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1 Intr oduction
The Uni�ed Modelling Language(UML) [1] is an effective
andpopularnotationwhich is usedto capturehigh-level de-
signsfor softwaresystems.However, oneaspectof software
systemdesignwhichis not typically capturedin aUML docu-
mentis a recordof thelikely (or desired)rateof performance
of the majoractivities of thesystem.Whenthis information
is not includedin the initial UML descriptionof a systemit
increasesthe likelihoodthat theperformanceof thesoftware
systembeingdevelopedwill notbeconsidereduntil very late
in thesoftwaredevelopmentprocess.At this stage,errorsin
thedesignwill beverycostlyto repairandwill requiresignif-
icantre-engineering.

Ouraimsin thispaperaretwofold:

1. to show how UML modelsenhancedwith performance
information can be mappedonto an existing perfor-
mancemodellingnotation,PerformanceEvaluationPro-
cessAlgebra(PEPA) [2]; and

2. to show how the resultsof theperformanceanalysisof
the PEPA modelswhich are producedby this process
canbe presentedto the UML modellerin the termsof
their model.

The work reportedhereforms an early part of the DEGAS
project. DEGAS standsfor DesignEnvironmentfor Global
ApplicationS,and the project's overall goal is to make so-
phisticatedformal analysistechniquesavailableto designers
of global applications– that is, of sofwaresystemsthat run
onwirelessnetworksandmayinvolvemobilecode– in away
which is congruentwith their normalway of working. Per-
formancepredictionhasbeenidenti�ed asan importantarea
wheresuchformalanalysistechniquesmightbeableto make
asigni�cant contribution to thequickerdesignof betterappli-
cations.

Designersin theDEGASpartnercompanies(Motorolaand
OMNYS) and throughoutthe industry have adoptedUML
astheir main softwaredesignnotation. UML is a diagram-
maticnotationfor recordingthedesignof systems,especially
object-orientedsoftware systems. A UML model is repre-
sentedby acollectionof diagramsdescribingpartsof thesys-
tem from differentpointsof view; thereareseven main dia-
gramtypes.For example,therewill typically beastaticstruc-
ture diagram (or classdiagram) describingthe classesand
interfacesin the systemandtheir static relationships(inher-
itance,dependency, etc.) Statediagrams,a varianton Harel
statecharts,can be usedto record the dynamic behaviour
of particularclasses.Interactiondiagrams,suchassequence
diagrams,are usedto illustrate the way objectsof different
classesinteractin a particularscenario.In this work we con-
centrateon statediagrams,which provide a behavioural de-
scription in automata-theoretictermswhich is also familiar
from processalgebrasandprotocolspeci�cations.

Our aim in working with UML in the performancemod-
elling processis to introducethebene�tsof performanceanal-

ysiswith processalgebraswithout thecomplexities andcon-
ceptualchallengeswhicharenormallyassociatedwith formal
descriptiontechniquessuchasthese.To this end,we deploy
the PEPA stochasticprocessalgebraasan intermediatelan-
guagein the performanceanalysisprocess.The UML mod-
eller can composemodelsand solve thesefor performance
resultswithout needingto understandthePEPA language,its
formal de�nition or even how their model is representedin
PEPA. At the sametime, we avoid requiring the designer
to develop a modelspeci�cally for performanceanalysis;in-
stead,we work directly with theUML modelwhich is being
developedfor otherpurposes.

Structur e of this paper: In the next sectionwe intro-
ducethePEPA stochasticprocessalgebra.Section3 discusses
modellingwith UML andPEPA. In Section4 we describe
how performancemeasuressuchasutilisationcanbeobtained
directly from ourresults.In Section5 wediscussthesoftware
architectureof ourtool setanddescribethefourprincipalsoft-
warepackageswhich areinvolved. In Section7 we presenta
simpleexample.Following thiswepresenta largercasestudy
in Section8. In Section9 we discussrelatedwork on UML,
PEPA and performancemodelling. We presentour conclu-
sionsin Section10.

2 PerformanceEvaluation Process
Algebra

PEPA extendsclassicalprocessalgebrawith the capacityto
assignratesto theactivitieswhicharedescribedin anabstract
modelof a system.Takentogether, theinformationaboutthe
ratesof performanceof activitiesandthede�nition of theout-
comeof performingan activity specifya stochasticprocess
andthusPEPA is saidto bea stochasticprocessalgebra. The
PEPA languagehasbeenappliedasa modellinglanguagefor
distributed computerand telecommunicationssystemssuch
asmobile telephonesystemsandfor componentsof �e xible
manufacturingsystemssuchasroboticworkcells.

The PEPA languageprovidesa small setof combinators.
Theseallow languagetermsto beconstructedde�ning thebe-
haviour of components,via theactivities they undertake and
the interactionsbetweenthem. The syntaxmay be formally
introducedby meansof thegrammarshown in Fig. 1. In the
grammarS denotesa sequentialcomponentandP denotesa
modelcomponentwhich executesin parallel. C standsfor a
constantwhichdenoteseitherasequentialor amodelcompo-
nent,asde�ned by a de�ning equation.C whensubscripted
with anSstandsfor constantswhichdenotesequentialcompo-
nents.Thecomponentcombinators,togetherwith theirnames
and interpretations,arepresentedinformally below: further
informationis in theappendix.

Pre�x: Thebasicmechanismfor describingthebehaviour of
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S :: � (sequentialcomponents)
�

a � r ��� S (pre�x)
�

S � S (choice)
�

CS (constant)

P :: � (modelcomponents)

P �
	

L
P (cooperation)

�

P� L (hiding)
�

C (constant)

Fig. 1: Thesyntaxof PEPA

a systemis to give a componenta designated�rst ac-
tion usingthepre�x combinator, denotedby a full stop.
For example,thecomponent

�

a � r ��� Scarriesoutactivity
�

a � r � , whichhasactiontypea andanexponentiallydis-
tributeddurationwith parameterr, andit subsequently
behavesasS. Sequencesof actionscanbecombinedto
build upa life cycle for a component.

Choice: The life cycle of a sequentialcomponentmay be
more complex than any behaviour which can be ex-
pressedusingthe pre�x combinatoralone. The choice
combinatorcapturesthepossibilityof competitionor se-
lection betweendifferentpossibleactivities. The com-
ponentP � Q representsa systemwhichmaybehave ei-
ther asP or asQ. The activities of both P andQ are
enabled.The�rst activity to completedistinguishesone
of them: the other is discarded.The systemwill then
behave asthederivative resultingfrom theevolution of
thechosencomponent.

Constant: It is convenientto beableto assignnamesto pat-
ternsof behaviour associatedwith components.Con-
stantsprovide a mechanismfor doing this. They are
componentswhosemeaningis givenby ade�ning equa-
tion.

