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— Theroadgoeseveronandon
Down from thedoorwhereit began.
Now faraheadheroadhasgone,
And | mustfollow, if | can,
Pursuingt with eagerfeet,
Until it joins somelargerway
Wheremary pathsanderrandsmeet.
And whitherthen?| cannotsay

Bilbo Bagginsin “The Lord of TheRings”
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Intr oduction

This thesisdevelopsa multi-formalismmodelling and simulationmethodologyfor complex systemslts
primary contritution is the unification of differentmodellingand simulationconceptsmethodsandtech-
niques.To complementhe theoreticalconcernscomputerimplementationissuesare dealtwith, andthe
studyof activatedsludgeWasteWater TreatmentPlants(WWTPs) by meansof modellingandsimulation
is presentedisa concreteapplication.A numberof model(inter-formalism) compiles aswell asthe full-

fledgeddistributed, interactive modellingand simulationenvironmentWEST++ have beendeveloped.In

this connectiona crucial partof WEST++is the declamative modellinglanguage MSL-USER

In thefollowing section thesecontritutionsareplacedin the appropriatecontext.

The Modelling and Simulation conte xt

It is in humannatureto wantto understandlynamicsystemscontrolthem,andabove all predicttheirfuture
behaiour.

During the last century this desirehasleadto inter-disciplinary researchinto modelling and simulation,
bringingtogetheresultsfrom mathematics;omputersciencecognitive sciencesandavarietyof application-
domain-specificesearchModelling coversthe understandingindrepresentiorof structureandbehaiour
atanabstractevel, whereasimulationproducesehaiour asafunctionof time basednanabstractnodel
andinitial conditions.

From the 1950s,the focus of researchwas on efiicient and accuiate numericalsimulations(and hardly
on modelling).This originatedfrom resultsin numericalanalysis(for differentialequationmodels),andin
randomnumbergeneratiorandstatisticalanalysigfor discreteeventmodels) Thisresearcted, attheendof
the 1960sto the establishmenof simulation-orientegtandardsuchasthe ContinuousSystemSimulation
Language(CSSL)[SAF"67] andthe discreteevent world views, both of which are still in commonuse
todayandwill bedescribedandelaboratediponin this thesis.

Fromthe 1980s.evolutionsin cognitive scienceandAtrtificial Intelligence(Al) amplifiedtheideaof anab-
stractmodel(describedn somemodellingformalism)asaform of knowledgerepresentatiorAl techniques,
mostnotablyexpertsystemdor choosingoptimal modelsandsimulatorsfor a givenproblem,wereusedin
modellingandsimulation.Corversely Al calleduponexplicit numericakimulationto obtain“deep”knowl-
edgen theform of detailedbehaiour trajectorie§VVVW T91, VKVWV92]. This,asopposedo qualitative
simulationof Kuipers[Kui86, Kui88, Kui94], deKleer [dKB84], andForbus[For84, For9q, whichtriedto
chartclasse®f behaiours,andthuspredictmultiple possiblefutures,by ignoring quantitatve details.

With the adwent of the object-orientednethodologyfor software designat the end of the 1980s,0bject-
orientedsofwarefoundits way into modellingandsimulation.This is not surprising,asthe allegedroot of
object-orientegprogramminganguagess Simula,a simulationlanguaggWeg9Q. As will bediscussedn
this text, object-orientednodelling and object-orientedsimulation(implementation)are two distinct con-
cepts.

Sincethe1990s Al researcthasagaincalleduponmodellingand(object-oriented$imulationusingindividual-
basedsimulationsto investigatethe emegent behaiour of communitiesof interacting“agents” [WJ95
0Ode98 Mae94 vdCKV96.

Today modellingandsimulationareincreasinglyrecognizedas a separatenter-disciplinaryresearctarea
distinctfrom ComputerScience MathematicsAl, etc.with a vastrangeof applicationsAs the constraints
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on productproductioncostsaswell asdemandgor predictablgoften, higher)quality increasethe needfor
“doing it right thefirst time” is felt. If iterative developmentandimprovementis notfeasiblein the physical
world, repeatediirtual experimentdy meansof simulationis a valid approachOneareawheremodelling
andsimulationis gettingastrongfootholdis thedesignof software.In particular softwareengineeringeeds
modellingandsimulationtechniquego tackle hardware/softvare co-designyeal-time(dueto the presence
of time constraints)andsoftwareprocesgproblems.

In this thesis,someof the needscurrentlyfelt in the modellingand simulationcommunityareaddressed.
Theseneedsvereidentifiedby ESPRITS SIE-WG, of which the authorwasa co-founderandco-ordinatar
The EuropearStrategjic Programmen Information Technology(ESPRIT)BasicResearctWorking Group
8467[VKV96, VVI6d, KVV G94 KVV G95 on “Simulationfor the Future:new conceptstoolsandappli-
cations”,with theacrorym SIE-WG (Simulationin Europe- Working Group),startedts work on December
1, 1993.SiE-WGwasaninitiative of the SIiE SpecialinterestGroup(SiE-SIG),currentlyconsistingof some
200 industrialand academianembers.The SIiE-SIG actsasa platform andvalidating forum for SIE-WG
results.The —naw concluded-SiE-WG activities will be resumedn 2001. Needsof particularrelevance
to Europeanindustry andto the end-usemwereidentified. “Simulation Researcholicy Guidelines”were
formulatedby SIE-WG:

1. Improve themodellingandsimulationprocess:

(a) Modelling:
Redefine‘'maodelling” in a broaderperspectie than currently usedand exploit this asa basis
for new modellingandsimulationmethodologiesi.e., multi-formalismmodelling namedmulti-
paradigmmodelling,atthetime of thereportwriting).
Focuson generic,object-orientedcomponenimodellingand supportingrepresentationt en-
hancere-usabilityandportability of existing andnew simulationmodels.

(b) Techniques:
AdaptSoftwareEngineeringandAtrtificial Intelligencemethodsandtools(e.g., formal verifica-
tion, re-use versionmanagemerdnddecisionsupport)to modellingandsimulationproblems.
Mergeresultsin integratedmethodsandtools(e.g.,multi-languaye softwae systemp

(c) Life-cycle:
Pay attentionto the full Modelling/SimulationExperimentation/glidation life-cycle. Use ex-
plicit descriptionsandprescriptiondor this (possiblyconcurrent)ife-cycle to improve quality
of theend-productgsoftwareand/orhardware).

2. Opennew applicationareas:

(a) Includenew peripherabevicesandnovel algorithmsinto simulatorsEnternew applicationareas
(for example the medicalsector).

(b) Exploit highly parallel hardwarearchitectureso simulatemulti-componensystemsy directly
mappingmodelstructureonto hardwarestructure.

3. Provide usersimulatorinterfaces:

(a) Provide a commonbasisfor independentdevelopmentof simulatorsand userinterfacesby
meansof OpenSystems.

(b) Intelligentusersimulatorinterfacesshouldpresenimultiple interactionscenariogor simulation
information (e.g., educationby simulation,assistedstatisticalinterpretation). “User Centred”
interfacesnecessitatentegrationof bothengineeringandhumansciencemodels.

4. Enhanceavarenesgthroughknowvledgedissemination):

(a) Provide educationin Modelling and Simulationto remedythe skill shortagein this field. The
educationbothin universitiesandon-site)mustbetailoredto theend-useneeds.
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(b) Disseminatenformationaboutsimulationaswell asstandardizedioolsto currentandpotential
simulationbeneficiaries.

5. Preparestandardsand standardizatiorproceduresSupportflexibility in designand re-usability of

modelsby developing generalformatsfor the information baseof modelsin different application
areas.

Thegapsin currentmodellingandsimulationpracticearebelieved to be dueto:

o theuseof simulationtoolswithout formal underpinningAs mary toolsareapplication-specificgon-
ceptssuchasnon-causamodellingarere-discaeredindependentlyn differentapplicationdomains
andoftensolvedin afarfrom optimalfashion;

o thelack of acleardistinctionbetweermodellingandsimulation.Thereis no commonunderstanding
of theseconcepts;

o thelegag of techniquesindtoolssuchascausaimodellingin Simulink [SIM97] andACSL[ACS95]
dating back to the 1970s.Thoughtheseare excellent simulationtools, the expressienessof non-
causalmodellingallows for bettermodelre-use Non-causamodellingdoesnot precludethe useof
thesetoolsassymbolicmanipulationcancorvert non-causamodelsinto causalbnes;

o thelack of integration of differentformalisms.Either a modelleris forcedto casthis modelinto a
singleformalismfor which atool is available or multi-formalismmodelsaresimulatedby connecting
formalism-specifisimulatorsfor eachof the componentsThelatteris inefficient anda vastamount
of semantidnformationis lost which could be usedfor optimization,insight, validation,automatic
parallellization etc.

Contrib utions

This thesisaddressedgems1, 3, and5 of the aforementionesheedsof the modellingandsimulationcom-
munity. It unifiesdifferentapproachesn a multi-formalismmodelling and simulationmethodology The
work generalize<eigler’s generalTheory of Modelling and Simulation[Zei84b, ZPKO00] by introducing
non-causaimodelling and multi-formalism modelling. The developmentsare madepossiblethroughthe
applicationof state-of-the-artomputersciencaechniques:

e someresultsfrom Artificial Intelligencefor automatingnodelselection;

e object-orientedsoftware designfor the constructionof a genericmodellingand simulationarchitec-
ture;

e graphtheoryto transformcontinuousmodelsbasedon manipulationof a dependengcgraphof vari-
ablesoccurringin algebraicequations;

e computeralgebrato re-write algebraicexpressions;

e numericalanalysisfor theimplementatiorof efficient solversfor ordinarydifferentialequations;

e compilercompilersto generatenodelcompilersfrom high-level specifications.

We now present brief overview of thethesis,pointing out original contrikutions.

In thefirst chaptergeneraimodellingandsimulationconceptsuchasverificationandvalidationareintro-
ducedIn particular anew, unifiedrepresentationf modellingerrorsis introduced.The presentatioiorings
structureto the multitude of differentexisting views, andintroducesoriginal classificationsof modelling
formalisms.As not only the formalisma modelis representedh is important,but alsothe processof ma-
nipulatingthis model,modelsof the modellingandsimulationprocessare proposedSuchmodelsmay be
usednotonly to describethe processbut alsoto prescribethe processandassuchform the basisfor auto-
matedmodellingandsimulationervironments.The maincontrikution hereis the Virtual ProductLife-cycle
(VPL) conceptanda recursve procesanodelfor modellingandsimulation,supportingbottom-upaswell
astop-davn constructioranduseof models.
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In the seconcchapterarigourouspresentatiors given of diverseformalismswith adescriptionof possible
transformationdbetweertheseformalisms.Thesetransformationsreat the basisof the implementatiorof
modelcompilers.Thetransformationsnclude

transformatiorof eventschedulingdiscreteeventmodelsto DEVS,

transformatiorof cellularautomatao DEVS,

symbolictransformatiorof continuoudormalismsbasedon graphalgorithms,
transformatiorbetweendifferentialequationsaandtransferfunctions,

transformatiorof Forresters SystemDynamicsmodelsto ordinarydifferentialequations,
transformatiorof acommonlyusedclassof partialdifferentialequationgo ordinarydifferentialequa-
tionsbasedon orthogonalkollocationover finite elements.

As may be apparenfrom the above, the describedormalismsare: /O datatrajectoriesdiscreteeventfor-

malismsin the form of four different“world views”, the DEVS formalism, Cellular Automata,differential
andalgebraicequationformalisms.Also introducedare non-causamodels,how they enablemodelre-use
andhow to procesgshemefficiently, the transferfunctionformalism,Forresters SystemDynamicsformal-
ism anda classof partialdifferentialequations.

This chapterconcludesy presentinganalgorithmfor “flattening” coupledmulti-formalismmodels(modu-
lar networks). Thisis achieved by transformingthe componentso a commonformalism.Knowledgeabout
which transformationsarefeasibleis retainedin a FormalismTransformatiorGraph(FTG). Theintroduc-
tion of multi-formalismmodelling,the FTG andthe flatteningalgorithmforms a major contritution to the
meaningfulmodellingof comple systems.

