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1 Intr oduction

The Uni ed Modelling Languageg(UML) [1] is an effective
andpopularnotationwhich is usedto capturehigh-level de-
signsfor software systems.However, oneaspecbf software
systendesignwhichis nottypically capturedn aUML docu-
mentis arecordof thelikely (or desiredyateof performance
of the major actwities of the system.Whenthis information
is not includedin the initial UML descriptionof a systemit
increaseshe likelihoodthatthe performanceof the software
systembeingdevelopedwill notbe consideredintil very late
in the software developmentprocess.At this stage,errorsin
thedesignwill bevery costlyto repairandwill requiresignif-
icantre-engineering.

Ouraimsin this paperaretwofold:

1. to shav how UML modelsenhancedvith performance
information can be mappedonto an existing perfor
mancemodellingnotation,Performanc&valuationPro-
cessAlgebra(PER) [2]; and

. to shaw how theresultsof the performanceanalysisof
the PERA modelswhich are producedby this process
canbe presentedo the UML modellerin the termsof
their model.

The work reportedhereforms an early part of the DEGAS
project. DEGAS standsfor DesignEnvironmentfor Global
ApplicationS, and the projects overall goal is to make so-
phisticatedformal analysistechniquesavailableto designers
of global applications— thatis, of sofware systemsthat run
onwirelessnetworksandmayinvolve mobilecode—in away
which is congruentwith their normalway of working. Per
formancepredictionhasbeenidenti ed asanimportantarea
wheresuchformal analysistechniquesnightbeableto male
asigni cant contritutionto the quicker designof betterappli-
cations.

Designersn theDEGASpartnercompaniegMotorolaand
OMNYS) and throughoutthe industry have adoptedUML
astheir main software designnotation. UML is a diagram-
maticnotationfor recordingthe designof systemsespecially
object-orientedsoftware systems. A UML modelis repre-
senteddy acollectionof diagramadescribingpartsof thesys-
tem from differentpointsof view; thereare seven main dia-
gramtypes.For example therewill typically beastaticstruc-
ture diagram (or classdiagram) describingthe classesand
interfacesin the systemandtheir static relationshipginher
itance,dependeng etc.) Statediagrams.a varianton Harel
statecharts, can be usedto recordthe dynamic behaiour
of particularclassesInteractiondiagrams suchassequence
diagrams,are usedto illustrate the way objectsof different
classesnteractin a particularscenario.In this work we con-
centrateon statediagrams,which provide a behaioural de-
scriptionin automata-theoretitermswhich is also familiar
from processalgebrasaandprotocolspeci cations.

Our aim in working with UML in the performancemod-
elling processs to introducethebene tsof performancanal-

ysiswith processalgebraswithout the compleities andcon-
ceptualchallengesvhich arenormallyassociateavith formal
descriptiontechniquesuchasthese.To this end,we deplo
the PER\ stochastigorocessalgebraas an intermediatdan-
guagein the performanceanalysisprocess.The UML mod-
eller can composemodelsand solve thesefor performance
resultswithout needingto understandhe PER\ languageits
formal de nition or even how their modelis representedn
PER\. At the sametime, we avoid requiring the designer
to develop a modelspeci cally for performanceanalysis;in-
stead we work directly with the UML modelwhich is being
developedfor otherpurposes.

Structur e of this paper: In the next sectionwe intro-
ducethe PERA stochastiprocesslgebra.Section3 discusses
modellingwith UML and PERA. In Section4 we describe
how performanceneasuresuchasutilisationcanbeobtained
directly from ourresults.In Section5 we discusghe software
architecturef ourtool setanddescribehefour principalsoft-
warepackagesvhich areinvolved. In Section7 we presental
simpleexample.Following thiswe present largercasestudy
in Section8. In Section9 we discussrelatedwork on UML,
PER\ and performancemodelling. We presentour conclu-
sionsin Sectionl10.

2 PerformanceEvaluation Process
Algebra

PER\ extendsclassicalprocessalgebrawith the capacityto
assigrratesto theactivitieswhich aredescribedn anabstract
modelof a system.Takentogethertheinformationaboutthe
ratesof performancef actvitiesandthede nition of theout-
comeof performingan actvity specify a stochasticprocess
andthusPER is saidto bea stodasticprocessalgebra. The
PER\ languagehasbeenappliedasa modellinglanguagéor
distributed computerand telecommunicationsystemssuch
asmobile telephonesystemsandfor componentof e xible
manufcturingsystemssuchasroboticworkcells.

The PERA languageprovidesa small setof combinators.
Theseallow languagdermsto beconstructedle ning thebe-
haviour of componentsyia the actvities they undertak and
the interactionsbetweenthem. The syntaxmay be formally
introducedby meansof the grammarshavn in Fig. 1. In the
grammarS denotesa sequentiacomponenand P denotesa
modelcomponentvhich executesin parallel. C standsfor a
constantvhich denotesithera sequentiabr amodelcompo-
nent,asde ned by a de ning equation.C whensubscripted
with anSstanddor constantsvhichdenotesequentiatompo-
nents.Thecomponentombinatorstogethemwith theirnames
andinterpretationsare presentednformally below: further
informationis in the appendix.

Pre x: Thebasicmechanisnfor describinghebehaiour of



S (sequentiatomponents)
ar S (pre x)

S S (choice)

Cs (constant)

P (modelcomponents)

P (cooperation)

PL (hiding)

(constant)

Fig. 1: Thesyntaxof PERA

a systemis to give a componenta designatedrst ac-
tion usingthe pre x combinatordenotedby afull stop.
For example,thecomponenta r Scarriesoutactiity
a r , whichhasactiontypea andanexponentiallydis-
tributeddurationwith parameter, andit subsequently
behaesasS. Sequencesf actionscanbe combinedto
build up alife cycle for acomponent.

Choice: The life cycle of a sequentialcomponentmay be
more comple than ary behaiour which can be ex-
pressedisingthe pre x combinatoralone. The choice
combinatorcaptureshepossibilityof competitionor se-
lection betweendifferentpossibleactwities. The com-
ponentP  Q representa systemwhich maybehae ei-
therasP or asQ. The actvities of both P andQ are
enabledThe rst actiity to completedistinguishe®ne
of them: the otheris discarded. The systemwill then
behae asthe derivative resultingfrom the evolution of
thechosercomponent.