Hiding: The possibility to abstractaway someaspectsof a
component's behaviour is providedby thehidingopera-
tor, denotedby thedivision signin P� L. Here,thesetL
of visible action typesidenti�es thoseactivities which
are to be consideredinternal or private to the compo-
nent. Theseactivities arenot visible to an externalob-
server, nor arethey accessibleto othercomponentsfor
cooperation.Onceanactivity is hiddenit only appears
astheunknown typet ; therateof theactivity, however,
remainsunaffected.

Cooperation: Most systemsarecomprisedof several com-
ponentswhich interact. In PEPA direct interaction,or

cooperation, betweencomponentsis representedby the
butter�y combinator. Thesetwhich is usedasthesub-
scriptto thecooperationsymboldeterminesthoseactiv-
itiesonwhichthecooperandsareforcedto synchronise.
Thus the cooperationcombinatoris in fact an indexed
family of combinators,onefor eachpossiblecoopera-
tion set L. When cooperationis not imposed,namely
for actiontypesnot in L, thecomponentsproceedinde-
pendentlyandconcurrentlywith theirenabledactivities.
However if a componentenablesan activity whoseac-
tion type is in the cooperationset it will not be ableto
proceedwith thatactivity until theothercomponentalso
enablesan activity of that type. The two components
then proceedtogetherto completethe shared activity.
Therateof thesharedactivity maybealteredto re�ect
the work carriedout by both componentsto complete
theactivity.
In somecases,whenanactivity is known to becarried
out in cooperationwith anothercomponent,a compo-
nentmay be passivewith respectto that activity. This
meansthattherateof theactivity is left unspeci�edand
is determineduponcooperation,by therateof theactiv-
ity in theothercomponent.All passive actionsmustbe
synchronisedin the�nal model.
If thecooperationsetis empty, thetwo componentspro-
ceedindependently, with no sharedactivities. We use
acompactnotation—withthetwo cooperandsseparated
by parallellines—torepresentthis case.

PEPA is a high-level notationfor Markov modellingbecause
it is possible to generatedirectly from a PEPA model a
continuous-timeMarkov processwhichfaithfully encodesthe
behavioural (samenumberof states;sametransitionsbetween
states)andtemporal(samerateson thetransitions)aspectsof
the PEPA model. Throughthe analysisandsolutionof this
Markov processthemodellercanundertake an experimental
investigationof thesystemwhich themodelrepresents.

3 Modelling with UML and PEPA
ThePEPA notationis morethansimply a concretesyntaxfor
describingMarkov processes.Centralto thedesignof thelan-
guageis theidenti�cation andrepresentationof compositional
structurewithin amodel.This structureprovesto bevaluable
bothin gainingcon�dencethatagivenmodelcorrectlyrepre-
sentsthe intendedsystemunderinvestigationandalsowhen
seekinga solutionfor thecorrespondingMarkov process.

Onereasonto �x on a formal notationfor a tasksuchas
performancemodellingis to avoid misunderstandingandmis-
interpretationof a model.Of course,evenwhena notationis
carefullyde�ned,asPEPA is, theremaystill beerrorsof mis-
representationof partsof thesystemwithin themodelbut all
of theusersof themodelcanat leastagreeon thecorrectin-
terpretationof a given modelthroughrecourseto the formal
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de�nition of the language.Anotherreasonto �x on a formal
notationfor performancemodellingis to beableto interface
to othertoolswhich performotherservicesin the manipula-
tion andcheckingof models,andthatis our topichere.

We bring theUML andPEPA notationstogetherby form-
ing a bridge betweentwo existing applicationswhich sup-
port theselanguages,the ArgoUML modelling tool [3] and
the PEPA Workbench[4]. UML designswhich arebuilt us-
ing ArgoUML canbeexportedasXML MetadataInterchange
documents(XMI) [5] as a standardpart of the ArgoUML
tool. The XMI format is usedto representUML models
when exchangingthem with other tools, as here,and facil-
itatesthe analysisand manipulationof UML modelsusing
standardXML tools [6]. We have developedan application
which automaticallyconverts the XMI documentsgenerated
by ArgoUML into the input �le format of the PEPA Work-
bench. Fig. 2 shows screenshotsof two ArgoUML designs
of simple communicatingstatemachinestogetherwith the
equivalentdescriptionsin the PEPA stochasticprocessalge-
bra. With a slight abuseof notationwe show theratesof the
transitionsasUML actions.Thusa� rate

�

r � is usedto repre-
sentthe informationthat theactivity a is performedat rater
whichis nottheusualevent/actionssyntaxfor arcadornments
in UML statediagrams.

Whenit is provided with an input PEPA modelthePEPA
Workbenchexploresthemodelto generateits full statespace.
Thisstatespaceis usedto form aCTMC representationof the
systemwhich is solvedto �nd its steady-stateprobabilitydis-
tribution. As is usualwith interleaving modelsof concurrent
systems,the sizeof thestatespaceof thesystemasa whole
is boundedby the productof the statespacesof the individ-
ual PEPA componentswhich arecomposedin parallel. Sim-
ply presentingthis largeprobabilityvectorbackto theUML
modelleras the result of the analysiswould be unlikely to
provideany insightsinto thelong-runoperationof themodel,
or hotspotsor bottlenecksin the system.For this reasonwe
look for analternative meansof communicatingperformance
measures.

4 Performancemeasures

The most generalway to describeperformancemeasuresis
to build a rewardstructureon themodel. However, associat-
ing locationsin the equilibrium probability distribution with
syntacticstatesof themodelexposesdetailsof therepresenta-
tion suchasorderingsof componentsin thePEPA systemde-
scription.SuchanapproachwouldgenerallyrequiretheUML
modellerto facemuchof thecomplexity of working directly
with Markov Chains.Higher-level descriptionlanguagesfor
specifyingperformancemeasuresexist, suchasPMLµ [7] and
CSL[8], but thesenotationswouldbeformidablefor atypical
UML developerto use.

For this reasonwe aggregatethestatespaceof thesystem

� ��� �

P1
��� a � r 	�
 P2; P2

��� b � s	�
 P1

� ��� �

P3
��� a �
��	�
 P4;

P4
��� b � t 	�
 P3 �

� c � r 	�
 P5; P5
��� b � s	�
 P3

Fig. 2: Screenshotsof UML designsin ArgoUML with PEPA
equivalents

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

1. it avoidstheneedfor any descriptionsof state-spacerep-
resentations,whetherhigh-level or low-level; and

2. insteadof working with a large setof very small num-
bers the modellerworks with a small set of numbers
whichareordersof magnitudelarger.