Basedonthediscussionn thefirst two chaptersthethird chaptercontainghedesignof adeclaratre Model
SpecificationLanguagegMSL-USER)aswell asa full, interactve modellingand simulationervironment
(WEST++)to createmodify, andsimulateMSL-USERmodels.The designrequirementfor MSL-USER
weregenericity supportfor re-useandexchangeaswell asfor the representatioof multiple formalisms.
MSL-USERconceptsaarenow usedin the standardizatiomffort Modelica[EBB*99]. MSL-USERIis afirst
steptowardsmeta-modellingalsodescribedn this chapter

In thefourthandfinal chapterit is shavn how themodellingandsimulationconceptslevelopedn thisthesis
canbeappliedin thedomainof bio-actvatedsludgewastewatertreatmentin particular amethodologyfor

constructingnodelbasedor physicalsystemss presentec@ndillustratedfor WasteWaterTreatmenPlants
(WWTPSs). This leadsto a genericmodel basefor WWTP modelling. Finally, the applicationof WWTP
modelsin the WEST++tool is illustrated.
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At a first glance,it is not easyto characterizanodelling and simulation.Certainly a variety of applica-
tion domainssuchas fluid dynamics,enegy systemsand logistics managemenmake useof it in one
form or another Dependingon the contet, modellingandsimulationis often seenasa sub-sef Systems
Theory Control Theory NumericalAnalysis,ComputerScience Artificial Intelligence,or OperationRe-
searchlncreasingly modellingand simulationintegratesall of the above disciplines.Recently modelling
andsimulationhasbeenslatedto becomehe computingparadigmof thefuture.As aparadigmijt is away
of representingproblemsandthinking aboutthem,asmuchasa solutionmethod.The problemsspanthe
analysisanddesignof complex dynamicalsystemsin analysisabstractmodelsarebuilt inductively from
obsenrationsof areal system.In design,modelsdeductvely derved from a priori knowledgeare usedto
build a system,satisfyingcertaindesigngoals.Often, an iterative combinationof analysisand designis
neededo solve realproblems Thoughthefocusof modellingandsimulationis onthebehaiour of dynam-
ical (i.e., time-varying) systemsstaticsystemgsuchasentity-relationshipmodels describedn the Unified
Modelling LanguagedUML [RJB99]) area limit-case.Both physical(obeying conseration and constraint
laws) andnon-physicalinformational suchassoftware)systemsandtheirinteractionsarestudiedoy means
of modellingandsimulation.

1.1 Basic concepts

In thefollowing, anintroductionto the basicconceptof modellingandsimulationis given.
Figurel.1presentsnodellingandsimulationconceptsasintroducedby Zeigler[Zei84b, ZPKO0Q.

Object is someentity in the RealWorld. Suchan objectcanexhibit widely varying behaiour depending
onthecontet in whichit is studied,aswell astheaspect®of its behaiour which areunderstudy

BaseModel is ahypotheticalabstractepresentationf the objects propertiesjn particular its behaiour,
which is valid in all possiblecontexts, and describesall the objects facets.A basemodelis hypo-
theticalaswe will never —in practice—be able to construct/represérsucha “total” model. The
guestionwhetherabasemodelexistsatall is a philosophicabne(akin to the hiddenvariableproblem
in physics).

System is a well definedobjectin the Real World under specific conditions,only consideringspecific
aspect®f its structureandbehaiour.

Experimental Frame Whenonestudiesa systemin therealworld, the experimentaframe (EF) describes
experimentalconditions(context), aspects, .. within which that systemand correspondingnodels
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will be used.As such,the ExperimentaFramereflectsthe objectivesof the experimentemwho per
forms experimentson a real systemor, throughsimulation,on a model.In its mostbasicform (see
Figurel1.2),an ExperimentalFrameconsistsof two setsof variablesthe Framelnput Variablesand
the FrameOutputVariableswhich matchthe systemor modelterminals.On theinput variableside,
a geneator describeghe inputsor stimuli appliedto the systemor modelduring an experiment.A
generatomay for example specify a unit step stimulus.On the outputvariableside, a transducer
describeghetransformationso be appliedto the system(experiment)or model(simulation)outputs
for meaningfulinterpretation A transducemay for examplespecifythe calculationof the extremal
valuesof someof the outputvariables.n the above, outputrefersto physicalsystemoutputaswell
asto the syntheticoutputsin the form of internalmodel statesmeasuredy an obserer. In caseof
amodel,outputsmay observenternalinformationsuchasstatevariablesor parametersfpart from
input/outputvariables,a generatorand a transduceran ExperimentalFramemay also comprisean
acceptorwhich comparedeaturesof the generatoinputswith featuresof the transduceautput,and
determinesvhetherthe system(real or model)“fits” this ExperimentaFrame andhencethe experi-
menters objectves.
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(Lumped) Model gives an accuratedescriptionof a systemwithin the contet of a given Experimental
Frame.Theterm “accuratedescription’needsto be definedprecisely Usually certainpropertiesof
the systems structureand/or behaiour must be reflectedby the model within a certainrangeof
accurag. Note: a lumpedmodelis not necessarilya lumpedparametemodel[Cel9]]. Due to the
diverseapplicationsof modellingandsimulation,terminologyoverlapis very common.

Experimentation is the physicalact of carrying out an experiment.An experimentmay interfere with
systemoperation(influenceits input and parameterspr it may not. As such,the experimentation
environmentmay be seenasa systemin its own right (which mayin turn be modelledby a lumped
model).Also, experimentatiorinvolvesobseration. Obserationyields measuements

Simulation of alumpedmodeldescribedn a certainformalism(suchasPetriNet, Differential Algebraic
Equationg(DAE) or Bond Graph)producessimulationresults the dynamicinput/outputbehaiour.
Simulationmay use symbolicaswell as numericaltechniquesSimulation,which mimics the real-
world experiment,canbe seenasvirtual experimentationallowing oneto answerquestionsabout
(thebehaiour of) a system As such,the particulartechniqueuseddoesnot matter Whereaghegoal
of modellingis to meaningfullydescribea systempresentingnformationin an understandableage-
usableway, the aim of simulationis to befastandacculate Symbolictechniquesreoftenfavoured
over numericalonesasthey allow the generatiorof classe®f solutionsratherthanjusta singleone.
For example,sin(x) asa solutionto the harmonicequationis preferredover onesingleapproximate
trajectory solution. Furthermore symbolic optimizationshave a much larger impact than numeri-
cal onesthanksto their global nature.Crucial to the System—Experiment/Model+Wa Experiment
schemeis that thereis a homomorphiaelation betweenmodel and system:building a model of a
real systemandsubsequentlgimulatingits behaiour shouldyield the sameresultsasperforminga
real experimentfollowed by obseration and codifying the experimentalresults(seeFigure 1.3). A
simulationmodelis atool for achiezing a goal (design,analysiscontrol, optimisation,...) [BO96].
A fundamentabprerequisiteis thereforesomeassurancehat inferencesdravn from modellingand
simulation(tools)canbeacceptedvith confidenceThe establishmendf this confidences associated
with two distinctactwvities; namely verificationandvalidation.

Verification is the procesf checkingthe consisteng of a simulationprogramwith respecto thelumped
modelit is derived from. More explicitly, verificationis concernedvith the correctnessf the trans-
formationfrom someintermediatebstractepresentatiofthe conceptuamodel)to the programcode
(thesimulationmodel)ensuringhatthe programcodefaithfully reflectsthe behaiour thatis implicit
in the specificatiorof the conceptuamodel.

Validation is the processof comparingexperimentmeasuementswith simulationresultswithin the con-
text of acertainExperimentaFramegBal974. Whencomparisorshavs differencestheformalmodel
built may not correspondo thereal systemA large numberof matchingmeasuementsandsimula-
tion results thoughincreasingconfidence doesnot prove validity of the model however. For this
reasonPopperhasintroducedthe conceptof falsification[Mag85, the enterpriseof trying to falsify
or disprove a model.Variouskinds of validationcanbe identified;e.g., conceptuamodelvalidation,
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structuralvalidation, and behaioural validation. Conceptualvalidation is the evaluationof a con-
ceptualmodelwith respecto the systemwherethe objectve is primarily to evaluatethe realismof

the conceptuaimodelwith respectto the goalsof the study Structual validationis the evaluation
of the structureof a simulationmodelwith respecto perceved structureof the system Behavioual

validationis the evaluationof the simulationmodelbehaiour. An overviewn of verificationandval-

idation actiities is shavn in Figure1.4. It is notedthatthe correspondencin generatedehaiour

betweera systemanda modelwill only hold within the limited contet of the ExperimentaFrame.
Consequentlywhenusingmodelsto exchangenformation,amodelmustaiwaysbe matchedwith an
ExperimentaFramebeforeuse.Corversely a modelshouldnever be developedwithout simultane-
ously developingits ExperimentalFrame.This requirementhasits repercussionsn the designof a
modelrepresentatiotanguage.

1.2 The modelling and simulation process

To understandary enterprisejt is necessaryo analyzethe process which actvities are preformed,what
entitiesareoperatedn, andwhatthe causakelationshipgdeterminingactivity orderandconcurreng) are.
A describedorocesgivesinsight,a prescribedprocessanbethe basisfor automatiorandimplementation
of asoftwaretool [Hum89 HK89]. Notehow aprescribegrocesss not necessarilgeterministicasit may
still leave a large numberof decisiongo the user The importanceof studyingprocessess exemplifiedby
the SEI Capability Maturity Model (http://www.sei.cm u. edu/cmm/cmrs/c mmsht ml) which assesses
the quality of softwarecompaniedy thelevel of knowvledge,re-use andoptimizationof their processes.
Thesimulationactiity is partof thelargermodel-basedystemsanalysisenterpriseA rudimentaryprocess
modelfor theseactvities is depictedin Figure1.5. By meansof a simplemass-springxperimentexample
(seeFigure 1.6), the processwill be explained.In this example,a masssliding without friction over a
horizontalsurfaceis connectedo awall via aspring. Themasss pulledaway from therestpositionandlet
go.

A numberof InformationSouces(eitherexplicit in the form of data/model/kneledgebasewr implicit in
theusers mind) areusedduringthe process:

1. A Priori Knowledge:in deductivenodelling onestartsfrom generaprinciples—suchasmassgnengy,
momentumconseration laws and constraints-and deducesspecificinformation. Deductionis pre-
dominantlyusedduring systemdesign In the example,the a priori knowledgeconsistsof Newton’s
secondaw of motion,aswell asour knowledgeaboutthe behaiour of anidealspring.

2. GoalsandIntentions:the level of abstractionformalismsused,methodsemplged, ... areall deter
minedby thetype of questionsve wantto answerIn the example,possiblequestionsare:“what is a
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suitablemodelfor the behaiour of a springfor which we have positionmeasurement®”, “what is
the springconstan®”, “givena suitablemodelandinitial conditions predictthe springs behaiour”,
“how to build anoptimalspringgiven performanceriteria?”, . ..

3. Measurementiata:in inductivemodelling we startfrom dataandtry to extractstructurefrom it. This
structure/modetansubsequenthpe usedin a deductve fashion.Suchiterative progressions typical
in systemsanalysis Figure 1.7 plotsthe noisy measuregbositionof the examples massasa function
of time.

The processstartsby identifying an ExperimentalFrame.As mentionedabore, the frame representshe
experimentalconditionsunderwhich the modellerwantsto investigatethe system.As such,it reflectsthe
modellers goalsand questions.n its most generalform, it consistsof a geneator describingpossible
inputsto the systematransducedescribingthe outputprocessinge.g., calculatingperformanceneasures
integrating over the output),and an acceptordescribingthe conditions(logical expressionsunderwhich
the system(be it real or modelled)match.In the example,the experimentalframe might specify that the
position deviation of the massfrom the restpositionwill/may never be larger thanthe restlength of the
spring. Environmentfactorssuchas room temperatureand humidity could also be specified,if relevant.
Basedon aframe,aclassof matchingmodelscanbeidentified.

