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Intr oduction

This InternationalStandardorovidesa well-definedsemi-graphicatechniqueor the specifica-
tion, designandanalysisof systems.The technique High-level PetriNets,is mathematically
defined andmaythusbeusedto provide unambiguouspecification@nddescriptionof appli-
cations.lIt is alsoanexecutablgechniqueallowing specificatiorprototypedo be developedto
testideasat the earliestandcheapesbpportunity Specificationsvrittenin thetechniquemay
be subjectedo analysismethodgo prove propertiesaboutthe specificationsheforeimplemen-
tationcommenceghussaving on testingandmaintenancéme.

Petrinetshave beenusedto describea wide rangeof systemssincetheir inventionin 1962. A
problemwith Petrinetsis the explosionof the numberof element®f their graphicaform when
they areusedto describecomplex systemsHigh-level PetriNetsweredevelopedto overcome
this problemby introducinghigherlevel conceptssuchasthe useof complex structureddata
astokens,andusing algebraicexpressiondo annotatenet elements. The useof ‘high-level
to describethesePetri netsis analogoudo the useof ‘high-level’ in high-level programming
languagegasopposedo assemblyanguages)andis the usualtermusedin the Petrinetcom-
munity. Two of the early forms of high-level netsthat this standardouilds on are Predicate-
TransitionNets and ColouredPetri Nets, first introducedin 1979 and developedduring the
1980s. It alsousessomeof the notionsdevelopedfor AlgebraicPetrinets,first introducedin
themid 1980s.1t is believedthatthis standardcaptureshe spirit of theseearlierdevelopments
(seebibliography).

Thetechniquepromisego have multiple uses.For example,it may be useddirectly to specify
systemsor to definethe semanticof otherlessformal languages.Ilt may also sene to inte-

gratetechniguesurrently usedindependentlysuchas statetransitiondiagramsand dataflow

diagrams.Thetechniqueis particularlysuitedto parallelanddistributedsystemsdevelopment
asit supportconcurreng.

This InternationalStandardnaybe citedin contractdor the developmentf software (particu-
larly critical software),or usedby applicationdevelopersor Petrinettool vendorsor users.

This InternationalStandardprovidesan abstractmathematicabyntaxand a formal semantics
for the technique. Conformanceto the standardis possibleat several levels. The level of
conformancaelepend®n the classof high-level netsupportedandalsothe degreeto whichthe
syntaxis supportedThe basiclevel of conformances to the semantianodel.

Clausel describeshescopeareaf applicationandtheintendedaudiencef this International
Standard.Clause2 providesnormatve referencegnoneat present) while clause3 providesa
glossaryof termsand definesabbreiations. The main mathematicahpparatusequiredfor
definingthe standards developedin normatve Annex A, andreferredto in clause4. Thebasic
semantiaonodelfor High-level PetriNetsis givenin clause5, while the main conceptdehind
the graphicalform areinformally introducedin clause6. Clause7 definesthe High-level Petri
Net Graph,theform of the standardntendedfor industrialuse. Theinscriptionsaredefinedat
a metalevel allowing mary differentconcretesyntavesto be used. Clause8 further describes
syntacticalcorventions. Clause9 relatesthe graphicalform to the basicsemantiomodel. The
conformanceclauseis givenin clausel0. Normatve Annex B definesPlaceTransitionnets
(without capacitiespsarestrictionof thedefinitionof Clause7. PlaceTransitionnetsarewhat
mary readersvould considerto be Petrinets,with ‘black dots’ astokens,andpositive integers



for arc weights. Threeinformative annexesareincluded: Annex C definesa High-level Petri
Net Schemawhich allows classe®f systemgo bedescribedat a syntacticlevel; Annex D is a
tutorialontheHigh-level PetriNet Graph;andAnnex E providespointersto analysigechniques
for High-level PetriNets. A bibliographyconcludeghis InternationalStandard.

1 Scope

1.1 Purpose

This InternationalStandarddefinesa Petrinettechnique calledHigh-level PetriNets, includ-
ing its syntaxand semantics.It provides a referencedefinition that can be usedboth within
and betweenorganisationsto ensurea commonunderstandingf the techniqueand of the
specificationswritten using the technique. This InternationalStandardwill alsofacilitatethe
developmentandinteroperabilityof Petrinetcomputersupporttools.

This InternationalStandarddefinesa mathematicafemantianodel,an abstracinathematical
syntaxfor inscriptionsanda graphicalnotationfor High-level PetriNets.

This InternationalStandardloesnot provide a concretesyntaxnor atransfersyntaxandit does
not addresgechniquedor modularity (suchas hierarchies)augmentatiorof High-level Petri
Netswith time, andmethoddor analysiswhich may becomethe subjectof future standardisa-
tion efforts.

1.2 Field of Application

This InternationalStandards applicableto awide variety of concurrentdiscreteeventsystems
andin particulardistributedsystemsGenericfields of applicationinclude:

e requirementsnalysis;

developmenbf specificationsgesignsaandtestsuites;

descriptionf existing systemsprior to re-engineering;

modellingbusinessandsoftwareprocesses;

providing the semanticgor concurrentanguages;

simulationof systemdo increaseconfidence;

formal analysisof the behaiour of critical systemsand

developmentf Petrinetsupporttools.

This InternationalStandardnay be appliedto the designof a broadrangeof systemsandpro-
cessesincludingair traffic control,avionics,banking,biologicalandchemicalprocessedyusi-
nessprocessesgcommunicationprotocols,computerhardware architecturescontrol systems,
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databasesjefencecommandand control, distributed computing,electroniccommerce fault-
tolerantsystemshospitalproceduresinformationsystems|nternetprotocolsandapplications,
legal processedpgistics, manufcturingsystemsmetabolicprocessesnusic, nuclearpower
systems operatingsystems transportsystems(including railway control), security systems,
spacetelecommunicationandworkflow.

1.3 Audience

This InternationalStandards writtenasareferencdor systemsanalystsdesignersgevelopers,
maintainersandprocurersandfor Petrinettool designerandstandardslevelopers.

2 Normative References

None.

3 Terms, Definitions, Abbreviations and Symbols

For the purposeof this InternationalStandardthefollowing definitions,abbreviationsandsym-
bolsapply. Any ambiguityin the definitionsis resoled by the mathematicallyprecisedefini-
tionsin thebodyof this InternationalStandard.

3.1 Glossary

3.1.1Arc: A directededgeof a netwhich may connecta placeto atransitionor a transitionto
aplace.Normally representetdy anarrow.

3.1.1.1Input Arc (of atransition): An arcdirectedfrom a placeto thetransition.
3.1.1.20utput Arc (of atransition): An arcdirectedfrom thetransitionto aplace.

3.1.1.3Ar cannotation: An expressiorthatmayinvolve constantsyariablesandoperatorsised
to annotateanarcof anet. The expressiormustevaluateto a multisetoverthetype of thearc’s
associateglace.

3.1.2Arity : Theinputsortsandoutputsortfor anoperator

3.1.3Assignment For a setof variables,the associatiorof a value (of correcttype)to each
variable.

3.1.4Basisset Thesetof objectsusedto createa multiset.
3.1.5Binding: SeeAssignment.
3.1.6Carrier : A setof a mary-sortedalgebra.

3.1.7Concurrency. Thepropertyof asystemn which eventsmayoccurindependentiypf each
other andhencearenot ordered(seealsoStepandConcurrenEnabling).



3.1.8Declaration: A setof statementsvhich definethesets constantsparametevaluestyped
variablesandfunctionsrequiredfor definingtheinscriptionson a High-level PetriNet Graph.

3.1.9Enabling (a transition): A transitionis enabledn a particularmodeand net marking,
whenthefollowing conditionsaremet:

The markingof eachinput placeof the transitionsatisfiegshe demandmposedon it by its arc
annotatiorevaluatedor theparticulartransitionmode.Thedemands satisfiedvhentheplaces
markingcontaing(at least)the multisetof tokensindicatedby the evaluatedarcannotation.

NOTE: Thedeterminatiorof transitionmodesguaranteethatthe TransitionConditionis satis-
fied (seeTransitionMode).

3.1.10Concurrent Enabling (of transition modes) A multisetof transitionmodess concur
rently enabledf all theinvolvedinput placescontainenoughtokensto satisfythe sumof all of
thedemandsmposedon themby eachinput arcannotatiorevaluatedfor eachtransitionmode
in themultiset.

3.1.11High-level Net (High-level Petri Net): An algebraicstructurecomprising: a set of
places;a setof transitions;a setof types;a function associatinga type to eachplace,anda
setof modes(a type) to eachtransition; Pre function imposingtoken demandgmultisetsof
tokens)on placesfor eachtransitionmode;Postfunction determiningoutputtokens(multisets
of tokens)for placedor eachtransitionmode;andaninitial marking.