Constant: It is corvenientto be ableto assignnamedo pat-
ternsof behaiour associatedvith components.Con-
stantsprovide a mechanisnfor doing this. They are
componentsvhosemeanings givenby ade ning equa-
tion.

Hiding: The possibility to abstractaway someaspectof a
componens behaiour is provided by the hiding opera-
tor, denotedby thedivision signin P L. Here,thesetL
of visible actiontypesidenti es thoseactiities which
areto be considerednternal or private to the compo-
nent. Theseactuwities are not visible to an externalob-
sener, nor arethey accessibléo othercomponentgor
cooperation.Oncean actvity is hiddenit only appears
astheunknavn typet; therateof the actiity, however,
remainsunafected.

Cooperation: Most systemsare comprisedof several com-
ponentswhich interact. In PER directinteraction,or

coopeation, betweencomponentss representety the
butter y combinator The setwhich is usedasthe sub-
scriptto the cooperatiorsymboldetermineshoseactiv-
itiesonwhichthe coopeandsareforcedto synchronise.
Thus the cooperationcombinatoris in factanindexed
family of combinatorsone for eachpossiblecoopen-
tion setL. When cooperations not imposed,namely
for actiontypesnotin L, thecomponentproceednde-
pendentlyandconcurrentlywith theirenabledhactvities.
However if a componenenablesan activity whoseac-
tion typeis in the cooperatiorsetit will not be ableto
proceedwith thatactiity until theothercomponentlso
enablesan actvity of thattype. The two components
then proceedtogetherto completethe shaed activity.
Therate of the sharedactivity may be alteredto re ect
the work carriedout by both componentgo complete
theactivity.

In somecaseswhenan actiity is known to be carried
out in cooperationwith anothercomponenta compo-
nentmay be passivewith respecto that actvity. This
meanghattherateof theactvity is left unspeci edand
is determinediponcooperationby therateof theactiv-
ity in the othercomponent All passie actionsmustbe
synchronisedn the nal model.

If the cooperatiorsetis empty thetwo componentgro-
ceedindependentlywith no sharedactvities. We use
acompachotation—withthetwo cooperandseparated
by parallellines—torepresenthis case.

PER is a high-level notationfor Markov modellingbecause
it is possibleto generatedirectly from a PERA model a
continuous-timeéMarkov processvhichfaithfully encodeshe
behaioural (samenumberof statessameransitionsbetween
statesandtemporal(samerateson thetransitions)aspect®of
the PERA model. Throughthe analysisand solution of this
Markov procesgshe modellercanundertalke an experimental
investigationof the systemwhich themodelrepresents.

3 Modelling with UML and PEPA

ThePERA notationis morethansimply a concretesyntaxfor
describingViarkov processesCentralto thedesignof thelan-
guagds theidenti cation andrepresentationf compositional
structurewithin amodel. This structureprovesto bevaluable
bothin gainingcon dencethatagivenmodelcorrectlyrepre-
sentsthe intendedsystemunderinvestigationand alsowhen
seekinga solutionfor the correspondindviarkov process.
Onereasonto x on a formal notationfor a tasksuchas
performancenodellingis to avoid misunderstandingndmis-
interpretatiorof a model. Of course evenwhena notationis
carefullyde ned,asPER is, theremaystill beerrorsof mis-
representationf partsof the systemwithin the modelbut all
of the usersof themodelcanat leastagreeon the correctin-
terpretationof a given modelthroughrecourseo the formal



de nition of thelanguage Anotherreasorto x onaformal
notationfor performancenodellingis to be ableto interface
to othertools which performotherservicesin the manipula-
tion andcheckingof models,andthatis ourtopic here.

We bring the UML andPERA notationstogetherby form-
ing a bridge betweentwo existing applicationswhich sup-
port theselanguagesthe ArgoUML modellingtool [3] and
the PERA Workbench[4]. UML designswhich arebuilt us-
ing ArgoUML canbeexportedasXML Metadatdnterchange
documentg(XMI) [5] as a standardpart of the ArgoUML
tool. The XMI format is usedto representUML models
when exchangingthem with othertools, as here,and facil-
itatesthe analysisand manipulationof UML modelsusing
standardXML tools [6]. We have developedan application
which automaticallyconvertsthe XMI documentgyenerated
by ArgoUML into the input le format of the PEFA Work-
bench. Fig. 2 shavs screenshotsf two ArgoUML designs
of simple communicatingstate machinestogetherwith the
equivalentdescriptiondn the PERA stochastigorocessalge-
bra. With a slight abuseof notationwe shav the ratesof the
transitionsasUML actions.Thusa rater is usedto repre-
sentthe informationthatthe activity a is performedat rater
whichis nottheusualeventfactionssyntaxfor arcadornments
in UML statediagrams.

Whenit is provided with aninput PEFA modelthe PERA
Workbenchexploresthe modelto generatats full statespace.
This statespaces usedto form a CTMC representatioof the
systemwhichis solvedto nd its steady-statprobability dis-
tribution. As is usualwith interleaving modelsof concurrent
systemsthe size of the statespaceof the systemasa whole
is boundedby the productof the statespacef the individ-
ual PERA componentsvhich arecomposedn parallel. Sim-
ply presentinghis large probability vectorbackto the UML
modelleras the result of the analysiswould be unlikely to
provide ary insightsinto thelong-runoperationof themodel,
or hotspotsor bottleneckdn the system. For this reasonwe
look for analternatve meansof communicatingperformance
measures.

4 Performancemeasures

The mostgeneralway to describeperformancemeasuress
to build areward structureon the model. However, associat-
ing locationsin the equilibrium probability distribution with
syntacticstatesof themodelexposedetailsof therepresenta-
tion suchasorderingsof componentin the PERA systende-
scription.Suchanapproachwould generallyrequirethe UML
modellerto facemuchof the compleity of working directly
with Markov Chains. Higherlevel descriptionlanguagegor
specifyingperformanceneasuresxist, suchasPML [7] and
CSL[8], butthesenotationswvould beformidablefor atypical
UML developerto use.