Throughstructurecharacterizatiorthe appropriatanodelstructureis selectechasedn a priori knowledge
andmeasuremerdata.ln theexample,afeatue of anidealspring(connectedo africtionlessmass)is that
the position amplitudestaysconstant.n a non-idealspring,or in the presencef friction, the amplitude
descreasewsith time. Basedon the measuredlata,we concludethis mustbeanidealspring.

A suitablemodelas shavn belonv canbe built. Note how the modelis non-causalnot specifyingwhich
variablesareknonvn andwhich needto be computed)andcontainsan assertiorencodingthe Experimental
Frameacceptar

CLASS Spring  "ldeal ~ Spring: ~ DAEmodel :=

{
OBJ F_left: ForceTerminal,

OBJ F_right:  ForceTerminal,

OBJ RestLength:  LengthParameter,
OBJ SpringConstant: SCParameter,

OBJ x: LengthState,
OBJ v: SpeedState,
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F_left - F_right = - SpringConstant  *
(x - RestLength),
DERIV([ x, [t] 1) =v,

EF assert( x - RestLenght < RestLength/100),
h

Subsequent)yduring model calibration, parameteiestimationyields optimal parametewaluesfor repro-
ducinga setof measurementata.From the model,a simulatoris built. Due to the contradicting aims of
modelling—meaningfuimodelrepresentatiofor undestandingandre-use- andsimulation—accuacy and
speed, a large numberof stepsmay have to betraversedto bridgethe gap.Usingtheidentifiedmodeland
parameterssimulationallows oneto mimic the systembehaior (virtual experimentationasshavn in Fig-
ure 1.8. The simulatorthusobtainedcanbe embeddedn for example,anoptimizer atrainer or a tutoring
tool.

The questionremainswhetherthe modelhaspredictive validity: is it capablenot only of reproducingdata
which wasusedto choosehe modelandto identify parameterdut alsoof predictingnewv behaior ? With
every useof the simulator this validity questionmustbe asled. The userdeterminesvhethervalidation
is includedin the processin a flight simulator one expectsthe modelto have beenvalidated.In a tutor,
validationby the usermay be partof theeducatiorprocess.

In Figurel.5,onenoticeshow eachstepin the modellingprocessnayintroduceerrors.As indicatedby the
feedbackarravs, amodelhasto be correctedoncefalsified.A desirableeatureof the validationprocesss
theability to provide hintsasto thelocationof modellingerrors[YVV98]. Unfortunatelyhowever, very few
methodsaredesignedo systematicallyprovide suchinformation.In practicaluse,the processs refinedand
embeddedn moregeneralle.g., tutoring, training, optimal experimentaldesign,control) processes.

1.3 Verification and validation

Thepresentatiof anexperimentaframegivenabove enablesa rigourousdefinitionof modelvalidity. Let
usfirst postulatethe existenceof a uniqueBaseModel This modelis assumedo accuratelyrepresenthe
behaior of the RealSystemunderall possibleexperimentalconditions.This modelis univesally valid as
the dataDreagysem Obtainablefrom the Real Systemis alwaysequalto the dataDgasendel Obtainablefrom
themodel.

Dgasemdel = DReaB/sIem

A BaseModelis distinguishedrom a LumpedModel by thelimited experimentalkcontet within whichthe
lastaccuratelyrepresentfReal Systembehaior.

A particularexperimentaframeE maybeapplicableto arealsystermor to amodel.In thefirst casethedata
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potentially obtainablewithin the contet of E aredenotedoy Dreasysem/|E. In the secondcase obtainable
dataare denoteby Dyoqi||[E. With this notation,a modelis valid for a real systemwithin Experimental
Framek if

DLumpeaVI odel || E= DReaB/stemH E

Thedataequality= mustbeinterpretedas“equalto a certaindegreeof accurag”.
Theabove shavs how theconcepbf validity is notabsolute but is relatedto theexperimentakontext within
which Model andReal Systenbehaviorarecomparedandto theaccumcy metricused.

Onetypically distinguishedbetweerthe following typesof modelvalidity:

Replicative Validity concerngheability of theLumpedModelto replicatetheinput/outpuidataof theReal
SystemWith the definition of a BaseModel, a LumpedModelis replicatively valid in Experimental
FrameE for a Real Systemif

DLumpeaVI odel || E = Dgasemdel || E

Predictive Validity concerngheability to identify the statea modelshouldbe setinto to allow prediction
of theresponsef theRealSystento any(notonly theonesusedto identify themodel)inputsegment.
A LumpedModelis predictively valid in ExperimentaFrameE for aRealSystemif it is replicatively
valid and

FLumped\/I odel || E C Feasemvdel || E

whereFs is the setof 1/0 functionsof systemS within ExperimentalFrameE. An I/O function
identifiesa functionalrelationshipbetweerninput andOutput,asopposedo a generahon-functional
relationin the caseof replicatve validity.

Structural Validity concernghestructuial relationshipbetweerthe RealSystemandthe LumpedModel.
A LumpedModelis structurallyvalid in ExperimentaFrameE for a RealSystemif it is predictively

valid andthereexistsamorphismé from BaseModel to LumpedModel within frameE.

LumpedModel||E 2 BaseMdel||E

Whentrying to assessodelvalidity, onemustbearin mindthatoneonly obseres,atary timet, DtReansem’
asubsebdf thepotentiallyobserabledataDreagysem. This obviously doesnot simplify themodelvalidation
enterprise.

Whereasassessingnodel validity is intrinsically impossible the verification of a modelimplementation
canbe donerigorously A simulatorimplementsa lumpedmodelandis thusa sourceof obtainabledata
Dsmulator- If it is possibleto prove (often by design)a structuralrealtionship(morphism)between_umped
modelandSimulator thefollowing will hold unconditionally

Dsimulator = DLumpeaVI odel

Beforewe go deepeiinto predictive validity, the relationshipbetweerdifferentrefinement®f both Exper

imental Framesand modelsis elaboratedln Figure 1.9, the derivedfrom relationshipfor Experimental
Framesandthe homomorphismelationshipfor ModelsaredepictedIf we think of anExperimentaFrame
asaformal representationf the “context within which the modelis a valid representatiof the dynam-
ics of the system”,a more restrictedExperimentalFramemeansa more specificbehaiour. It is obvious
thatsucharestrictedExperimentaFramewill “match” far moremodelsthana moregeneralExperimental
Frame.Few modelsareelaborateenoughto be valid in a very generalinput/parameter/perfmane range.
Hence thelarge numberof “appliesto” (i.e., match)linesemanatingrom arestrictedExperimentaFrame.
Thehomomorphisnbetweemodelsmeanghat, whenmodifying/transforminga model(e.g., addingsome
non-lineartermto a model),the simulationresults(i.e., the behaiour) within the sameexperimentalframe
mustremainthe same.
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Figure1.9: ExperimentaFrame— modelrelationship

Thoughit is meaningfulto keepthe abore in mind during model developmentand use,the highly non-
linear natureof mary continuousmodels(asusedin WEST++) makesit very difficult to “automate”the
managementf informationdepictedn Figurel.9.Non-linearbehaiour malkesit almostimpossiblebased
onamodelor experimentaframesymbolicrepresentatiortp make astatemenabouttheareain state-space
whichwill becovered(i.e., behaiour). A pragmaticapproachs to

1. letan“expert” indicatewhatthe differentrelationsare. This is basedon some"insight” into the non-
lineardynamics Suchexpertknowledgecanbebuilt from alarge numberof conductedexperiments.

2. constantly-with eachexperiment-validatethe expertinformation.

A crucial questionis whethera model haspredictve validity: is it capablenot only of reproducingdata
which wasusedto choosethe modeland parameter$ut alsoof predictingnen behaior? The predictve
validity of a modelis usually substantiatedy comparingnewv experimentaldatasetsto thoseproduced
by simulation,an activity known asmodelvalidation.Dueto its specialimportancein the communication
betweenmodel builders and users,model validation hasreceved considerablattentionin the pastfew
decadegfor asuney, seefor example[Bal974. Problemdrom generablalidationmethodologie$o concrete
testingtechnologiehave beenextensiely studied.The comparisorof the experimentalindsimulationdata
are accomplisheckither subjectvely, suchas throughgraphicalcomparison,Turing test, or statistically
suchasthroughanalysisof themeanandvarianceof theresidualsignalemploying the standard- statistics,
Hotelling’s T? tests,multivariateanalysisof varianceregressioranalysis spectralanalysisautorgressie
analysis,autocorrelatiorfunction testing,error analysis,and somenon-parametrianethods An excellent
presentationf thedifferentissuesaswell asaclassificatiorof verification,validation,andtestingtechniques
is givenby Balciin [Bal974.

As indicatedby the feedbackarrowns in Figure 1.5, a modelhasto be correctedonceproveninvalid. The
above mentionedmethodsaredesignedo determinethroughcomparisorof measure@ndsimulateddata,
thevalidity of amodel.As onemightintuitively expect,differentmodellingerrorsusuallycausehebehaior
of themodelto deviatein differentwaysfrom thatof therealsystemOr, in otherwords,differentmodelling
errorscorrespondo different“patterns”in the error signal, the differencebetweenexperimentaldataand
simulateddata.These"patterns”,if extract-able canobviously be usedto identify the modellingerrors.In
thesequelwe presentasimplebiologicalprocesswhichwill bestudiedin moredetailin alaterchapterto
introducedifferentmodellingerrorsandtheir unifiedrepresentationT his representatiors the startingpoint
for automatecerrordetectionYVV98].
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Figurel1.10:Biological DenitrificationProcess

1.3.1 Modelling a biological process

Figure1.10shows a biological denitrificationplant, which aimsto remove the nitrateaswell asthe carbon
organicscontainedn theinfluentwaterby meansof biologicalreactionslt consistsf two functionalunits,
abio-reactorandasettler In thereactoy whichis oftencompletelymixed, heterotrophidiomasss present.
It biodegradeghe carbonorganicswith nitrateasthe electronacceptarThe carbonorganicsandthe nitrate
are thus both remaoved. The ‘overflow’ of the reactoy containingthe substrateresidualsand the sludge
flocks (wherethe biomassresides)flows into the settler There,the sludgesettlesandthusseparategiself

from the treatedwater andis subsequentlyegycled to the reactorthroughthe regycling line. In orderto

prevent the sludgeconcentrationn the reactorfrom becomingtoo high dueto its continuousgrowth in

thereactor surplussludgeis removed from the wasteflow (seeFigure1.10). Modelsof the denitrification
processisuallyaimto predictthe effluentquality (theamountof carbonorganicsandnitratein the effluent)
and the sludgeproduction.This implies that the following three variablesare crucial to the model: the
carbonorganicsconcentrationthenitrateconcentrationandthebiomassoncentrationT hemainbiological
reactionoccurringin thereactoris known to be,

(_
S+NOz +H*' <= X 4+ N, +COz + H,0

whereS, NO3, HT, X, N2, CO, andH,O denoterespectiely, the carbonorganics nitrate,proton,biomass,
nitrogengas,carbondioxide gasandwater r denoteghereactionrate.The“feedback”arrav in thescheme
expresseshe auto-catalytiactionof thebiomassx. As clearlyshavn in the schemethereactionresultsin
theremoval of the nitrateandcarbonorganicsandin the growth of the biomassAnotherreactorprocesss
the decayof the biomasswvhich causeshe decreasef the biomasson the onehandandthe consumptiorof
the nitrateon the otherhand.In the context of modellingthe effluentquality, thea priori knowledgeallows
oneto modelthe processy makingmassbalancesor thethreematerials,

X0 = ux) -bxn - 2x
&) = —%u(t)X(t)—Qi\n/—(t)Ss(t)—lrQi\n/—(t)Ssin(t) (L.1)
S0(0) = —55aehtX(0) ~ (0 - L0 + 2Us10,0)

whereX, Ss, Syo denotethe biomassthe carbonorganicsandthe nitrate concentrationén the bioreactor
respectiely; Ssin and Syoin denotethe carbonorganicsandthe nitrate concentrationsn the influent, re-
spectvely; Qi is theinfluentflow rate; Q,, is the wasteflow rate;V is the volume of the bioreactor;Ys is
theyield coeficient; b is the biomassdecaycoeficient; fp is the fractionof theinert materialsin biomass;
p(t) = r(t)/X(t) is the specificbhiomasgyrowth rate,whichis still to bemodelled.

