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OverviewOverview
Simulation Simulation ModelingModeling –– VerificationVerification vsvs ValidationValidation
ParticularParticular exampleexample, , particularparticular solutionsolution
ModelingModeling LogisticLogistic NetworksNetworks
Notation: Notation: ProCProC/B /B FormalismFormalism
–– processprocess--orientedoriented, , hierarchicallyhierarchically structuredstructured basedbased on on serviceservice callscalls, , 
–– forfor openopen systemssystems

ChallengesChallenges forfor Validation, Validation, VerificationVerification, Debugging, Debugging
–– InteractingInteracting processesprocesses & & simultaneoussimultaneous resourceresource allocationallocation

CanCan Petri Net Petri Net TheoryTheory helphelp ??
–– ProCProC/B /B modelmodel --> Petri Nets> Petri Nets
–– MakeMake useuse of Invariant Analysisof Invariant Analysis

TT--invariantsinvariants to check to check individualindividual entitiesentities, , servicesservices withoutwithout resourcesresources
TT--invariantsinvariants to to distinguishdistinguish reusablereusable & & consumableconsumable resourcesresources
PP--invariantsinvariants to to detectdetect partsparts of of simultaneoussimultaneous resourceresource allocationallocation

–– StateState--basedbased analysisanalysis
Check Check livenessliveness of of associatedassociated statestate spacespace ( finite ( finite byby shortshort--circuitcircuit ))
ReduceReduce Petri Net to Petri Net to reducereduce analysisanalysis efforteffort

MoreMore ChallengesChallenges



Validation Validation vsvs VerificationVerification
ValidationValidation: : 
–– concerned with building the concerned with building the right modelright model. . 
–– utilized to determine that a model is an accurate representationutilized to determine that a model is an accurate representation of the real of the real 

system. system. 
VerificationVerification: : 
–– concerned with building the concerned with building the model rightmodel right. . 
–– utilized in comparison of the conceptual model to the computer rutilized in comparison of the conceptual model to the computer representation epresentation 

that implements that conception.that implements that conception.
Verification asks questions like: Verification asks questions like: 
Is the model implemented correctly in the computer? Are the inpuIs the model implemented correctly in the computer? Are the input t 
parameters and logical structure of the model correctly represenparameters and logical structure of the model correctly represented?ted?
Are measures appropriately defined?Are measures appropriately defined?
OccassionallyOccassionally one also reads one also reads ““verify (debug) the computer programverify (debug) the computer program””, , 
“…“…the model has been validated and verified (i.e., that the model the model has been validated and verified (i.e., that the model 
computer program has been debugged)computer program has been debugged)””
HereHere: : 
„To „To whatwhat extentextent cancan wewe supportsupport a a modellermodeller in in checkingchecking ifif thethe codedcoded modelmodel
isis whatwhat was was originallyoriginally intendedintended?“?“



ModelingModeling LogisticLogistic NetworksNetworks
ModelingModeling an an AircargoAircargo NetworkNetwork

WorkWork byby Völker and Völker and 
Sieke (ASIM 2005)Sieke (ASIM 2005)
ObjectiveObjective: : QuantifyQuantify
impactimpact of different of different 
bundlingbundling strategiesstrategies at at 
2 2 hubshubs
AchievedAchieved withwith a a 
ProCProC/B /B simulationsimulation
modelmodel
–– ProcessProcess--orientedoriented
–– Large, Large, complexcomplex
–– HierarchicallyHierarchically

structuredstructured

Universität Dortmund: „Universität Dortmund: „ModelingModeling large large networksnetworks of of logisticslogistics“, SFB 559,     “, SFB 559,     
a large, a large, longlong--termterm, , interdisciplinaryinterdisciplinary researchresearch projectproject (40 (40 scientistsscientists))
ExampleExample: Air Cargo : Air Cargo NetworkNetwork –– an Evaluation of an Evaluation of BundlingBundling StrategiesStrategies

RequiredRequired somesome efforteffort forfor
VerificationVerification & Validation & Debugging& Validation & Debugging



Process ChainsProcess Chains: General : General IdeaIdea
Process Chains describe behavior:Process Chains describe behavior:
What happens and when?What happens and when?

