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Abstract

Increasingcomplexity in developmentof real-timesys-
tems accompaniedby the demand for enabling their
configurability requires the integration of aspect-oriented
software developmentwith real-timesystemdevelopment.
Sincesoftware technology for building real-time systems
hasto supportpredictability in the time domain,methods
and tools for analyzingtemporal behaviorof the aspect-
orientedsoftware are needed.Knowingworst-caseexecu-
tion time is of primary importancefor timing analysisof
real-timesystems.We contribute by providing supportfor
predictableaspect-orientedsoftware development,by en-
abling symbolicworst-caseexecutiontime analysisof the
aspect-orientedsoftware systems.

1 Introduction

Aspect-OrientedSoftware Development (AOSD) has
emergedasanew principlefor softwaredevelopment,andis
basedonthenotionof separationof concerns[2]. Theuseof
aspectsin systemdevelopmentallows high reusability, and
configurabilityof softwaresystems.Increasingcomplexity
in developmentof real-timesystems,and the demandfor
enablingtheir configurabilityhasopenedthe door for the
applicationof new softwaretechnologies,suchasAOSD.
However, dueto specificdemandsof real-timesystems,ap-
plyingAOSDisnotstraightforward,sincethecorrectnessof
real-timesystemsdependsbothon the logical resultof the
computation,andthe time whenthe resultsareproduced,
expressedexplicitly astemporalconstraints[5]. Thus,one
of the most importantelementswhendeterminingtempo-
ral behavior of real-timesystemsis the worst-caseexecu-
tion time (WCET) analysis,computingboundsof theexe-
cutiontimesof thetasksin thesystem[4]. Hence,to beable
to applyAOSDin real-timesystemdevelopment,we need
to provide waysof analyzingtemporalbehavior of aspects
asthe developmentprocessof real-timesystemshasto be
basedonsoftwaretechnologythatsupportspredictabilityin
thetimedomain.
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We contribute by providing support for predictable
AOSD, by enablingWCET analysisof aspects,compo-
nents,andtheresultingaspect-orientedsoftware(whenas-
pectsareweaved into components).The WCET analysis
we introduceinto AOSD is basedon the symbolicWCET
analysis[1]. We presenta new algorithmfor calculating
high-level WCETsof aspect-orientedsoftware.We usethis
algorithmasa basisfor developmentof a new tool, called
aspectanalyzer, which providesautomatedsupportfor the
WCETanalysisof theaspect-orientedsoftware.

The paper is organizedas follows. In section2 we
presentpreliminariesand identify someof the problems
whenapplyingaspect-orientationin real-timesystemdevel-
opment. In section3 we outline our approachfor WCET
analysisof the aspect-orientedreal-timesoftware. Paper
finisheswith themainconclusionsin section4.

2 Background

AOSDconsiderscomponentsandaspectsastwo differ-
ent entities where aspectsare automaticallyweaved into
functionalbehavior of componentsin orderto producethe
overall system[3]. We have encounteredtwo main prob-
lemsin applyingAOSD in real-timesystemdevelopment.
First, compatibilityof componentsis an importantissueas
every aspectcannotbeweaved into every component,and
all aspectscannotbe compiledtogether. Hence,compati-
bility of componentsandaspectsis a concernthatneedsto
be accountedin a componentmodel. Second,existing as-
pectlanguagesandtools to implementaspectsin real-time
environment,andweave themin thecomponentcode,lack
supportfor theaspectandthecomponenttemporalinforma-
tion. For thesereasonswehavedevelopeda real-timecom-
ponentmodel(RTCOM), presentedin figure1. Following
is abrief descriptionof RTCOM (adetaileddescriptioncan
befoundin [6]).

The componentcanbe viewed asconsistingof mecha-
nismsanda policy framework. Thepolicy framework is a
setof componentmethods,andrepresentscomponentbe-
havior implementedby the methods,i.e., it representsthe
basiccomponentfunctionality. Methodsutilize underly-
ing componentmechanisms.Thepolicy framework of the
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Figure 1. The component model that suppor ts
predictab le aspect weaving

componentcan be changedor modified by aspectweav-
ing. In this componentmodel, aspectsare policies, and,
onceweavedinto thefunctionalpartof thecomponent,can
changecomponentpolicy. Themodelalsoreflectsthena-
tureof thedevelopmentprocess:first, mechanismsof com-
ponentsare implementedtogetherwith the policy frame-
work, andthenpolicy aspectsareweaved into thecompo-
nents.Thus,theprocessresultsin componentscoloredwith
aspects.