Experimentsshav that 1 is a nonlinearfunction of Ss and Syo. It hasbeenrevealedthat u increasesl-
mostlinearly with Ss and Syo whenthey arelow, but becomesndependenof themwhenthey arehigh.
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Severalempiricallaws have beenproposedo modelthis relationship.The following doubleMonodlaw is
commonlyusedHGG'86],

Ss(t) Svo(t)

t) =

H(t) = mas Ks+ Ss(t) " Kno + Swo(t)

wherepmax is the maximumspecificgrowth rate,Ks andKyo arethe so-calledhalf saturationcoeficients
for the carbonorganicsandthenitrate,respectiely.

) (1.2)

Equation(1.1), togetherwith equation(1.2), gives a parametricmodel of the denitrificationprocessAll
the parametersvolved areplantdependenandhencehave to be specificallyestimatedor eachindividual
casebasedon the dataobtainedeitherfrom on-sitemeasurementsr from laboratoryanalysegof on-site
samples).

1.3.2 Different types of modelling errors and their unified representation

Assumethatthe paramerizedanodelto bevalidatedtakesthe form,
Xm(t) = fm(Xm(t), Bm, u(t),t) (1.3)

wherexm(t) € R" is the statevariablevectorof themodel,u(t) € RP is theinputvector and6y, is themodel
parametewector whichis knowvn. On the basisof this model,therealbehaior of the systemcangenerally
berepresenteds,

5 () = fn(% (1), B, U(L), 1) + () (14)

wherex; (t) € R" is the statevectorof the systemgen(t) € R" is themodellingerrorvector It is assumedin
equation(1.4) thatthereal systemhasthe samenumberof statevariablesasthe model. This representation
doesnotlimit thegeneralityof therepresentatiorsincetheerrorsintroducedoy erroneoustateaggregations
in deriving model(1.3) canalsoberepresentetly the errortermey(t).

In orderto make the modellingerroridentificationpossible anappropriateepresentationf the errorterm
en(t) in equation(1.4) is required.This representatioshouldbe obtainedby making useof the a priori
knowledgeaboutthe possiblemodellingerrors.Basically modellingerrorsmaybeintroducedn eachstage
of the modelling processas depictedin Figure 1.5. In this section,it will be shavn, taking the biologi-
cal model developedin the previous sectionas an example,how the a priori knowledge concerningthe
modelling errorscanbe obtainedthroughthe analysisof the modelling processandthe modelitself. The
mathematicatepresentatiomf the modelling errorswill alsobe discussedAs will be shavn in the next
section,sucha representatiomllows the identificationof the modellingerrorsbasedon the comparisorof
the obsered datawith dataproducedoy simulationof the erroneousnodel.

Modelling Errors due to an impr operly defined Experimental Frame

In definingthe boundariesof the processor systemto be modelled,someimportantcomponentsnay be
missed,somesignificantdisturbanceso the systemmay be improperly neglectedandso on. All of these
introduceerrorsinto themodel. The ExperimentaFrameis theformalisationof the experimentakonditions
(inputsappliedto thesystemputputsobsered, criteriaof acceptance.,. .) andassuchtheabose mentioned
modelling errorscan be formally expressedas ExperimentalFrameerrors.For a rigoroustreatmentsee
[Takoq.

For instance an assumptiorunderlyingmodel (1.1) is that no otherreactionsoccurin the processwhich
affect the massbalanceof the concernednaterials.Oneknows, however, that this assumptioris not valid
whendissolhed oxygenis presenin theinfluent.In fact,whendissolved oxygenis fed to the bioreactorthe
following reaction,which s calledthe aerobicoxidation,will alsooccur accompaying the denitrification
reactiondescribedn the previous section,

—

S+ 0, % X +CO, + H,0
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wherer, denoteghe oxidationreactionrate. Thereactionschemeclearly shavs how the aerobicoxidation
affectsthe masshalanceof the carbonorganicsandthe biomassThiswill inevitably introduceerrorsin the
predictionof thesetwo variables.Since,asshavn in model(1.1), both S5(t) andX appeatin the equation
concerninghe dynamicsof Syo, the predictionof the nitrateconcentratiowill be affectedindirectly.

A characteristiof the modellingerror describedabore is thatit doesnot directly affect the third equation
in model(1.1). Theabove aerobicoxidationintroducesanr, terminto thefirst equationof (1.1)andan Vlsro
terminto the secondequation.Themodellingerrortermin equation(1.4) takesthefollowing form,

emo() =[1 — o O] ro(t) (15)
Ys

While [1 — Yis 0]" is apparentlyaknown vector rq(t) is anunknavn, time-variantscalar

Modelling Errors due to an impr operly characteriz ed Model Structure

Dueto for instanceack of knowvledgeof the mechanisnof the procesdo be modelled,or dueto anover
simplification of the model,one may assumea wrong modelstructure . Typical errorsinclude choosingan
incorrectnumberof statevariablesor incorrectlyassumingion-linearbehaior. Structuralerrorsmay acci-
dentallybe producedhroughincorrectchoiceof parametergusually 0), wherebysomepart of the model
structurevanishestherebyalteringthe modelstructure.

For instance,in model (1.1), theredoesnot exist a fundamentalaw that preciselycharacterizeshe de-
pendencef the denitrificationreactionrate on the concentration®f the materials.The “laws” which have
hithertobeenproposedare all quite empirical. A problemof this type of laws is thatthey have a limited
applicability range.An inappropriatechoiceof the “laws” may introduceerrors.For example,whenthe
modelof the denitrificationrate given in equation(1.2) is not a gooddescriptionof the real reactionrate:
K (t) = W(t) + dps(t), wherep (t) is the real specificreactionrate and dys(t) is the modelling error; the
following errortermis foundby substitutionin equation(1.4),

g1 1Yy

s ()X (t) (1.6)

Modelling Errors due to inaccurate estimates of the Model Parameter s

Eitherby improperorinadequatelatausedfor parameteestimatioror by ill designedstimatioralgorithms,
onemay useincorrectparameteralues.The errortermsin equation(1.4) dueto the estimateerrorsof the
parameterin model(1.1) areasfollows,

modelling error of b

Assumingb, = b+ db, whereb, istherealdecaycoeficientanddb is themodellingerror, oneobtains,
1-fp
2.86

emp(t) =[-10 — ]T3bX(t) (1.7)

modelling error of fp
Assumingfp, = fp+0fp, Wwherefp, istherealinertfractionin abiomassellandd fp is themodelling

error, oneobtains,
t)=[00 1]T%bxa) (1.8)
G fell) = 2.86 '

modelling error of Yg
AssumingY—;r = Yis + 6(%5), whereYs; is therealyield coeficient and 6(%5) is the modellingerror,
oneobtains, L
t)=[0 —1 — =—]"8()u(t)X(t 1.9
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modelling errors of pmax Kno and Ks
Assumingy (t) = p(t) + dup(t), wherep (t) is the real specificreactionrate and dpi,(t) is the error
causedy themodellingerrorof Ynax Kno 0Or Ks, oneabtains,

_ _i _ 1-Ys.r
efnumamKNo,Ks(t) - [1 Ys 2.86Ys] 6up(t)x(t) (1.10)

Onefindsthatevery singlemodellingerror shawvn above takesthe form of a productof a knowvn constant
vectorandanunknavn time-variantvariable. Thisis notanartifactof this particularexample butis in facta
generaproperty Usually eachmodellingerroraffectsonly asubspacef then-dimensionaktatespaceand
canhenceberepresenteth equation(1.4)with atermFd;(t), whereR € R™%, di(t) € RS. Thevectorsof K
spanthe subspacaffectedby the concernedanodellingerror F is calledthefeaturevectoror featurematrix
of themodellingerror di(t) representshe magnitudeof the modellingerror, andis generallyunknavn and
time-varying. Thus,equation(1.4) canberewritten as,

|
(0 = (0 Ime00).0) + 5 Fk (1) (1.12)

Sinceit is usually not possibleto predictall possiblemodellingerrors,it is necessaryo includea special
featurematrix, sayFy, in equation(1.11)to represenmodellingerrorswhich werenot explicitly modelled.
Obviously, the n-dimensionaldentity matrix is suitablefor thatpurpose.

To allow for meaningfulerroridentification,someassumptionsremadewith respecto equation(1.11):
e Theindividual errorsarewrittenin “additive” form:
Vi =V+ 0OV

Sucha “choice” of individual errortermsis alwayspossiblewithout lossof generality Onemay be
requiredto “lump” non-linearerrorsasin &(Ys) or &y, above.

e Simultaneouslyccurringerrorsareassumedo beeitheradditive, or sufiiciently smallto allow for an
linearapproximation:

f(A+0A,B+0B) = f(A B) + ﬂ(A, B) oA+ ﬂ(A, B) 5B
0A 0B
Thoughsuchanassumptionis notnecessarper se asnon-lineareffectscanalwaysbelumpedinto an
extraerrorterm (usingtheabove mentionedry), this would defeatour purposeof isolatingindividual

errorcontrikutions.

1.4 Abstraction levels and formalisms

Thereareseveralreasonsvhy abstracimodelsof systemsareused Firstof all, anabstractmodeldescription
of a systemcaptues knowledg aboutthat system.This knowledge can be stored,shared,and re-used.
Furthermoreif modelsarerepresenteth a standardvay, theinvestmentnadein developingandvalidating
modelsis paid off asthe modelwill be understoody modellingandsimulationervironmentsof different
vendorsfor alongtimeto come.

Secondlyanabstractnodelallows oneto formulateandanswemuestionsaiboutthe structureandbehaiour

of a system.Often, a modelis usedto obtainvaluesfor quantitieswhich are non-obserable in the real

system.Also, it might not be financially ethically or politically feasibleto performa real experiment(as
opposedo a simulationor virtual experiment) Answeringof structue relatedquestionss usuallydoneby

meansof symbolicanalysisof themodel.Onemightfor examplewish to know whetheranelectricalcircuit

containsa loop. Answeringof questionsaboutthe dynamicbehaviourof the systemis done(by definition)
throughsimulation Simulationmay be symbolicor numerical. Whereaghe aim of modellingis to provide
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Figurel.11:T,| controlledliquid

insightandto allow for re-useof knowledge theaimsof simulationareaccurag andexecutionspeedoften
real-time,with hardware-in-the-lop).

Onepossiblewvayto construcsystemsnodels(particularlyin systemslesign)is by copying the structureof
the system.Thisis nota strict requirementA neuralnetwork which simulateghe behaiour of anaeration
tankin anactivatedsludgewastewatertreatmenplantis considered “model” of thetank.It mayaccurately
replicatethe behaiour of the tank, thoughthe physicalstructureof the tank andits contentsis no longer
apparentFor purposef control, we are often satisfiedwith a performant(real-time)modelof a system
which accuratelypredictsits behaiour underspecificcircumstanceshut bearsno structuralresemblance
with thereal system.