–– activities: activities: PC elementsPC elements
–– sequencing by:sequencing by:

sequsequ. . concatenationconcatenation + connectors+ connectors
–– process incarnation + termination:process incarnation + termination:

sources + sinkssources + sinks

transport produce transport

Who performs activities?Who performs activities? forwarder OEM forwarder

–– „„resources“ / functional unitsresources“ / functional units
capture system structurecapture system structure

• How is it done?

ProC/B, general idea



Structural Hierarchy Structural Hierarchy ("includes ("includes 
hierarchy"):hierarchy"):
FUsFUs contain contain FUsFUs contain …contain …

BehaviouralBehavioural Hierarchy Hierarchy ("call hierarchy"):("call hierarchy"):
processes are described by sequences of processes are described by sequences of 
activities which are described by sequences activities which are described by sequences 
of activities ...of activities ...

ProcessProcess Chains: HChains: Hierarchiesierarchies



ProCProC/B Air Cargo Model/B Air Cargo Model

HierarchicalHierarchical, 3 , 3 levelslevels, , manymany detailsdetails … … 
(Völker, Sieke´05) (Völker, Sieke´05) 
ProCProC/B /B elementaryelementary resourcesresources::
–– ActiveActive: Server, : Server, multimulti--classclass queuequeue
–– Passive: Passive: CounterCounter, n, n--dimensionaldimensional

CountersCounters usedused forfor different different purposespurposes
–– ReusableReusable resourceresource: : 

Semaphore, Semaphore, SpaceSpace, , StaffStaff, , ForkFork liftslifts ……
UsageUsage patternpattern: : allocateallocate, …, , …, releaserelease

–– ConsumableConsumable resourceresource: : 
MessagesMessages, , GoodsGoods on stockon stock
UsageUsage patternpattern: … : … putput …   XOR  … …   XOR  … getget ……

Problems: Problems: 
–– inconsistentinconsistent useuse, , rangerange limitationslimitations, …, …



FractionFraction of of particularparticular, , simplifiedsimplified submodelsubmodel

2 Services, sequential, 
with access to 2 counters
- Semaphore for Mutual exclusion
- Counter B for #Goods on Stock



ParticularParticular, still , still simplifiedsimplified submodelsubmodel
4 services: 
In: 
-Delivers goods
-Write access to B
Out: 
-Takes goods
-Write access to B
Content: 
- get amount on stock
-Read access to B
UpdateReward: 
-Simulation results
-Read access B

All access to B in 
Mutex ensured by
Counter Semaphore.

Semaphore

B: counts goods on stock



IssuesIssues withwith thisthis ExampleExample
Internal to submodel: 

Mutex: necessary? enforced ?
No exception handling in case of blocking

External to submodel: 
Simulation model violates constraints for usage
of services in and out

=> Deadlock Constraints? 
What kind of 
constraints ?



In GeneralIn General
Performance Performance modelsmodels quantifyquantify time time forfor congestioncongestion, , blockingblocking, , 
waitingwaiting situationssituations
To To distinguishdistinguish fromfrom permanent permanent situationssituations, , deadlocksdeadlocks

In a In a ProCProC/B /B settingsetting::
Potential Potential causescauses forfor blockingblocking: : 
–– Change Change operationsoperations at at counterscounters thatthat wouldwould givegive rangerange violationsviolations
–– JoinJoin operationsoperations at AND at AND connectorsconnectors
–– PC PC connectorsconnectors withwith severalseveral incomingincoming arcsarcs

Goal: check Goal: check sourcessources of partial of partial deadlocksdeadlocks
–– IdentifyIdentify rolerole of of counterscounters ((reusablereusable vsvs consumableconsumable resourcesresources))
–– Check Check constraintsconstraints forfor eacheach processprocess chainchain, , eacheach serviceservice of a FU, of a FU, 
–– Check Check accessaccess limitationslimitations forfor partsparts of a of a processprocess chainchain oror serviceservice
–– Check Check forfor simultaneoussimultaneous allocationallocation of multiple of multiple resourcesresources



Potential Potential treatmenttreatment
RestrictRestrict modelingmodeling formalismformalism
–– ExampleExample forfor reusablereusable resourcesresources::

All All resourcesresources allocatedallocated at at onceonce
ModelingModeling guidelinesguidelines
–– Patterns, Antipatterns Patterns, Antipatterns forfor resourceresource allocationallocation

