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Abstract

Increasingcomplexity in developmentof real-timesys-
temsrequiresthe integration of new software engineering
techniques,such as aspect-orientedand component-based
software development,with real-timesystemdevelopment.
Sincesoftware technology for building real-time systems
hasto supporttimeliness,methodsandtools for analyzing
temporal behaviorof thesoftware composedout of compo-
nentsandaspectsareneeded.We contributebyprovidinga
tool thatenablesautomatedworst-caseexecutiontimeanal-
ysisof differentconfigurationsof aspectsandcomponents.

1 Intr oduction
Increasingcomplexity in developmentof real-timesys-

temsaccompaniedby the demandfor enablingtheir con-
figurability requiresthe integrationof aspect-orientedand
component-basedsoftwaredevelopmentwith real-timesys-
tem development. We have developed an approachto
aspectual component-basedreal-timesystemdevelopment
(ACCORD)[8] that integratesthe two softwareengineer-
ing techniques,aspect-orientedandcomponent-basedsoft-
waredevelopment,into real-timesystemdevelopment.AC-
CORDintroducesa real-timecomponentmodel(RTCOM)
that provides explicit support for aspectweaving, while
enforcinginformationhiding, i.e., it preservesbasicideas
from component-basedandaspect-orientedsoftwaredevel-
opment.

Sincesoftwaretechnologyfor buildingreal-timesystems
hasto supporttimeliness[5], methodsand tools for ana-
lyzing temporalbehavior of the softwarecomposedout of
componentsandaspectsareneeded.It is well-known that
theworst-caseexecutiontime(WCET)is of primaryimpor-
tancefor timing analysisof real-timesystems.

Wecontributeby providingatool thatenablesautomated
WCET analysisof differentconfigurationsof aspectsand
components.Thetool is basedonaspect-level WCETanal-
ysis [7]. The main goal of a tool for aspect-level WCET
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analysisis determiningthe WCETs of different real-time
systemconfigurationsconsistingof aspectsandcomponents
beforeany actualaspectweaving (systemconfiguration)is
performed,and,hence,help thedesignerof a configurable
real-timesystemto choosethesystemconfigurationfitting
the WCET needsof the underlyingreal-timeenvironment
withoutpayingthepriceof aspectweaving for eachindivid-
ual candidateconfiguration. If necessary, i.e., if very pre-
ciseWCET estimatesareneeded,the tool for aspect-level
WCET analysiscanbe followedby furtheranalysisof the
resultingweavedcodeusingamorespecializedWCETtool
(e.g., that performsboth low level and high level WCET
analysis).

The paperis organizedasfollows. Section2 givesthe
backgroundinformation about RTCOM. The main con-
stituentsof automatedaspect-level WCETanalysis,includ-
ing aspect-level WCET specificationsandthe aspect-level
WCET analyzer, aredescribedin section3. Finally, in sec-
tion 4 wediscusslimitationsandbenefitsof thecurrentim-
plementationof thetool.

2 Background
RTCOM consistsof three parts: (i) functional part,

whichcanbemodifiedby aspectweaving, (ii) run-timepart
describingthe run-time behavior, e.g., WCETs, of com-
ponentsandaspects,and(iii) compositionpart describing
thecompositionrulesof componentsandaspects.Detailed
descriptionof RTCOM can be found in [8], and herewe
presenta brief overview of its functionalpartwhich repre-
sentstheactualcodeof thecomponent.

To enableefficient temporal analysisof components
weavedwith aspectsandfacilitatestructuredaspectweav-
ing, while preservinginformationhiding,RTCOM assumes
the following for the functionalpart (i.e., the actualcode)
of thecomponent.

� Eachcomponentprovidesa setof mechanisms,which
arebasicandfixedpartsof thecomponentinfrastruc-
ture.Mechanismscanbeviewedasfine-granulemeth-
odsor functions.