Abstractmodelsof systenmbehaiour canbedescribedt differentlevelsof abstractioror detailaswell asby
meansof differentformalisms.The particularformalismandlevel of abstractioruseddependon the back-
groundandgoalsof themodellerasmuchasonthesystemmodelled As anexample atemperaturandlevel
controlledliquid in a potis consideredasshavn in Figure1.11.This is a simplified versionof the system
describedn [BZF98], wherestructuralchangds the mainissue.Onthe onehand,theliquid canbe heated
or cooled.Ontheotherhand,liquid canbe addedor removed. In this simpleexamplephasechangesrenot
consideredThe systembehaiour is completelydescribedoy the following (hybrid) Ordinary Differential
Equation(ODE) model:

Inputs(discontinuous— hybrid model):

e Emptying,filling flow rate
e Rateof adding/remuing heatW

Parameters: p ar _ 11w T
. @ = Tloa— @]
e Cross-sectiosurfaceof vesselA d o _
o Specificheatof liquid ¢ oodt T ®
e Densityof liquid p _ls_l_ow = (I <liow)
Statevariables: .IS_hlgh = (I'> Ihigh)
e Temperaturg is.cold = (T < Teo)
\ isha = (T>Tha)

e Levelof liquid |
Outputs(sensors):
e is_lowis_high,is_cold,is_hat

Theinputsarethefilling (or emptyingif negative) flow rate ¢, andthe rateW at which heatis added(or
removedif negative). This systemis parametrizedby A, thecross-sectiosurfaceof thevesselH, its height,
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Figurel.12:Trajectories

¢, the specificheatof the liquid, andp, the densityof the liquid. The stateof the systemis characterized
by variablesT, the temperatureand|, the level of the liquid. The systemis obsened throughthreshold
outputsensords_low is_high,is_cold,is_hat. Given input signals,parametersand a physically meaning-
ful initial condition (To,lp), simulationof the behaiour yields a continuousstatetrajectoryasdepictedin
Figure 1.12. By meansof the binary (on/of)) level andtemperaturesensorgntroducedin the differential
equationmodel, the state-spacenay be discretized.The inputs can be abstractedo heaterheat/cool/df
and pumpfill/lempty/closed At this level of abstractiona Finite StateAutomaton(with 9 possiblestates)
representatiof the dynamicsof the systemasdepictedin Figure1.13is mostappropriateThoughat a
muchhigherlevel of abstractionthis modelis still ableto capturethe essencef the systems behaiour. In
particular thereis a behaviourmorphismbetweernboth models:modeldiscretization(from ODE to FSA)
followed by simulationyields the sameresultas simulationof the ODE followed by discretization.This
morphismis shavn asacommutingdiagramin Figurel.14.

1.5 System specification

When studyingexisting systemspbservationqof structureand behaiour) are the only tangibleartifacts
we have atour disposalKli85]. A modellermay, basedon obserationsand/orinsight, build progressiely
morecomplex modelsof asystemIn this sectionwe present hierarchyof abstracmodelstructuresEach
structureelaborate®n the previous one,introducing(andrepresentinginore detailedknowledgeaboutthe
system.The reverseoperation,going from a higherlevel modelto a lessdetailedone, mustbe shavn to
be possible.This, assomequestionsaboutthe behaiour and structureof the systemare betteranswered
atlower levelsin the hierarchy In particular explicit behaiour in theform of trajectoriesdescribedat the
lowestlevel, is oftenrequired.

In object-orientederminology a simulationmodelconsistsof modelobjects(oftenusedto representeal-

world objects entities,or conceptspswell asrelationshipsamongthoseobjects.In generalamodelobject

is arything thatcanbe characterizedby oneor moreattributesto which valuesareassignedAttributesare

eithercalledindicativeif they describeanaspecinherentto the objector relationalif they relatethe object

to oneor more otherobjects.The valuesassignedo attributeshave a typein the programminglanguage
sense.

Mathematicaketsandoperationslefinedon thosesetsarethe startingpoint for abstracsystenrepresenta-
tion or modelling.Simplefinite setsof numbers{1,2,...,9}, identifiers{a,b,...,z}, aswell asinfinite sets
suchasN,NT R, andR* aretypically used Often,specificmeanings givento setsandtheirmembersThe
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setEV for exampleis afinite setdenotingarrival anddepartureeventsin a queueingsystem
EV = {ARRIVAL, DEPARTURE}.

As in the discrete event abstractiondiscussedater in greaterdetail, only a finite numberof eventsare
assumedo occurin aboundedime intenval, the non-ezentsymbol@is introducedo denotethe absencef
eventschanginghe stateof the system.The eventsetis subsequentlgnrichedwith ¢

EV®=EV U {q}.

Thisdemonstratethe useof basicsetoperationsuchasuU. To describaattributesof asystemthesetproduct
x isused
AxB={(ab)lac AbeB}.

1.5.1 Time base

Every simulationmodel must have an indexing attribute which, at somelevel of abstractiorwill enable
statetransitiongNan81]. Timeis the mostcommonindexing attribute. Time is specialin thatit inexorably
progressesthe currentstateand behaiour of a systemcan only modify its future, never its past. This
concepts often calledcausality a causemustalwaysoccurbeforea consequencen a simulationcontext,

theindexing attributeis referredto assystentime Any setT cansene asaformalisationof time.A nominal
relationship= maybeaddedo T to denoteequality To obtaina usabldimebasehowever, anorderrelation
ontheelementf T is needed:

TimeBase= (T, <)

Thisrelationhasproperties

e transitvte: A< BAB<C=A<C,
o irreflexive: A £ A,
e antisymmetricA<B=B £ A

Thisformalisesthe notionof orderin time. The orderingrelationshipmay betotal (linear): eachelementof
T canberelatedto every otherelementA partial orderingwherenotall elementof T canbe compareds
usefulin modellinguncertaintyor concurreng. In Figure1.15for example,the nodesdenotetime instants
and the edgesdenote“precedesin time” (<). t, precededothts andt, in time, but no information is
available aboutthe relative positionin time of t3 andts. In caseof concurrentoehaiour, causalitymust
not be violatedwithin the individual concurrenthreads put the time-orderingbetweenconcurrentevents
may be left unspecifiedMil93]. Mathematically this leadsto a lattice structure.ln caseof total ordering,
intervalsmay be defined.The pastT; andfuture Ty; of aninstantt € T maybedefined

T={tlteT, 1<t}
Tr={tlteT,t<1}.

Onceintenals have beendefined,
T te)
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Figurel.16:Time basefor hybrid systemmodels

denotesatime intenval, where(t meansit or [t. In mary cases(T,+) is anAbeliangroupwith zero0 and
inverse—t.

Commontime basegwith appropriate< and+) are

o T ={NOW}. ModelssuchasalgebraiamodelsareinstantaneousThetime baseis a singleton.

¢ T =R Modelswith thistime basearecalledcontinuous-timenodels Notehow discreteaventmodels
have R asatime base However, only at a finite numberof time-instantdn a boundedime-intenal,
aneventdifferentfrom the non-erent @ occurs.

e T =N (orisomorphic)Modelswith thistime basearecalleddiscrete-timemodels.Someformalisms
suchasFinite StateAutomata(FSA) do not have an explicit notion of time (unlike their extension,
timed automata)Thereis however a notion of progressior{from onestateto another) Accordingto
our generaldefinition,theindex of progressionanaturalnumbeyis time.

In hybrid systemmodelswhich combineaspectsof continuousand discretemodels[MBO01], a system
evolves continuouslyover time (R) until a certainconditionis met. Then,instantaneouslythe continuous
time doesnot progress)the systemmay go througha numberof discretestateqtheindex of progressions

discrete)beforecontinuingits continuousehaiour. To uniquelydescribegprogressiorfof generalizedime)

in this caseatuple (tc,ty) depictedn Figurel.16is neededEvenwhena seriesof discretetransitionskeep
returningto the samestate thediscreteindex t; allows oneto distinguishbetweerthem.Thetime baseused
is

T= {(t07td)|tc ERMy € {17 SRR N(tC)}}

Here,N(t;) (> 1) describeghe numberof discretetransitionsthe systemgoesthroughat continuougtime
tc. Obviously, only a partial orderingwill be definedover T which consistsof first testingthe relationship
betweerthet. componentsandsubsequentlyif equal),thatbetweerthety components.

In caseof Partial DifferentialEquationgPDES),thetime baseremainsR. The otherindependenvariables
(often,spacean theform of somecoordinatesystem)shouldbe seenasinfinitely mary state-ariablelabels
or generlizedcoodinates

Given a time base we wish to formalize behaviourover time. This is doneby meansof a time function,
calledtrajectoryor signal
f:T—A

describingat eachtimet, the value of the signal. A denoteghe setof valid valuesf cantake over T. The
time basemayberestrictedto asubsebf T: T/ C T. Therestrictionof f to T' is

fIT T = A,
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Figurel.17:Segmenttypes

vteT': f|T'(t) = f(t).

The pastof f is definedas f|T,. The future of f is definedas f|T;. The restrictionof f to anintenal is
calleda sgmentw

w: (t,to) = A

Thesetof all possible(allowed) sggmentsis calledQ. Segmentsarecontiguousf their domains(ts,t;) and
(t3,t4) arecontiguoust; = ts.

Contiguousseggmentsmaybe concatenated wy e wy,:
0y e () = w(t), vt € dom(oy);

wy @ (1) = wp(t), vt € dom(uy),

where( and) mustdenotematchingopen/closednterval boundarieso ensurethe concatenatedggmentis
still afunction(i.e., hasa uniguevaluein eachpoint of its domain).

A desirablepropertyof a setof segmentsQ is thatit is closedunderconcatenatiom: concatenatingnyleft
andright sgmentof a sggmentyieldsthe samesegment:

vt € dom(w) @ wyy e Wyt = w.

Figurel.17shavs somecommonseggmenttypes:continuouspiecavise continuouspieceavise constantand
discreteevent.Notehow for discreteeventsystemsinputsandoutputsegmentsareeventsggments

w: (tr,t2) = AU{0},

with @ the non-event. For suchsystemstheinternalstatebehaiour is piecavise constan{theinternalstate
only changesat eventtimes).
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1.5.2 Levels of system specification

With atime baseand segmentsdefined,we canbuild a hierarchyof systemspecificationstructureswvhich
incorporateprogressiely moreknowledgeaboutthe system All thesestructureswill view the systemasa
boxinteractingwith its ervironmentthroughawell definedinterface Thelevelspresentedhereelaboraten
thehierarchyfirst proposedy Klir [KIi85] andlatermodifiedby Zeigler[ZPKO00].

Observation Frame

At thelowestlevel, the only knowledgewe have of the behaiour of a systemis how we wishto obsere it:
which time baseto useandwhich quantitiesto obsere atinstantsfrom thetime base Thisis representeth
theform of an Obsenation FrameO:

o= (T,X,Y).

T with appropriateperatordormsatime base X is theinputvalueset.lt is amodelfor theinput (influenc-
ing thebehaiour of the system)variableswe considerY is the outputvalueset.lt is amodelfor the system
responseariables.

I/O Relation Obser vation

Oncethe interface variablesto obsere aswell astheir value rangeshave beendeterminedall possible
relationshipshetweennput andoutputsegmentscanberecorded

IORO = (T,X,Q,Y,R).

Here,(T,X,Y) isanObsenrationFrame,andQ is thesetof all possiblanput sggmentdor this systemNote
how Q allows oneto specifyhow thesystems ervironmenimayinfluencethesystemAs such,Q formalizes
the ExperimentaFrames generatopresentedbefore.Q is asubsedf all mathematicallypossiblesegments
with T asdomainandX asimage.Ris thel/O relation

RC Qx (Y,T),

where(Y, T) standdor all possiblesggmentswvith T asdomainandY asimage.Inputsegmentsw andoutput
segmentsp aredefinedas
w: (ti,ts) = X;

p: <ti,tf> —Y.

Thoughnot necessaryit is commonto obsere inputandoutputsegmentsover the sametime domain.The
relationR relatesnputandoutputsegments

(w,p) € R=dom(w) = dom(p).

As will bediscussedurtheron, generahon-causatelationshipbetweennterfacevariablesnotspecifying
a priori whichareinputandwhich areoutputmay bespecifiedoy R. Higherlevelsareexplicitly causal.

It is possibleto go from an I/O RelationObseration model specificationto an Obsenration Framelevel
modelby merelydiscardingthe Q andR informationatthe I/O RelationObserationlevel.

