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Abstract

Increasingcompleity in developmenbf real-timesys-
temsrequiresthe integration of new softwae engineering
techniques,sud as aspect-orienteénd component-based
softwae developmentwith real-timesystemdevelopment.
Sincesoftwae tedhnology for building real-time systems
hasto supporttimelinessmethodsand tools for analyzing
tempoal behaviorof the softwae composed@ut of compo-
nentsandaspectsare needed\W\e contribute by providinga
toolthatenablesautomatedvorst-casexecutiontimeanal-
ysisof different configuationsof aspectsand components.

1 Intr oduction

Increasingcompleity in developmentof real-timesys-
temsaccompaniedy the demandfor enablingtheir con-
figurability requiresthe integration of aspect-orientednd
component-basesbftwaredevelopmentwvith real-timesys-
tem development. We have developedan approachto
aspetual component-basedeal-time systemdevelopment
(ACCORD)[8] thatintegratesthe two software engineer
ing techniquesaspect-orientedndcomponent-basesbft-
waredevelopmentinto real-timesystendevelopment AC-
CORDintroducesa realtime componenimodel(RTCOM)
that provides explicit supportfor aspectweaving, while
enforcinginformationhiding, i.e., it preseresbasicideas
from component-baseahdaspect-orientedoftwaredevel-
opment.

Sincesoftwaretechnologyfor building real-timesystems
hasto supporttimeliness[5], methodsandtools for ana-
lyzing temporalbehaior of the software composedut of
component@andaspectareneeded.lt is well-known that
theworst-case&xecutiontime (WCET)is of primaryimpor-
tancefor timing analysisof real-timesystems.

We contributeby providing atool thatenablegutomated
WCET analysisof different configurationsof aspectsand
componentsThetool is basedn aspect-lgel WCET anal-
ysis [7]. The main goal of a tool for aspect-leel WCET
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analysisis determiningthe WCETSs of differentreal-time
systenconfigurationgonsistingdf aspectandcomponents
beforeary actualaspectwvearing (systemconfiguration)s
performedand,hence helpthe designerof a configurable
real-timesystemto choosethe systemconfiguratiorfitting
the WCET needsof the underlyingreal-timeenvironment
withoutpayingthepriceof aspectveaving for eachindivid-
ual candidateconfiguration. If necessaryi.e., if very pre-
cise WCET estimatesare neededthe tool for aspect-leel
WCET analysiscanbe followed by further analysisof the
resultingweavedcodeusingamorespecializedVCET tool
(e.g., that performsboth low level and high level WCET
analysis).

The paperis organizedasfollows. Section2 givesthe
backgroundinformation about RTCOM. The main con-
stituentsof automatedspect-lgel WCET analysisjnclud-
ing aspect-leel WCET specificationsandthe aspect-leel
WCET analyzeyaredescribedn section3. Finally, in sec-
tion 4 we discusdimitationsandbenefitsof the currentim-
plementatiorof thetool.

2 Background

RTCOM consistsof three parts: (i) functional part,
which canbemodifiedby aspectveaving, (i) run-timepart
describingthe run-time behaior, e.g., WCETS, of com-
ponentsand aspectsand (iii) compositionpart describing
the compositiorrulesof componentandaspectsDetailed
descriptionof RTCOM canbe found in [8], and herewe
presenta brief overview of its functionalpartwhich repre-
sentstheactualcodeof the component.

To enable efficient temporal analysisof components
weaved with aspectsandfacilitate structuredaspectweav-
ing, while preservingnformationhiding, RTCOM assumes
the following for the functionalpart (i.e., the actualcode)
of thecomponent.

e Eachcomponenprovidesasetof mechanismsyhich
arebasicandfixed partsof the componeninfrastruc-
ture. Mechanismganbeviewedasfine-granulaneth-
odsor functions.

e Eachcomponenprovidesa setof operationdo other
componentsind/orto thesystem.Theimplementation



of theoperationgleterminesheinitial behaior of the
componenti.e.,thepolicy framewvork. Operationsan
beviewedascoarse-granulmethodorfunctions.Op-
erationsareimplementedisingthe underlyingmecha-
nisms,which arefixed partsof the component.