WizardWizard thatthat supportssupports a a modellermodeller
ConsistencyConsistency checkschecks
–– StaticStatic at at syntaxsyntax levellevel, , typetype checkingchecking etc.etc.
–– DynamicDynamic byby assertionsassertions, , formulasformulas checkedchecked at at runtimeruntime

VisualizationVisualization, Animation, Animation
–– Animation of Animation of modelingmodeling notationnotation, 2D, 2D--3D 3D animationanimation

……
In In whatwhat followsfollows: : HowHow toto
–– IdentifyIdentify implicitimplicit constraintsconstraints, , ratiosratios of of serviceservice callscalls
–– DistinguishDistinguish consumableconsumable and and resuableresuable resourcesresources

BasedBased on invariant on invariant analysisanalysis of Petri of Petri netsnets



Petri Net & PN AnalysisPetri Net & PN Analysis
PlacePlace//TransitionTransition netsnets
Invariant Invariant analysisanalysis
–– AlgorithmAlgorithm yieldsyields generatinggenerating setset of semiof semi--positive P positive P oror TT-- invariantsinvariants
–– Positive: independent Positive: independent fromfrom statestate spacespace

PP--InvariantInvariant: p C = 0, : p C = 0, p: p: nonnon--negativenegative integer integer vectorvector
–– ConstraintConstraint: p M = p M: p M = p M00 forfor all all reachablereachable statesstates

TT--InvariantInvariant: C t = 0, : C t = 0, t: t: nonnon--negativenegative integer integer vectorvector
–– ConstraintConstraint: : firingfiring sequencesequence withwith ParikhParikh--vectorvector t t describesdescribes cyclecycle

StateState--basedbased AnalysisAnalysis
–– GenerateGenerate all all reachablereachable statesstates / / markingsmarkings startingstarting in Min M00

–– Analyse Analyse statestate spacespace byby graphgraph algorithmsalgorithms für für deadlocksdeadlocks, etc. , etc. 



MappingMapping ProCProC/B to PN/B to PN
OnlyOnly Subset Subset 
of of ProCProC/B /B 
constructsconstructs
Focus on Focus on 
controlcontrol flowflow
ResolveResolve
hierarchyhierarchy oror
mapmap FUs FUs 
individuallyindividually
TokensTokens matchmatch
entitiesentities
Net Net followsfollows
stepssteps in in 
ProCProC/B/B
CounterCounter
[0,…,k] has 2 [0,…,k] has 2 
placesplaces

Shared
place



PN Analysis of PN Analysis of ProCBProCB ModelsModels--
OverviewOverview

Invariant Invariant analysisanalysis
–– StepStep 1: check 1: check servicesservices

withoutwithout counterscounters individuallyindividually
and and byby tt--invariantsinvariants, , 
yieldsyields i/o i/o ratiosratios

–– StepStep 2: check 2: check servicesservices withwith
counterscounters and and withwith tt--invariantsinvariants
of of stepstep 1, 1, 
separates separates consumableconsumable & & 
reusablereusable resourcesresources

–– StepStep 3: check 3: check byby pp--invariantsinvariants
forfor simultaneoussimultaneous allocationallocation of of 
multiple multiple resourcesresources

Same order Same order forfor reusablereusable res.res.
WarningsWarnings forfor consumableconsumable res.res.

and and finallyfinally
StateState--basedbased AnalysisAnalysis



StepStep 1: just 1: just controlcontrol flowflow

ConsiderConsider eacheach serviceservice of of 
eacheach FU FU individuallyindividually and and 
withoutwithout counterscounters, , 
serversservers, , resolveresolve serviceservice
callscalls to to otherother FUs FUs 
((macromacro expansionexpansion) ) 
ComputeCompute tt--invariantsinvariants of of 
associatedassociated PNPN
ObtainObtain inputinput//outputoutput
ratiosratios
1:1 1:1 expectedexpected, , 
reportreport coveragecoverage, , ratioratio, , 
and and batchbuildingbatchbuilding

Tool: User can
select individual

invariants for
visualization



StepStep 1: just 1: just controlcontrol flowflow

Numbers / Weights tell how
often a step must happen to 
have a total effect of zero!

Idea: check if individual services are well specified, i.e., 
once a service has returned, nothing should remain.