I/O Function Obser vation

At thel/O RelationObsenationlevel, aninput segmentw is not necessarilassociateavith auniqueoutput
sgmentp. This is dueto alimited knowledgeof the internalworking of the system.At the I/O Function
Obsenrationlevel, we wantto associat@ uniqueoutputsegmentwith every input segment.Thereforemore
informationneedsto be specifiedaboutthe system.This is donein the form of a setF of I/O functionsf.
Thisleadsto the l/O FunctionObserationstructure

IOFO = (T,X,Q,Y,F),
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where(T,X,Y) is I/0 RelationObsenation, Q is the setof all possibleinput segmentsF is the setof I/O
functions:
feF—=fcQx(Y,T),

dom( f(w)) = dom(w).
f is conceptuallyequialentto the systems initial state For eachf, aninput segmentwill betransformed
into auniqueoutputsegment.

It is possibleto gofrom anl/O FunctionObsenationto anl/O RelationObserationby constructingR from

F:
R=[Jf.

feF
I/0 System

In somecaseswe have someinsightinto the internal working of the system.This insight usuallyconsists
of anumberof descriptivevariablesandhow their valuesevolve over time. Undercertainconditions these
variablesarestatevariables

In generalsystemgheory[Wym67], a causal(outputis the consequencef giveninputs),deterministic(a

known inputwill leadto a uniqueoutput) systemmodel SYSis defined.It is a templatefor a plethoraof

differentformalismsuchasOrdinary Differential Equations Finite StateAutomata,DifferenceEquations,
PetriNets etc.Its generaform is

SYS=(T,X,Q,Q,5,Y,A)

time base

input set

T—=X input sgment
stateset

QAxQ—-Q transitionfunction
outputset

AMQ—=Y(orQxX—Y) outputfunction

V(A),O.)’ € Q,6((A).O.),,qi) = 6(0.)’,6(00,(]'))

<o 0€g X

Thetime baseT is theformalisationof theindependentariabletime. TheinputsetX describesll possible
allowed inputs (possiblya productset). An input segmentw representsnput during a time-intenal. The
history of systembehaiour is condensednto a state (from a statesetQ). The dynamicsis describedn
a transitionfunction & which takes a currentstate,and appliesan input sggmentw € Q to it to obtaina
new state.The systemmay generateutput. This outputis obtainedasa function A of the state(andmore
generally of the currentinput too). Stateandtransitionfunction mustobey the compositionor semigroup
propertyasshavn in Figure1.18.This property wherebya transitionover atime intenal [tj,t;] canalways
be split into a compositionof transitionsover arbitrary sub-interals, is the basisof all modelsimulators.
Obviously, this alsorequiresQ to be closedunderconcatenation.

As the output function is describedseparatelyefficient simulatorswill only invoke this function (which
may be large andcompute-intense) whenthe userneeddo obsere output.Note how the outputintervals
(timesbetweeroutputs)arenot partof themodel,but ratherof thesimulationexperiment Figure1.19shawvs
how outputneednot be producedat eachtransitiontime. Eventhougha modelwritten by a usermay not
distinguishbetweerd andA, asimpledependencgnalysiswill identify which variablesandexpressionsre
notneededo computed. Suchvariablesareoutputvariablese Y andthe expressiondelongin A.

As SYSis atemplatefor a hostof causal deterministicformalisms,it is possibleto describeboth models
of the vesselexample.In the Ordinary Differential Equation(ODE) case the time baseis continuougR).
Thetransitionfunctionis written in integral form. Differentnumericalapproximation®f theintegral canbe
usedin theimplementatiorof anabstracsimulator
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Figure1.18:SYSstatetransitionproperty

A

ti tf T

Figurel1.19:Simulationkerneloperation
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W§E$EL - T X’QaQa 6aYa)\>

T=R
X=RxR={(W,0)}
w:T—X
Q={(T,H)|TeR",l e R"}
0:QxQ—0Q

B( g, 1, (T(4),1(8))) =

T(t) +/ CpA — () T(a)]dar, |(ti)+[f o) da)
Y =BxBxBxB ={(islowis_highis_cold,is_ha)}

AQ—=Y
7\(T,|) = ((| < ||0W),(| > |high),(T < Tcold),(T > Tha))-

At ahigherlevel of abstractionye have representetime asadiscreteintegerindex. Thetransitionfunction
lists all possiblestatetransitions.

SYS e = (T,X,Q,Q,5,Y,\)

T=N

X = {hed, cool,of f} x { fill,empty, closed}

w:T—X

Q= {(T,1)|T € {cold, Thaween hat },| € {empty, Ibaween full } }
0:QxQ—0Q

o((of f, fill), (cold,empty)) = (cold, lpeween)
O((of f, fill), (cold, lpaween)) = (cold, full))
o((of f, fill), (cold, full))) = (cold, full))

o((hea, fill), (hat, full))) = (hat, full))
Y=BxBxBxB

AQ—=Y

A(T,1) = ((I =1low), (I = high), (T = cold), (T = hat))

TheFinite StateAutomatonformalism[CL89]
FSA=(Z,S%,d,F),
where

2 is theinputalphabe{afinite andnonemptysetof symbols),
Sis thefinite nonemptysetof states,

s is theinitial (or start)state,s € S,

d: Sx 2 — Sisthestatetransitionfunction,

F C Sisthesetof final or acceptingstates,

fits the generalSy S structurepresentedbore.
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Theformalismis specifiedby elaboratiorof the elementf the SYS 7-tuple:
SYS=(T,X,Q,Q,8,Y,A).

In the Sy Sspecificationtheinitial stateis notexplicitly representedilso, acceptingstatesarenot defined.

Thetime base
T = N (orisomorphicwith N).

This canbeinterpretedas(implicit) discretetime-clicks.It is possibleo extendthe FSA formalismto assign
with eachstateand/orwith eachtransition,a known duration.

Theinputset
X=2.

ThesetQ of all inputsggmentsw. An input sgmentencodes sequencef inputsfrom X.
Thefinite stateset
Q=A
enumerateall stategn theautomaton.
The statetransitionfunction d transformsa currentstate throughinput andtime-adwance to a new state

5:QxQ—Q.

It is obtainedby iteratively applyingall FSA statetransitionsf in aninput segmentc.

TheoutputfunctionA takestheform
AQ—oY

in caseof a Mooremaching(theinput canonly influencethe outputvia the stateor
AQxQ—-Y

in caseof a Mealy machine(theinput candirectlyinfluencethe output).

It is possibleto go from an I/O Systemspecificationto an I/O FunctionObsenration. For a given initial
conditiong andagiveninput sggmentw, we candefinea statetrajectorySTRAY,, from SYS

STRA},, : domw) — Q,

with
STRAJ (1) = d(wy), Vt € dom(w).

Fromthis statetrajectory anoutputtrajectoryOT RAY, , may be constructed
OTRAY},, : domw) =Y,

with
OTRAJ, w(t) = A(STRAZ (1), w(t)),Vt € dom(w).

Thus,for every q (initial state),it is possibleto construct
Tq:Q—(Y,T),

where
Tg(w) = OTRAY o, Y € Q.

Thel/O FunctionObsenration associateavith SYSis then

IOFO = (T,X,Q,Y,{Tq(w)|q € Q}).



1.5 System specification 29

P=0.6

Figure1.20:Non-deterministienodelwith transitionprobabilities

Subsequent)ywe mayderive thel/O RelationObsenrationby constructingherelationR asthe unionof all
I/O functions:

R={(w,p)lwe Q,p=0TRA} g€ Q}.

In SYS, 0 is deterministic applyingthe sameinput segmentto the samestatewill alwaysleadto thesame
uniquenew state(andoutput).Often,deterministicsimulationkernelsareusedto simulatenon-deterministic
models.Two mainapproachearepossible:

1. A deterministicmodelis decoratedwith transitionprobabilitiesasshavn in Figure 1.20. The same
modelis thensimulatedanumberof times,with thesamaenitial conditionsandparametersiVhenaer
anon-deterministi¢ransitionis encounterethowever, aunique,deterministictransitionis choserby
samplingfrom a stochastidistribution, taking into accountthe transitionprobabilitiesin the model.
Thus,from the point of view of the simulationengine,it is simulatinga deterministicmodel.To be
ableto make meaningfulstatementaboutthe behaiour of the non-deterministienodel,a suficient
numberof samplesnustbe simulatedo obtainstatisticallyrelevantestimate®f performancenetrics
(suchasaveragequeuelengthsin a queueingmodel).In discreteevent simulationin particular this
approachs commonandits statisticalaspect$iave beenstudiedin greatdetail[LK91]. In a slightly
modifiedform, this approachis calledMonte Carlosimulation.

2. Onemaywish notto specifyary probability distribution but leave the uncertaintyof makinga tran-
sition to morethanonenew statein the transitionfunction. In caseof StateAutomata,this turnsthe
transitiongraphinto atransitionhypegraph[Har88. Sucha specificatiorcanalwaysbetransformed
into a deterministicone by constructinga new statesetQnay = 29, the setof all subsetgpowerset)
of Q [Cas93. A new transitionfunctionis constructediescribingthe—now deterministic-transition
to anew state,denotingthe setof statefrom Q to which anon-deterministi¢ransitionexistedin the
old model.It is notedthatin quantumphysics,evolution over time of a wave function (a distrilbution
interpretedasbeingprobabilistic)is alsodeterministic.

Zeigler[ZPKO0O0] presenta refinemenbof SYSin which behaiour is specifiedasaniterative applicationof
geneator sggmentsArbitrary input segmentsaregeneratedrom elementarysegments.

It shouldbe notedthatthoughmodelsmay be iteratvely simulated this is not necessarper se.If a sym-
bolic (analytical)solution can be found, this is often preferable.Analytical solutionsusually describea
(parametrisedglassof solutionsratherthana singleone. Also, accumulatiorof numericalerrorsis often
avoided.As anexample thefollowing modeldescribedn the DifferenceEquationformalisms(T =N,Q =
R)

{ X = 1
Xip1 = ax+1,
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canbere-writtenas

X1 = 1
X3w = l+a+a?+...+a1
axy, = a+a’+...+a1+a"
which leadsto theinstantaneouno iterationrequired)solution
. — 1-a"
"T1-a’

1.5.3 Structured specifications

Upto now, nostructue wasexplicitly specifiedfor thesetsX, Y, etc.atary of theabove specificatiorlevels.
Orthogonal to the specificationhierarchy at eachof the levels, the internal structureof input, output,and
statesetsaswell asof functionsmaybemadeexplicit. Thisallows oneto constructsetsfrom moreprimitive
sets.

Oneway of introducingstructureis throughmultivariablesets A multivariableset(onepossiblerepresen-
tation of a programminglanguageSymbol Table) usesa finite sequencé/ of n distinct variablenames,
identifiers,labels,or references

V = (V1,V2,...,Vp).

With eachof thesenameswill beassociate@ valuesetof valuesa variablewith thathamemaytake
V1,Va, ... Vh.

Thefull multivariablesetis then
S= (V,V]_ XV2 X .. .Vn).

A projectionoperator. canbedefined

n

SxV = [ JV),8vi =5,V e V.
j=1

With A andB structuredsets,a structuredunctionmaybe defined

f:A— B,
wherethe projectionof f onanamein theimagesetis

f.b: A= ((b),Bi),
f.bi(a) = f(a).b
In caseof interfacesor ports,thenamegdenotendividual portnamesFor example,in thewaterpotexample
X = ((hea@FlowliquidFlow), R x R).

With x € X, we mayreferto the x.headFlow input port valueof the model.
In caseof statevariablesthe namesdenotevariablenamesAgain, in the waterpot example

S= ((tenperature,level),]0.0,100.0[x [0, H]).

With s € S, we mayreferto the Stemperature statevariablevalue.As such,structuredsetsandfunctions
aresimilarto variablesandtheir typesin programminganguages.

Figurel.21ldepictsasimplesinglesener, singlequeuesystemln adiscreteeventmodelof this systemthe
statesetcould be a structuredsetcontaininga simple abstractiorof the queue(the queuelength)andthe
statusof thesener



1.5 System specification 31

o ettt —

Departure
Arrival Queue Cashi er
Physical View
< e
Departure
Arrival Queue Cashi er
[ AT distribution] [ ST distribution]
Abstract View

Figurel.21:Simplesinglequeuesinglesener system

Q = ((gLengh,cash$atus),N x {Idle,Busy}).