Existing aspectlanguagesan be usedfor implement-
ing aspectsand integrating (weaving) theminto the func-
tional partof RTCOM. Aspectweaving is doneby the as-
pectweaver correspondindo the aspectlanguag€g3]. In
an aspectanguagesachaspectdeclarationconsistsof ad-
vices and pointcuts. A pointcut consistsof one or more
join points,andis describedby a pointcutexpression. A
join pointrefersto apointin thecomponentodewhereas-
pectsshouldbeweaved,e.g.,a method,or atype (structor
union). An adviceis a declaratiorusedto specifythe code
that shouldrun whenthe join points, specifiedby a point-
cutexpressionarereached Differentkinds of advicescan
be declared,suchas: (i) before advice which is executed
beforethe join point, (i) after advice which is executed
immediatelyafter the join point, and (iii) around advice
whichis executedn placeof thejoin point.

Eachaspectasprescribecby RTCOM, is implemented
usinga numberof mechanism®f a componentandrepre-
senta(new) componenpolicy. Implementatiorof anaspect
is notlimited only to mechanismesf onecomponenasthe
sameaspectcan influenceseveral componentsand, thus,
canbe implementedisingthe mechanism$érom a number
of componentsWearing of aspectsnto the codeof acom-
ponentdoesnotchangeheimplementatiorof mechanisms,
only the implementationof operationswithin the compo-
nent.Hence aspectveaving changeshepolicy of thecom-
ponentby changingone or more operationsandchanging
thenumberof mechanismsisedby a particularoperation.

Considera simple example of an ordinary linked list
implementedbasedon RTCOM. The mechanismsieeded
are the onesfor the manipulationof nodesin the list,
i.e., createNode, deleteNode, getNextNode,
linkNode , and unlinkNode Operations imple-
menting the policy framework, e.g., listinsert,
listRemove, listFindFirst , definethe behaior
of the componentandareimplementedisingthe underly-
ing mechanismsin this example,listinsert usesthe
mechanismsreateNode andlinkNode to createand
link anew nodeinto thelist in first-in-first-out(FIFO) order
Hence thepolicy framework is FIFO.

Assumethat we wantto changethe policy of the com-
ponentfrom FIFO to priority-basedorderingof the nodes.
Then, this canbe achiezed by weaving an appropriateas-
pect. Figurel shows the listPriority aspectwhich
consistsof one pointcutlistinsertCall , identifying
listinsert asajoin pointin thecomponentode(lines
2-3). When this join point is reached,the codein the
before advicelistinsertCall is executed. Hence,
the aspectlistPriority interceptsthe operation (a
methodor afunctioncall to) listinsert , andbeforethe
codein listinsert is executed,the advice, usingthe
componentnechanismggetNextNode ), determineghe

aspect listPriority {
1

: pointcut listinsertCall (List_Operands * op)=
: call("void listinsert(List_Operands*)")&&args(op);

2

3

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:  onits 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 thenodebasednits priority (lines5-14).

3 Aspect-Level WCET Analysis

Figure2 presentsan overview of the automatedaspect-
level WCET analysisandits main constituentsijncluding:
() theinputfiles thatareaspect-leel WCET specifications
of aspectandcomponents(ii) theaspect-leel WCET an-
alyzerthatconsistsof the preprocessoandthe WCET an-
alyzer and(iii) the outputfiles thatrepresenthe resultof
aspect-leel WCET analysis.

The following sectionsgive the descriptionof aspect-
level WCET specificationsandthe internalsof the aspect-
level WCET analyzer

3.1 Aspect-Level WCET Specifications

Aspect-leel WCET specificationsare inputs to the
aspect-leel WCET analyzer andthey are definedby the
run-timepartof RTCOM [8].

Basedon the descriptionof the functional part of RT-
COM (seesection?2), the following can be obsened: (i)
aspectweaving doesnot changetemporal behaior, i.e.,
WCETS, of mechanismsand (ii) aspectweaving changes
temporabehaior, i.e., WCETs,of operationsby changing
the numberof mechanismshat an operationuses. There-
fore,if theWCETsof mechanismareknown andfixed,and
the WCETSsof the policy framevork andaspectsaregiven
asafunctionof themechanismsised,thenthe WCET of a
componentveared with aspect(sfanbe computecby cal-
culatingtheimpactof aspeciweaving to WCETsof opera-
tionswithin thecomponentin termsof mechanisnusage).

