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Abstract

Increasingcompleity in developmenbf real-timesys-
tems accompaniedby the demand for enabling their
configumbility requires the integration of aspect-oriented
softwae developmentwith real-time systemdevelopment.
Sincesoftwae tednology for building real-time systems
hasto supportpredictability in the time domain, methods
and tools for analyzingtempoal behaviorof the aspect-
orientedsoftwae are needed.Knowingworst-caseexecu-
tion time is of primary importancefor timing analysisof
real-timesystems We contribute by providing supportfor
predictableaspect-orientedsoftwae developmentby en-
abling symbolicworst-caseexecutiontime analysisof the
aspect-orientedoftwae systems.

1 Introduction

Aspect-OrientedSoftware Development (AOSD) has
emegedasanew principlefor softwaredevelopmentandis
baseddnthenotionof separatiomf concerng2]. Theuseof
aspectsn systemdevelopmentallows high reusability and
configurabilityof softwaresystemslIncreasingcompleity
in developmentof real-timesystems,and the demandfor
enablingtheir configurability hasopenedthe door for the
applicationof new softwaretechnologiessuchas AOSD.
However, dueto specificdemand®f real-timesystemsap-
plying AOSDis notstraightforvard,sincethecorrectnesef
real-timesystemslependsoth on thelogical resultof the
computation,andthe time whenthe resultsare produced,
expressedaxplicitly astemporalconstraintg5]. Thus,one
of the mostimportantelementavhen determiningtempo-
ral behavior of real-timesystemss the worst-casesxecu-
tion time (WCET) analysis,computingboundsof the exe-
cutiontimesof thetasksin thesysteni4]. Henceto beable
to apply AOSD in real-timesystemdevelopmentwe need
to provide waysof analyzingtemporalbehaior of aspects
asthe developmentprocesf real-timesystemshasto be
basedn softwaretechnologythatsupportgredictabilityin
thetime domain.
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We contriktute by providing support for predictable
AOSD, by enablingWCET analysisof aspects,compo-
nents,andthe resultingaspect-orientedoftware (whenas-
pectsare weaved into components).The WCET analysis
we introduceinto AOSD is basedon the symbolicWCET
analysis[1]. We presenta new algorithmfor calculating
high-level WCETsof aspect-orientedoftware.We usethis
algorithmasa basisfor developmentof a new tool, called
aspectanalyzeywhich providesautomatedsupportfor the
WCET analysisof theaspect-orientedoftware.

The paperis organizedas follows. In section2 we
presentpreliminariesand identify someof the problems
whenapplyingaspect-orientatioim real-timesystendevel-
opment. In section3 we outline our approachfor WCET
analysisof the aspect-orientedeal-time software. Paper
finisheswith the mainconclusionsn sectiond.

2 Background

AOSD considercomponents&indaspectastwo differ-
ent entities where aspectsare automaticallyweaved into
functionalbehaior of componentsn orderto producethe
overall system[3]. We have encounteredwo main prob-
lemsin applying AOSD in real-timesystemdevelopment.
First, compatibility of componentss animportantissueas
every aspectcannotbe weaved into every componentand
all aspectcannotbe compiledtogether Hence,compati-
bility of componentandaspectss a concernthatneedgo
be accountedn a componenmodel. Second gxisting as-
pectlanguagesndtoolsto implementaspectsn real-time
ervironment,andweave themin the componentode,lack
supportfor theaspecaindthecomponentemporainforma-
tion. For thesereasonsve have developeda real-timecom-
ponentmodel (RTCOM), presentedn figure 1. Following
is a brief descriptionof RTCOM (a detaileddescriptioncan
befoundin [6]).

The componentanbe viewed as consistingof mecha-
nismsanda policy framewnork. The policy framework is a
setof componenimethods,andrepresentcomponente-
havior implementedby the methods,.e., it representshe
basic componentfunctionality Methodsutilize underly-
ing componenmechanismsThe policy framework of the
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componentcan be changedor modified by aspectwear-
ing. In this componentmodel, aspectsare policies, and,
onceweavedinto thefunctionalpartof thecomponentcan
changecomponenpolicy. The modelalsoreflectsthe na-
tureof the developmeniprocessfirst, mechanismsf com-
ponentsare implementediogetherwith the policy frame-
work, andthenpolicy aspectarewearedinto the compo-
nents.Thus,theprocessesultsin componentsoloredwith
aspects.