Ourapproachto specifyingperformancemeasuresis to de�ne
UML componentswhichexposethecon�gurationsof interest
in the model. Behaviourally, suchcomponentsmay be re-
dundant,but they arenecessaryfor expressingperformance
measuresover the model. Typically suchcomponentswill
specifythat they passively witnessactiviteswhich have been
performedandchangestatein order to re�ect this informa-
tion. By programmingsuchcomponentscarefully it is possi-
ble thatthey do not increasethestatespaceof theunderlying
Markov Chainbut allow themodellerto observe thatsomese-
quenceof activitieshashappened,andto learntheprobability
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of this. We termsuchcomponentswitnessesor witnesscom-
ponents. Thusamodelof asystemwill becomprisedof com-
ponentswhich capturethe dynamicsof the systemandwit-
nesseswhichareintroducedto allow theexpressionof perfor-
mancemeasuresover thesystem.Wehaveusedthisapproach
previously [9].

We illustratetheuseof this methodwith a resourceexam-
ple anda queueexample. Oneperformancemeasurewhich
is typically of interestis the calculationof the utilisation of
resourcesin thesystem.To dothis themodellerneedonly ex-
presstheresourceasa simplecomponentasdescribedbelow
andthe utilisation canbe directly readfrom themodelsolu-
tion asthepercentageof timethatthecomponentspendsin the
Busystate.This pointsto resourceswhich areunder-utilised,
or over-utilised.

��� An idle resourcecanbeacquired� �

Idle
def

�

�

acquire� r1 ��� Busy

��� A busyresourcecanbereleased� �

Busy
def

�

�

release� r2 ��� Idle

Takingtheideaa little further, a �nite-capacityM/M/n queue
canbespeci�ed in PEPA with a list of componentde�nitions
endingwith thefollowing one.

��� noarrivalsareallowedwhenthequeueis full � �

Queuen
def

�

�

serve� µ��� Queuen � 1

Thepercentageof time thatthequeuewill befull canberead
off directly from theupdatedUML description.Thispointsto
thepossibilityof clientssendingrequestsfasterthanthey can
beservicedby a server.

5 Softwarearchitecture
In thissectionwedescribethearchitectureof ourapplication.
We have built on two existing softwaretools,ArgoUML and
thePEPA Workbench.WehaveusedArgoUML with nomod-
i�cations, so (up to minor XMI versiondifferences)it could
be replacedby any otherXMI-capableUML tool. We mod-
i�ed thePEPA Workbenchto make communicationbetween
the two tools easier. We begin by �rst describingthesetwo
toolsfor thebene�t of readerswhoarenot familiarwith them.
Thearchitectureof thesystemis summarisedin Fig. 3.

.xmi

.xmi

.pepa

.xml

Extractor

Reflector

Argo PEPA
Workbench

UML

Fig. 3: Softwarearchitectureof thetool

5.1 Ar goUML

ArgoUML is amodellingtool whichsupportssoftwaredevel-
operswhoareproducingsoftwaredesignsusingUML. It pro-
videsmany featureswhich arefamiliar from existing CASE
tools. Examplesof theseareeditorsfor graphicalnotations
suchasclassdiagramsandstatediagrams.

In addition, one of the distinctive featuresof ArgoUML
is that it provides good supportfor the cognitive aspectsof
design,includingsupportinginformalnote-takingon“To Do”
listsandothercreativity aids.In all, it providesaprofessional
andthoughtfully-engineeredUML developmentplatform.

As with mostmodernUML tools,ArgoUML exportsUML
modelsin theXMI documentformat,andloadssavedmodels
from the sameXMI format. This provides the import and
export formatsfor our othertools. TheXMI documentwrit-
ten by ArgoUML is readby our Extractor tool. The same
XMI documentandtheresultsfrom processingby thePEPA
Workbench(in XML format) are readby the Re�ector tool
to provide an updatedinput documentwhich is loadedby
ArgoUML.

5.2 The PEPA Workbench

ThePEPA stochasticprocessalgebrais supportedby a range
of tools including the PEPA Workbench[4], the Möbius
ModelingFramework [10], thePRISMprobabilisticsymbolic
modelchecker [11] andothers[12]. We have usedthePEPA
Workbenchsofar in this work but thedesignof our compan-
ion Extractorand Re�ector tools is general-purposeso that
it would be possibleto adaptour work to useeitherMöbius
or PRISM instead.Both MöbiusandPRISM offer capabili-
ties which the PEPA Workbenchdoesnot. Möbiussupports
multi-paradigmmodellingwherePEPA modelsarecombined
with SANs or ball-and-bucket modelsasusedby MARCA.
PRISM provides probabilisticsymbolic model checkingal-
lowing modelsto becheckedagainstCSL formulae.Both of
thesetoolscouldbevaluablein ourongoingwork but anengi-
neeringchallengewould remainto allow the UML modeller
to accesstheir powerful capabilitieswithout �rst needingto
mastertheir technicalfoundations.

ThePEPA Workbenchexists in two distinctversions.The
�rst versionis anexperimentalresearchtool whichis codedin
thefunctionalprogramminglanguageStandardML [13]. The
secondis are-implementationof thisin theJavaprogramming
language.Theseareknown as“the ML edition” and“the Java
edition” respectively.

WeadaptedtheJava editionof thePEPA Workbenchto in-
teroperatewith our ExtractorandRe�ector tools. The Java
editionprovidesa graphicaluserinterfaceto assistthePEPA
modellerin working with models,accessingtoolssuchasthe
state�nder tool, the simulatoror the walkaboututility and
choosingbetweenarangeof steady-stateandtransientsolvers
anda rangeof outputformats.It would beimpracticalto use
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this userinterfacetogetherwith theArgoUML applicationso
we addeda command-lineinterfaceto thePEPA Workbench,
allowing it to be con�gured with a rangeof command-line
switches. Oneof theseswitchesrequeststhe Workbenchto
aggregatethe performanceresultsof the modelover the lo-
cal statesof eachPEPA component.Eachsuchcomponentis
a simplesequentialstatemachinewhich correspondsdirectly
to a UML statediagram.Eachof thesehasa very smallstate
spacerelativeto thestatespaceof themodelasawhole,mak-
ing the resultsetmuchmorecompact. Of coursethis com-
pactnessis necessarilyachieved at the expenseof losing in-
formationaboutparticularstatesof theglobalstatespace.

The PEPA Workbenchprocessesan input PEPA model
which the Extractorgeneratesfrom an input UML model in
XMI format. It writesits resultsasanXML documentwhich
is processedby theRe�ector tool.

The PEPA Web page at http://www.dcs.ed.ac.uk/
pepa is thedownloadsite for thePEPA Workbenchandsup-
portingsoftwareandpapers.

5.3 The extractor and re�ector tools

Theextractorandre�ector for PEPA alsoexist in two distinct
versions.

Theextractorandre�ector were�rst implementedasstand-
aloneapplicationsin thePythonprogramminglanguage[14].
Theseversionsof thesetools allow a UML modellerto ac-
cessthePEPA toolsasanalternative backendto their UML
modellingtools.Thisprovidesatypeof UML modelanalysis
(computationof steadystateresidenceprobabilities)which is
not currentlyavailablein theUML tools.