With s e Q, we mayreferto s.qLengdh.

Structuredsetsmaybe usedto addstructureto I/O ObsenationFrame I/O RelationObseration, /O Func-
tion Obsenation,aswell asto I/0O systemformalisms.

A modelling language(suchas MSL-USER, which will be describedin a subsequenthapter)will use
structuredsetsto allow theuserto describgortsandvariableshy name(ratherthanby anindex in a product
set).

1.5.4 Multicomponent specifications

A commonmeansto tackle comple«ity is to decompose problemtop-downinto smallersub-problems.
Corversely comple solutionsmay be built bottom-upby combiningprimitive sub-problensolutionbuild-
ing blocks. Both approachesreinstancesf compositionaimodelling the connection(but moregeneral,
composition)of interacting componenmodelsto build nev models.In casethe component®nly interact
via theirinterfaces anddo notinfluenceeachothers internalworking in any otherway (modelinformation
is completelyencapsulateih object-orientederminology[Boo98 Zei97, Weg90]),thecompositionamod-
elling approachs calledmodular If intercomponentgccesss notrestrictedo take placevia interfacesor
portsonly, theapproachs callednon-modular

Modular multicomponent specification

A modularmulticomponenspecificatioror coupledmodelor networkmodelasdepictedn Figurel.22can
bemathematicallydescribedhsa structure

N = <T,Xse|f,Yse|f,D,{Md|d S D},{|d‘d € DU{SE”}},{Zd‘d € DU{SE”}}).

In this structure,

Xself andYger areinputsandoutputsof the network N. self (this in C++terminology)allows usto
treatthe network objectitself asarny otherobject.In amodularspecificationthe network will interact
with its ervironmentthroughXseir andYseir only.

D is asetof componentefeencesor names

TheMy's arecomponenmaodels(vd € D).

lg C DU {self} is the setof influences of d. Alternately the influenceesf a componentould be
specified Both allow oneto specifythe couplinggraphtopology
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CouplingGraph

Msub_1 I;I Msub_2
I Msub_3

Figurel.22:Examplenetwork model

CoupledModel

o Z4: Xiel,YXi — XYy is theinterfacemapfor d € DU {self }

YXi =X if i=self, YX; =Y, if i+#self
XYy =Yy if d=self, XYq= Xy if d#self

The interface map allows one to specify mappingsor corversionsrequiredwhen for example an
outputevent“departure”of onesub-models routedto theinput of anothersub-modelTheaccepting
sub-modemaybeexpecting“arrival” eventsonly. Thus,a“departure’-to—"aival” mappingmustbe
carriedoutto allow true sub-modele-use Sub-modelshouldnot have to be modifiedwhenre-used
in anetwork ! Togetherly andZy specifythenetwork couplingcompletely

The abore structuredoesnot reveal anything aboutthe overall behaviourof the network. It only speci-
fies structure As such,only questionsaboutthat structure(numberof componentspresencef feedback,
...) canbe answeredt this level. The behaioural semanticof a coupledmodelis given by specifyinga
compositionprocedurealsoknown asflattening If all the componenmodelsarespecifiedusingthe same
formalism,thecompositiorproceduranayreplacethenetwork by a singlemodelin thatsameformalism.In

thatcasetheformalismis saidto beclosedundercompositionThisis obviously ahighly desirableproperty

It is the basisfor

¢ implementinga simulationkernelwhich implementghe simulationof coupledmodelsby orchestrat-
ing simulatorsof the components.
¢ finding the meaningof hierarchiesof modelsby applyingthe compositionprocedureecursvely.

Compositionamodellingmaybedone(aslong asa compositiorprocedures given)atany of the specifica-
tion levels mentionedoefore (/O obsenration frame, /O RelationObsenration, I/O FunctionObsenation,
I/O System).The semanticds given by the elaborationof closureundercoupling. Within the I/O System
level, thereareobviously mary formalismsfor which a compositionproceduremay be defined.

Assumingthe componenmodelsMy in
(T, Xself, Yself D, {Mq|d € D}, {l4|d € DU {self }},{Zy4|d € DU {self}})
areall specifiedatthel/O Systemlevel, implementingclosurewould meanthis modelis replacedoy

<T7 Xself 9 Qa Q7 67Yse|f 7)\> .

In continuousmodels,compositionis achiered by replacingconnectionsy algebraicequalitiesandcom-
bining thesewith the componentsimathematicaéquationsnto onelarge setof equationsin discreteevent
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e2

Figurel1.23:Compositionof statechartomponents

models,compositionis achiezed by describinghow differentcomponeneventsareglobally scheduledin a
causality-preservingrder Both caseswill bedescribedn moredetailin the next chapter

If structuredsetsareusedto describeénputandoutputsetsof thenetwork aswell asof thecomponents;on-
nectionsamaybedescribedetweerspecific(named)ortsmakingthe mathematicastructuremoreintuitive
andcloserto the form commonlyusedin modellinglanguagesuchasMSL-USER.We deferpresentation
of astructuredcoupledspecificatioruntil the next sectionwhennon-causamodellingis introduced.

Non-modular multicomponent specification

Often,modelsin someformalismaregraphicallyspecifiedoy connectingouilding blocks.Thoughthis gives
theillusion of beingmodular oftenthetransitionfunctionsof the building blocksinteractdirectly, without
goingthroughinterfaces.This limits

e theinsightinto the semantica usergetsdirectly from thegraphicalrepresenation,

¢ thepotentialfor component-basei-useasa componentependn its ervironmentin unexpected
ways,

o the potentialfor distributed implementatioras hiddencomponeninteractionsneedto be passeds
messagebetweendistributedprocessors.

In programminganguagesnon-modularitycorrespondso the useof global variables andto the ensuing
side-efect functionsmay have. Objectorienteddesigndiscourageshisin encapsulatingnformationinside
objects(instance®f classesandonly giving accesghroughwell-definedinterfacemethods.

The procesdnteractiondiscreteevent languageGPSS[Sch74 is a notable,but popular exampleof non-
modularmodelspecificationln his 1992thesis,Clagys [Cla9 hasaddedencapsulatiorandhierarchyto
GPSS,making it moremodular A similar approachmodifying the processnteractionworld view, was
adwcatedrecentlyby CotaandSagent[CS92.

StatechartgHar88 HN96, HG97] are modularin their treatmentof external events,but non-modularin
their treatmentof concurrenforthogonal)behaiour. In Figure1.23, modularcouplingof the modelto its
environmentis possiblevia theinput-portse; ande,. Theconcurrenstateautomatgconcurreng is denoted
by thedottedverticalline) howeverinteractin anon-modulafashion:atransitionin theleft automatorirom
s, to s; will occurif theautomatorontherightis in statevs.

Themathematicatepresentationf anonmodulamulticomponensystemis
MC = (T, X,Q,Y,D,{My|d € D})

where
Mg = (Qd, Ed, ld,8d,Ad), Vd € D.

In theabove,

e D is asetof componentefeencesor names,
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Figurel.24:A causablock diagrammodelfor the Mass-Springoroblem

Qq is the statesetof component,

lg C D isthesetof influences of d,

Eq C D is thesetof influenceesf d,

dq is thestatetransitionfunctionof d

O © XielgQi X Q = X jeg,Qj-

Thenew statedn all of theinfluenceesaredeterminedy theold statedn all of theinfluencers.
e A4 istheoutputfunctionof d

g XigyQixQ—=Y

Outputis determinedy the stateof all theinfluencers.

Together the nonmodulamulticomponensystemis an I/O Systemlevel specificationlts statesetis the
productsetof all componenstatesetsandits transitionfunctionis givenby combiningall individual com-
ponenttransitionfunction. Note how the componentsare themseles not I/0 Systemsandit is thus not
possibleto constructa hierarchyof nonmodulamulticomponensystemsAlso, the particularstructureof
thesesystemsmpliesthey only make senseatthel/O Systemdevel.

In Figure 1.24,we shav the Mass-Springnodel presentedvhendiscussinghe modellingand simulation
processgdescribedn the causalblock diagram formalism. In the figure,| blocksdenotelntegrators.The
otherblocksdenotealgebraicoperationsCausablock diagrammodelsmay be seenasnonmodulamulti-
componensystemswith

Eq = {d}
Y = XdepYd
Q = xdepQq

6(q7 Ot))d = 5d(><ielina(’0)
A(9,0).d = Ag(XielyGi, )

1.5.5 Non-causal modelling

Thoughquite generic,the formalismspresentedabove at the I/O systemslevel do only describecausal
models.Whendescribingphysicalsystemsnon-causalmodelsexpressconseration laws and constraints
withoutimposinga computationatausality Thedynamicsof a simpleresistorfor example(Figurel.25)is
describedy Ohm’s law

V—-Ri=0.

Dependingonwhetherthecurrenti through(whenconnectedo a currentsource)or thevoltagedropV over
(whenconnectedo avoltagesourcetheresistoris known, the causalequations

V :=Ri
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Object "resistor"

12
vl ¥2 I = (V1-V2)R
R

.
Vi V2?7  v2=vi-RH
R
|
V17 V2 V1=V2+ R
R

Figurel.25:Electricalresistor

or

would be used.Mathematically thosetwo expressionsare evidently equivalent,but if we areinterestedn
writing acomputationablodk, with aninputandanoutput,they aredistinct.In thecaseof theresistoywhich,
asa physicalobject is non-causaln nature,a choicecannot be madea priori asit dependson whatthe
resistowill beconnectedo. As such,it doesnot make sensdo definetwo objects(asin Matlab/Simulink),
onefor eachcausabrientation.Thewhole problemstemsfrom the factthatwe aredealingwith assignment
instructionswhich we have stressedby usingthe assignmenbperator.= , andnot mathematicakqualities.
Onesaysthatcomputationablocksarecausallyoriented Fromthe point of expressienessandre-usability
(in different causalcontets), the non-causaljmplicit representatiornis preferred.From a computational
pointof view however, the causakepresentatiors preferredassolvingimplicit equationsthoughpossible,
is highly inefficient comparedo solvingtheir causakounterpartsinefficiengy is mainly dueto theiteratve
natureof implicit solvers. As will be demonstratedn the next chapter it is in mary casespossibleto
automaticallytransforma non-causatepresentatioimto a causabne.

Most formalismsand correspondingnodellinglanguagesre causallyoriented,which strongly limits the
re-usabilityof sub-modelsandin generaltheir fitnessto sene asa basisfor the constructionof general
sub-modelanguagesCausallynon-orientedormalismsandlanguagegnon-causalfor short)exist aswell,

andsomeof themwill bepresentedurtheron.

At the differentlevels of the above specificationhierarchy it is meaningfulto distinguishbetweeninput
andoutputports. Leaving computationatausalityunspecifiedfurnsthe modelinto a non-causabne.As
mentionedbefore, this increasege-usability This doesrequirethe relationshipbetweenthe portsto be
specifiedin a non-causafashion.In continuousmodels,this is achieved by usingimplicit mathematical
equationsAs discreteeventformalismsareinherentlycausalla causeaventschedulesineffect event), it is
not meaningfulto remove causality Attemptsat generalisatiormrebasedn logical foundationdRS94].

To allow for bothcausalndnon-causaport specificationsit is sufficientto includecausalitytypeinforma-
tion in the structuredsetsdescribingports

Ports= (V,V{ x Vj x -+-V/),
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where
V! = Typa xVi,Vi € {1,...,n},

and
Type € {Input,Outpu, InOrOw},vi € {1,...,n}.
If InOrOut is disalloved, the above can be usedto specify causalinterfaces.If InOrOut is allowed, a

causalityassignmenprocedue cancorrectlyreplacel nOrOut by the appropriatecausality This procedure
is discussedn the next chapter

We cannow describea structuredmodular possiblynon-causahetwork specification:
SMN = (Portsseir, D, {M;|i € D},C),
wherefor eachi € D, thecomponentnodelshave atleastthefollowing information:
M; = (T, Ports).