Thecomponentmodelalsoreflectsdifferenttypesof as-
pectswe have identifiedin real-timesystems. Besidethe
typeof theaspectshatcrosscuthe codeof thecomponent,
we have identifiedrun-timeaspectsreflectingtemporalat-
tributesof thecomponentandcompositionaspectseflect-
ing the compatibilitybetweerdifferentcomponentandas-
pects.With thiscomponenmodelwe canmodelthebehar-
ior of aspectsand componentsrecordtheir compatibility
andrun-timepropertieswhicharenecessarjor combining
differentaspectand componentsnto a resultingreal-time
system.

3 Asgpect Analyzer

As mentionedthe importanceof time is emphasizedh
real-timesystemdevelopmentandoneof the mostimpor-
tant elementsin real-time systemdevelopmentis timing
(WCET) analysisof the real-timesoftware. Determining
the WCET of the codeprovidesguaranteeghatthe execu-
tion time will notexceedthe WCET bound.We areimple-
mentingatool, calledaspectanalyzerdesignedo provide
supportfor predictableAOSD. The aspectanalyzertakes
WCETs of the functional componentsand aspects,and
weavesthemto obtainthe WCET of the resultingcompo-
nentor theresultingsystem(onceaspecthave beenweared
in). We have developeda new algorithm,basedon the no-
tion of symbolicWCET [1], for aspect-leel WCET anal-
ysis usedby the aspectanalyzerto weave the WCETs of
aspectandcomponentinto the WCET of thesystem.The
symbolicWCET techniquedescribedVCET asa symbolic
expressionratherthanafixed constantjn orderto provide
tighterboundson the executiontime. Hence the symbolic
expressionis a function of a variable. A simpleexample:

for differentvaluesof n in theloop (for=1 to n) pro-
gramwould have differentexecutiontimes,sotheWCET is
afunctionof n, e.g.,.WCET( n) =2ns+n* 0. 1ns.

3.1 Guidelinesand Assumptions

Theproblemwearesolvingis to determinghe WCET of
the methodof a componentpr a systemwhenaspectsare
weavedinto the component(spr the system.To enableef-
ficientWCET analysisof theaspect-orienteckal-timesys-
tem, we needto restrictour componentindsystemmaodel,
andwearing assumptions.Thus,component@and aspects
needto conformto thefollowing:

e Each componentprovides mechanismaused by the
methodsn thecomponentoimplementertainbehar-
ior of thecomponentThisinitial behaior of thecom-
ponent(beforeary aspectareweased)we call policy
frameawork.

e Mechanismsare basicand fixed part of the compo-
nentinfrastructureand cannotbe changedy aspects.
Mechanismsrepresentfine granule method calls or
function callsin the component.The internal WCET
of themechanismss obtainedby low-level codeanal-
ysis,andis typically aconstanhumber

¢ Methodsin the componentrepresenicoarsegranule
methodcalls. Methodsareflexible partsof the com-
ponentsincetheirimplementatiorcanbe modifiedby
weaving differentaspects Theinternal WCET of the
method(is alsoassumedo be known, and)canbede-
scribedasa symbolicexpression.Theinternal WCET
of the methodis the WCET of the codein the method
excludingthe WCETsof themechanisntalls.

e Thearoundadvicein anaspectanchangehebeha-
ior of the policy framework by changingthe method
implementatior{asit is executednsteadof thecodein
the method).Before advicesandafter adviceschange
the behaior of the policy frameavork without chang-
ing theoriginalbehaior of themethod(asthey areex-
ecutedbeforeor after the codein the method). The
advicesuse underlying components'mechanismgo
changethe behaior of the policy frameavork. Nested
advicesarenot allowed. We assumehatthe internal
WCET of the codein theadvicess known, andthatit
canbedescribedisa symbolicexpression.

e Eachmethodandeachadvicedeclarests usageof the
mechanisms,e., how mary timesit calls (uses)each
mechanism.