StepStep 22
ComputeCompute d = C t d = C t 
forfor netnet withwith resourcesresources, , 
forfor t t obtainedobtained in in stepstep 11
d(Bd(B) ) ≠≠ 0  0  
=> B => B isis a a consumableconsumable
resourceresource
MakeMake typetype of of resourceresource
visiblevisible forfor a a useruser

Click on an invariant 
to see its support





StepStep 33

Semaphore Semaphore 
protectsprotects all all 
stepssteps
Access to B Access to B isis
coveredcovered
=> User => User shouldshould
check check forfor
exceptionsexceptions,,
e.ge.g. . ifif accessaccess to to 
B B isis blockedblocked

ConsiderConsider partsparts of of servicesservices, , coveredcovered byby PP--invariantsinvariants, , 
relatedrelated to to reusablereusable componentscomponents



MoreMore TechniquesTechniques
LivenessLiveness & & ModelcheckingModelchecking
–– Short Short circuitcircuit to to obtainobtain finite finite statestate spacespace
–– ReductionReduction at at netnet levellevel to to reducereduce statestate spacespace
–– GenerateGenerate witnesswitness tracetrace ifif notnot livelive

VisualizationVisualization, Animation, Animation
–– Animation of Animation of modelmodel dynamicsdynamics in different in different notationsnotations

ProCProC/B Model/B Model
Petri Net Petri Net TokenToken GameGame
MessageMessage SequenceSequence ChartsCharts
2D2D--3D Animation3D Animation
……

… … pleaseplease insertinsert youryour favoritefavorite methodmethod right right herehere



MoreMore challengeschallenges
Reuse of Reuse of existingexisting submodelssubmodels, , librarieslibraries
–– DetailedDetailed behaviorbehavior, , sideside effectseffects
–– MeaningMeaning, , impactimpact of of parameterparameter settingssettings
–– UnderlyingUnderlying assumptionsassumptions, , modelingmodeling purposepurpose

ModelingModeling controlcontrol strategiesstrategies
–– LogisticsLogistics, , productionproduction systemssystems and and alikealike areare notnot fullyfully

automizedautomized in in realityreality
⇒⇒BehaviorBehavior notnot fullyfully formalizedformalized, , 
⇒⇒Human Human beingsbeings cause cause difficultiesdifficulties and and errorserrors, , 

butbut also also solvesolve problemsproblems ……



SummarySummary
Simulation Simulation ModelingModeling –– VerificationVerification vsvs ValidationValidation
ModelingModeling LogisticLogistic NetworksNetworks
Notation: Notation: ProCProC/B /B FormalismFormalism
–– processprocess--orientedoriented, , hierarchicallyhierarchically structuredstructured basedbased on on serviceservice callscalls, , 
–– forfor openopen systemssystems

ChallengesChallenges forfor VerificationVerification & Validation,  in & Validation,  in particularparticular: Debugging: Debugging
–– InteractingInteracting processesprocesses & & simultaneoussimultaneous resourceresource allocationallocation

CanCan Petri Net Petri Net TheoryTheory helphelp ??
–– ProCProC/B /B modelmodel --> Petri Nets> Petri Nets
–– MakeMake useuse of Invariant Analysisof Invariant Analysis

TT--invariantsinvariants to check to check individualindividual entitiesentities, , servicesservices withoutwithout resourcesresources
TT--invariantsinvariants to to distinguishdistinguish reusablereusable & & consumableconsumable resourcesresources
PP--invariantsinvariants to to detectdetect partsparts of of simultaneoussimultaneous resourceresource allocationallocation

–– StateState--basedbased analysisanalysis
Check Check livenessliveness of of associatedassociated statestate spacespace ( finite ( finite byby shortshort--circuitcircuit ))
ReduceReduce Petri Net to Petri Net to reducereduce analysisanalysis efforteffort

MoreMore ChallengesChallenges



Joint Joint workwork withwith C. C. TepperTepper

P. Kemper, C. P. Kemper, C. TepperTepper
A Petri A Petri netnet approachapproach to to debugdebug simulationsimulation modelsmodels

of of logisticlogistic networksnetworks
ProcProc. 5th . 5th MathmodMathmod ViennaVienna, , FebruaryFebruary, 2006 , 2006 