For this reasorwe aggreatethe statespaceof the system
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Fig. 2: Screenshotsf UML designsn ArgoUML with PERA
equialents

over the local statesof eachPERA component.This hastwo
bene cial effects:

1. it avoidstheneedfor ary description®f state-spaceep-
resentationsyhetherhigh-level or low-level; and

2. insteadof working with a large setof very small num-
bersthe modellerworks with a small set of numbers
which areordersof magnituddarger

Ourapproacho specifyingperformanceneasures to de ne
UML componentsvhichexposethecon gurationsof interest
in the model. Behaviourally, suchcomponentsnay be re-
dundant,but they are necessaryor expressingperformance
measuresver the model. Typically suchcomponentswill
specifythatthey passiely witnessactivites which have been
performedand changestatein orderto re ect this informa-
tion. By programmingsuchcomponentgarefullyit is possi-
ble thatthey do notincreasehe statespaceof the underlying
Markov Chainbut allow themodellerto obsere thatsomese-
guenceof actiities hashappenedandto learnthe probability



of this. We term suchcomponentsvitnesse®r withesscom-
ponents Thusamodelof a systemwill becomprisedof com-
ponentswhich capturethe dynamicsof the systemand wit-
nessesvhichareintroducedo allow theexpressiorof perfor
mancemeasuresver thesystem We have usedthis approach
previously[9].

Weillustratethe useof this methodwith a resourceexam-
ple and a queueexample. One performanceneasurevhich
is typically of interestis the calculationof the utilisation of
resourcedn thesystem.To do thisthemodellerneedonly ex-
presstheresourceasa simplecomponentasdescribeelov
andthe utilisation canbe directly readfrom the modelsolu-
tion asthepercentagef timethatthecomponenspendsn the
Busystate. This pointsto resourcesvhich areunderutilised,
or over-utilised.

An idle resourcecanbe acquired
def .
Idle ™ acquire r; Busy

A busyresourcecanbereleased
def
Busy  releaser, Idle

Takingtheideaallittle further, a nite-capacity M/M/n queue
canbespeci edin PERA with alist of componente nitions
endingwith thefollowing one.

no arrivalsareallowedwhenthe queueis full
def
Queug

servep Queug 1
The percentagef time thatthe queuewill befull canberead
off directly from theupdatedJML description.This pointsto
the possibility of clientssendingrequestgasterthanthey can
beservicedby asener.

5 Software architecture

In this sectionwe describehearchitectureof our application.
We have built on two existing softwaretools, ArgoUML and
thePERA Workbench We have usedArgoUML with nomod-

i cations, so (up to minor XMl versiondifferences)t could

be replacedby ary other XMI-capableUML tool. We mod-

i ed the PEFA Workbenchto make communicatiorbetween
the two tools easier We bagin by rst describingthesetwo

toolsfor thebene t of readersvho arenotfamiliar with them.
Thearchitectureof the systemis summarisedn Fig. 3.

[ Argo [Extractor | PEPA
Workbench

.pepa

Reflector |

Fig. 3: Softwarearchitectureof thetool

5.1 ArgoUML

ArgoUML is amodellingtool which supportsoftwaredevel-
operswho areproducingsoftwaredesignaisingUML. It pro-
videsmary featureswhich arefamiliar from existing CASE
tools. Examplesof theseare editorsfor graphicalnotations
suchasclassdiagramsandstatediagrams.

In addition, one of the distinctive featuresof ArgoUML
is that it provides good supportfor the cognitive aspectsof
design,ncludingsupportingnformal note-takingon“To Do”
listsandothercreatvity aids.In all, it providesaprofessional
andthoughtfully-engineered ML developmentplatform.

As with mostmodernUML tools,ArgoUML exportsUML
modelsin the XMI documenformat,andloadssared models
from the sameXMI format. This provides the import and
export formatsfor our othertools. The XMI documentwrit-
ten by ArgoUML is readby our Extractortool. The same
XMI documentandtheresultsfrom processingy the PERA
Workbench(in XML format) are readby the Re ector tool
to provide an updatedinput documentwhich is loaded by
ArgoUML.

5.2 The PEPA Workbench

The PERA stochastigrocesslgebrais supportedoy arange
of tools including the PERA Workbench[4], the Mobius
ModelingFrameavork [10], thePRISMprobabilisticsymbolic
modelchecler [11] andothers[12]. We have usedthe PEFRA
Workbenchsofarin this work but the designof our compan-
ion Extractorand Re ector tools is general-purposso that
it would be possibleto adaptour work to useeitherMobius
or PRISM instead. Both Mdbiusand PRISM offer capabili-
tieswhich the PERA Workbenchdoesnot. Mdbius supports
multi-paradigmmodellingwherePERA modelsarecombined
with SANs or ball-and-lucket modelsas usedby MARCA.
PRISM praovides probabilistic symbolic model checkingal-
lowing modelsto be checled againstCSL formulae. Both of
thesetoolscouldbevaluablein ourongoingwork but anengi-
neeringchallengewould remainto allow the UML modeller
to accesgheir powerful capabilitieswithout rst needingto
mastertheirtechnicaffoundations.

The PERA Workbenchexistsin two distinctversions.The

rst versionis anexperimentatesearchool whichis codedn
thefunctionalprogrammindanguageStandaravL [13]. The
seconds are-implementatiomf thisin theJasaprogramming
languageTheseareknown as“the ML edition” and“the Java
edition” respectiely.

We adaptedhe Java editionof the PERA Workbencho in-
teroperatewith our Extractorand Re ector tools. The Java
edition providesa graphicaluserinterfaceto assisthe PEFA
modellerin working with models,accessingools suchasthe
state nder tool, the simulatoror the walkaboututility and
choosingbetweerarangeof steady-statandtransiensolvers
andarangeof outputformats. It would beimpracticalto use



this userinterfacetogethemwith the ArgoUML applicationso
we addeda command-lingnterfaceto the PEFA Workbench,
allowing it to be con gured with a rangeof command-line
switches. One of theseswitchesrequestshe Workbenchto
aggr@atethe performanceaesultsof the model over the lo-
cal statesof eachPERA componentEachsuchcomponents
asimplesequentiaktatemachinewhich correspondslirectly
to aUML statediagram.Eachof thesehasa very smallstate
spaceaelative to the statespacenf themodelasa whole,mak-
ing the resultsetmuch more compact. Of coursethis com-
pactnesss necessarilyachieved at the expenseof losing in-
formationaboutparticularstatesof the globalstatespace.

The PERA Workbenchprocessesan input PEFA model
which the Extractorgenerategrom aninput UML modelin
XMI format. It writesits resultsasan XML documenivhich
is processedby the Re ector tool.

The PEFA Web page at http://www.dcs.ed.ac.uk/
pepa is thedownloadsite for the PERA Workbenchandsup-
porting softwareandpapers.

5.3 The extractor and re ector tools

Theextractorandre ector for PEFA alsoexist in two distinct
versions.