3.1.12High-level Petri Net Graph: A netgraphandits associatec&nnotationscomprising
PlaceTypes,Arc Annotations,TransitionConditions,andtheir correspondinglefinitionsin a
setof Declarationsandaninitial Marking of the net.

3.1.13Many-sorted Algebra: A mathematicaktructurecomprisinga setof setsanda setof
functionstakingthesesetsasdomainsandco-domains.

3.1.14Marking (of a net): Thesetof the placemarkingsfor all placesof thenet.

3.1.14.1Initial Marking (of the net): The setof initial placemarkingsgivenwith the high-
level netdefinition.

3.1.14.2nitial Marking of a place A specialmarkingof a place,definedwith the high-level
net.

3.1.14.3Marking of a place A multisetof tokensassociateavith (‘residingin’) theplace.

3.1.14.4ReachableMarking : Any marking of the net that can be reachedfrom the initial
markingby the occurrencef transitions.

3.1.14.5Reachability Set Thesetof reachablenmarkingsof the net,includingtheinitial mark-
ing.
3.1.15Multiset: A collectionof itemswhererepetitionof itemsis allowed.

3.1.15.IMultiplicity : A naturalnumberi.e.,non-ngativeinteger)whichdescribeshenumber
of repetitionsof anitemin amultiset.

3.1.15.2Multiset cardinality (cardinality of a multiset): Thesumof themultiplicities of each
of thememberf themultiset.

3.1.16Net: A generatermusedto describeall classe®f Petrinets.



3.1.16.1Net Graph: A directedgraphcomprisinga setof nodesof two differentkinds, called
placesandtransitions,andtheir interconnectiorby directededgescalledarcs,suchthatonly
placescanbe connectedo transitionsandtransitionsto places but never transitionsto transi-
tions, nor placesto places.

3.1.16.2Node (of a net): A vertex of anetgraph(i.e.,aplaceor atransition).

3.1.16.3Petri Net: An algebraicstructurewith two sets,onecalledplacesandthe othercalled
transitionsfogethemwith theirassociatedelationsandfunctions,andnamedaftertheirinventor
Carl AdamPetri.

3.1.16.4Place/Transition Net: A Petrinetcomprisinga netgraphwith positive integersasso-
ciatedwith arcsandaninitial markingfunction which associates naturalnumberof simple
tokens(‘black dots’) with places.

3.1.170perator: A symbolrepresentinghe nameof afunction.

3.1.18Parameter: A symbolthatcantake arangeof valuesdefinedby a set. It is instantiated
asaconstant.

3.1.19ParameterizedHigh-level Net Graph: A high-level netgraphthatcontaingparameters
in its definition.

3.1.20Place A nodeof anet,takenfrom the placekind, normallyrepresentetdy anellipsein
thenetgraph.A placeis typed.

3.1.20.1nput Place(of atransition): A placeconnectedo thetransitionby aninputarc.
3.1.20.20utput Place(of a transition): A placeconnectedo thetransitionby anoutputarc.

3.1.20.3Place Type: A non-emptysetof dataitems associatedvith a place. (This setcan
describeanarbitrarily comple datastructure.)

3.1.21Reachability Graph: A directedgraphof nodesandedgeswherethenodescorrespond
to reachablenarkings,andthe edgescorrespondo transitionoccurrences.

3.1.22Signature/Many-sorted signature: A mathematicastructurecomprisinga setof sorts
andasetof operators.

3.1.22.1Booleansignature: A signaturewhereoneof the sortsis Bool, correspondingdo the
carrierBooleanin ary associatealgebraandoneof the constantss truepg,, correspondingo
thevaluetruein thealgebra.

3.1.23Sort: A symbolrepresentinghe nameof a set.
3.1.23.1Argument Sort: Thesortof anagumentof anoperator
3.1.23.2nput Sort: Thesameasanargumentsort.
3.1.23.30utput Sort: Thesortof anoutputof anoperator
3.1.23.4RangeSort: Thesameasanoutputsort.

3.1.24Term: An expressioncomprisingconstantsyariablesandoperatorduilt from a signa-
tureandasetof sortedvariables.

3.1.24.1Closed Term: A term comprisingconstantsand operatorsbut no variables. Also
known asa Ground Term.



3.1.24.2Term Evaluation: The resultobtainedafterthe binding of variablesin theterm, the
computatiorof theresultsof the associatedunctions,andary simplificationsperformed(such
asgatheringdik e termsto obtainthe symbolicsumrepresentationf a multiset).

3.1.25Token: A dataitem associateavith a placeandchoserfrom the placestype.

3.1.25.1Enabling Tokens The multisetof valuesobtainedwhen an input arc annotationis
evaluatedfor a particularbindingto variables.

3.1.25.2Simple Token: A valuelesgoken, normally representedby a black dot, and usedin
Place/Tansitionnets(asopposedo high-level nets).

3.1.26Transition: A nodeof anet,takenfrom thetransitionkind, andrepresentetly arectan-
glein thenetgraph.

3.1.26.1Transition Condition: A boolearnexpressiorn(onethatevaluatego true or false)asso-
ciatedwith atransition.

3.1.26.2Transition Mode: A paircomprisingthetransitionanda mode.

3.1.26.2.]Mode: A valuetakenfrom thetransitionstype. WhenconsideringaHigh-level Petri
Net Graph,a modemay be derived from an assignmenbf valuesto the transitions variables
thatsatisfieghetransitioncondition.

3.1.26.3Transition Occurrence(Transition Rule): If atransitionis enabledn amode, it may
occurin thatmode.Onthe occurrencef thetransition,thefollowing actionsoccurindivisibly:

1. For eachinput placeof thetransition:theenablingtokensof theinputarcwith respecto that
modearesubtractedrom theinput places marking,and

2. For eachoutputplaceof the transition: the multisetof tokensof the evaluatedoutputarc
expressions addedo the markingof the outputplace.

NOTE: A placemaybebothaninput placeandanoutputplaceof the sametransition.

3.1.26.4Step The simultaneousccurrenceof a multisetof transitionmodesthatare concur
rently enabledn a marking.

3.1.26.5Transition Variables: All the variablesthatoccurin the expressionsassociateavith
the transition. Thesearethe transitioncondition,andthe annotationf arcssurroundingthe
transition.

3.1.27Type: A set.

3.2 Abbreviations

3.2.1HLPN: High-level PetriNet.
3.2.2HLPNG: High-level PetriNet Graph.
3.2.3HLPNS: High-level PetriNet Schema.
3.2.4PN: PetriNet.

3.2.5PTNG: Place/TansitionNet Graph.
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4 Conventionsand Notation

This InternationalStandarduseshe notationfor sets multisetsanduniversalalgebradefinedin
Annex A. Annex A alsodefineghe concepbf multisetaddition,(usingthe*+’ symbol),which
shouldnotbe confusedwith arithmeticaddition. The notion of multisetsis requiredfor clauses
5,6, 7,8 and9. An understandin@f mary-sortedsignaturessortedvariablesandmary-sorted
algebragprovidedin Annex A is requiredfor clauses’ and9 andAnnexesB andC.

Wherever possiblestandardnathematicahotationhasbeenused.An instanceof notationspe-
cific to Petrinetsis whena markingof the netis transformedo a new marking.

M|[T,)M' is usedto denotethata new marking,M’, is createdon the occurrenceof a multiset
of transitionmodes,T},, whenin themarking M.

This notationis definedin clauseb, andsimilar notationis usedin clauser.

In high-level nets,an arc may be annotatedy a variableor constant(or combination)of the
sametype asthe arc’s place. The evaluationof the arc expressionis thus an elementof the
placestype. By corvention,if anarcexpressiorevaluatego anelemenbf theplacestype,this
is interpretedasthe correspondingingletonmultisetover the places type. This is necessary
as an arc annotationwhen evaluatedmust be a multiset over the associateglaces type. A
similar corventionapplieswhenan arc expressionevaluatesto a set, which may be a subset
of the associateglaces type. This is interpretedas a multiset over the places type, with
correspondingnultiplicities of zeroandone.

Thegraphicalnotationusedin clauseb6 is thatdefinedin clauses.

5 SemanticModel for High-level Petri Nets

This clauseprovidesthe basicsemantianodelfor High-level PetriNets(HLPN).

5.1 Definition
A HLPN isastructureH LPN = (P, T, D; Type, Pre, Post, M) where

e P is afinite setof elementsalledPlaces.

T is afinite setof elementsalledTransitionsdisjointfrom P (P N'T = ().

D is anon-emptyfinite setof non-emptydomainswhereeachelementof D is calleda
type.