� Eachcomponentprovidesa setof operationsto other
componentsand/orto thesystem.Theimplementation



of theoperationsdeterminestheinitial behavior of the
component,i.e.,thepolicy framework. Operationscan
beviewedascoarse-granulemethodsor functions.Op-
erationsareimplementedusingtheunderlyingmecha-
nisms,whicharefixedpartsof thecomponent.

Existing aspectlanguagescan be usedfor implement-
ing aspectsand integrating(weaving) theminto the func-
tional part of RTCOM. Aspectweaving is doneby the as-
pectweaver correspondingto the aspectlanguage[3]. In
an aspectlanguageeachaspectdeclarationconsistsof ad-
vices and pointcuts. A pointcut consistsof one or more
join points,and is describedby a pointcutexpression. A
join point refersto apoint in thecomponentcodewhereas-
pectsshouldbeweaved,e.g.,a method,or a type(structor
union). An adviceis a declarationusedto specifythecode
thatshouldrun whenthe join points,specifiedby a point-
cut expression,arereached.Differentkindsof advicescan
be declared,suchas: (i) before advice, which is executed
beforethe join point, (ii) after advice, which is executed
immediatelyafter the join point, and (iii) around advice,
which is executedin placeof thejoin point.

Eachaspect,asprescribedby RTCOM, is implemented
usinga numberof mechanismsof a componentandrepre-
senta(new) componentpolicy. Implementationof anaspect
is not limited only to mechanismsof onecomponentasthe
sameaspectcan influenceseveral components,and, thus,
canbe implementedusingthemechanismsfrom a number
of components.Weaving of aspectsinto thecodeof a com-
ponentdoesnotchangetheimplementationof mechanisms,
only the implementationof operationswithin the compo-
nent.Hence,aspectweaving changesthepolicy of thecom-
ponentby changingoneor moreoperations,andchanging
thenumberof mechanismsusedby a particularoperation.

Considera simple exampleof an ordinary linked list
implementedbasedon RTCOM. The mechanismsneeded
are the ones for the manipulationof nodes in the list,
i.e., createNode, deleteNode, getNextNode,
linkNode , and unlinkNode . Operations imple-
menting the policy framework, e.g., listInsert,
listRemove, listFindFirst , define the behavior
of thecomponent,andareimplementedusingtheunderly-
ing mechanisms.In this example,listInsert usesthe
mechanismscreateNode and linkNode to createand
link anew nodeinto thelist in first-in-first-out(FIFO)order.
Hence,thepolicy framework is FIFO.

Assumethat we want to changethe policy of the com-
ponentfrom FIFO to priority-basedorderingof thenodes.
Then,this canbe achieved by weaving an appropriateas-
pect. Figure1 shows the listPriority aspect,which
consistsof one pointcut listInsertCall , identifying
listInsert asa join point in thecomponentcode(lines
2-3). When this join point is reached,the code in the
before advicelistInsertCall is executed.Hence,
the aspectlistPriority interceptsthe operation(a
methodor afunctioncall to) listInsert , andbeforethe
codein listInsert is executed,the advice,using the
componentmechanisms(getNextNode ), determinesthe

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: }

Figure 1. The listPriority aspect
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Figure 2. The overview of the automated
aspect-le vel WCET analysis

positionof thenodebasedon its priority (lines5-14).

3 Aspect-Level WCET Analysis
Figure2 presentsanoverview of theautomatedaspect-

level WCET analysisandits main constituents,including:
(i) theinputfiles thatareaspect-level WCET specifications
of aspectsandcomponents,(ii) theaspect-level WCET an-
alyzerthatconsistsof thepreprocessorandtheWCET an-
alyzer, and(iii) the outputfiles that representthe resultof
aspect-level WCETanalysis.

The following sectionsgive the descriptionof aspect-
level WCET specificationsandthe internalsof theaspect-
level WCETanalyzer.

3.1 Aspect-Level WCET Specifications

Aspect-level WCET specificationsare inputs to the
aspect-level WCET analyzer, and they aredefinedby the
run-timepartof RTCOM [8].