Theextractorandre ector were rst implementedsstand-
aloneapplicationgn the Pythonprogrammindanguagg14].
Theseversionsof thesetools allow a UML modellerto ac-
cessthe PERA tools asan alternatve backendto their UML
modellingtools. This providesatypeof UML modelanalysis
(computatiorof steadystateresidencerobabilities)whichis
not currentlyavailablein the UML tools.

Theextractorandre ector arealsoavailableasJava pack-
ageswithin the Java edition of the PEFA Workbench. This
implementatiorallows PERA modellersto usethe UML tools
asanalternatve front endto the PEFA modellingtools. This
providesatype of PERA modelrepresentatiofgraphicalde-
scriptionsof communicatingstatemachinesyvhichis notcur
rently availablein the PER tools.

Furtherdescriptionsof theseextractorsandre ectors now
follow.

5.3.1 The Extractor asa Python module

The Extractorapplicationhasbeenimplementecasa Python
module. It readsin the XMI le generatedvhen saving a
UML modelwith ArgoUML (or a similar tool) andreturns
thecorrespondingnput le for the PERA Workbench.

We usethe Minidom XML parserto parsethe XMl le.
Oncewe have convertedthe XMI le streaminto aDOM ob-
ject, we canthen accesshe individual tagsby name. The
documentis representedsatreestructure Whenprocessing
theXMI le welook for all the elementghatwe will needto
provide in the PERA modelwhich we produceasoutput.

We have developed ve differentmodules:

Extractor, to extractinformationfrom aUML model;

PEPA_Extractor, to extract information specic to
PER;

StateMabineg to extractinformationrelatedto statema-
chinesandtheir components;

Collaboration, to extractinformationrelatedto collabo-
rationdiagramsand

Coopeation, to generatethe PERA systemequation
(from thecollaborationdiagram).

An objectof classExtractor can performa numberof fun-
dementaloperations. The two key methodsare parsg) and
get.element).

The PEPA_Extractor classde ned in this moduleis a sub-
classof theExtractorclass.All methodof theExtractorclass
areinherited.

The most signi cant method of this class is gener
ate PEPA(). It callsthreefurther methods(geneate rateg),
genegnte termg) and geneate systemequatiorf)) to Il an
array PEPA_output with the PEFA syntax correspondingo
the currentmodel.

The classesStateMabine and Collaboration call a con-
structorthatacceptsnobjectof classExtractorwhichis later
usedto retreive elementfrom the DOM model.

TheclassStateMabine providesmethodsandfunctionsto
extract informationrelatedto statemachinesandtheir com-
ponentsrom the model.

TheclassCollaboration providesamethodwhichis named
get.associationsThis returnsanarraycontainingpairsof as-
sociatednstances.

The Coopeation modulecontainsthe de nitions for two
classesNodeandLeaf Whenthe PERA Extractoris gener
atingthe systemequationjt builds a treeconsistingof nodes
andleaves.A Noderepresents cooperatior( ), consisting
of left andright branchesanda setof synchronisersA Leaf
containsa state,andthe classinstancefrom the collaboration
diagramthatit represents.

Now, we have all we needin orderto write a PERA Work-
benchinput. First, we print eachrate. Then, we print for
eachstatemachinea de ning PERA expressionof the fol-
lowing form: #source=(workload,rate).target+... For
eachstate,if it is a source,we nd its transitionswith the
correctworkload,rateandtamet.

Takingtheinformationfrom aUML collaboratiordiagram
asshavn in Figure 4 we canassemble collaborationline
(e.g. P1<a,b>P3). We look for the initial statesusingthe
matchingof contet andclassi er role, andthenlook for the
activity namesn thesynchronisatiorset.

5.3.2 The Re ector asa Python module

TheRe ector takesasits parametethe original XMI le and
theXML le thatcontainsall theresultsirom thePEFA Work-
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bench.lIt returnsa modi ed XMI le, whichwhenloadedin
ArgoUML will shav themodi ed model.

We useMinidom to parsethe original XMI le andalso
to build the modi ed XMI le by creatingthe branchesand
leavesof the document.The xml.dom.minidom  modulesup-
portsa very simpleinterfacefor addingnev XML tagsand
datato anXML document.

We parsethe XMI le correspondingo the UML model
andthe XML le correspondingo the PERA Workbenchre-
sults. Whenprocessinghe PERA Workbenchresults le, for
eachstate,we look for the probability tag and identify its
value. Thenwe modify our original XMl le wherefor each
statemachine , for eachstate , we add the corresponding
probability.

5.3.3 The Extractor asa Java package

Therearetwo primary classesn the extractor package:Ex-
tractor andPEPA_Extractor.

The classExtractor performs le handling,DOM parsing,
andprovidescornvenientmethodgo male certaininformation
in theDOM treemoreaccessible.

The parsg) methodtakesanobjectof classFile. If the le
isacompressedrchive (Zargo) le, it will locatetheXMI le
within the archive usingthe java.util.zippackage.The XMI

le is parsedusing the javax.xml.pasers.DocumentBuilder
DOM parseresultingin aDocumenbbjectputinto domdoc
The le will beputinto xmL le. A successfuparsewill re-
turntrue , otherwisefalse  will bereturned.

The getElement) methodwill returnthe Elementfrom the
DOM treewhosexmi.id attribute matcheshe given string
value. This canbequitetime consumingandsoacachetable
is maintainectalleddomelementcache

The getNamé) static methodlocatesthe “name” child of
the speci ed node. The value of this nodeis returned. Any
existing performancannotationareignored.

The getChild() static methodwill returnthe child of the
speci ed node, whose tag name matchesthe given string
value.

ThegetByRe{) methodusegetChild() to locatethenamed
child of the speci ed node. The child of this nodewill have
anattribute xmi.idref . Usingthe getElemen) method,the
nodewith the matchingxmi.id attribute is returned. The
getAlIByRef) methodreturnsall suchreferencedodes.

ThegetOwned) staticmethodusesgetChild() to locatethe
“ownedElement’cthild of the speci ed node. All childrenof
this child arereturned.

TheclassPEPA _Extractoris a subclas®f theclassExtrac-
tor. It extractsfrom the DOM treethe informationneededo
generate correspondind®ERA model. As it doesso,anab-
stractsyntaxis generatedvhich is thencornvertedinto a con-
crete,stringrepresentation.