Type : PUT — D is afunction usedto assigntypesto placesandto determine
transitionmodes.

e Pre, Post: TRANS — uPLACE arethepreandpostmappingswith
TRANS ={(t,m) |t € T,m € Type(t)}
PLACE ={(p,g) | p € P,g € Type(p)}
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e M,y € uPLACEFE is amultisetcalledtheinitial markingof thenet.

NOTE: uPLACEFE isthesetof multisetsovertheset, PLACE (seeAnnex A, sectionA.2).

5.2 Marking of HLPN

A Marking of theHLPN is amultiset,M € uPLACE.

5.3 Enabling of Transition Modes
5.3.1 Enabling of a Single Transition Mode

A transitionmode,tr € TRANS, is enabledatamarking M iff

Pre(try < M

5.3.2 Concurrent Enabling of Transition Modes

A finite multisetof transitionmodes T, € yTRANS, is enabledata marking M iff
Pre(T,) <M
wherethelinearextensionof Pre is givenby

Pre(T,) = Z T,(tr)Pre(tr).
treTRANS

All transitionmodesin 7}, aresaidto be concurently enabledif 7}, is enabled,.e. thereare
enoughtokensontheinputplacedo satisfythelinearcombinatiorof the premappingdor each
transitionmodein 7,.

This definitionallows atransitionmodeto be concurrentlyenabledwith itself. Alsoif |7),| = 1,
thenthis reducego thedefinitionin the previous subclause.

5.4 Transition Rule

Giventhata finite multisetof transitionmodes 7, is enabledata marking M/, thena stepmay
occurresultingin anewv marking M’ givenby

M'= M — Pre(T,) + Post(T},)

wherethelinearextensionof Post is used.
A stepis denotedoy M[T,) M’ or NV
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NOTE: A stepmay comprisethe occurrenceof: a singletransitionmode;or any numberof
concurrentlyenabledransitionmodes.

6 ConceptsRequiredfor High-level Petri Net Graphs

6.1 Intr oduction

High-level Petri Nets can be definedin a numberof ways. Clause5 providesthe definition
of the basicmathematicasemanticnodel. The basicsemantiomodelis not whatis usedby
practitioners. High-level Petri Nets are normally representedising a graphicalform which
allows visualisationof systemdynamics(flows of dataand control). This approachs taken,
asit is the graphicalform of HLPNsthatis mostappropriatefor industrialuse. The graphical
formisreferredo asaHigh-level PetriNet Graph(HLPNG). It providesagraphicahotationfor
placesandtransitionsandtheir relationshipsand determineghe inscriptionsof the graphical
elements.

This clauseintroduceghe conceptghatareneededn thedefinitionof the High-level PetriNet
Graph.The conceptof enablingandtransitionrule arealsointroducedfor the graphicalform
to demonstratéow the netmay be executedto shov systemdynamics.Readersnterestedn a
tutorial expositionon High-level PetriNet Graphsarereferredto Annex D.

6.2 High-level Petri Net Graph Components

A High-level PetriNet Graph(HLPNG) comprises:

e A NetGraph consistingof setsof nodesof two differentkinds, calledplacesandtransi-
tions andarcsconnectingolaceso transitionsandtransitionsto places.

e PlaceTypes Thesearenon-emptysets.Onetypeis associatedavith eachplace.

e PlaceMarking. A collectionof elementgdataitems)chosernfrom the places type and
associatedvith the place. Repetitionof itemsis allowed. The items associatedvith
placesarecalledtokens

e Arc Annotations Arcs are inscribedwith expressionsvhich may compriseconstants,
variables(e.g., z,y) and function images(e.g., f(z)). The variablesare typed. The
expressionsare evaluatedby assigningvaluesto eachof the variables. Whenan arc’s
expressions evaluated,t mustresultin a collectionof itemstakenfrom thetype of the
arc’s place.Thecollectionmayhave repetitions.

e TransitionCondition A booleanexpressione.g.,rz < y) inscribingatransition.

e Declarations comprisingdefinitionsof placetypes,typing of variables,and function
definitions.

NOTE: A collectionof itemswhich allows repetitionsis known in mathematiceisa multiset.
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6.3 Net Execution

HLPNGsareexecutableallowing the flow of tokensaroundthe netto be visualised.This can
illustrateflow of controlandflow of datawithin the samemodel. Key conceptgyoverningthis
executionareenablingof transitionsandthe occurrenceof transitionsdefinedby the Transition
Rule

6.3.1 Enabling

A transitionis enabledwith respectto a netmarking A netmarkingcompriseghe setof all
placemarkingsof thenet.

A transitionis alsoenabledn a particulartransitionmode A transitionmodeis anassignment
of valuesto the transition’s variables thatsatisfieshe transitioncondition (i.e., the transition
conditionis true). Thetransitions variablesareall thosevariableshatoccurin the expressions
associatedvith the transition. Thesearethe transitioncondition,andthe annotationf arcs
involving thetransition.

Enablinga transitioninvolvesthe markingof its input places An input placeof atransitionis
a placewhichis connectedo thetransitionby anarcleadingfrom thatplaceto the transition.
An arcthatleadsfrom aninput placeto atransitionis calledaninput arc of thetransition.

A transitionis enabledn a specificmode,for a particularnetmarking. Eachinput arc expres-
sionis evaluatedfor the transitionmode,resultingin a multisetof tokensof the sametype as
thatof theinput place.If eachinput places markingcontainsat leastits input arc’s multisetof
tokens(resultingfrom the evaluationof the input arc’s expressionin the specificmode),then
thetransitionis enabledn thatmode.An exampleis givenin subclausé.4.

Theinputarc’s multisetof tokensresultingfrom the evaluationof theinputarc’s expressionn
aspecificmodeis calledtheinputarc’s enablingtokens with respecto thatmode.

Two transitionmodesare concurently enabledfor a particularmarking, if for the associated
transitions,eachinput places marking containsat leastthe sum of the enablingtokens(with
respecto bothmodes)of eachinputarcassociatedavith thatinput place.

6.3.2 Transition Rule for a Single Transition Mode

Enabledtransitionscanoccur. When a transitionoccurs,tokensare removed from its input
places,andtokensare addedto its outputplaces An outputplaceof a transitionis a place
which is connectedo the transitionby anarcdirectedfrom the transitionto the place.An arc
thatleadsfrom a transitionto a place(an outputplaceof thetransition)is calledan outputarc
of thetransition.

If a transitionis enabledin a mode, it may occurin that mode. On the occurrenceof the
transitionin a specificmode,thefollowing actionsoccuratomically:

1. For eachinput placeof thetransition:theenablingtokensof theinputarcwith respecto that
modearesubtractedrom theinput places marking,and

14
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Figure 1: HLPNG with a Transition Condition.

2. For eachoutputplaceof the transition:the multisetof tokens,resultingfrom the evaluation
of the outputarcexpressiorfor the mode,is addedo the markingof the outputplace.

NOTE: A placemaybebothaninput placeandanoutputplaceof the sametransition.

6.3.3 Stepof Concurrently Enabled Transition Modes

Several concurrentlyenabledtransitionmodesmay occurin one step thatis in one atomic
action. The changeto the marking of the netwhena stepoccursis given by the sumof all
the changeghat occurfor eachtransitionmode,asdescribedabore. An exampleis givenin
subclausé.4.

6.4 Graphical Conceptsand Notation

Thegraphicalrepresentationf the netgraphis introducedby the simpleexampleof aHLPNG
givenin figure 1.

This examplecomprisegwo places,namedpl andp2, onetransition,tl, andarcsfrom p1 to
t1, andtl to p2. Theplacesarerepresentedly ellipses(in this casecircles),thetransitionby a
rectanglg(in this example,a square)andthe arcsby arraws.

The declarationglefinetwo types, A and B, thataredifferentsubsetf the positive integers.
Variablex is of type A, andvariabley is of type B. Thetransitionis inscribedwith theboolean
expressionx<y, wherethe lessthan operatoris definedin the declarations. Arc (p1,t1) is
annotatedvith thevariablex, while arc(t1,p2)is annotatedvith y.

Placeplis typedby A andhasaninitial marking M,(pl)= 1'1 + 2'3, usingthe sumrepresen-
tation of multisetsof clauseA.2.1. This stateghatassociatedvith the placepl arethevaluel
andtwo instance®f thevalue3. Placep2is typedby B, andis emptyrepresentinghe empty
multiset, M, (p2)= 0.