Basedon the descriptionof the functional part of RT-
COM (seesection2), the following can be observed: (i)
aspectweaving doesnot changetemporalbehavior, i.e.,
WCETs,of mechanisms,and(ii) aspectweaving changes
temporalbehavior, i.e.,WCETs,of operations,by changing
the numberof mechanismsthat an operationuses.There-
fore,if theWCETsof mechanismsareknownandfixed,and
theWCETsof thepolicy framework andaspectsaregiven
asa functionof themechanismsused,thentheWCET of a
componentweavedwith aspect(s)canbecomputedby cal-
culatingtheimpactof aspectweaving to WCETsof opera-
tionswithin thecomponent(in termsof mechanismusage).

Thus,aspect-level WCETspecificationsthatarefed into
thetool consistof WCETspecificationsof thecomponents,
i.e., policy framework, and the aspectsas a function of
mechanismused. In the representationof WCET speci-
ficationswe utilize the notion of symbolic WCET analy-
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Figure 3. The WCET specification of the polic y
frame work

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

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

Figure 4. The WCET specification of the
listPriority aspect

sis [1]. Hence,we assumethat the WCETsof the mecha-
nismsareknown andcanbespecifiedby symbolicexpres-
sions.Furthermore,thepolicy framework WCETspecifica-
tion consistsof the mechanismusageof eachoperationin
theframework, andtheinternalWCET specification.Sim-
ilarly, the WCET specificationof an aspectdescribes:(i)
thetypeof eachadvicewithin theaspect,(ii) operationsan
advicemodifies,(iii) theusageof mechanismby theadvice
while modifyingtheoperations,and(iv) theinternalWCET
of theadvice. The internalWCET of theoperation/advice
is theWCET of thecodein theoperation/adviceexcluding
theWCETsof themechanismcalls.Weassumethatthein-
ternalWCETsareknown andcanbeexpressedin aform of
asymbolicexpression.

Figure3 presentsan instanceof a WCET specification
for thepolicy frameworkof thelinkedlist component.Each
operationin theframework is namedandits internalWCET
(intWcet ) with the numberof times it usesa particular
mechanismaredeclared(seefigure 3). The WCET spec-
ification for the aspectlistPriority that changesthe
policy framework is shown in figure4. Sincethemaximum
numberof elementsin the linked list canvary, the WCET
specificationsareparameterizedwith thenoOfElements
parameter.

Aspect-level WCET specificationsarecurrently imple-
mentedsuch that an aspect-level WCET specificationof
a componentis containedin a file that hasthe extension
cdl (componentdescriptionlanguage),while aspect-level
WCETspecificationsof aspectshave theextensionadl (as-
pectdescriptionlanguage).Ourtool for aspect-levelWCET
analysisoutputsafile with anextensionsdl(systemdescrip-

tion language)that containsall the operationsof the com-
ponentsin the configurationof the real-timesystemunder
analysis,andtheir respectiveresultingWCETs.

3.2 The AspectWCET Analyzer

The aspect-level WCET analyzerconsistsof two parts:
thepreprocessorandtheWCET analyzer. Thepreprocess-
ing stepis neededto extract the WCET informationcon-
tainedin the input files in a form usableby theWCET an-
alyzer. Hence,the preprocessortakesaspect-level WCET
specificationsof aspectsandcomponentsof areal-timesys-
temconfigurationasaninput. It analyzestheWCET spec-
ificationsgivenandproducesdatastructuresthatstore: (i)
valuesof internalWCETsfor operationsandadvices,(ii)
valuesof WCETsof mechanisms,(iii) parametersexisting
in thesymbolicexpressionsof operations,mechanisms,and
advices,and(iv) dependency information,e.g.,themecha-
nismsusedby anoperation,andadvicesmodifyinganoper-
ation. Thesedatastructuresareinternalto theaspect-level
WCET analyzerand they are coupling the preprocessing
andthe analyzingpart of the tool (seefigure 2). The pre-
processoris implementedusingBison[2] andFlex [4].

