abbott,R.K., Garcia-Molina,H.: Schedulingreal-timetransactions:A performanceevalua-
tion. ACM TransactionsonDatabaseSystems17 (1992)513–560

15. Sha,L., Rajkumar, R., Son,S.H.,Chang,C.H.: A real-timelocking protocol. IEEE Trans-
actionson Computers40 (1991)793–800

16. Lee,J., Son,S.H.: Usingdynamicadjustmentof serializationorderfor real-timedatabase
systems.In: Proceedingsof the14thIEEEReal-TimeSystemsSymposium.(1993)

17. Datta,A., Son,S.H.: Is a bird in thehandworth morethantwo birds in thebush?Limita-
tionsof priority cognizancein conflict resolutionfor firm real-timedatabasesystems.IEEE
TransactionsonComputers49 (2000)482–502

18. Bosch,J.: DesignandUseof SoftwareArchitectures.Addison-Wesley (2000)
19. Bachmann,F., Bass,L., Buhman,C., Comella-Dorda,S.,Long, F., Robert,J.,Seacord,R.,

Wallnau,K.: Technicalconceptsof component-basedsoftwareengineering.TechnicalRe-
portCMU/SEI-2000-TR-008,CarnegieMellon University(2000)

20. Isovic, D., Lindgren,M., Crnkovic, I.: Systemdevelopmentwith real-timecomponents.In:
Proceedingsof ECOOPWorkshop- PervasiveComponent-BasedSystems,France(2000)

21. Stewart, D.S.: Designingsoftwarecomponentsfor real-timeapplications.In: Proceedings
of EmbeddedSystemConference,SanJose,CA (2000)Class408,428.

22. Rashid,A., Pulvermueller, E.: Fromobject-orientedto aspect-orienteddatabases.In: Pro-
ceedingsof theDEXA 2000.Volume1873of LectureNotesin ComputerScience.,Springer-
Verlag(2000)125–134

23. Geppert,A., Scherrer, S.,Dittrich, K.R.: KIDS: Constructionof databasemanagementsys-
temsbasedon reuse.TechnicalReportifi-97.01,Departmentof ComputerScience,Univer-
sity of Zurich(1997)

24. Oracle: All your data:TheOracleextensibility architecture.OracleTechnicalWhite Paper
(1999)

25. Informix: DevelopingDataBlademodulesfor Informix-UniversalServer. Informix Dat-
aBladeTechnology(2001)Availableat http://www.informix.com/datablades/.

26. (Papers,O.D.W.)
27. Gomaa,H.: Softwaredevelopmentof real-timesystems.Communicationsof theACM 29

(1986)657–668
28. Kopetz,H.,Zainlinger, R.,Fohler, G.,Kantz,H.,Puschner, P.,Schütz,W.: Thedesignof real-

time systems:from specificationto implementationandverification. SoftwareEngineering
Journal6 (1991)72–82