Theextractorandre�ector arealsoavailableasJava pack-
ageswithin the Java edition of the PEPA Workbench. This
implementationallowsPEPA modellersto usetheUML tools
asanalternative front endto thePEPA modellingtools. This
providesa typeof PEPA modelrepresentation(graphicalde-
scriptionsof communicatingstatemachines)whichis notcur-
rentlyavailablein thePEPA tools.

Furtherdescriptionsof theseextractorsandre�ectorsnow
follow.

5.3.1 The Extractor asa Python module

TheExtractorapplicationhasbeenimplementedasa Python
module. It readsin the XMI �le generatedwhen saving a
UML model with ArgoUML (or a similar tool) and returns
thecorrespondinginput �le for thePEPA Workbench.

We usethe Minidom XML parserto parsethe XMI �le.
Oncewe have convertedtheXMI �le streaminto a DOM ob-
ject, we can then accessthe individual tagsby name. The
documentis representedasa treestructure.Whenprocessing
theXMI �le we look for all theelementsthatwe will needto
provide in thePEPA modelwhichwe produceasoutput.

Wehave developed� ve differentmodules:

� Extractor, to extractinformationfrom aUML model;
� PEPA Extractor, to extract information speci�c to

PEPA;
� StateMachine, to extractinformationrelatedto statema-

chinesandtheir components;
� Collaboration, to extractinformationrelatedto collabo-

rationdiagrams;and
� Cooperation, to generatethe PEPA systemequation

(from thecollaborationdiagram).

An object of classExtractor can performa numberof fun-
dementaloperations.The two key methodsareparse() and
get element().

ThePEPA Extractor classde�ned in this moduleis a sub-
classof theExtractorclass.All methodsof theExtractorclass
areinherited.

The most signi�cant method of this class is gener-
ate PEPA(). It calls threefurther methods(generate rates(),
generate terms() and generate systemequation()) to �ll an
array PEPA output with the PEPA syntaxcorrespondingto
thecurrentmodel.

The classesStateMachine and Collaboration call a con-
structorthatacceptsanobjectof classExtractorwhichis later
usedto retreive elementsfrom theDOM model.

TheclassStateMachineprovidesmethodsandfunctionsto
extract informationrelatedto statemachinesandtheir com-
ponentsfrom themodel.

TheclassCollaborationprovidesamethodwhichis named
get associations. This returnsanarraycontainingpairsof as-
sociatedinstances.

The Cooperation modulecontainsthe de�nitions for two
classes:NodeandLeaf. WhenthePEPA Extractoris gener-
atingthesystemequation,it builds a treeconsistingof nodes
andleaves.A Noderepresentsa cooperation(

�
	

), consisting
of left andright branches,anda setof synchronisers.A Leaf
containsa state,andtheclassinstancefrom thecollaboration
diagramthatit represents.

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

Takingtheinformationfrom aUML collaborationdiagram
as shown in Figure 4 we can assemblea collaborationline
(e.g. P1<a,b>P3 ). We look for the initial statesusing the
matchingof context andclassi�er role, andthenlook for the
activity namesin thesynchronisationset.

5.3.2 The Re�ector asa Python module

TheRe�ector takesasits parametertheoriginalXMI �le and
theXML �le thatcontainsall theresultsfrom thePEPA Work-
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� ��� �

A �
	

�

a � b�

B

Fig. 4: UML collaborationdiagram

bench.It returnsa modi�ed XMI �le, which whenloadedin
ArgoUML will show themodi�ed model.

We useMinidom to parsethe original XMI �le andalso
to build the modi�ed XMI �le by creatingthe branchesand
leavesof thedocument.Thexml.dom.minidom modulesup-
portsa very simple interfacefor addingnew XML tagsand
datato anXML document.

We parsethe XMI �le correspondingto the UML model
andtheXML �le correspondingto thePEPA Workbenchre-
sults. WhenprocessingthePEPA Workbenchresults�le, for
eachstate,we look for the probability tag and identify its
value. Thenwe modify our original XMI �le wherefor each
statemachine , for eachstate , we add the corresponding
probability.

5.3.3 The Extractor asa Java package

Therearetwo primary classesin the extractor package:Ex-
tractor andPEPA Extractor.

TheclassExtractor performs�le handling,DOM parsing,
andprovidesconvenientmethodsto makecertaininformation
in theDOM treemoreaccessible.

Theparse() methodtakesanobjectof classFile. If the�le
is acompressedarchive(Zargo)�le, it will locatetheXMI �le
within the archive usingthe java.util.zippackage.The XMI
�le is parsedusing the javax.xml.parsers.DocumentBuilder
DOM parserresultingin aDocumentobjectput into domdoc.
The �le will beput into xmi �le . A successfulparsewill re-
turn true , otherwisefalse will bereturned.

ThegetElement() methodwill returntheElementfrom the
DOM treewhosexmi.id attribute matchesthe given string
value.Thiscanbequitetimeconsuming,andsoacachetable
is maintainedcalleddom elementcache.

The getName() staticmethodlocatesthe “name” child of
the speci�ed node. The valueof this nodeis returned.Any
existingperformanceannotationsareignored.

The getChild() static methodwill return the child of the
speci�ed node, whose tag namematchesthe given string
value.

ThegetByRef() methodusesgetChild() to locatethenamed
child of thespeci�ed node. Thechild of this nodewill have
anattributexmi.idref . Using thegetElement() method,the
nodewith the matchingxmi.id attribute is returned. The
getAllByRef() methodreturnsall suchreferencednodes.

ThegetOwned() staticmethodusesgetChild() to locatethe
“ownedElement”child of thespeci�ed node.All childrenof
thischild arereturned.

TheclassPEPA Extractor is asubclassof theclassExtrac-
tor. It extractsfrom theDOM treetheinformationneededto
generatea correspondingPEPA model. As it doesso,anab-
stractsyntaxis generatedwhich is thenconvertedinto a con-
crete,stringrepresentation.

Therearea numberof methodsusedto locatespeci�c ele-
mentsin themodelor partsof it, in particularStateDiagrams
andCollaborationDiagrams. Although important,thesedo
not affect the generationof the PEPA model. (One point
worth noting is that the return type of getAssociations(), a
two-dimensionalarrayof Elementobjects,representsan ar-
ray of pairsof associatedElements). Themethodsdescribed
below areusedin thegenerationof thePEPA model.

The generatePEPA() method makes three calls
to getPEPA de�nitions(), getPEPA rates() and get-
PEPA cooperation() in that order and returns an array
of strings.Althoughtheratesappearbeforethede�nitions in
the output, they aregeneratedby getPEPA de�nitions() and
sotheorderin which they arecalledmatters.