Thus,aspect-leel WCET specificationghatarefedinto
thetool consistof WCET specification®f thecomponents,
i.e., policy framavork, and the aspectsas a function of
mechanismused. In the representatiomf WCET speci-
ficationswe utilize the notion of symbolic WCET analy-



policy (noOfElements) {
operation{
name listInsert;
uses{
createNode 1;
linkNode  1;

intWcet lms;

operation(

mechanisms {
mechanism{
name createNode;
wcet  5ms;

mechanism(
name linkNode;

weet  4ms;

mechanism{

name listRemove; name getNextNode;

uses | weet  2ms;
getNextNode noOfElements; )
unlinkNode 1;
deleteNode 1;

intWcet d4ms;

Figure 3. The WCET specification of the polic y
frame work

aspect listPriority
advice {
name listinsertCall;
type before ;
changes {
name listinsert
uses {
getNextNode noOfElements;

}

intWcet 4ms+0.4*noOfElements;

}

(noOfElements){

Figure 4. The WCET specification
listPriority aspect

of the

sis[1]. Hence,we assumeahatthe WCETsof the mecha-
nismsareknown andcanbe specifiedby symbolicexpres-
sions.Furthermorethepolicy framavork WCET specifica-
tion consistsof the mechanisrmusageof eachoperationin
the framework, andthe internal WCET specification.Sim-
ilarly, the WCET specificationof an aspectdescribes:(i)
thetypeof eachadvicewithin the aspect(ii) operationsan
advicemodifies,(iii) theusageof mechanisnby theadvice
while modifyingthe operationsand(iv) theinternalWCET
of the advice. Theinternal WCET of the operation/advice
is the WCET of the codein the operation/advicexcluding
the WCETsof themechanisntalls. We assumeéhatthein-
ternalWCETsareknown andcanbeexpressedn aform of
asymbolicexpression.

Figure 3 presentsan instanceof a WCET specification
for thepolicy framework of thelinkedlist componentEach
operationin theframavorkis namedandits internal WCET
(intWcet ) with the numberof timesit usesa particular
mechanismare declared(seefigure 3). The WCET spec-
ification for the aspectistPriority thatchangeghe
policy framework is shavn in figure4. Sincethe maximum
numberof elementdn the linkedlist canvary, the WCET
specificationsreparameterizewith the noOfElements
parameter

Aspect-lezel WCET specificationsare currentlyimple-
mentedsuch that an aspect-leel WCET specificationof
a components containedin a file that hasthe extension
cdl (componentdescriptionlanguage),while aspect-leel
WCET specification®f aspecthave the extensionadl (as-
pectdescriptionanguage)Ourtool for aspect-leel WCET
analysisoutputsafile with anextensionsdl (systendescrip-

tion language}hat containsall the operationsof the com-
ponentsin the configurationof the real-timesystemunder
analysisandtheirrespectre resultingWCETS.

3.2 The AspectWCET Analyzer

The aspect-leel WCET analyzerconsistsof two parts:
the preprocessoandthe WCET analyzer The preprocess-
ing stepis neededo extract the WCET information con-
tainedin theinputfilesin aform usableby the WCET an-
alyzer Hence,the preprocessotakes aspect-lgeel WCET
specification®f aspectandcomponentsf areal-timesys-
temconfiguratiomasaninput. It analyzeshe WCET spec-
ificationsgiven andproducesdatastructureshat store: (i)
valuesof internal WCETsfor operationsand advices,(ii)
valuesof WCETsof mechanismsg(iii) parametergxisting
in thesymbolicexpression®f operationsmechanismsnd
advicesand(iv) dependenginformation,e.g.,the mecha-
nismsusedby anoperationandadvicesnodifyinganoper
ation. Thesedatastructuresareinternalto the aspect-leel
WCET analyzerand they are coupling the preprocessing
andthe analyzingpart of the tool (seefigure 2). The pre-
processoris implementedisingBison[2] andFlex [4].