A corventionadoptedn high-level nets,is thatarcsmaybe annotatedy variablesor constants
of the sametype asthe arc’s place. The evaluationof the arc expressions thusan elementof
theplacestype. By convention,thisis interpretedasthe correspondingingletonmultisetover
the places type. For example,for x boundto 1, andy boundto 3, the value associatedvith
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arc(pl,tl)is 1, whichis interpretedo meanthe multiset1'1, andsimilarly thevalueassociated
with arc(t1,p2)is 3, whichis interpretedo meanthemultiset1'3. Wherethereis ary possibility
of ambiguity the multisetcorversionoperator"’ shouldbe used.For example,moreformally,
theannotatioronthearc(p1,t1)would be1'x, ratherthanx.

In theinitial marking,t1 canbe enabledn thefollowing modes

{(1,3),(1,4),(1,5),(1,7),(3,4), (3,5), (3, 7)}
wherethefirst elementof eachpair represents bindingfor x, andthe seconda bindingfor y
which satisfiex<y.

It canbe seenthatthe multisetof modes,1'(1, 3) + 2'(3, 5), is concurrentlyenabled.Another
exampleof the concurrenenablingof modesis themultiset1'(1, 5) + 1'(3, 4) andyetanother
is1'(1,7) +1'(3,5) + 1'(3, 7).

If transitiont1 occurredn model'(3, 5), thentheresultantmarkingwould be:

M(pl=11+1'3
M(p2)=1'5.

Alternatively, if the multisetof modesl1'(1,3) + 2'(3,5) occurredconcurrently the resultant
markingwould be

M(@pl)=0
M(p2)= 1'3 + 2'5.

6.5 Conditionalsin Arc Expressionsand Parameters

The HLPNG of figure 2 usesa variantof the readers/writerproblemto illustrate mary of the
featuresof aHLPNG includingthe useof parameterandconditionalsn arcexpressions.

A number(N) of agentsprocessesyvish to accessa sharedresourcgsuchasafile). Access
canbein oneof two modes:shareds), whereup to L agentamayhave accesatthesametime
(e.g.,reading);and exclusive (e), whereonly one agentmay have accesqe.g.,writing). No
assumptionsremaderegardingscheduling A HLPNG modelof figure 2 illustratesthe useof
two parameterd, andN, bothof which arepositive integers.Thisis thereforea parameterized
HLPNG, whichrepresentafinitely mary readers/writersystemsEachinstantiationof N and
L would producea HLPNG, which couldthenbe executed.

It hasbeenassumedhattheinitial stateis whenall theagentsarewaitingto gainaccesgo the
sharedresourcgwith no queueingdisciplineassumed).In this example,the initial markings
aregivenin thedeclaration PlaceWait is markedwith all agentsthe ControlplacecontainsL
simpletokens(representetly ablackdote) andAccesss empty Themarkingof placeWait is
givenby thesetA, whichis interpretedo beamultisetover A, whereeachof the multiplicities
of the agentds one. In a similar convention,the markingof Controlis givenby Le, which is
interpretedasthemultisetL‘es. (Thatis theseparatot"’ is droppedvherethereis noambiguity)

An agentcanobtainaccessn oneof two modes:if sharedm=s),thenasingletokenis removed
from Control (as m=e is false,and [m=¢€] = 0, andthusthe arc expressionevaluatesto e,

interpretedas 1'e) whenEnteroccursin a singlemode;if exclusive (m=e),thenall L tokens
areremoved preventingfurtheraccesauntil theresources releasedtransitionLeave). Shared
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Wait

PSfragreplacements

Enter

(x,m) e+ [m=¢|(L—1)e

AxM C
Access Control
(x,m) o + [m=¢|(L—1)e
Leave

Setof AgentsA= {&,....,ax}
Setof AccessModes:M = {s,e
Control:C = {e}

Positive integerconstantsN, L
Variablesx: A; m: M

Function]] : Bool — {0, 1} where
[true] = 1 and[false] = 0

Mo (Wait) = A

My (Control) = Le

My(Access = ()

Figure2: HLPNG of Resouilce Management.
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accesss limited to a maximumof L agentsastransition Enteris disabledwhen Control is
empty

Outfix notationhasbeenusedfor the function[] : Bool — {0,1}. This s the notationfor
conditionalsin arc expressions.lt is assumedhat multisetaddition, integer subtraction the
equality predicateand a tupling operatorare primitive and do not needto be definedin the
declaration.

7 Definition of High-level Petri Net Graphs

7.1 Intr oduction

This clauseprovidesaformal definitionfor the graphicalform of high-level nets.It providesan
abstractmathematicakyntaxfor inscribingthe graphicalelements.The conceptof marking,
enablingandtransitionrule arealsoformally definedfor the graphicalform.

7.2 Definition

A HLPNG is astructure

HLPNG = (NG, Sig, V, H, Type, AN, My)

where

e NG = (P, T} F) is calledanetgraph,with

— P afinite setof nodescalledPlaces;
— T afinite setof nodescalledTransitionsdisjointfrom P (P N T = §); and

— F C (P xT)U (T x P) asetof directededgescalled arcs,known asthe flow
relation.

Sig = (S, 0) is aBooleansignaturedefinedin Annex A.

V is an S-indexedsetof variablesdisjointfrom O.

H = (Sg, Op) is amary-sortedalgebrafor the signatureSig, definedin Annex A.

Type : P — Sy is afunctionwhich assigngypesto places.

AN = (A,TC) is apairof netannotations.

- A: F - TERM(OUYV) suchthatfor all (p,t),(t,p) € F, for all bindings
a,Vala(A(p,t), Vala(A(t',p)) € pType(p). TERM(OUV),«a andVal, are
definedin Annex A. A is a functionthatannotategacharc with atermthatwhen
evaluatedfor arny binding)resultsin a multisetovertheassociateglacestype.
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- TC:T = TERM(OUYV),, isafunctionthatannotatesransitionsvith Boolean
expressions.

o Mo : P — ,cpnType(p) suchthatvp € P, My(p) € uType(p), is theinitial marking
functionwhich associatea multisetof tokens(of the correcttype)which eachplace.

A HLPNG comprisesan annotatedetgraph. The annotationsarederivedfrom a mary sorted
signature a setof sortedvariables,andanassociateanary sortedalgebra.A typing function
associates setof the mary-sortedalgebrawith eachplace,known asits type. Termsarebuilt

from thesignatureandvariables Arcs areannotatedyy terms,which mustevaluateto amultiset
overtheassociateghlaces type. Transitionsareannotatedy Booleanterms.A placecanonly
hold tokensof the sametype asthe placeandhencethe initial markingis a multisetover the
placestype.

NOTE 1: Arbitrarily complex termscanbe generatedor the arcinscriptions,by definingthe
appropriatesignaturgoperatorsandsorts)andsortedvariables Many applicationswill require
thedefinitionof anoperatomhichwill convert(in thealgebrajanelemenof asetto asingleton
multiset,andotherswill needa multisetadditionoperator(andits counterparin the algebra).
For example, this allows thereto be multitermsand conditionalsin arc expressions.The ap-
proachprovidesa greatdealof flexibility in definingthe syntaxrequiredfor arcinscriptions.

NOTE 2: Theevaluationof anarctermmayresultin anemptymultiset.

NOTE 3: Thecarriers(sets)of thealgebramay be arbitrarily comple, andmay be related for
example,H,, = uH,. Also, avariable,z,, maybetypedby a setof multisets,or a powerset,
definedin thealgebrale.g.,H, = pA, whereA is thebasisset,sothatz : pA).

NOTE 4: Therestrictionon the arcannotationgevaluatingto a multisetover the places type),
allows termswhich evaluateto multisetsover subtypesof the places type to be usedin the
annotations.

NOTE 5: In definingHLPNGSs, a type hasbeenintentionallyassociatedavith eachplace. This
typeis acarrier(set)of themary-sortedalgebra,H . Thisallows usto specifyconcretesystems
wherethe setsand functionshave alreadybeendetermined.Thereis alsoa needfor a more
abstracbor syntacticform thatallows classe®f systemdo be specified.In this casetheplaces
becomeS-sorted,.e.,asort(ratherthanatype)is associatewith eachplace markingsbecome
(appropriatelysorted)groundtermsof the signature the termsfor arc annotationsare of the
samesortasthatassociateavith the arc’s place,andthe mary-sortedalgebra,H, is removed.
This leadsusto the notion of a HLPN schemawhich is includedin informative Annex C and
may be consideredor future standardisation.The schemasare also useful for analysis(see
bibliography).

7.3 Marking

A marking, M, of theHLPNG is definedin the sameway astheinitial marking.
M:P— UpeP uType(p) suchthatfor all p € P, M(p) € uType(p).
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7.4 Enabling
7.4.1 Enabling of a Single Transition Mode

A transitiont € T is enabledn amarking, M, for a particularassignmentgy, to its variables,
thatsatisfieghetransitioncondition,V alyer,q, (I’C(t)) = true, known asamodeof ¢, iff

Vpe P Val,,(p,t) < M(p)

wherefor (u,v) € (P x T)U (T x P),

A(u,v), for (u,v) € F,

e

, U

;0 =&, for (u,v) ¢ F

e

where ® is a symbolthat representshe empty multiset at the level of the signature,so that
Vale(®) = 0.