3.2. Outline of the Algorithm

Thealgorithmusedby theaspectnalyzeffor determin-
ing the WCET of themethodwearedwith aspectss shovn

INote, methodsare also implementedusing mechanismswhich are
fixedpartsof thecomponent.



methodWcet ( method )

1 methodWcet = 0

2

3:  for every advice, in the aspect, modifying the method

4: do

5: if around advice

6: then

7 methodWcet = methodWcet+ codeBlockWecet( advice,)
8 if before or after advice

9: then

10: methodWcet =methodWecet + codeBlockWcet( advice;) +
11: codeBlockWcet( method )

12:

13: if method calls other methods

14: then

15: for every method, called from method

16: do

17: methodWcet = methodWcet + methodWcet( method )

19: return methodWcet

codeBlock Wecet( codeBlock )
codeBlockWecet = intCodeBlockWcet

1

2

3.  for every mechanism; used by the codeBlock
4: do

5 codeBlockWecet = codeBlockWecet + weet *N;
6

7:

return codeBlockWcet

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

in thefigure 2. Theinputto the algorithmareWCET spec-
ifications of mechanismspolicy framework, and aspects
(seeexampleson figures3, 4, 5, respectiely). As values
of internal WCETsfor methodsin the policy framework,
and aspectsan be symbolic expressionsthe aspectana-
lyzer should,in theinitial stepof the analysigbeforeit ap-
plies the algorithm), detectall the variablesusedin sym-
bolic expressionsand promptusersfor their values. The
algorithm presentedn pseudocode&onsistsof two func-
tions: (i) met hodWet (), which is a main part of the
algorithm,and (ii) codeBl ockWet (), which is called
fromthemet hodWet () .

codeBl ockWet () isusedfor calculatingghe WCET
of acodeblock (codeBl ock), which canbe eitheranad-
vice or a method(notethatadviceandmethodsusemech-
anismsasbasicblocks).codeBl ockWet () doessoby
first calculatingthe internal WCET of a given codeblock
in line 1. If theinternalWCET (i nt CodeBl ockWet )is
a symbolicexpressionjts valueis calculatecbasedon the
symbolicexpressiorandthevalueof avariableprovidedby
theuserin theinitial stepof theanalysis.To obtainacorrect
WCET of acodeBl ock, theinternalvalueof the WCET
is augmentedvith thevaluesof WCET for eachmechanism
usedby thecodeBl ock (lines3-5), suchthatthevalueof
WCET of a mechanism{which is a fixed number)is mul-
tiplied with the numberof timesthecodeBl ock usesthe
mechanisngline 5).

met hodWet () computeshe WCET of amethodthat
hasbeenmodified by weaving of aspects. For every ad-
vice within the aspectthat modifiesa certainmethodwe
needto recalculatethe WCET, dependingif the advice
modifying the methodis around, before or after The
WCET of an aroundadvice is calculateddirectly by a
codeBl ockWet (), 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 internal WCET andutilizes a number
of mechanismglines5-7). The WCETsof beforeandafter
advicesare calculatedby taking into accountnot only the
WCET of an adviceasa codeblock, but alsothe WCET
of the method, since the advice runs before or after the
method(lines8-11). If the methodfor which we arerecal-
culatingthe WCET callsothermethodsthenin theWCET
of the methodwe needto include all the WCETSs of ev-
ery othermethodcalled (which arecalculatedby the same
principle). Thus, we needto have a recursve call to the
nmet hodWet () itself (lines14-17).

In the next sectionwe illustrate our approacton a con-
creteexample. We selecteda simpleexampleto be ableto
clearlyexplaintheway algorithmworks.