The getPEPA de�nitions() methodconverts to string rep-
resentationthe De�nition objects returned by generate-
PEPA de�nitions() which takes a single StateMachine El-
ementobject. For each State Element in the state ma-
chine,generatePEPA de�nitions() producesa De�nition ob-
ject,composedof objectsfrom thepepa.processpackage.The
behavioursin ade�nition aresortedontargetstate,andthelist
of de�nitions correspondingto astatemachinearesortedwith
theinitial state�rst.

The getPEPA rates() methodproducesa numberof rate
variableassignments,initialising to a default value all rate
variablesencounteredwhile producing the componentbe-
haviours.

The getPEPA cooperation() method producesa single
PEPA cooperationcomponent,composedof the atomic co-
operationscreated by generatePEPA cooperations() from
the associationsin the CollaborationDiagram. There are
two classesusedto representcooperations:CoopNodeand
CoopLeaf. An object of the CoopLeaf class has two
�eld values determiningits identity: the componentsini-
tial State Elementobject and an Elementrepresentingthe
ClassifierRole (aparticularinstanceof a class).Thereis a
differenceworth noting betweenthe two contains() methods
in bothclasses.OnetakesaCoopLeafobjectasanargument,
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the otheran State Elementobject. The former will return
true if f theCoopNodeor CoopLeafonwhichit is calledcon-
tainsan exactmatch,or is itself an exactmatchof the given
instance. The latter will return true if thereis anotherin-
stanceof the sameclasspresent. This makes it possibleto
successfullyinsertrepeatedcomponents.

The writePEPA() method calls the generatePEPA()
method,andwritesthemodelthat is returnedto a .pepa �le.
The �lename is determinedfrom the input �lename, simply
replacingthe.xmi or .zargo with .pepa andwriting the�le
to thesamedirectory.

5.3.4 The Re�ector asa Java package

Thereis oneclassin this packagecalledRe�ector. This sim-
ple classhastwo static �elds which storethe original XMI
or compressedarchive (Zargo) �le thatwasparsedusingthe
PEPA Extractor, andtheXML �le thatholdstheresultsgen-
eratedby thePEPA Workbench.

The static methodre�ect() then performsthe re�ection.
The two �les areparsedusingtheparse() methodof theEx-
tractor class,theparsedDocumentobjectsbeingreturnedus-
ing its getDocument() method. The resultscontainedwithin
theXML �le areextractedto ahashtablecontainingprobabil-
ities indexedby thestatesthey represent.TheXMI modelis
thenupdatedwith the resultsby annotatingeachstatename
with theprobabilityassociatedto it. All statenamesmustbe
unique.ThePEPA Workbenchwill faultany modelin whicha
componenthasmorethanonede�nition asbeingsemantically
ill-formed andprint adiagnosticerrormessageexplainingthe
fault.

The modi�ed model is then written back to �le. If the
original �le had the suf�x .xmi , the suf�x of the re�ected
modelwill be.reflected.xmi . Similarly with acompressed
archive �le. Thisensurestheoriginalmodelis notactuallyal-
tered.

5.3.5 Using the Java packages

These two packages become pepa.extractor and
pepa.re�ector respectively. The two methods of invo-
cation either instantiate the pepa.gui.jpwb class or the
pepa.tty.JPWBttyclass. The former is an interactive version
of the Workbench,which allows the modeller to use any
of the PEPA Workbench analysis methods, for example
computingtransientanalysismeasures,simulatingthemodel
or single-steppingthroughit with thedebugger. This version
is bestsuitedfor PEPA modellerswho are using the UML
tools as a graphicaleditor for PEPA. The latter performs
the loading and solving at the commandline, computing
steady-stateprobabilitiesfor the model. This versionis best
suitedfor UML modellerswho areusingthe PEPA tools to
provide ananalyserfor their UML model.

In bothcases,beforethepointatwhichthemodelis loaded
in the methodloadmodel(), beforethe �lename is processed
furtherby thePEPA Workbench,a checkis performedto de-
termineif the input �le is an XMI or a compressedarchive
�le. If it is indeedoneof these,thePEPA Extractor is instan-
tiated,themodelparsed,andthePEPA modelgenerated.The
�lename of this new .pepa �le is thenpassedon for loading
into thePEPA Workbench.

When the PEPA Extractor successfullyparsesa model,
the File object is passedto the Re�ector using its staticse-
tOriginal() method. Similarly, when the PEPA Workbench
solves a model and producesan XML results �le, a File
object is passedto the Re�ector using its static setResults()
method.Thelattercall is performedby solve() methodof the
pepa.pepa.Peparoni class.

OncetheRe�ectorhasthetwo �les it needsto proceedwith
re�ection, the static re�ect() methodis called,againby the
solve() methodof thepepa.pepa.Peparoni class.If re�ection
is not intendedto occur, at leastoneof 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 extractingPEPA modelsfrom UML statediagrams
andcollaborationdiagrams.

Thealgorithmfor generatingde�nitions of sequentialcom-
ponentsfrom statemachinesis relatively simpleandinvolves
traversingthetransitionsof thestatediagramsandaccumulat-
ing behaviours which arepresentedaschoicesin the de�ni-
tion of thecomponent.Thegenerate de�nitions algorithmis
presentedin Fig. 5.

1: terms � emptylist
2: for eachstatemachineSdo
3: for eachstates (of S) do
4: beh � emptylist
5: for eachoutgoingtransitiont (of s) do
6: w � nameof triggereventof t
7: r � contentsof “rate(...)” expressionof t
8: target � nameof targetstateof t
9: beh � beh+ “(w, r).target”

10: end for
11: n � nameof states
12: terms � terms+ “# n = beh0 [ + beh1 [ + ... ] ]”
13: endfor
14: end for
15: return terms

Fig. 5: Algorithm generate de�nitions

Transformingthediagrammaticrepresentationof asequen-
tial statemachineinto the textual descriptionof a sequential
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PEPA componentis the moststraightforward part of the ex-
tractionprocess.The morecomplex part is the extractionof
the instancesof thesemachineswhich arecomposedin par-
allel in thePEPA systemequation.Thesecomponentsarein-
stantiatedbycooperationsetswhichspecialisetheirbehaviour
andde�ne thepatternsof communicationbetweeninstances.

The algorithmto generatethe PEPA systemequationtra-
versesthecollaborationdiagram(anundirectedgraph)in or-
der to generatean abstractsyntaxtree of the systemequa-
tion. The nodesin this treearecooperationsbetweena left
cooperandanda right cooperandover a setof activity names.
Eitherof the left or right cooperandmight beothernodesor
they might be leaves containinginstancesof the sequential
componentsextractedfrom thestatediagrams.