7.4.2 Concurrent Enabling of Transition Modes

Let o, beanassignmentfor thevariablesof transitiont € T thatsatisfiests transitioncondition
anddenotethe setof all suchassignmentgthat satisfyits transitioncondition)for transitiont,
by Assign,.

Definethesetof all transitionmodesto be

TM={(t,ou) |t €T,on € Assign:}

anda stepto beafinite non-emptymultisetover7 M.
A step,X, of transitionmodess enabledn amarking, M, iff

VpeP > X(t,m)Val,(p,T) < M(p)

(t,ar)ETM

Thusall of thetransitionmodesin X areconcurrentlyenabledif X is enabledIf X comprises
asingletransitionmode,thenthe sumis reducedo asingletermsothattheenablingcondition
is the sameasthatof the previous subclause.

7.5 Transition Rule

If £ € T is enabledn modec;, for marking, t mayoccurin modew,. Whent occursin mode
oy, themarkingof thenetis transformedo anew markingA/’, denotedM [¢, o) M', according
to thefollowing rule:

Vpe P M'(p)=M(p) — Vala,(p,t) + Vala,(t,p)
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If astepX is enabledn marking M, thenthe stepcanoccurresultingin a new marking, M’,
denotedM [X) M', whereM' is givenby

Vpe P M'(p)= M(p)— Z X(t,q)Valy, (p,T) + Z X (t, ) Valy, (T, p)

(t,ou ) ETM (t,as)ETM

8 Notation for High-level Petri Net Graphs

8.1 General

Thegraphicaform compriseswo parts:a Graphwhichrepresentthenetelementgraphically
and carriestextual inscriptions;anda Declaration, definingall the types,variables,constants
andfunctionsthat are usedto annotatehe Graphpart. The declarationmay alsoincludethe
initial markingandthetypingfunctionif thesecannotbeinscribedonthegraphpartdueto lack
of space.Thereneedgo be a visual associatiorbetweenaninscriptionandthe netelemento
whichit belongs.

The width, colour and patternsof the lines usedto drav the graphare not mandatedy this
standard.

8.2 Places

Placesarerepresentedy ellipses(oftencircles). O
Threeannotations@reassociateavith a placep:

e theplacename;

e thenameof thetype (Type(p)) associateavith the place;and

e theinitial marking, My (p).

A mechanisnmustbe provided to remove any ambiguity regardingthe associatiorof these
annotationsvith the correctplace. The positionof the annotationsvith respecto placess not
mandatedFor example theinitial markingcouldbe shavn insidetheellipse,andits nameand
type outside,or the nameof the placecould be includedinside the ellipse, andthe type and
initial markingoutside.

If theinitial markingis empty thenit maybe omitted.

8.3 Transitions

A transitionis representetly arectangleandis annotatedy a nameanda booleanexpression,
the TransitionCondition If the TransitionConditionis true(7'C(t) = true), it maybeomitted.

For example,
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x<y]u
represents transitionwith a nametl, andatransitioncondition,x<y, whereboththe typesof

thevariablesx andy, andthe operatolessthan,<, aredefinedin thedeclarations.

A mechanismmustbe providedto remove any ambiguityregardingthe associatiorof thesean-
notationswith the correcttransition. The positionof the annotationsvith respecto transitions
is not mandatedFor example,the transitionconditioncould be shovn insidethe rectangle(as
in theexample),andits nameoutside ,or the nameof thetransitioncouldbeincludedinsidethe
rectangleandthetransitionconditionoutside.

8.4 Arcs

An arcis representetdy anarrov: —

For (p,t) € F, anarraw is dravn from placep to transitiont andvice versafor (t,p) € F.
If (p,t) and (¢, p) have the sameannotationyp is a sideplaceof t), A(p,t) = A(t,p), then
this may be shown by a singlearc with an arrovheadat both endsandannotatedy a single
inscription.

Arcs are annotatedvith terms. The notationfor termsis not mandatedby this International
Standardput usualmathematicatorventionsshouldbe adoptedvherepossible.

8.5 Markings and Tokens
A tokenis a memberof Upep Type(p). A Marking of the net may be shavn graphicallyby

annotatinga placewith its multisetof tokensM (p) usingthe symbolicsumrepresentatiofsee
clauseA.2.1).

9 Semanticsof High-level Petri Net Graphs

TheHLPNG maybegivenaninterpretatiorasa HLPN (seeclauseb) in thefollowing way.

1. Places:P is thesetof placesin the HLPN.
2. TransitionsT is thesetof transitionsn the HLPN.

3. Setof Types:Thesetof modedor atransitionis determinedy thetypesof thevariables
occurringin the surroundingarc annotationgestrictedby its transitioncondition.

LetV; C V bethesetof variablesassociateavith transitiont. Definea, asanassignment
for H andV; (cf A.3.6),then

Type(t) = {c|Valpoor,a, (TC(t)) = true}

Thetypesof placesare obtaineddirectly from the HLPN graphdefinition. Thusthe set
of domainsis givenby D = {Type(x)|x € PUT}.

22



4. The Typing Function: Thetyping functionrestrictedto placesis definedin the HLPNG
andType(t) is givenabove.
5. PreandPostMaps.

The pre and postmapsaregiven, for all (p,t), (t,p) € F, by the following family of
mappings:
Preg, : Type(t) — pType(p)

Post s : Type(t) — pType(p)

For (p,t) ¢ F andVm € Type(t), Prepy(m) = @ andfor (¢,p) ¢ F andVm €
Type(t), Postpy(m) = 0.
Thusfor all ¢ € T andfor all m € Type(t)

Pre(t,m) = {(.b) | p € P,b € Prege(m)}

Post(t,m) = {(p,b) | p € P,b € Postyy(m)}
wherePregp, ) (m) = Vala,=m(A(p,t)) andPost,(m) = Vala,=m(A(t, p))

6. Initial Marking.

Forall p € P, My(p) is asdefinedin theHLPNG.

10 Conformance

Conformanceo this InternationalStandards accordingo netclass.Thelowestlevel is for the
Place/Tansitionnetclassandthe highestat thelevel of the HLPNG. Within aclass the lowest
conformancdevel is to the semantics.If the semanticsareadheredo, thenthe next level is
with respecto syntax.

10.1 PN Conformance
10.1.1 Levell

To claimPNLevel 1 conformanceo this InternationaStandarcdinimplementatiorshalldemon-
stratethatit hasthe semanticglefinedin clauses, by providing a mappingfrom theimplemen-
tation’s syntaxto the semantianodelin a similar way to thatdefinedin clause9.

The definition of the semanticmodel (clause5), will be specialisedy the restrictionthat D
consistof onesetwith oneelementsuchasD = {{e}}. Thishasthefollowing consequences.

e Thereis aoneto onemappingbetweenP LACE andP.

Thereis aoneto onemappingbetweernll’ RAN S andT'.

Eachtransitionhasa singlemode.

Eachplaceis typedby {e} (i.e., thereis only onetokenrepresentetly a blackdot).

Theinitial markingdetermineshe numberof black dotsallocatecto eachplaceinitially.
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10.1.2 Level 2

To claim PN Level 2 conformanceo this InternationalStandardanimplementatiorshall have
satisfiedthe requirement®f PN Level 1 conformanceandin additionshallincludethe syntax
of the PNG definedin Annex B, sectionB.1 andthe relevantnotationalcorventionsof clause
8, i.e.,thereis no needfor placetyping, noradeclarationasthesearetrivial.

10.2 HLPN Conformance
10.2.1 Levell
To claim HLPN Level 1 conformanceo this InternationalStandardan implementatiorshall

demonstratehat it hasthe semanticgdefinedin clauseb, by providing a mappingfrom the
implementatiors syntaxto the semantianodelin a similar way to thatdefinedin clause9.

10.2.2 Level2
To claim HLPN Level 2 conformanceo this InternationalStandardan implementationshall

have satisfiedherequirement®f HLPN Level 1 conformancendin additionshallincludethe
syntaxof the HLPNG definedin clause7 andthe notationalconventionsof clauses.
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Annex A
(normatve)

Mathematical Conventions

This ann definesthe mathematicatornventionsrequiredfor the definition of High-level Petri
Nets.

NOTE: For notionsof basicsettheoryincluding sets,functionsandrelations,seethe book by
Trussin the Bibliography

A.l Sets

N ={0,1,...} thenaturalnumbers.
N+t = N\ {0}, thepositive integers.
Z={...,-1,0,1,...} theintegers.