Thecomponentmodelalsoreflectsdifferenttypesof as-
pectswe have identified in real-timesystems.Besidethe
typeof theaspectsthatcrosscutthecodeof thecomponent,
we have identifiedrun-timeaspects,reflectingtemporalat-
tributesof thecomponent,andcompositionaspectsreflect-
ing thecompatibilitybetweendifferentcomponentsandas-
pects.With thiscomponentmodelwecanmodelthebehav-
ior of aspectsand components,recordtheir compatibility
andrun-timeproperties,whicharenecessaryfor combining
differentaspectandcomponentsinto a resultingreal-time
system.

3 Aspect Analyzer

As mentioned,the importanceof time is emphasizedin
real-timesystemdevelopment,andoneof themostimpor-
tant elementsin real-time systemdevelopmentis timing
(WCET) analysisof the real-timesoftware. Determining
theWCET of thecodeprovidesguaranteesthat theexecu-
tion time will not exceedtheWCET bound.We areimple-
mentinga tool, calledaspectanalyzer, designedto provide
supportfor predictableAOSD. The aspectanalyzertakes
WCETs of the functional componentsand aspects,and
weavesthemto obtainthe WCET of the resultingcompo-
nentor theresultingsystem(onceaspectshavebeenweaved
in). We have developeda new algorithm,basedon theno-
tion of symbolicWCET [1], for aspect-level WCET anal-
ysis usedby the aspectanalyzerto weave the WCETsof
aspectsandcomponentsinto theWCETof thesystem.The
symbolicWCET techniquedescribesWCET asa symbolic
expression,ratherthana fixedconstant,in orderto provide
tighterboundson theexecutiontime. Hence,thesymbolic
expressionis a function of a variable. A simpleexample:

for differentvaluesof n in the loop (for=1 to n) pro-
gramwouldhavedifferentexecutiontimes,sotheWCETis
a functionof n, e.g.,WCET(n)=2ms+n*0.1ms.

3.1 Guidelines and Assumptions

Theproblemwearesolvingis todeterminetheWCETof
themethodof a component,or a system,whenaspectsare
weavedinto thecomponent(s)or thesystem.To enableef-
ficientWCET analysisof theaspect-orientedreal-timesys-
tem,we needto restrictour componentandsystemmodel,
andweaving assumptions.Thus,componentsandaspects
needto conformto thefollowing:

� Each componentprovides mechanismsusedby the
methodsin thecomponentto implementcertainbehav-
ior of thecomponent.This initial behavior of thecom-
ponent(beforeany aspectsareweaved)wecall policy
framework.

� Mechanismsare basicand fixed part of the compo-
nentinfrastructureandcannotbechangedby aspects.
Mechanismsrepresentfine granulemethodcalls or
functioncalls in the component.The internalWCET
of themechanismsis obtainedby low-level codeanal-
ysis,andis typically aconstantnumber.

� Methodsin the componentrepresentcoarsegranule
methodcalls. Methodsareflexible partsof the com-
ponent,sincetheir implementationcanbemodifiedby
weaving differentaspects1. TheinternalWCETof the
method(is alsoassumedto beknown, and)canbede-
scribedasa symbolicexpression.TheinternalWCET
of themethodis theWCET of thecodein themethod
excludingtheWCETsof themechanismcalls.

� Thearoundadvicein anaspectcanchangethebehav-
ior of the policy framework by changingthe method
implementation(asit is executedinsteadof thecodein
themethod).Before advicesandafter adviceschange
the behavior of the policy framework without chang-
ing theoriginalbehavior of themethod(asthey areex-
ecutedbeforeor after the codein the method). The
advicesuse underlyingcomponents’mechanismsto
changethebehavior of thepolicy framework. Nested
advicesarenot allowed. We assumethat the internal
WCETof thecodein theadvicesis known, andthatit
canbedescribedasasymbolicexpression.

� Eachmethodandeachadvicedeclaresits usageof the
mechanisms,i.e., how many timesit calls (uses)each
mechanism.