Therearea numberof methodsusedto locatespeci c ele-
mentsin themodelor partsof it, in particularStateDiagrams
and CollaborationDiagrams. Although important,thesedo
not affect the generationof the PEFA model. (One point
worth noting is that the return type of getAssociation3, a
two-dimensionakrray of Elementobjects,representsn ar
ray of pairsof associatedElements The methodsdescribed
belav areusedin thegeneratiorof the PEFA model.

The geneatePERA() method malkes three calls
to getPERA _de nitions(), getPEFA_rateg) and get-
PEPA_coopeation() in that order and returns an array
of strings.Althoughtheratesappeambeforethede nitions in
the output, they are generatedy getPERA_de nitions() and
sotheorderin whichthey arecalledmatters.

The getPERA_de nitions() methodconvertsto string rep-
resentationthe De nition objects returned by geneate-
PEPA_de nitions() which takes a single StateMachine  El-
ementobject. For eachState Elementin the state ma-
chine, genermtePER_de nitions() producesa De nition ob-
ject,composedf objectsfrom thepepa.pocespackageThe
behaioursin ade nition aresortedontargetstate andthelist
of de nitions correspondingo a statemachinearesortedwith
theinitial staterst.

The getPER\ _rateg) methodproducesa numberof rate
variable assignmentsinitialising to a default value all rate
variablesencounteredvhile producingthe componentbe-
haviours.

The getPERA\_coopention() method producesa single
PER\ cooperationcomponentcomposedf the atomic co-
operationscreated by geneatePER_coopeationy) from
the associationdn the CollaborationDiagram. There are
two classesusedto representcooperations:CoopNodeand
CoopLeaf An object of the CoopLeaf class has two
eld valuesdeterminingits identity: the componentsini-
tial State Elementobject and an Elementrepresentinghe
ClassifierRole (aparticularinstanceof a class).Thereis a
differenceworth noting betweerthe two containg) methods
in bothclassesOnetakesa CooplLeafobjectasanargument,



the otheran State Elementobject. The former will return
true iff theCoopNodeor CoopLeafonwhichit is calledcon-
tainsan exact match,or is itself an exact matchof the given
instance. The latter will returntrue if thereis anotherin-
stanceof the sameclasspresent. This makesit possibleto
successfullynsertrepeatedcomponents.

The writePERA() method calls the genemtePER()
method,andwritesthe modelthatis returnedto a.pepa le.
The lename is determinedrom the input lename, simply
replacingthe.xmi or.zargo with .pepa andwriting the le
to the samedirectory

5.3.4 The Re ector asa Java package

Thereis oneclassin this packagecalledRe ector. This sim-
ple classhastwo static elds which storethe original XMl
or compressedrchive (Zargo) le thatwasparsedusingthe
PEPA_Extractor, andthe XML le thatholdstheresultsgen-
eratecby the PERA Workbench.

The static methodre ect() then performsthe re ection.
Thetwo les areparsedusingthe parsg) methodof the Ex-
tractor classthe parseddocumenbbjectsbeingreturnedus-
ing its getDocumer() method. The resultscontainedwithin
theXML le areextractedto ahashtableontainingprobabil-
ities indexed by the statesthey representThe XMI modelis
thenupdatedwith the resultsby annotatingeachstatename
with the probability associatedo it. All statenamesnustbe
unique.ThePERA Workbenchwill faultary modelin whicha
componenhasmorethanonede nition asbeingsemantically
ill-formed andprint adiagnosticerrormessagexplainingthe
fault.

The modi ed modelis then written backto le. If the
original le hadthe sufx .xmi , the sufx of the re ected
modelwill be.reflected.xmi . Similarly with acompressed
archie le. Thisensuresheoriginalmodelis notactuallyal-
tered.

5.3.5 Usingthe Java packages

These two packages become pepa.gtractor and
pepa.e ector respectrely. The two methods of invo-
cation either instantiate the pepa.gui.jpwb class or the
pepa.ttyJPWBLttyclass. The formeris aninteractive version
of the Workbench, which allows the modellerto use ary
of the PERA Workbench analysis methods, for example
computingtransientanalysismeasuressimulatingthe model
or single-steppinghroughit with the delhugger This version
is bestsuitedfor PEFA modellerswho are using the UML
tools as a graphicaleditor for PERA. The latter performs
the loading and solving at the commandline, computing
steady-stat@robabilitiesfor the model. This versionis best
suitedfor UML modellerswho are usingthe PERA tools to
provide ananalyseifor their UML model.

In bothcasesbeforethe pointatwhichthemodelis loaded
in the methodloadmodse(), beforethe lename is processed
further by the PERA Workbench,a checkis performedto de-
termineif theinput le is an XMl or a compressearchive
le. If it isindeedoneof thesethe PEPA_Extractor is instan-
tiated,themodelparsedandthe PERA modelgeneratedThe
lename of this new .pepa le is thenpassedn for loading
into the PERA Workbench.

When the PEPA_Extractor successfullyparsesa model,
the File objectis passedo the Re ector usingits static se-
tOriginal() method. Similarly, whenthe PERA Workbench
solves a model and producesan XML results le, a File
objectis passedo the Re ector usingits static setResuli§
method.Thelattercall is performedby solve) methodof the
pepa.pepa.gpaponi class.

OncetheRe ectorhasthetwo les it needdo proceedvith
re ection, the staticre ect() methodis called, againby the
solve) methodof the pepa.pepa.€pamoni class.If re ection
is not intendedto occur at leastone of the File objectswill
remainat its default value of null and the methodwill fail
safe.

6 The extractor algorithm

In this section,andin Fig. 5, 6 and7, we describethe algo-
rithm for extractingPERA modelsfrom UML statediagrams
andcollaborationdiagrams.

Thealgorithmfor generatingle nitions of sequentiatom-
ponentsrom statemachiness relatively simpleandinvolves
traversingthetransitionsof thestatediagramsandaccumulat-
ing behaiours which are presentedas choicesin the de ni-
tion of the component.The generte.de nitions algorithmis
presentedh Fig. 5.