1: cooperations � emptylist
2: for eachassociationa (of thecollaborationdiagram)do
3: left inst � left elementof a
4: right inst � right elementof a
5: left sm � statemachineof theclassof left inst
6: right sm � statemachineof theclassof right inst
7: left � Leaf(initial stateof left sm, left inst)
8: right � Leaf(initial stateof right sm, right inst)
9: sync � (eventsin left sm) � (eventsin right sm)

10: cooperations � cooperations+ Node(left, sync, right)
11: end for
12: root � �rst elementin cooperations
13: remove �rst elementfrom cooperations
14: while cooperationsis notemptydo
15: counter � 0
16: for eachcooperationc (in cooperations) do
17: root � insert(root, c) /* seeFig.7for insert */
18: if root haschangedthen
19: remove c from cooperations
20: counter � counter+ 1
21: end if
22: end for
23: if counteris still 0 then
24: break while /* �x ed-pointfound */
25: end if
26: endwhile
27: syseqn � convert root to string
28: return syseqn

Fig. 6: Algorithm generate systemequation

The algorithm generate systemequation, presentedin
Fig. 6, traversesthe collaborationdiagramgraphin an arbi-
trary orderto build a list of pairwisecollaborationsbetween
instancesof sequentialcomponents.Synchronisationsetsare
inferredfor thesepairings. Thesynchronisationsetwhich is
inferred is the setof actionswhich arecommonto both the
left cooperandandtheright cooperand.

The list of collaborationpairs which is producedby this

insert(root, new, times� 0)
1: if root is a Leaf andnew is a Leaf then
2: return Node(root, [], new)
3: elseif root is a Leaf then
4: return new
5: elseif new is a Leaf then
6: if root� left containsa new instancethen
7: new left � insert(root.left, new)
8: return Node(new left, root� actions, root� right)
9: elseif root� right containsa new instancethen

10: new right � insert(root.right, new)
11: return Node(root� left, root� actions,new right)
12: else
13: return rootunchanged
14: end if
15: end if
16: if root� left contains new � left and root� right contains

new � right then
17: new actions � root� actions� new � actions
18: return Node(root.left, new actions, root.right)
19: elseif root� left containsnew � left then
20: if root� right containsanew � right instancethen
21: if new.actions � root.actionsthen
22: new right � insert(root.right, new.right)
23: return Node(root.left, root.actions, new right)
24: end if
25: end if
26: new left � insert(root.left, new)
27: return Node(new left, root.actions, root.right)
28: elseif root� right containsnew � right then
29: if root� left containsa new � left instancethen
30: if new.actions � root.actionsthen
31: new left � insert(root.left, new.left)
32: return Node(new left, root.actions, root.right)
33: end if
34: end if
35: new right � insert(root.right, new)
36: return Node(root.left, root.actions, new right)
37: end if
38: if times � 0 then
39: return rootunchanged
40: end if
41: swapleft andright leavesof new
42: return insert(root, new, 1)

Fig. 7: Algorithm insert

processis thenfolded to build the systemequation. This is
achievedby repeatedinsertinganew collaborationinto anex-
isting (initially empty)systemequation.

Thealgorithmtoperformthisinsertionis surprisinglycom-
plex (Fig. 7). Most of the complexity stemsfrom the com-
monly occurringcasewherea modelcontainsmorethanone
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instanceof a given sequentialcomponent. For example,a
modelof asystemwhichhastwo serversandtenclientswould
have two instancesof theServercomponentandteninstances
of theClient component.

In building the systemequationfor such a systemit is
essentialthat the repeatedcopiesof a componentde�nition
arenot forcedto synchroniseon all of their commonactions.
Sinceall of their actionsarecommon,this would forcethem
to operatein lockstep,insteadof as independentreplicated
instancesof a component.If a modellerwishedto represent
two instancesof a componentoperatingin lockstepthenthey
would representthis explicitly in the collaborationdiagram
with acollaborationlink betweenthetwo instances.

The operationof the insert algorithmis complex, but the
key to understandingits operationis to know that it is check-
ing for repeatedinstancesof componentswithin a system
equationandavoiding the accidentalcaptureof onecompo-
nent's behaviour by the synchronisationsetsgoverning the
behaviour of anothercopy of thiscomponent.

7 A simpleexample

We demonstrateour methodon a simple genericexample
model. Themodelis formedby a compositionof a two-state
componentandathree-statecomponent.To makethisgeneric
examplemoreconcrete,the two-statecomponentmight rep-
resenta client which requestsa serviceandreceivesa reply
andthethree-statecomponentmight representa proxyserver
which sometimesrepliesdirectly but at othertimesconnects
to anotherserver beforereplying.

Fig. 2 shows theoriginal UML modelusedfor our exam-
ple. Whenthis UML model is saved in ArgoUML, an XMI
�le is generated.If we usethe Extractorwith this XMI �le,
we obtain the PEPA modelwhich is shown in Fig. 8 in the
concretesyntaxof thePEPA Workbench.This is usedasthe

%r = 2.0;
%s = 2.0;
%t = 2.0;
#P4 = (c,r).P5 + (b,t).P3;
#P5 = (b,s).P3;
#P3 = (a,infty).P4;
#P1 = (a,r).P2;
#P2 = (b,s).P1;
P1 < a,b > P3

Fig. 8: PEPA modelgeneratedby theExtractortool

input for the PEPA Workbenchwhich then producesits re-
sultsin anXML �le. Wecannow usetheRe�ector to modify
theoriginal XMI �le, andmake theprobabilityof eachstate
appearon theUML diagrams(seeFig. 9).

� ��� �

P1 : 50
 0%� P2 : 50
 0%

� ��� �

P3 : 50
 0%� P4 : 25
 0%� P5 : 25
 0%

Fig. 9: Screenshotsof ArgoUML incorporatingPEPA results

8 Casestudy: a location tracking
system

As anexampleherewe considertheproblemof modellinga
systemwherethe locationof peopleandequipmentwithin a
building is monitoredby acentraltrackingsystem.TheJames
ClerkMaxwellBuilding atTheUniversityof Edinburghis no-
toriously confusingto navigateanda trackingsystemwould
be helpful in �nding thosevisitors who get lost in the maze
of corridors.Thesystemwouldalsohelpsecretaries�nd pro-
fessorswho may be in any numberof teachingandmeeting
roomsor colleagues'of�ces andwouldbeaninvaluableaidin
thehuntfor the(non-networked) laptopcomputerswhichcan
beborrowedfor thesecurepreparationof examinationpapers.

Locationtrackingsystemssuchastheseareimplemented
by the useof activebadges, credit-cardsizeddeviceswhich
transmituniqueinfra-redsignalswhich aredetectedby net-
worked sensors.Systemssuchasthesearealreadyin usein
several Europeanuniversitiesandin researchlaboratoriesin
theUSA. Thebatterylife of sucha device hastypically been
found to be arounda year[15] so it is necessaryto tunethe
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Fig. 10: Thestatediagramfor aperson

performanceof thesystemby adjustingtherateat which reg-
istrationisperformedin orderto conservebatterypowerwhile
simultaneouslyensuringthat thesystemgivesaccurateloca-
tion information.