3.2. Outline of the Algorithm

Thealgorithmusedby theaspectanalyzerfor determin-
ing theWCETof themethodweavedwith aspectsis shown

1Note, methodsare also implementedusing mechanisms,which are
fixedpartsof thecomponent.



methodWcet ( method )
1: methodWcet = 0
2:
3: for  every advicei in the aspect k modifying the method
4:  do
5:    if  around advice
6:            then
7:    methodWcet  = methodWcet+ codeBlockWcet( advice i )
8:          if  before or after advice
9:             then
10:          methodWcet  = methodWcet + codeBlockWcet( advice i ) +
11:   codeBlockWcet( method )
12:
13: if method calls other methods
14:    then
15: for  every methodk called from method
16:    do
17:    methodWcet = methodWcet + methodWcet( method k )
18:
19: return  methodWcet

codeBlock Wcet ( codeBlock )
1: codeBlockWcet = intCodeBlockWcet
2:
3: for  every mechanism i used by the codeBlock
4: do
5: codeBlockWcet = codeBlockWcet + wcet i*Ni
6:
7: return  codeBlockWcet

Figure 2. The algorithm for aspect-le vel WCET
analysis

in thefigure2. Theinput to thealgorithmareWCET spec-
ifications of mechanisms,policy framework, and aspects
(seeexampleson figures3, 4, 5, respectively). As values
of internal WCETs for methodsin the policy framework,
and aspectscan be symbolicexpressions,the aspectana-
lyzershould,in theinitial stepof theanalysis(beforeit ap-
plies the algorithm),detectall the variablesusedin sym-
bolic expressions,andpromptusersfor their values. The
algorithm presentedin pseudocodeconsistsof two func-
tions: (i) methodWcet(), which is a main part of the
algorithm,and(ii) codeBlockWcet(), which is called
from themethodWcet().
codeBlockWcet() is usedfor calculatingtheWCET

of a codeblock (codeBlock), which canbeeitheranad-
vice or a method(notethatadviceandmethodsusemech-
anismsasbasicblocks).codeBlockWcet() doessoby
first calculatingthe internalWCET of a given codeblock
in line 1. If theinternalWCET(intCodeBlockWcet) is
a symbolicexpression,its valueis calculatedbasedon the
symbolicexpressionandthevalueof avariableprovidedby
theuserin theinitial stepof theanalysis.To obtainacorrect
WCET of acodeBlock, the internalvalueof theWCET
is augmentedwith thevaluesof WCETfor eachmechanism
usedby thecodeBlock (lines3-5),suchthatthevalueof
WCET of a mechanism(which is a fixednumber)is mul-
tiplied with thenumberof timesthecodeBlock usesthe
mechanism(line 5).
methodWcet() computestheWCETof amethodthat

hasbeenmodified by weaving of aspects.For every ad-
vice within the aspectthat modifiesa certainmethodwe
need to recalculatethe WCET, dependingif the advice
modifying the method is around, before or after. The
WCET of an around advice is calculateddirectly by a
codeBlockWcet(), wherearoundadvicenow is a code

mechanisms(){
mechanism{

name createNode;
wcet 5ms;

}
.....
mechanism{

name getNextNode;
wcet 2ms;

}

mechanism{
name linkNode;
wcet 3ms;

}
.....

}

Figure 3. WCET specifications of the mecha-
nisms in the component

block which hasthe internalWCET andutilizesa number
of mechanisms(lines5-7). TheWCETsof beforeandafter
advicesarecalculatedby taking into accountnot only the
WCET of an adviceasa codeblock, but also the WCET
of the method,since the advice runs before or after the
method(lines8-11). If themethodfor which we arerecal-
culatingtheWCET callsothermethods,thenin theWCET
of the methodwe needto include all the WCETs of ev-
ery othermethodcalled(which arecalculatedby thesame
principle). Thus, we needto have a recursive call to the
methodWcet() itself (lines14-17).

In thenext sectionwe illustrateour approachon a con-
creteexample.We selecteda simpleexampleto beableto
clearlyexplain thewayalgorithmworks.

3.3 An Example

We considera componentthat implementsan ordinary
linkedlist. Themechanismsimplementedin thecomponent
aretheonesneededfor themanipulationof nodesin thelist,
i.e., createNode, deleteNode, getNextNode,
linkNode, unlinkNode. We assumethattheWCETs
of the mechanismsare known and can be specifiedas
showed in the figure 3. Figure4 shows the policy frame-
work specificationof the linked list component. Each
methodin the framework is namedandits internalWCET
(intMethodWcet), andthenumberof timesit usesapar-
ticular mechanismaredeclared.intMethodWcet might
be representedasa symbolicexpression.In this example,
asthe maximalnumberof nodescanvary influencingthe
executiontimeof thecode,theinternalWCETsof methods
mayberepresentedasa functionof themaximalnumberof
nodesin thelist, i.e.,noOfElements (seefigure4). Note,
thevalueof thevariablenoOfElements is obtainedfrom
theuserin theinitial stepof theanalysis,anddifferentval-
uesof noOfElements will result in differentvaluesof
theWCETfor themethod.