1: terms  emptylist
2: for eachstatemachin&do

3: for eachstates (of S) do

4: beh emptylist

5: for eachoutgoingtransitiont (of s) do

6: w  nameof triggereventof t

7: r  contentof “rate(...)” expressiorof t
8: target nameof targetstateof t

9: beh  beh+“(w, r).target’

10: endfor

11 n  nameof states

12: terms terms+“# n=behy[+ben [+...]]"
13:  endfor

14: endfor

15: return terms

Fig. 5: Algorithm geneate_de nitions

Transforminghediagrammaticepresentationf asequen-
tial statemachineinto the textual descriptionof a sequential



PER\ componenis the moststraightforvard part of the ex-
tractionprocess.The morecomple partis the extraction of
the instancef thesemachinesvhich are composedn par
allelin the PERA systemequation.Thesecomponentsrein-
stantiatedy cooperatiorsetswhich specialisg¢heirbehaiour
andde ne the patternof communicatiorbetweerinstances.
The algorithmto generatehe PERA systemequationtra-
verseghe collaborationdiagram(an undirectedgraph)in or-
der to generatean abstractsyntaxtree of the systemequa-
tion. The nodesin this tree are cooperationdetweena left
cooperandindaright cooperanaver a setof activity names.
Either of the left or right cooperandnight be othernodesor
they might be leaves containinginstancesof the sequential
componentextractedfrom the statediagrams.

1: coopeations emptylist
2: for eachassociatiora (of the collaborationdiagram)do

3: leftinst left elemenbfa

4:  rightiinst  right elemenbf a

5. leftsm statemachinef theclassof left.inst

6: right.sm statemachinef theclassof right_inst
7: left Leaf(initial stateof left.sm left.inst)

8: right Leaf(initial stateof right_sm right_inst)

9: sync (eventsin leftsm) (eventsin right_sm
10: coopentions coopeations+ Nod€left, syngright)
11: endfor

12: root  rst elementin coopeations

13: remove rst elementfrom coopeations

14: while coopeationsis notemptydo

15: counter O

16: for eachcooperatiorc (in coopeationg do

17: root inser{root, c) [* seeFig.7for insert*/
18: if roothaschangedhen

19: remove ¢ from coopeations

20: counter counter+1

21 endif

22:  endfor

23:  if counteris still 0 then

24: breakwhile I* x ed-pointfound */
25:  endif

26: endwhile

27: syseqn  corvertrootto string

28: return syseqn
Fig. 6: Algorithm geneate systemequation

The algorithm geneate systemequation presentedin
Fig. 6, traversesthe collaborationdiagramgraphin an arbi-
trary orderto build alist of pairwisecollaborationsbetween
instance®f sequentiatomponentsSynchronisatiorsetsare
inferredfor thesepairings. The synchronisatiorsetwhich is
inferredis the setof actionswhich are commonto both the
left cooperandandtheright cooperand.

The list of collaborationpairs which is producedby this

inserfroot, new, times 0)

1: if rootis aLeaf andnew is a Leaf then

2:  return Noddroot, [], new)

3: elseif rootis aLeaf then

4:  return new

5: elseif newis aLeaf then

6: if rootleft containsanew instancehen

7 new_left inser{rootleft, new)

8 return Nodg€new_left, root actions root right)
9: elseif rootright containsa new instancethen

10: new_right inser{rootright, new)

11 return Nodgroot left, root actions new_right)

12: else

13: return rootunchanged

14:  endif

15: endif

16: if rootleft contains new left and rootright contains

new right then

17: nen_actions rootactions new actions

18: return Noddrootleft, new_actions rootright)
19: elseif root left containsnew left then

20: if rootright containsa new right instancethen
21: if new.actions rootactionsthen

22: new_right  inser{rootright, new.right)
23: return Noddrootleft, rootactions nen_right)
24: end if

25:  endif

26: newn_left inser{rootleft, new)

27:  return Nod€new_left, rootactions rootright)

28: elseif rootright containsnew right then

29: if rootleft containsa new left instancethen
30: if new.actions rootactionsthen

31: new_left inser{rootleft, new.left)

32: return Noddnew_left, rootactions rootright)
33 endif

34:  endif

35:  new.right inserfrootright, new)

36: return Noddrootleft, rootactions new_right)
37: endif

38: if times O0then

39: returnrootunchanged

40: endif

41: swapleft andright leavesof new

42: return inserf(root, new, 1)

Fig. 7: Algorithm insert

processs thenfolded to build the systemequation. This is
achievedby repeatednsertinga new collaboratiorinto anex-
isting (initially empty)systemequation.

Thealgorithmto performthisinsertionis surprisinglycom-
plex (Fig. 7). Most of the compleity stemsfrom the com-
monly occurringcasewherea modelcontainsmorethanone



instanceof a given sequentialcomponent. For example, a
modelof asystenwhichhastwo senersandtenclientswould
have two instance®f the Servercomponengandteninstances
of theClientcomponent.

In building the systemequationfor such a systemit is
essentiathat the repeatedcopiesof a componente nition
arenot forcedto synchroniseon all of their commonactions.
Sinceall of their actionsarecommon,this would force them
to operatein lockstep,insteadof asindependenteplicated
instanceof a component.If a modellerwishedto represent
two instance®f a componenbperatingin lockstepthenthey
would representhis explicitly in the collaborationdiagram
with a collaborationlink betweerthetwo instances.

The operationof the insert algorithmis comple, but the
key to understandingts operationis to know thatit is check-
ing for repeatedinstancesof componentswithin a system
equationand avoiding the accidentalcaptureof one compo-
nents behaiour by the synchronisatiorsetsgoverning the
behaiour of anothercopy of thiscomponent.

7 A simple example

We demonstrateour methodon a simple generic example
model. Themodelis formedby a compositionof a two-state
componenandathree-stateomponentTo malke thisgeneric
examplemore concrete the two-statecomponenimight rep-
resenta client which requestsa serviceandrecevesa reply
andthethree-stateomponentnight represent proxy sener
which sometimegepliesdirectly but at othertimesconnects
to anothersener beforereplying.

Fig. 2 shaws the original UML modelusedfor our exam-
ple. Whenthis UML modelis savedin ArgoUML, an XMl
le is generatedIf we usethe Extractorwith this XMl le,
we obtainthe PERA modelwhich is shavn in Fig. 8 in the
concretesyntaxof the PERA Workbench.This is usedasthe

%r = 2.0;

%s = 2.0;

%t = 2.0;

#P4 = (c,1).P5 + (b,t).P3
#P5 = (b,s).P3;

#P3 = (a,infty).P4;

#P1 = (a,1).P2;

#P2 = (b,s).P1;

P1 <ab > P3

Fig. 8: PEFA modelgeneratedby the Extractortool

input for the PERA Workbenchwhich then producesits re-
sultsinanXML le. We cannow usethe Re ector to modify
the original XMI le, andmalke the probability of eachstate
appeaionthe UML diagramgseeFig. 9).