A Markovian stochasticprocessalgebrasuchasPEPA is
well suitedto modellingthis systembecauseexponentialreg-
istrationintervals areusedto prevent the repeatedcollisions
betweentransmittingbadgeswhich would resultin lost mes-
sages[16]. This is the sameuseof randomnessasfound in
the Aloha packet-switchingnetwork: without it, a collision
would inevitably befollowedby anothercollision.

To keeptheexamplesmallwewill considerthesimplecase
of tracking the progressof a single personarounda single
�oor of a building. The �oor hasthreecorridorswhich are
numbered14, 15 and16, andwe assumethat thereis only a
singlesensorin eachcorridor. Thecorridorsarearrangedin
a U-shapeso that it is possibleto go from the14 corridor to
the15corridorandthento the16corridor(andtheotherway,
of course)but it is not possibleto go from the 14 to the 16
corridordirectly.

The behaviour of a personP who is wearing an active
badgecanbedescribedin termsof their movementfrom one
corridor to a neighbouringone and the registrationof their
badgewith thenearestsensor. TheUML diagramwhich de-
scribesthis behaviour is shown in Fig. 10.

The PEPA de�nitions which are extractedfrom this dia-
gramby thePEPA Extractorareshown below.

P14
def

�

�

reg14 � r � � P14 �

�

move15 � m��� P15

P15
def

�

�

move14 � m��� P14

�

�

reg15 � r � � P15

�

�

move16 � m��� P16

P16
def

�

�

reg16 � r � � P16 �

�

move15 � m��� P15

Sensorsacceptregistrationinformationandreport this back
to the centraldatabase.The statediagramfor the sensorin
the14corridoris shown in Fig. 11. Thestatediagramsfor the
othersensorsaresimilar.

The PEPA de�nitions extractedfrom the sensordiagrams
areshown below.

S14
def

�

�

reg14 ��� ��� S
�

14

S
�

14
def

�

�

rep14 � s��� S14

S15
def

�

�

reg15 ��� ��� S
�

15

Fig. 11: TheS14 sensorstatediagram

S
�

15
def

�

�

rep15 � s��� S15

S16
def

�

�

reg16 ��� � � S
�

16

S
�

16
def

�

�

rep16 � s��� S16

For a systemwith only onepersonto betrackedthedatabase
needonly store the most recently reportedposition. The
databaseupdatesits locationinformationasit receivesreports
from thesensors,changingstateto storethis information.The
statediagramfor thiscomponentis shown in Fig. 12.

Fig. 12: Thedatabasestatediagram

ThePEPA de�nitions extractedfrom thedatabasestatedi-
agramby thePEPA Extractorareshown below.

DB14
def

�

�

rep14 ��� ��� DB14 �

�

rep15 ��� � � DB15

�

�

rep16 ��� ���
DB16

DB15
def

�

�

rep14 ��� ��� DB14 �

�

rep15 ��� � � DB15

�

�

rep16 ��� ��� DB16

DB16
def

�

�

rep14 ��� ���
DB14 �

�

rep15 ��� � �
DB15

�

�

rep16 ��� ��� DB16

In the completesystemthe badge-wearerwill move asyn-
chronouslybut will registerwith thesensors.Thesensorsare
independentbut they all reportback to the database.There
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is no direct connectionbetweenthepersonandthedatabase.
All �o w of information is routedthroughthe sensorsin the
system.This structuralinformationabouttheconnectivity of
thesystemis recordedin thecollaborationdiagramshown in
Fig. 13.

Fig. 13: The collaborationdiagramfor the locationtracking
system

We caninitialise thesystemin any statewe wish, perhaps
with thebadge-wearerin the14corridorandthedatabasealso
recordingthis. If aPEPA modellerwascomposingthismodel
directly without usingour ExtractorandRe�ector tools then
it wouldbelikely thatthey mightexpressthesystemequation
for themodelasshown below [17]:

P14 � 	

�

regi �

�

S14
�

S15
�

S16 �

�
	

�

repi �

DB14

This expressesthe informationwhich is recordedin the col-
laborationdiagram(for example,that thereis no direct con-
nectionbetweenthepersonandthedatabase,norareany two
sensorsdirectly linked).However, theactualsystemequation
which is generatedby our Extractoris syntacticallydifferent,
but semanticallyidentical. The systemequationis obtained
by a graphtraversalof the collaborationdiagramleadingto
thefollowing expression.

�

�

P14 � 	

�

reg14 �

S14 �

�
	

�

reg16 �

rep14 �

�

DB16 � 	

�

rep16 �

S16 ���

�
	

�

reg15 �

rep15 �

S15

This expressionis not astidy andcompactastheonewhich
anexperiencedPEPA modellerwouldproducebut it is impor-
tant to rememberthat the modellerusingour Extractorand
Re�ector toolsneednever seethis expression.The modeof
operationwith thePEPA Workbenchis simply to loadeither
an XMI �le or a Zargo archive directly. The corresponding
PEPA �le is generatedfrom this andloadedin onestepwith-
out the needfor further intervention. After this model has
beenrun (to generateits statespace)solvingit to steadystate
solutionwill generatea modi�ed XMI �le or Zargo archive

in thesamedirectoryastheoriginal input. ThePEPA Work-
benchis shown processingthelocationtrackingsystemmodel
in Fig. 14.

Fig. 14: ThePEPA Workbenchsolving the locationtracking
systemmodel

9 Relatedwork

Oursis not the�rst work on usingUML with stochasticpro-
cessalgebras,nor even the �rst on usingUML with PEPA.
Pooley [18] previously discussedgeneratingPEPA models
from a combinationof sequencediagrams,collaborationdi-
agrams,and a combinedcollaboration/statediagram. His
methoddiffers from ours in that more typesof diagramare
usedand thereseemsto be no automaticprocedureusedto
generatethe PEPA model from the UML. In contrast,our
methodis automaticandcan be re-run after changesto the
UML modelin orderto generateandsolve anequivalentup-
datedPEPA model.

Mitton and Holton undertake an alternative mappingbe-
tweenPEPA andUML statecharts[20] but againtheirmethod
doesnot appearto beautomated.

In anotherpaperThomas,Munro, King andPooley com-
bine PEPA modelswith graphicalnotationsfor visualising
derivation graphs,PEPA componentinterfacesandotheras-
pectsof thesystemunderstudy[21]. This work providesan
interestinginsightinto thePEPA modellinglanguagefor mod-
ellerswho arenot familiar with thenotation.Their approach
is supportedby a prototypetool. Our contribution heredif-
fers in that we are using a standardand widely-understood
modelling language(UML) insteadof morespecialised,but
necessarilylesswell-understoodbespoke graphicalnotations.