SinceinternalWCETsin theaspect-level WCET speci-
ficationsaresymbolicexpressions,thevaluesof theseneed
to bedetermined,andthefist stepis to obtainthevaluesof
parametersin the expressions.This is doneby theaspect-
levelWCETanalyzerin thestepbeforeinvokingtheWCET
analyzer. Theglobal functioncheckParameters() of
theaspect-level WCET analyzerchecksthedatastructures
createdin the preprocessingstepdetectingthe parameters
of operations,mechanisms,andadvices(usedin symbolic
expressions),andpromptsthehumanuserfor their values.
The resultingparameterizeddatastructuresare then used
by theWCET analyzerasaninput to calculatetheWCETs
of all operationswithin the real-timesystemconfiguration
underdevelopment.

The WCET analyzerperformsthe actual aspect-level
WCET analysis. It doesso basedon the resultingparam-
eterizeddatastructuresobtainedin the preprocessingstep
of the analysis,and the algorithmfor aspect-level WCET
we developedpreviously [6, 7]. The algorithmprovidesa
set of rules that definehow to computea new WCET of
an operationweaved with aspects,dependingon the type
of an advice in the aspect. For example, for the advice
of thetypebeforemodifying anoperation,thenew WCET
of the operationwould be computedusingthe valueof an
old WCET (i.e., WCET of an operationwithout aspects),
and augmentingthat value with the WCET of the before
advice. This rule reflectsthe fact that the codeof the be-
fore advicewould,afteraspectweaving, beinsertedbefore
the codeof the operation. Similar rules exist for the ad-
vices of typesafter and around. Following the example
of the linked list component,we cancomputethe WCET
of the operationlistInsert modified with an advice
listInsertCall of thetypebeforeasfollows.
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Figure 5. An overview of the aspect-le vel WCET analysis lif ecycle
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4 Limitations and Benefits

Ideally, thecompleteprocessof theaspect-level WCET
analysisshouldhave a lifecycle as presentedin figure 5.
Theprocessstartswith theimplementationfiles of compo-
nentsandaspects,which arefed into a tool that performs
the symbolic WCET analysison the code, i.e., computes
symbolicexpressionsfor WCETs,andextractstheseinto
aspect-level WCET specifications.Thesespecificationsare
storedin a library andareusedby theaspect-level WCET
analyzer. Basedon the output of the aspect-level WCET
analyzer, i.e., computedvaluesof the WCETs of a real-
time systemconfigurationconsistingof componentsand
aspects,we candeterminethe configurationeligibility for
usein theunderlyingreal-timeenvironmentwith respectto
WCET constraintsof theenvironment. If a givenconfigu-
ration doesnot fulfill the requirementswith respectto the
WCET, thedesignercanchooseanotherconfiguration,i.e.,
anothersetof aspect-level WCET specifications,until the
WCET requirementsaremet, andthe actualweaving can
beperformed.

Figure 5 also illustrates limitations of current auto-
matedaspect-level WCET analysis. The tool that com-
putesWCETsin the form of symbolicexpressionsandex-
tractstheseto aspect-level WCET specificationsshouldbe
an adaptationof the tool for symbolicWCET analysisto
theaspect-level WCET analysis.Thecurrentimplementa-
tion of the aspect-level WCET analyzerworks only with
aspect-level WCETspecifications.

The currentimplementation,althoughgiven the limita-
tions,providesbenefitsovertraditionalWCETanalysisper-
formed on weaved code since it enablescalculationson
WCET specifications,not on actual componentsand as-
pects.This way we reducetheoverheadof performingthe
weaving and thenWCET analysisfor eachpotentialcon-
figurationof aspectsandcomponents.Additionally, aspect-
level WCET analysiscanbe generalizedbeyondsymbolic
WCET analysisif anotherapproach(or a tool) for WCET
analysisis usedfor determiningtheinternalWCETsof op-
erations,mechanisms,andadvices.
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