Boolean = {true, false}

A.2 Multisets
A multiset B, (alsoknown asabag)overanon-emptybasisset, A, is a function
B:A— N
which associatea multiplicity, possiblyzero,with eachof the basiselementsThemultiplicity

of a € Ain B, isgivenby B(a). A setis aspecialcaseof amultiset,wherethe multiplicity of
eachof the basiselementss eitherzeroor one.

The setof multisetsover A is denotedby pA.
A.2.1 SumRepresentation

A multisetmayberepresentedsasymbolicsumof basiselementscaledby their multiplicities
(sometimeknown asco-eficients).

B= Z B(a)'a

a€A

A.2.2 Membership

Givena multiset, B € uA, a € A is amemberof B, denotede € B, if B(a) > 0, and
corverselyif B(a) = 0, thena ¢ B.
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A.2.3 Empty Multiset

Theemptymultiset,(), hasnomembers¥a € A, (a) = 0.

A.2.4 Cardinality and Finite Multiset

Multisetcardinality is definedin the following way. The cardinality| B| of a multisetB, is the
sumof the multiplicities of eachof the memberof the multiset.

Bl=)_ Bl

When|B| is finite, the multisetis calleda finite multiset.

A.2.5 Multiset Equality and Comparison

Two multisets,B1, B2 € uA, areequal,Bl = B2, iff Ya € A, Bl(a) = B2(a).

Bl is lessthanor equalto (or containedn) B2, B1 < B2, iff Va € A, Bl(a) < B2(a).

A.2.6 Multiset Operations

The additionoperationandsubtractionpartial operationon multisets,B1, B2 € 1A, associate
to theleft andaredefinedasfollows:

B=Bl+B2 iff Vae AB(a)=Bl(a) + B2(a)
B=Bl1-B2 iff VaeA(Bl(a)> B2(a)) A (B(a) = Bl(a) — B2(a))

Scalamultiplicationof amultiset, B1 € A, by anaturalnumbern € N, is definedas
B =nBliff Ya € A,B(a) =n x Bl(a)
wherex is arithmeticmultiplication.

A.3 Conceptsfrom Algebraic Specification

In order to definethe HLPNG, conceptsfrom algebraicspecificationare required. In the
HLPNG, arcsare annotatedoy termsand transitionsby Booleanexpressions. Many-sorted
signaturegprovide an appropriatemathematicaframavork for this representationSignatures
provide a corvenientway to characterisenary-sortedalgebrasat a syntacticlevel. This clause
introducesthe conceptsof signaturesyariables,termsand mary-sortedalgebraghat are re-
quiredfor thedefinitionof the HLPNG.

A.3.1 Signatures

A many-sortedor S-sortedl signature Sig, is a pair:
Sig = (S,0)

where

26



e S isasetof sorts(thenamesof sets.e.qg.,Int for theintegers);and

e O is a setof operators(the namesof functions)togetherwith their arity in .S which
specifieghe namesf the domainandco-domainof eachof the operators.

It is assumedhat S andO aredisjoint.

Arity is a function from the setof operatornamesto S* x S, where S* is the setof finite
sequencesncludingthe emptystring,e, over S. Thusevery operatoiin O is indexedby a pair
(0,5), 0 € S*ands € S denoteddy o). o € S* is calledtheinput or argumentsorts,and
s theoutputor range sortof operatoro. (In thealgebrathe sequencef input sortswill define
a cartesiarproductasthe domainof the function correspondindo the operatorandthe output
sortwill defineits co-domain-c.f. clauseA.3.5.)

For example,if S = {Int, Bool}, theno(nt int, 5001y representa binary predicatesymbol,such
asequality (=) or lessthan (<). Using a standardcorvention,the sort of a constantmay be
declaredoy letting o = . For exampleanintegerconstants denotedy o(e rns) OF SIMPLY 07

A.3.2 BooleanSignature

The term BooleanSignatue is usedto meana mary-sortedsignaturewhereone of the sorts
is Bool, correspondingo the carrierBoolean(Boolean = {true, false}) in ary associated
algebra A Booleansignaturewill alsoincludethe constant{ruep,,;, Which correspondso the
value,true,in any associate@lgebra.

A.3.3 Variables

LetV beasetof sortedvariablescalledan S-sortedsetof variables Thesortof avariablemay
alsobedeclaredn thesameway asthatof constantsfrom the setof variablenamego {¢} x S.
A variablein V of sorts € S would bedenotedy v¢ ;) or moresimply by v,. For example,if
Int € S, thenanintegervariablewouldbe v 1) OF vrps.

V' may be partitionedaccordingto sorts,whereV; denoteghe setof variablesof sorts (i.e.,
v, € Vi iffa = s).

A.3.4 Termsbuilt from a Signature and Variables

Termsof sorts € S maybebuilt from asignatureSig = (.5, O) andanS-sortedsetof variables,
V, in the following way. Denotethe setof termsof sorts by TERM (O U V), andgenerate
theminductively asfollows. For s € S

1. for all O,s) € 0, O,s) € TERM(O U V)s;
2. V, CTERM(OUYV),; and

3. forsi,...,sp € S(n>0),ife, €e TERM(OUYV),,...,e, € TERM(OUYV),  are
sortedermsando, ...s, ) € O, isanoperatostheno, ..s, s)(e1,--.,e,) € TERM(OUV),
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Thusif Int isasort,integerconstant@andvariablesandoperatorgwith appropriatearguments)
of outputsortInt aretermsof sort Int.

LetTERM (OUV) denotethesetof all termsandT ERM (O) thesetof all closedterms(those
not containingvariablesalsocalledgroundterms).Thus

TERM(OUV) =| JTERM(OUYV),

sES

A.3.5 Many-sorted Algebras

A mary-sortedalgebra,or Sig-Algebra), H, providesaninterpretationmeaning)for the sig-
natureSig. For everysort,s € S, thereis acorrespondinget, H,, known asa carrier andfor
every operatoro,, . s, s) € O, thereis acorrespondingunction

og: Hy x...x Hy — Hj.

In caseanoperatolis aconstantp,, thenthereis acorrespondinglemenby € H,, whichmay
be consideredsa functionof arity zero.

Definition: A mary-sortedAlgebra, H, is a pair
H = (SH, OH)

where

e Sy ={H,|s € S} isthesetof carrierswith for all s € S, H; # () and

e Oy = {onlow,s € 0,0 € S*and s € S} thesetof correspondindunctions.

For example,if Sig = ({Int, Bool}, {<(int.1nt,B001) }) thenacorrespondingnary-sortedalge-
brawould be
H1 = (Z, Boolean; lessthan)

whereZ is thesetof integers:{..., —1,0,1,...}
Boolean = {true, false}
andlessthan : Z x Z — Boolean is the usualintegercomparisorfunction.

It couldalsobe
H2 = (N, Boolean; lessthan)

whereN is the setof non-n@ativeintegers:{0, 1, ...}
Boolean = {true, false}
andlessthan : N x N — Boolean.

NOTE: In thealgebra,S-sortedvariablesaretypedby the carriercorrespondingo the sort.
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A.3.6 Assignmentand Evaluation

Givenan S-sortedalgebra,H and S-sortedvariablesin V, anassignment for H andV is a
family of functionsa, comprisinganassignmentunctionfor eachsorts € S,

o,V — H,.

This function may be extendedto termsby definingthe family of functionsV al, comprising,
for eachsorts € S:
Valso : TERM(OUYV), — H,

Thevaluesaredeterminednductively asfollows. For s € S

1. Foraconstantp, € O, Val ,(0s) = oy € Hy;
2. Foravariablew, € V;, Val, o (vs) = a5(vs); and

3.Foro € S*\ {e}, 0 = s189...8,, With 51,...,8, € S,e € TERM(O UYV), and
e1r € TERM(OUV),,,...,e, € TERM(OUYV),,, if e = o 4(er,--.,en), then
Valso(e) = og(Vals, o(€1),-..,Vals, o(en)) € Hs.

Thetermsbindingandvaluationarealsousedin this context.
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Annex B
(normatve)

Net Classes

Thepurposeof this Annex is to definevariousclasse®f netsasa subclas®f theHLPNG. Cur-
rentlyit definesPlace/Tansitionnets(without capacitiesvhichis acommonform of Petrinets
wheretokensaresimply ‘black dots’. Othersubclassemay include ElementaryNet systems
andotherhigh-level nets.