B8 Argo/UML - PEPAMmodified. argo

Eile Edit View Create Arange Genertion Critique Help

~E=E (k[ 1] [o]a)- [e[@ o+ + 0@

ojojo[\aQ

> | &

Pr: 500% P,: 500%

P3: 500% P4: 250% Ps: 250%

Fig. 9: Screenshotsef ArgoUML incorporatingPERA results

8 Casestudy: a location tracking
system

As anexampleherewe considerthe problemof modellinga
systemwherethe locationof peopleandequipmentwithin a
building is monitoredby a centraltrackingsystem.TheJames
ClerkMaxwell Building at TheUniversityof Edinburghis no-
toriously confusingto navigate anda tracking systemwould
be helpful in nding thosevisitors who getlostin the maze
of corridors.The systemwould alsohelpsecretariesnd pro-
fessorswho may be in ary nhumberof teachingand meeting
roomsor colleaguesbf ces andwould beaninvaluableaidin
the huntfor the (non-netvarked) laptopcomputersvhich can
beborronvedfor thesecurepreparatiorof examinationpapers.
Locationtrackingsystemssuchastheseareimplemented
by the useof activebadges credit-cardsizeddeviceswhich
transmituniqueinfra-red signalswhich are detectedoy net-
worked sensors.Systemssuchasthesearealreadyin usein
several Europearuniversitiesandin researcHaboratoriesn
the USA. Thebatterylife of sucha device hastypically been
foundto be arounda year[15] soit is necessaryo tunethe
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Fig. 10: Thestatediagramfor a person

performancef the systemby adjustingthe rateat which reg-
istrationis performedn orderto consere batterypowverwhile
simultaneoushensuringthat the systemgivesaccuratdoca-
tion information.

A Markovian stochastigprocessalgebrasuchas PER is
well suitedto modellingthis systembecaus&xponentialreg- Fig. 11: The S 4 sensorstatediagram
istrationintenals are usedto prevent the repeatectollisions
betweertransmittingbadgeswvhich would resultin lost mes-

sageq16]. Thisis the sameuseof randomnesssfoundin Sis repis s Sis
the Aloha paclet-switchingnetwork: without it, a collision s aef
o - 6 &6 Sie
would inevitably be followedby anothercollision. wor
To keeptheexamplesmallwewill consideithesimplecase Sie repis s Sie

of tracking the progressof a single personarounda single
oor of abuilding. The oor hasthreecorridorswhich are
numberedl4, 15 and 16, andwe assumehatthereis only a
singlesensolin eachcorridor The corridorsarearrangedn
a U-shapesothatit is possibleto go from the 14 corridorto
the 15 corridorandthento the 16 corridor (andthe otherway;,
of course)but it is not possibleto go from the 14 to the 16
corridordirectly.

The behaiour of a personP who is wearing an active
badgecanbe describedn termsof their movementfrom one
corridor to a neighbouringone and the registration of their
badgewith the nearessensar The UML diagramwhich de-
scribesthis behaiour is shavn in Fig. 10.

The PER\ de nitions which are extractedfrom this dia-
gramby the PERA Extractorareshavn below.

For a systemwith only onepersonto betracked the database
needonly store the most recently reportedposition. The
databasepdatests locationinformationasit recevesreports
from thesensorsgchangingstateto storethisinformation. The
statediagramfor this components shavn in Fig. 12.

def

P14 regis 1 Pia  moveis m Pis
Pis ' moves m Py Fig. 12: Thedatabasstatediagram
regis r Pis L .
The PERA de nitions extractedfrom the databasestatedi-
movers M Pag agramby the PERA Extractorareshavn belaw.
P “ regier Pis movesm Pis o
DBy4 reps DBisa reps  DBis
Sensorsacceptregistrationinformation and reportthis back rep, DB1g
to the centraldatabase.The statediagramfor the sensorin ot 6
the 14 corridoris shawn in Fig. 11. Thestatediagramgor the DBis reps  DBisa reps  DBys
othersensorsaresimilar. repig DB
The PERA de nitions extractedfrom the sensordiagrams def
areshavn belaw. DBis repq DB reps  DBis
o repe  DBis
Sia reds  Sia
def In the completesystemthe badge-wearewill move asyn-
Sta repis S Si4 chronouslybut will registerwith thesensorsThesensorsare
Si5 ot regis  Sis independenbut they all reportbackto the database.There
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is no directconnectiorbetweerthe personandthe database.

All ow of informationis routedthroughthe sensorsn the
system.This structuralinformationaboutthe connectity of
the systemis recordedn the collaborationdiagramshavn in
Fig. 13.

Fig. 13: The collaborationdiagramfor the locationtracking
system

We caninitialise the systemin ary statewe wish, perhaps
with thebadge-weardn the 14 corridorandthedatabasalso
recordingthis. If aPERA modellerwascomposinghis model
directly without usingour Extractorand Re ector toolsthen
it would belikely thatthey mightexpressthesystemequation
for themodelasshavn belav [17]:

Si4 S5 S

rep

This expresseshe informationwhich is recordedn the col-

laborationdiagram(for example,that thereis no direct con-
nectionbetweerthe persomandthe databasenor areary two

sensorglirectly linked). However, the actualsystemequation
whichis generatedby our Extractoris syntacticallydifferent,
but semanticallyidentical. The systemequationis obtained
by a graphtraversalof the collaborationdiagramleadingto

thefollowing expression.

P14 DB14

regj

P14 S14

914 €916 repr4

DBi6 . Si6

Si5

16915 P15

This expressionis not astidy andcompactasthe onewhich
anexperienced®ER\ modellerwould producebut it isimpor
tantto rememberthat the modellerusing our Extractorand
Re ector tools neednever seethis expression. The modeof
operationwith the PERA Workbenchis simply to load either
an XMI le or a Zamo archie directly. The corresponding
PER le is generatedrom this andloadedin onestepwith-

in the samedirectoryasthe original input. The PERA Work-
benchis shavn processinghelocationtrackingsystenmodel
in Fig. 14.

Fig. 14: The PERA Workbenchsolvingthe locationtracking
systermmodel

9 Relatedwork

Oursis notthe rst work onusingUML with stochastigro-
cessalgebrasnor even the rst on usingUML with PERA.