Since we know the WCET of every mechanism,the
WCETsof methodscan be determinedby simply adding
up the intMethodWcet of the methodand the WCET
of every mechanismthe methodcalls, times the number
of calls to the mechanism. For example,listInsert
methodcallscreateNode andlinkNode mechanisms



methods(noOfElements){
method{

name listInsert;
uses{

createNode 1;
linkNode     1;

}
intMethodWcet 5ms;

}
method{

name listRemove;
uses{

getNextNode noOfElements;
unlinkNode 1;
deleteNode 1;

}
intMethodWcet 4ms + noOfElements*0.5ms;

......
}

Figure 4. WCET specification of the polic y
frame work of the component

aspect  priorityList{

before(noOfElements){
method{

name listInsert;
uses{

linkNode 3;
getNextNode noOfElements;

}
}

intAdviceWcet  1ms + noOfElements*0.4ms
}

}

Figure 5. Specification of the aspect temporal
behavior

only once, to create and link a new node in the list
in the first-in-first-out (FIFO) order. The resulting
WCET of the method listInsert would then be:
listInsertWcet=5+1*5+1*3=13��� . Weaving an
aspectinto a componentresultsin a changeof the com-
ponentpolicy, thuschangingtheWCET of thecomponent.
We usetheaspectanalyzerandthedevelopedalgorithmto
determinethe new WCET of the resultingcode. For ex-
ample,if we weave anaspectthatchangesFIFO policy of
the componentinto priority-basedpolicy (e.g., an aspect
namedpriorityList). The aspectpriorityList
interceptsthemethodlistInsert, andusingthecompo-
nentmechanismsputsthenodeinto thelist basedonits pri-
ority, thuschangingtheWCET of the component.Hence,
every aspectshouldspecifywhatpartof thepolicy frame-
work it changes.Figure5 presentsthespecificationof the
aspectWCET. AspectpriorityList changestheFIFO
policy into priority-based,by utilizing several component
mechanisms,e.g.,getNextNode andlinkNode. For
eachadvicetype the changesthat the advicemakesto the
policy framework should be specified(seefigure 5). In
this example,the beforeadvicechangesthe WCET of the
overall component.Thecodein theadviceis executedbe-
fore the codein thelistInsert method,to ensurethat
the position of the node would be basedon its priority.
The temporalinformationof theaspectcodenow includes
the internalWCET of an advicethat modifiedthe method
(intAdviceWcet), and the information of the mecha-
nismsusedin the advice,aswell as the numberof times
theadvicehasuseda particularmechanism.Theaspectan-
alyzerparsesWCET information,basedon the algorithm

presented,andcomputesthenew WCETof thecomponent,
or the individual methodcall modifiedby weaving of the
policy aspect.In this example,the resultingWCET of the
methodlistInsert with the aspectpriorityList
weavedinto it wouldbe:
priorityListInsert �
priorityListWcet+listInsertWcet �
intAdviceWcet+3*linkNodeWcet �
noOfElements*getNextNodeWcet+
listInsertWcet=1+noOfElements*0.4+
3*3+noOfElements*2+13 �
As canbeseen,for differentnumberof elements,thiswould
resultin differentvaluesof WCET.

4 Summary
In this paperwe have presenteda new algorithmfor an-

alyzing the worst-caseexecutiontime (WCET) of aspect-
orientedsoftwaresystems.The methodologywe usedfor
developingthealgorithmis basedon the symbolicWCET
analysisof real-timesoftwaresystems.To be ableto effi-
ciently analyzeaspectswhenweavedinto components,we
haverestrictedtheweavingmodel,andthejoin pointmodel.
Althoughthereis a significantbodyof researchdonein the
areaof WCET for real-timesoftware, to the bestof our
knowledge,this is the first work that focuseson integrat-
ing WCET analysiswith AOSD,thusgearingtowardspre-
dictableaspect-orientedsoftware.As theseareinitial stages
of the work on predictableAOSD, thereareseveral open
researchissues,andwe arefocusingon the following: re-
laxingsomeof theassumptionsfor aspectweaving, andin-
tegratingtheaspectanalyzerwith oneof theexistingaspect
weavers,sothattheanalysisof thesystemcanbeperformed
ataspectweaving time.
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