Sinceinternal WCETsin the aspect-leel WCET speci-
ficationsaresymbolicexpressionsthe valuesof theseneed
to bedeterminedandthefist stepis to obtainthevaluesof
parameterén the expressions.This is doneby the aspect-
level WCET analyzeiin thestepbeforeinvokingtheWCET
analyzer The global function checkParameters() of
the aspect-leel WCET analyzerchecksthe datastructures
createdin the preprocessingtepdetectingthe parameters
of operationsmechanismsandadvices(usedin symbolic
expressions)andpromptsthe humanuserfor their values.
The resultingparameterizediatastructuresare then used
by the WCET analyzerasaninputto calculatethe WCETSs
of all operationawithin the real-timesystemconfiguration
underdevelopment.

The WCET analyzerperformsthe actual aspect-leel
WCET analysis. It doesso basedon the resultingparam-
eterizeddatastructuresobtainedin the preprocessingtep
of the analysis,andthe algorithmfor aspect-leel WCET
we developedpreviously [6, 7]. The algorithmprovidesa
setof rulesthat definehow to computea new WCET of
an operationweaved with aspectsdependingon the type
of an advicein the aspect. For example, for the advice
of thetype beforemodifying anoperationthe new WCET
of the operationwould be computedusingthe value of 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, afteraspectvearing, beinsertedbefore
the code of the operation. Similar rules exist for the ad-
vices of typesafter and around. Following the example
of the linked list componentwe 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 lifecycle

(aspectualized)listinsertWcet
= listinsertWcet(without aspects) + (before)listinsertCallWcet
=14 + 2.4*noOfElements

where

listinsert(without aspects)

= intWcet + 2 mechanism*usage

=1 + createNodeWcet*1 + linkNodeWcet*1
=1+51+41=10

(before)listinsertWcet

= intWcet+ 2 mechanism*usage

=4 + 0.4"noOfElements+ getNextNodeWcet*noOfElements
= 4+2.4*noOfElements

4 Limitations and Benefits

Ideally, the completeprocessof the aspect-leel WCET
analysisshould have a lifecycle as presentedn figure 5.
The processstartswith theimplementatiorfiles of compo-
nentsand aspectswhich arefed into a tool that performs
the symbolic WCET analysison the code,i.e., computes
symbolic expressionfor WCETS, and extractstheseinto
aspect-leel WCET specificationsThesespecificationsare
storedin alibrary andareusedby the aspect-leel WCET
analyzer Basedon the outputof the aspect-leel WCET
analyzer i.e., computedvaluesof the WCETs of a real-
time systemconfigurationconsistingof componentsand
aspectswe candeterminethe configurationeligibility for
usein theunderlyingreal-timeervironmentwith respecto
WCET constraintof the ervironment. If a given configu-
ration doesnot fulfill the requirementsith respecto the
WCET, thedesignercanchooseanotherconfigurationj.e.,
anothersetof aspect-leel WCET specificationsuntil the
WCET requirementsre met, andthe actualweaving can
be performed.

Figure 5 also illustrates limitations of current auto-
matedaspect-leel WCET analysis. The tool that com-
putesWCETsin the form of symbolicexpressionandex-
tractstheseto aspect-leel WCET specificationshouldbe
an adaptatiorof the tool for symbolic WCET analysisto
the aspect-leel WCET analysis. The currentimplementa-
tion of the aspect-leel WCET analyzerworks only with
aspect-leel WCET specifications.

The currentimplementationalthoughgiven the limita-
tions,providesbenefitoovertraditional WCET analysiper
formed on weaved code sinceit enablescalculationson
WCET specificationsnot on actual componentsand as-
pects. This way we reducethe overheadof performingthe
weaving andthen WCET analysisfor eachpotentialcon-
figurationof aspect@ndcomponentsAdditionally, aspect-
level WCET analysiscanbe generalizeeyond symbolic
WCET analysisif anotherapproach(or a tool) for WCET
analysiss usedfor determiningheinternal WCETsof op-
erationsmechanismsandadvices.
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