Pooley [18] previously discussedyeneratingPEFA models
from a combinationof sequencealiagrams collaborationdi-

agrams,and a combinedcollaboration/stateliagram. His
methoddiffers from oursin that more typesof diagramare
usedandthereseemsto be no automaticprocedureusedto

generatehe PERA model from the UML. In contrast,our
methodis automaticand can be re-run after changeso the
UML modelin orderto generateandsolve an equivalentup-
datedPERA model.

Mitton and Holton undertak an alternatve mappingbe-
tweenPERA andUML statechartf20] but againtheirmethod
doesnot appeato beautomated.

In anotherpaperThomas,Munro, King and Pooleg/ com-
bine PEFA modelswith graphicalnotationsfor visualising
derivation graphs,PERA componeninterfacesand otheras-
pectsof the systemunderstudy[21]. This work providesan
interestingnsightinto thePERA modellinglanguagdor mod-
ellerswho arenot familiar with the notation. Their approach
is supportedby a prototypetool. Our contritution heredif-
fersin that we are using a standardand widely-understood
modellinglanguagg(UML) insteadof more specialisedput
necessarilyesswell-understoodespok graphicalnotations.

A work closely relatedto oursin spirit, if notin detail,
is recentwork by Petriuand Shenwhich mapsUML models

out the needfor further intervention. After this modelhas via XMI into layeredqueueingnetwork (LQN) performance
beenrun (to generatets statespace)olvingit to steadystate models[22]. This mappingis in onedirectiononly, so that
solutionwill generatea modi ed XMI le or Zamgo archve UML modelsaremappednto LQN modelsbut thereappears
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to be no mappingof the performanceesultsobtainedfrom
the LQN modelbackup to the UML level. Thustheir tool
appearo be similarto our Extractortool, combinedwith the
PER Workbench but without anequivalentof our Re ector
tool.

10 Conclusions

We have presentedh methodof deriving performancenfor-
mation from UML models. Our methodis unusualin that
it greatlyreduceghe amountof additionalnotationandcon-
ceptswhichneedo beunderstoodby themodellerwhencom-
paredto working directly with stochasticprocessalgebras,
Petrinets,queueingnetworksor othertraditionalperformance
modellingformalisms.The methodis supportedy atool set
which comprisessomeexisting modelling tools (ArgoUML
and the PERA Workbench)and other translatorswhich we
have written to connectthem (the Extractorandthe Re ec-
tor). The translatorawvhich interconnecthe applicationsare
general-purposandcanbe adaptedo work with othermod-
elling tools.

We have appliedour approachto a rangeof small exam-
ples. We plan to investigateits usefulnessvhen appliedto
largerexamples.

We have useda bespok methodof addingperformancen-
formationto UML modelshere. We alsoplan to investigate
morestandardvaysof representinghe performancénforma-
tion in UML. Thiswill probablyusethe SchedulabilityPer
formanceandTime pro le [23], asusedby PetriuandShen,
dependingon the availability of appropriateUML tool sup-
port.

Acknowledgements: The authorsare supportedby the
DEGAS (Design Ervironments for Global ApplicationS)
projectIST-2001-3207Zundedby the FET Proactve Initia-
tive on Global Computing.

A Operational semanticsand the
underlying CTMC

Model componentscapturethe structureof the systemin

termsof its static components. The dynamic behaiour of
the systemis representedby the evolution of thesecompo-
nents,eitherindividually or in cooperation.The form of this
evolution is governedby a setof formal ruleswhich give an
operationasemanticof PEFA terms. The semantiaules,in

the structuredoperationalstyle of Plotkin, are presentedn

Fig. 15 without furthercomment;the interestedeaderis re-
ferredto [2] for moredetails.Therulesarereadasfollows: if

thetransition(s)above theinferencdine canbeinferred,then
we caninfer thetransitionbelow theline.
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Thus,asin classicaprocesslgebrathesemanticef each
termin PER is givenvia alabelledmulti-transitionsystem—
themultiplicities of arcsaresigni cant. In thetransitionsys-
temastatecorrespondso eachsyntacticermof thelanguage,
or derivative andan arcrepresentshe activity which causes
one derivative to evolve into another The completeset of
reachablestatesis termedthe derivative set of a modeland
theseform the nodesof the derivation graph formedby ap-
plying the semanticqulesexhaustvely.

Thetiming aspect®f componentshehaiour arenotrepre-
sentedn the statesof the derivationgraph,but on eacharcas
the parameteof the nggative exponentialdistribution govern-
ing the durationof the correspondingctivity. Theinterpreta-
tionis asfollows: whenenabledanactvity a a r will de-
lay for a periodsampledrom the negative exponentialdistri-
bution with parameter. If severalactvities areenabledcon-
currently eitherin competitionor independentlywe assume
that a race conditionexists betweenthem. Thusthe actiity
whosedelaybeforecompletionis the leastwill bethe oneto
succeed.The evolution of the modelwill determinewhether
the other activities have beenabortedor simply interrupted
by the statechange.In either casethe memorylesgproperty
of the negative exponentialdistribution eliminateshe needto
recordthe previous executiontime.

Whentwo componentgarry out anactivity in cooperation
therateof thesharedactiity will re ect theworking capacity
of the slowver component. We assumehat eachcomponent
hasacapacityfor performinganactiity typea, which cannot
beenhancedby working in cooperatior(it still mustcarryout
its own work), unlessthe componenis passve with respect
to that actity type. For a componenf andan actiontype
a, this capacityis termedthe appaentrate of a in P. It is
the sumof theratesof thea type actvities enabledn P. The
apparentateof a in a cooperatiorbetweenP andQ over a
will be the minimum of the apparentateof a in P andthe
apparentateof a in Q.

The derivation graphis the basisof the underlyingCon-
tinuous Time Markov Chain (CTMC) which is usedto de-
rive performancemeasuresrom a PERA model. The graph
is systematicallyreducedo aform whereit canbetreatedas
the statetransitiondiagramof the underlyingCTMC. Each
derivative is thena statein the CTMC. The transitionrate
betweertwo derivativesP andQ in thederivationgraphis the
rateatwhichthesystenchange$rom behaing ascomponent
P to behaing asQ. It is denotedby g P Q andis the sum
of theactity rateslabellingarcsconnectinghodeP to node
Q. In orderfor the CTMC to be ergodicits derivation graph
mustbe strongly connected.Somenecessargonditionsfor
ergodicity, atthe syntacticlevel of a PERA model,have been
de ned [2]. Thesesyntacticconditionsareimposedby the
grammaiintroducedearlier
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