3.3 An Example

We considera componenthatimplementsan ordinary
linkedlist. Themechanisménplementedn thecomponent
aretheonesneededor themanipulatiorof nodesn thelist,
i.e., creat eNode, del et eNode, get Next Node,

I i nkNode, unl i nkNode. WeassumehattheWCETs
of the mechanismsare known and can be specifiedas
shavedin the figure 3. Figure4 shaws the policy frame-
work specificationof the linked list component. Each
methodin the framework is namedandits internal WCET

(i nt Met hodWeet ), andthenumberof timesit usesapar

ticular mechanisnmaredeclared.i nt Met hodW et might

be representedsa symbolicexpression.In this example,
asthe maximalnumberof nodescanvary influencingthe
executiontime of thecode theinternal WCETsof methods
mayberepresentedsa functionof the maximalnumberof

nodesn thelist, i.e.,noCf El enent s (seefigured). Note,
thevalueof thevariablenoOf El ermrent s is obtainedrom

theuserin theinitial stepof theanalysisanddifferentval-

uesof noOf El enent s will resultin differentvaluesof

the WCET for themethod.

Since we know the WCET of every mechanism,the
WCETs of methodscan be determinedby simply adding
up the i nt Met hodWet of the methodandthe WCET
of every mechanisnmthe methodcalls, times the number
of calls to the mechanism. For example,l i st | nsert
methodcallscr eat eNode andl i nkNode 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 policy
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 createand link a nev node in the list
in the first-in-first-out (FIFO) order  The resulting
WCET of the method | i stlnsert would then be:
listlnsertWet=5+1*5+1*3=13ms. Weaing an
aspectinto a componentesultsin a changeof the com-
ponentpolicy, thuschangingthe WCET of the component.
We usethe aspectanalyzerandthe developedalgorithmto
determinethe new WCET of the resultingcode. For ex-
ample,if we weave anaspecthatchanged-1FO policy of
the componentinto priority-basedpolicy (e.g., an aspect
namedpri ori tyLi st). The aspectpri orityLi st
interceptgshemethod i st | nsert , andusingthecompo-
nentmechanismputsthenodeinto thelist basednits pri-
ority, thuschangingthe WCET of the component.Hence,
every aspecthouldspecifywhat part of the policy frame-
work it changes.Figure5 presentshe specificationof the
aspecWCET. Aspectpri ori t yLi st changesheFIFO
policy into priority-based by utilizing several component
mechanismse.g., get Next Node and| i nkNode. For
eachadvicetype the changeghat the advicemakesto the
policy framewnork should be specified(seefigure 5). In
this example,the beforeadvicechangegshe WCET of the
overall component.The codein the adviceis executedbe-
forethe codein thel i st | nsert method,to ensurethat
the position of the node would be basedon its priority.
Thetemporalinformationof the aspecttodenow includes
theinternal WCET of an advicethat modifiedthe method
(i nt Advi ceWet ), and the information of the mecha-
nismsusedin the advice,aswell asthe numberof times
theadvicehasuseda particularmechanismTheaspectn-
alyzerparsesWCET information, basedon the algorithm

presentedandcomputeshe new WCET of thecomponent,
or the individual methodcall modified by weaving of the
policy aspect.In this example,the resultingWCET of the
methodl i st | nsert with the aspectpri orityLi st
weavedinto it would be:

priorityListlnsert =
priorityListWet+listlnsertWet =

i nt Advi ceWwet +3*1 i nkNodeWet +

noCf El enent s* get Next NodeWet +
[istlnsertWet=1+nof El ement s*0. 4+
3*3+noCf El enent s*2+13.

As canbeseenfor differentnumberof elementsthiswould
resultin differentvaluesof WCET.

4 Summary

In this paperwe have presented new algorithmfor an-
alyzing the worst-caseexecutiontime (WCET) of aspect-
orientedsoftware systems. The methodologywe usedfor
developingthe algorithmis basedon the symbolicWCET
analysisof real-timesoftware systems.To be ableto effi-
ciently analyzeaspectsvhenweavedinto componentsye
haverestrictedhewearing model,andthejoin pointmodel.
Althoughthereis a significantbody of researcldonein the
areaof WCET for real-time software, to the bestof our
knowledge,this is the first work that focuseson integrat-
ing WCET analysiswith AOSD, thusgearingtowardspre-
dictableaspect-orientegoftware. As theseareinitial stages
of the work on predictableAOSD, thereare seseral open
researchissuesandwe arefocusingon the following: re-
laxing someof the assumption$or aspecivearing, andin-
tegratingtheaspectinalyzemwith oneof theexistingaspect
weavers,sothattheanalysiof thesystencanbeperformed
ataspectveaving time.
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