B.1 Place/Transition Nets
A Place/Tansitionnetgraph(without capacity),PTNG, is aspecialHLPNG

PTNG = (NG, Sig, V, H, Type, AN, My)

where

NG = (P, T; F) is anetgraph

Sig = (S,0) with S = {Dot, Bool, Mdot}, O = {®pot, Bools 1 mdots 20dots - - -
V=0

H = ({dot, Boolean, udot}, {e,true, (s,1), (e,2)...}) a mary-sortedalgebrafor the
signatureSig, wheredot = {e} andthe obvious correspondencesre made(Doty =
dot, Boolg = Boolean, Mdoty = udot, (epst)g = ®, (Boot)n = true, (Lnyaot)n =

{(e, 1)}, 2nra0t)r = {(o,2)} etc.).
e Type : P — {dot} is afunctionwhich assignghetype dot to all places.
e AN = (A,TC) is apairof netannotations.

— A: F — BwhereB = {1uy4dot; 204015 - - -} 1S @ function that annotatesacharc
with a syntactic'positive integer’ constantthatwhenevaluatedoecomeghe corre-
spondingsingletonmultisetover dot.

— TC : T — {B.w} is afunctionthatannotategverytransitionwith nothing(ablank)
thaton evaluationis the Booleanconstantrue.

o My: P — pdot.

Althoughthisis aratherbaroquedefinition of Place/Tansitionnets,it canbe seernto bein one
to onecorrespondenceith a moreusualdefinitiongivenbelow.

PTNG = (NG, W, My)

where
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e NG = (P, T; F)isanetgraph.
e W : F — NT istheweightfunction,assigninga positive integerto eacharc.

e M, : P — N istheinitial markingassigninga naturalnumberof tokensto eachplace.
Thesearerepresentetly dots(e).

Thisis because:

e thetransitionconditionis true for eachtransition,andhencedoesnt needto be consid-
ered,

¢ thetypeof eachplaceis thesame comprisingasinglevaluee, andhencethereis noneed
for typing places,

e the numberof dots(e) associatedvith eacharc (Weightfunction)arein oneto onecor
respondencwith the positive integers,and

e thenumberof dots(e) associateavith eachplace(marking)arein oneto onecorrespon-
dencewith the Naturals.
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Annex C
(informative)

High-level Petri Net Schema

C.1 Intr oduction

This clauseprovides a formal definition for a high-level net schema. It providesan abstract
mathematicasyntaxfor inscribingthe graphicalelementsandallows classe®f systemgo be
specifiedananabstractevel.

C.2 Definition

HLPNS is a structuregivenby

HLPNS = (NG, Sig, V, Sort, An, my)

where

e NG = (P, T; F)isanetgraph,with

— P afinite setof nodescalledPlaces;
— T afinite setof nodescalledTransitionsdisjointfrom P (P N T = §); and

— F C (P xT)U (T x P) asetof directededgescalled arcs,known asthe flow
relation;

Sig = (S, O) is aBooleansignaturedefinedin Annex A.

V is an S-indexedsetof variablesdisjointfrom O.

Sort : P — S is afunctionwhich assignsortsto places.
e An = (a,TC) is apairof netannotations.

—a: F — TERM(OUYV) suchthatfor all (p,t),(t,p) € F, a(p,t),a(t’,p) €
TERM(O UV ) gy TERM(O UV) is definedin Annex A. a is afunctionthat
annotategacharcwith atermof the samesortasthatof theassociateglace.

- TC:T = TERM(OUYV)g,., isafunctionthatannotatesransitionsvith Boolean
terms.

e mg : P — TERM(O) suchthatVp € P, mg(p) € TERM(O)sory(p), iS the initial
markingfunctionwhich associatea groundtermwhich eachplace.Thegroundtermhas
thesamesortastheplace.
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Annex D
(informative)

Tutorial

D.1 Intr oduction

High level Petri net graphs(HLPNGs) are usedto model discreteevent systems. A discrete
eventsystemcomprises

e collectionsof real or abstracbbjectsand
e discreteactionswhich

- modify or consumenbjectsfrom somecollectionsand
- createobjectsin othercollections.

The createdobjectsmay be relatedto objectsthat are consumed.It is assumedhat the col-
lectionsconsiderechave somepermanentdentity, irrespectve of varying contents.Take, for
example thecollectionof coinsin someones purseor adatabase.Generallyseveralinstances
of the sameobjectcanbe containedn a collection.

D.2 NetGraphs

In HLPNGs,an actionis modelledby a transition which is graphicallyrepresentetby a rect-
angle. A collectionis modelledby a place which is graphicallyrepresentedtby a circle or an
ellipse. Placesandtransitionsare calledthe nodesof a netgraph Arrows, calledarcs show
which placesa transitionoperatesn. Eacharc connectsa placeanda transitionin onedirec-
tion. Arcs never connecta placewith a placenor a transitionwith atransition. The graphical
representationsf component®f anetgraphareshowvn in figureD.1.

PSfragreplacementsplace transition

arc
—

Figure D.1: Graphic conventions.

D.2.1 Placesand Tokens

Theobjectsof thesystemaremodelledby (arbitrarily complex) dataitemscalledtokens Tokens
residein places.Thecontentqi.e.,thetokens)of a placeis calledthemarkingof theplace.The
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tokensform a collection (known in mathematicsas a multiset), i.e., several instancesf the
sametokencanresidein the place.A markingof a netconsistof the markingsof eachplace.

ExampleAin figureD.2 consistof asingleplace AlicesPurseywhichmodelsthatAlice’s purse
containgwo 1 cent,threel0 centandtwo 50 centcoins. Thesetof coinsis definedin atextual
partof theHLPNG calledthe Declarations.

The place,AlicesPursejs typedby the set,Coins This meansthatonly coins(belongingto
Coing canresidein Alice’s purse.In this example thetokenscorrespondo coins.

Coins

AlicesPurse

| Coins= {1c, 2c, 5c, 10c,20c,50¢} |

Figure D.2: Example A.

ExampleA is a net graph. It hasneithertransitionsnor arcs. As no actionsare modelled,
nothingever happensandnothingever changesn this system.

Whenapatrticularinstanceof aHLPNG s defined eachplaceis definedwith aspecialmarking,
calledtheinitial marking becausethermarkingswill usuallyevolve, oncea netis executed.
As a placecanbe marked with a large numberof tokens,theinitial markingmay be declared
textually insteadof pictorially. Thus,Alice’s presentoin collectioncanbewritten astheinitial
marking,

My(AlicesPurse)f 2'1c+ 3'10c+ 2'50c¢

andthe net graphis thendravn (admittedlyin a lessillustrative way) without tokens. The
numberof eachof thecoinsin the purse is separatedrom thevalueof thecoin by abackprime
('), to avoid ary confusion(for examplewhenthevaluesarethemselesintegers).For example,
in somecurrenciegheremaybebotha5canda 25ccoin. We needto distinguishbetweertwo

5c coinsanda25ccoin. If therewasno separatqrthe notation25cwould be ambiguous.

D.2.2 Transitions

ExampleB in figure D.3 modelsthe dripping of atap. TransitionDrip canalwayshappenarny
numberof times. ExampleB is alsoa net,eventhoughit hasneitherplacesnorarcs.

Drip

Figure D.3: Example_B.
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D.2.3 Arcs

An arcfrom aplaceto atransitionindicateghatthistransitionconsumegbjectsfrom theplace.
An arcin the oppositedirectionindicatesthat this transitionproducegokenson the place. In
figure D.4, ExampleC, Alice hasa smallercoin collection comprisingone ten centand two
fifty centcoins. Shemay spendany numberof coinsatatime.

Coins

AlicesPurse » Spend

Coins= {1c, 2c, 5¢, 10c, 20c,50c}
x : Coins
My (AlicesPurse)= 1'10c+2'50c

Figure D.4: Example_C.

Arc annotationsdeterminethe kinds and numbersof tokensthat are producedor consumed.
Here,the annotationx indicatesthatarny coin (from Alice’s purse)canbe spent. However, it
hasto be declaredn thetextual partof ExampleC thatx denotesa variablefor coins. Alice
could spend:a ten centcoin; a fifty centcoin; atencentanda fifty centcoin; two fifty cent
coins;andall hercoinsin onetransactionthatis by the occurrencef transitionspend.

D.2.4 The Net Graph

The size and position of the nodes,aswell asthe size and shapeof the arcs,althoughoften
importantfor readability areirrelevantto the mathematicatlescriptionof anet,i.e., theplaces,
transitions andarcsof the net,the netgraph Informally, onemight say the nethasoneplace,
called AlicesPursepnetransition,Spend,and one arc from AlicesPurseo Spend. Formally
this canbe expresseds:

P = {AlicesPursé
T = {Spend
F = {(AlicesPurseSpend}

Traditionally, S denoteghe setof placesput in this InternationalStandardve useP (sinceit is
writtenin English), T denoteghe setof transitionsandF denoteghe setof arcs.Theseletters
aretheinitials of the GermanwordsStelle Transition,Flussielation Eacharcis thusdescribed
asthe pair consistingof its origin nodeandits targetnode.