A work closely relatedto ours in spirit, if not in detail,
is recentwork by PetriuandShenwhich mapsUML models
via XMI into layeredqueueingnetwork (LQN) performance
models[22]. This mappingis in onedirectiononly, so that
UML modelsaremappedinto LQN modelsbut thereappears
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to be no mappingof the performanceresultsobtainedfrom
the LQN modelbackup to the UML level. Thustheir tool
appearsto besimilar to ourExtractortool, combinedwith the
PEPA Workbench,but without anequivalentof our Re�ector
tool.

10 Conclusions

We have presenteda methodof deriving performanceinfor-
mation from UML models. Our methodis unusualin that
it greatlyreducestheamountof additionalnotationandcon-
ceptswhichneedto beunderstoodby themodellerwhencom-
paredto working directly with stochasticprocessalgebras,
Petrinets,queueingnetworksor othertraditionalperformance
modellingformalisms.Themethodis supportedby a tool set
which comprisessomeexisting modelling tools (ArgoUML
and the PEPA Workbench)and other translatorswhich we
have written to connectthem(the Extractorand the Re�ec-
tor). The translatorswhich interconnectthe applicationsare
general-purposeandcanbeadaptedto work with othermod-
elling tools.

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

Wehaveusedabespoke methodof addingperformancein-
formationto UML modelshere. We alsoplan to investigate
morestandardwaysof representingtheperformanceinforma-
tion in UML. This will probablyusetheSchedulabilityPer-
formanceandTime pro�le [23], asusedby PetriuandShen,
dependingon the availability of appropriateUML tool sup-
port.

Acknowledgements: The authorsare supportedby the
DEGAS (Design Environments for Global ApplicationS)
projectIST-2001-32072fundedby the FET Proactive Initia-
tive onGlobalComputing.

A Operational semanticsand the
underlying CTMC

Model componentscapturethe structureof the systemin
termsof its static components.The dynamicbehaviour of
the systemis representedby the evolution of thesecompo-
nents,eitherindividually or in cooperation.Theform of this
evolution is governedby a setof formal ruleswhich give an
operationalsemanticsof PEPA terms.Thesemanticrules,in
the structuredoperationalstyle of Plotkin, are presentedin
Fig. 15 without furthercomment;the interestedreaderis re-
ferredto [2] for moredetails.Therulesarereadasfollows: if
thetransition(s)above theinferenceline canbeinferred,then
we caninfer thetransitionbelow theline.

Pre�x

�

a � r � � E �

a � r �

� ����� E

Cooperation

E �

a � r �

� ����� E
�

E �
	

L
F �

a � r �

� ����� E
�

� 	

L
F

�

a �

� L �

F �

a � r �

� ����� F
�

E �
	

L
F �

a � r �

� ����� E �
	

L
F

�

�

a �

� L �

E
�

a � r1 �

� ����� E
�

F
�

a � r2 �

� �	��� F
�

E �
	

L
F

�

a � R�

� �	�
� E
�

�
	

L
F

�

�

a � L �

where R �

r1
ra

�

E �

r2
ra

�

F �

min
�

ra
�

E ��� ra
�

F � �

ra
�

E � is theapparentrateof a in E

Choice

E �

a � r �

� �	�
� E
�

E � F �

a � r �

� ����� E
�

F �

a � r �

� �	��� F
�

E � F �

a � r �

� �	��� F
�

Hiding

E
�

a � r �

� ����� E
�

E � L
�

a � r �

� ����� E
�

� L

�

a �

� L �

E �

a � r �

� ����� E
�

E � L �

t � r �

� ����� E
�

� L

�

a � L �

Constant

E
�

a � r �

��� E
�

A
�

a � r �

��� E
�

�

A
def

� E �

Fig. 15: Theoperationalsemanticsof PEPA
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Thus,asin classicalprocessalgebra,thesemanticsof each
termin PEPA is givenvia alabelledmulti-transitionsystem—
themultiplicities of arcsaresigni�cant. In thetransitionsys-
temastatecorrespondsto eachsyntactictermof thelanguage,
or derivative, andanarcrepresentstheactivity which causes
one derivative to evolve into another. The completeset of
reachablestatesis termedthe derivativesetof a modeland
theseform the nodesof the derivationgraph formedby ap-
plying thesemanticrulesexhaustively.

Thetiming aspectsof components'behaviourarenotrepre-
sentedin thestatesof thederivationgraph,but oneacharcas
theparameterof thenegativeexponentialdistributiongovern-
ing thedurationof thecorrespondingactivity. Theinterpreta-
tion is asfollows: whenenabledanactivity a �

�

a � r � will de-
lay for a periodsampledfrom thenegative exponentialdistri-
bution with parameterr. If severalactivities areenabledcon-
currently, eitherin competitionor independently, we assume
that a raceconditionexists betweenthem. Thustheactivity
whosedelaybeforecompletionis the leastwill be theoneto
succeed.Theevolution of themodelwill determinewhether
the otheractivities have beenabortedor simply interrupted
by the statechange.In eithercasethe memorylessproperty
of thenegativeexponentialdistributioneliminatestheneedto
recordthepreviousexecutiontime.

Whentwo componentscarryout anactivity in cooperation
therateof thesharedactivity will re�ect theworkingcapacity
of the slower component.We assumethat eachcomponent
hasacapacityfor performinganactivity typea, whichcannot
beenhancedby working in cooperation(it still mustcarryout
its own work), unlessthe componentis passive with respect
to that activity type. For a componentP andan actiontype
a, this capacityis termedthe apparent rate of a in P. It is
thesumof theratesof thea typeactivities enabledin P. The
apparentrateof a in a cooperationbetweenP andQ over a
will be the minimum of the apparentrateof a in P andthe
apparentrateof a in Q.

The derivation graphis the basisof the underlyingCon-
tinuousTime Markov Chain (CTMC) which is usedto de-
rive performancemeasuresfrom a PEPA model. The graph
is systematicallyreducedto a form whereit canbetreatedas
the statetransitiondiagramof the underlyingCTMC. Each
derivative is thena statein the CTMC. The transition rate
betweentwo derivativesP andQ in thederivationgraphis the
rateatwhichthesystemchangesfrom behaving ascomponent
P to behaving asQ. It is denotedby q

�

P� Q� andis the sum
of theactivity rateslabellingarcsconnectingnodeP to node
Q. In orderfor theCTMC to beergodic its derivation graph
mustbe stronglyconnected.Somenecessaryconditionsfor
ergodicity, at thesyntacticlevel of a PEPA model,have been
de�ned [2]. Thesesyntacticconditionsare imposedby the
grammarintroducedearlier.
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