D.3 Transition Conditions

ExampleD in figureD.5 modelsthatBob startswith anemptypurseandcollects10 centcoins.

ExampleD doesnot modelwherethe coinsmay comefrom. It only shovs what happengo
Bob’s purseasa consequencef anarbitrarynumberof occurrencesf Receve.
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Coins

BobsPurse Receive
10c

Coins= {1c, 2c, 5¢, 10c,50c}
M,y(BobsPurse¥= 0

Figure D.5: Example_D.

In the next example,depictedin figure D.6, Alice is readyto give Bob ary of hercoins. Bob,
however, acceptonly 10ccoinsfrom Alice.

Coins Coins

x=10c
X 10c

AlicesPurse Donate BobsPurse

Coins= {1c, 2c,5c, 10c,50c}

x : Coins

My (AlicesPurse)= 1'10c+2'50c
My(BobsPurse}= 0

Figure D.6: Example_E.

A transitionconditionhasbeenadded requiringthatx=210c. Thetransition,Donate ,canoccur
only with suchvariablevaluesasfulfill the condition. If thereare no appropriate(i.e., 10c)
tokensin AlicesPursethenDonatecannotoccur In amorerealisticvariantof ExampleD, Bob
cannotput arbitrarily mary coinsinto his purse.ExampleF in figure D.7 limits the numberof
10 centcoinsthatBob canreceve to 200.

N n+1 Coins
n<200
n 10c
NumberOfCoins Receive BobsPurse

N setof naturalnumbers

Coins= {1c, 2c, 5¢, 10c,50c}

n:N

< : NxN— Bool usual'lessthan’ predicate
+ : NxN— N arithmeticaddition

M, (BobsPurse}= 0

My(NumberOfCoins)= 1'0

Figure D.7: Example_F.
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D.4 NetDynamics

ExampleC canbe usedto illustratethe modellingof systemdynamicsin HLPNs. In herfirst
action, Alice can spendany numberof her coins. Let her spenda 10 centcoin. Thenin
the net, Spendoccurs,with x having the value 10c. This occurrenceof Spendis denotedby
(Spend{(x,10c)}). This indicateswhich transitionoccurs(Spend)andto which valueeachof
thevariables appearingn the arcannotationgroundthetransition,is bound.In this caseonly
X appearsandis boundto 10c.

By theoccurrencéSpend{(x,10c)}) a nevw markingof the netis created:
M (AlicesPurse)}= 2'50c.

The new markingis calleda reathable markingof ExampleC. A differentmarkingwould be

reachedoy Alice spendinga fifty centcoin. As long asAlice’s pursecontainscoins, shecan
spendary of them. In the net,aslong asAlicesPursds marked with a non-emptymultisetof

tokens,Spendcanoccurwith x boundto ary oneof thetokensin the markingof AlicesPurse.
Markingsreachabldrom reachablenarkingsarealsocalledreachable.

Thedynamicsof Example C, i.e.,

e themarkingsreachablen ExampleC, aswell as

e thetransitionoccurrenceperformedo reacheachone,

aredepictedn thereadability graphin figure D.8.

{(AlicesPurse.'10c+2'50c)}

(Spend,{(x,10¢)}) (Spend {(x,50¢)})
{(Ancespursez‘g()c)} {(AIicesPAursé,‘l()C—i-l‘5OC)}
fragfeplacementQSpend’{(X’5OC)})l T Gpena o) / l(Spend,{(x,SOc)»
{(AlicesPurse,'50c)} {(AlicesPurse.'10c)}
(Spend {(x,50¢)}) (Spend {(x,100)})

{(AlicesPursdj)}

Figure D.8: Reachability graph of Example_C.

Fromthis diagramonecanread,for example thefollowing factsaboutthedynamicsof Exam-
ple_C:

e If Alice spenddirst 10 centsandthen50 cents,or if shedoesit in thereverseorder then
shewill have 50 centsleft.
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e Alice canperformat mostthreeactions.
e Everysequencef 3 actionsendswith anemptypurse.

e No sequencef actions(save, trivially, the empty sequencevill allow Alice to restore
the contentsof herpurse.

All of this holds, of course,only within the rangeof actionsconsideredn ExampleC. In the
reachabilitygraph,setbraces ...} arewritten aroundthe pair parentheseg..) whereverusually
an entire setappearsn this position. Generallythereare setsof place markingsand setsof
variablebindingsto be described.lIt just happenghatin our very simple exampletheseare
one-elemensetsandthe {(...)} looksunnecessarilgomplicated.

The reachabilitygraphfor ExampleD consistsof a singleinfinite chain, asindicatedin fig-
ure D.9. The occurrencegReceve)) doesnot meanthat Bob recevesno coins, but that no
variableis assignedvalue.

{(BobsPursé)}

(Receve/))

{(BobsPursa,10c)}

(Receve D)

{(BobsPurse'10c)}
PSfragreplacements

(Receve/))

etc.

Figure D.9: Reachability graph of Example_D.

D.5 Flow Control Example

Two companiesA_Co andB_Co, residein differentcities. A_Co packsandsendsbig crates
of equalsizeto B_Co, oneby one. B_Co hasa roomwherethe cratesarestored. Cratesmay
be taken from the storeroom for processinge.g., distributedto retailers,or openedandthe
contentconsumed- it doesnot matterhere).This proceduras modelledin figure D.10.

Thepeoplefrom B_Co have aproblem.Thestoreroomof B_Co canonly hold acertainnumber
say MAX, of thesecrates.In orderto avoid beingforcedeitherto leave cratesin the streetor
to rentanotherstoreroom,B_Co agreesvith A_Coona‘flow controlprotocol’.
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SendCrate CratesInTransit ReceiveCrate StoreRoom ProcessCrate
Cr Cr Cr Cr

Crates Crates

Figure D.10: Crate procedure.

To implementthe protocol,A_Co keepsarecordof SendingCedits while B_Cokeepsarecord
of empty‘slots’ availablefor placingcratesin the store. Any time thatthereareemptyslots,
B_Co mayresene themandgive the numberof resened (andempty)slotsassendingcredits
for crateso A_Co. B_Codoesthis by sendinga letterwith this numberto A_Co andsettingthe
numberof unresered slotsto 0. Wheneer A_Co recevessucha letter, it increasesSending-
Creditsby the numberwrittenin it.

Sendinga crate,which is only possibleif SendingCeditsis 1 or more,lowersSendingCedits
by 1, andprocessing@ crateraiseshe numberof emptyandhenceunreseredslotsby one.

Initially, the situationis asfollows: no crateor letteris in transit;the storeroomis empty;there
is no sendingcredit;andall slotsareemptyandunresered.

This distributedsystemis modelledby figure D.11.

Note that this net modelsinfinitely mary differentsystems. It is a parameterizedHLPNG
with a parameterMAX, that may take arny naturalnumberasa value. Eachsuchvalueval,
substitutedor MAX instantiatesExampleG to an‘ordinary’ HLPNG without parameters:x-
ampleG(val).
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SendCrate CratesInTransit  ReceiveCrate StoreRoom ProcessCrate

Cr Cr Cr Cr
sc>0
Crates Crates
sc-1 n n+
sc+new n
N N N
T new n
sc n>0 0
SendingCredits  Receiveletter LettersinTransit SendLetter UnreservedSlots
Crates= {Cr}
N={0,1,2,...}
Z is the setof integers
n,new, sc: N
MAX : N

+ : Z x Z— Zis arithmeticaddition

— :Z x Z— Zis arithmeticsubstraction

My (CratesInTansit)= M,(LettersIinTansit)= M,(StoreRoom)= ()
My(SendingCredits¥ 1'0

My(UnreseredSlots)= 1'MAX

FigureD.11: Example G.
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Annex E
(informative)

Analysis Techniques

Therearea large numberof analysistechniquedor Petrinets,including reachabilityanalysis
(with several statespacereductiontechniquesand using modelchecking),structuralanalysis
andinvariantsanalysisthatmay be usedto investigatepropertiesof systemanodelledby nets.
Thisanne is justto alertreadersof this InternationalStandardo thesepossibilities. The Petri
netcommunityhaspublisheda 2 volumesetin LectureNotesin ComputerScience(volumes
1491 and 1492) as a consolidationof the definitionsand resultsin Petri nets, basedon the
AdvancedCourseheldin 1996. Readersrealsoreferredto the bibliography for example,the
secondvolumeof Kurt Jensers bookon ColouredPetriNets.
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