Dependingon the specificatiorlevel, moreinformationcanbe addedio thesestructures.
To uniquelyidentify aport(of eithertheoverall network or oneof thecomponentsktuple(c,n.) is needed.

cidentifiesthecomponen{possiblyself), andn; is thenameor referencef oneof theportsin ¢'sstructured
setof ports(asdefinedabore). The setof all individual portsis

AllPorts= {(c,n)|c € DU {self},n € proj,(Ports;)}.
ThecouplinggraphC in the network specificatiorabove describesouplingsbetweerindividual ports

C C AllPorts x AllPorts.

As in Statechartgherelationshipdbetweerportsmayactuallybe mary-to-mary, in which casehegraphC
becomes hypegraph

C C 2AIIPorts % 2AIIPorts‘

As before,we may wish to definea port-to-portmapping.In practice this is only usedfor causalsystems
with simplegraphconnectiondetweer(c,n) and(c’,n’). In thiscasethemappings describedy Z¢ ) ()

e if projy(Portsseir.n) = proji(Portsy.n’) = Inpu, ¢ # self

Z(self n),(¢',n7) - Proj2(Portsseir.n) — projz(Portsy.n')

e if projy(Ports..n) = proji(Portsseir.n') = Out put ¢ # self

Z(cn) (self ) : Projz(Portse.n) — proja(Portsserr.n')
e otherwisejf proj;(Ports;..n) = Outpu, proj;(Portsy.n’) = Input
Z(self ), (¢',) - Projz(Portse.n) — proja(Portsy.n')

It is notedthatin theimplementatiorof themodellinglanguageMSL-USER theabose mathematicastruc-
turewasusedasthebasisfor the semanticof coupledmodels.
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Figurel.26:Karplus’ classification

1.6 Classifications

Previously, the importanceof makingthe processof modelling and simulationexplicit was stressedBy
doingso,differentsub-processesuldbeidentified,thussimplifying the generic(application-indeprdent)
study of modellingand simulation.Now, a further classificationof differenttypesof models,their corre-
spondingsimulationkernels,and supportingmethodsand tools will be presentedThe main focusis on
classifyingmodels All otherissuesarein asensalerivedfrom that. Theessencef classificatioris to group
in equivalenceclassesaccordingto a numberof criteria. A classificationmay helpin choosingthe most
appropriatformalismwhen modelling a system.This in turn may help one choosethe mostappropriate
modellingandsimulationtool.

Onepossibleclassificatiormake a destinctionbetweergraphicalandtextual modelrepresentationg.his is
really atool issue but theunderlyingformalismmaybe moreor lessamenabldo graphicalrepresenation.

A major classificationis the distinctionbetweerdeterministicandstodhasticmodels. As mentionedoefore,
evenstochastianodelsmaybe solvedby a deterministicsimulator

1.6.1 Application-based classification

TheDirectory of SimulationSoftware publishedyearly by the Societyfor ComputerSimulationis a list of
companiesndproductdescriptionsHundredsarelisted, with only arough,2-level classification:

e applicationbasedielecom robotics,resourcananagementraining, processontrol, pover applica-
tions, operatingsystemsnetworks, manufcturing,industrialengineeringfinance educationchemi-
cal, businessbiomedical,automotve, batchprocessesandaerospace.

e generic.operationsesearchprogramgeneratorsgraphics animation fluid dynamicsdiscreteevent,
differentialeqationsolvers,continuoudanguagesCcAD/CAM, CAE/CASE,andAl/Expert Systems.

This classificationrdoesnot give muchinsightin the genericnatureof modellingandsimulation.However,
already needsand trendscan be identified. Most of the software tools are self-containedand closed.To
allow exchangeandre-useof modelsaswell asinter-operabilityof simulatorstools mustbecomeopenand
modelrepresentatiolanguagestandardized.

1.6.2 lll-definedness classification

At a far more abstractievel, Karplus’ Arch shavn in Figure 1.26 depictsa spectrumof systemsordered
accordingto the amountof a priori informationwe have aboutthem.On the very right, white box systems
arecharacterizedhy completeinsightin their working. Basedon generalgoverninglaws, a modelcande-
ductivelybe dervedfrom a priori knowledge.This usuallymeanswe build modelsatthe I/O Systemlevel.
Onthevery left, bladk box systemsarecharacterizedby a completelack of knowledgeabouttheir internal
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Figurel.27:Levelsof systemspecification

working. Only input-outputrelationshipscan be obsered. Initially, we canonly build modelsat the I/O
Obsenation Framelevel. Usinginductivetechniquesit may be possibleto climb up the specificatiorhier
archy inferring structurefrom behaiour, to reachhigherlevels. Often, this is aniterative processvhereby
astructures proposedandafterparameteestimation simulationresultsarecomparedo obsenration data.
This comparisor(in particular discrepanciesinayyield new insights,which leadto new hypothesesetc..
In betweeris a grey areaoftencalledill-definedsystemsThe studyof thesesystemsds mostchallengingas
bothobseration dataandlimited a priori knovledgeareavailable.As canbe seenin thefigure,application
areagangefrom electricalandmechanicasystemdor white box systemsover biologicalandphysiological
modelsfor grey systemsto socialandpsychologicakystemdor blackbox systems.

1.6.3 System specification classification

In Figure1.17,we have shawvn somecommontypesof segments(trajectories) Thesemay be usedto char
acterizemodelformalisms.

In Figure 1.27,we bring togetherdifferent classificationgpresentedefore. The specificationlevel is one
dimensionof classification.At eachlevel, structuredsetsmay be introduced,to make the specification
structured At eachlevel, andboth for structuredandfor non-structuredormalisms,eitheratomicor cou-
pled modelsmay be constructedWhereasnodularcoupledmodelscanbe constructedat eachlevel of the
specificatiorhierarchy non-modularcoupledmodelsonly make senseatthel/O Sytemlevel.

1.6.4 1/0O System classification

Many formalismsaresituatedat thel/O Systemspecificatiorlevel. For theseformalisms the nature(type)
of timebaseT andstatesetQ allow for classificationTablel.1shavs afew formalismsclassifiedaccording
to the natureof their time baseandstateset.

1.6.5 Discrete event world views

Formalismsbelongto thediscreteeventcateyoryin casehetime bases continuousbut only afinite number
of eventsoccurin aboundedime-intenal, andonly atthoseeventtimesdoesthediscretestateof the system
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T: Continuous T: Discrete T: {NOW}
Q: Continuous DAE DifferenceEquations AlgebraicEquations
Q: Discrete Discreteevent Finite StateAutomata Integer Equations.
Naive Physics PetriNets

Tablel.1:1/0 systemmodelclassification

changeDiscreteeventmodelsareusedwhen

e the behaiour of physical systemsis abstractedoy meansof time-scaleor parameterabstraction
[MBO1]. In mary casesthisleadsto queueingnodels.
e non-physicakystemsuchassoftwarearestudied.

Traditionally severalworld views have beendistinguised:

1. EventScheduling
2. Activity Scanning
3. ThreePhaseéApproach

4. Processnteraction

Thesewill bestudiedin moredetailin the next chapter
1.6.6 Tool-oriented classification

In the following, a classifications presentedvhich takesinto accountthe relationshipbetweenmodelling
formalismsand representatiotanguage®n the one handandtheir applicability on the otherhand.Here,
a modellingandsimulationtool users point of view is taken. This is doneby meansof a simpleexample,
demonstratingdifferent model representationand their respectie merits and dravbacks.In its original
form, thisis dueto Frangs Lorenz,during Simulationin Europediscussion$vVv96c, KVV G94,KVV G95].

The fundamentalprinciple of simulationcode generatorgsimulation CASE tools) is to startfrom a de-
scriptionof a modelthatis to be simulatedandto producethe correspondingimulationprogramin a—to
theuser automatiowvay. The comparatre studyof modellingformalismsandcorrespondingepresentation
languagess thereforeof greatimportanceasthelanguagémplementedn a particularcodegeneratqrwith
its advantagesandflaws, will determinghefeaturesof the generatar

Themodelsconsideredhereassume hypothesiof parameteaggragation(lumpedparameterassumption
In mathematicalerms,they arerepresentetdy algebraiddifferentialequationswith onesingleindependent
variable time.

Physical view

Theproblemwe will discusds acarsuspensioifFigure1.28),studiedherein onedimension.Thisimplies
amodelof a quarterof the vehicle,becausave only studyoneof the wheels,supportingonequarterof the
weight. We assumaall elementsarelinear asit is not possibleto representon-linearitiesin someof the
formalismswe will discussAlso, we will not representhe lifting of thetire from the roadwhich would
introducea structuraldiscontinuitywhich could only berepresenteth a hybrid formalism.

Physical domain specific views

This exampleis chosenn the domainof mechanicsA mechanicatonceptsdemacanbe dravn asshavn
in Figure1.29.0necouldalsoconsideranelectricalequivalentof this systemasshavn in Figure1.30.
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Figurel.28:Carsuspensiorphysicalview

Figurel.29:Carsuspensionnechanicaliiew
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Figure1.30:Electricalanalogyof carsuspension
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Physicaldomain  Effort Flow Momentum Displacement
e f p q
Electrical Voltage Current Flux Chage
ulVv] i [A] DIV s] q[A s]
Translational Force Velocity Momentum Displacement
F [N] vimsY I[N s] x [m]
Rotational Torque AngularVelocity AngularMomentum Angle
T[N m] w[rads™] L[N ms] ¢[rad]
Hydraulic Pressure VolumeFlow Pressurdlomentum Volume
pINm=2] q[més F[Nm2sg] V [mI]
Thermodynamical Temperature Entropy Flow — Entropy
T [K] 45w K1 S[IKY

Tablel.2: Physicalanalogy

The analogychosenis force = current (“through” variables),velocity = voltage (“across” variables).In
this case massedbecomecapacitorsaandsprings,self-inductanceslhe analogyforce = voltage, velocity=
currentcould alsobe used(asshowvn in thefollowing table).Massesarethenself-inductanceandsprings,
capacitorspnealsohasto invert serialandparallelconnectionsWe will comebackto this analogyduality.

Theanalogybetweendiffent physicaldomainsis summarizedn Tablel.2.

Note that the conceptschemais a languagefor systemdescription.It is not without ambiguities(for ex-
ample,the samezig-zagsymbolis usedto represent springin the context of mechanicsenda resistorin
the context of electricity) but it is by far the mostcomprehensibleOne canexpressvirtually anything in
this languagealthoughsomeuncertaintysometimegemainsin the exactinterpretationof the graph.This
languages thereforenottotally rigourousandcompleten this respectwheredoesthe schemasaythatall
elementarelinear? Thecomputationatausalityneednot bespecifiedput thereis still muchwork left to do
beforesimulationcodecanbe generatedin particular transforminga conceptscheménto a mathematical
formulationis not straightforvard.

Equations

Themost“natural” (or atleasttheonethatis designate@ssuch for simulationpurposesjnethodto present
our suspensiolystemis simply by writing dovn the mathematicaéquations.

( F]_ = k[l — (X]_—Xo)]
F2 = K.[L— (X2—X1)]
Fs=—D.(vo —v1)

%1 = (FL—F2—Fz)/m
([ %= (R2+Fs)/M

One seesthe systemis of the fourth order (two secondorder equations).Note that the position (Xg) is
unknawvn. Also notethat it hasnot beenexplicitly statedthatv; andv, arethe first dervativesof x; and
Xo. Thoughthis relationshipmay seemohviousto a human,a codegeneratowill only be ableto infer this
relationwith difficulty. To the generatgrv,; andv, will be “not computed”(reflectedby issuingan error
messagedr will be considerecasunknavns.

Even an exampleas simple as this can be representedh variousways dependingon the analystand his
“style”.
Below, anotherrepresentationf the problemis presentedwhich usesothervariables.Note that this time
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the velocity (vp) is unknawvn. The systemis of coursestill of fourth order but eachof the four variables
chosernis only integratedonce(the accelerationsf thetwo massesndthe velocitiesof depressinghetwo

springs),contraryto the integration of two timestwo variables(the acceleration®f the two masses)This

formulationis moredirectly usablefor simulation.

It goeswithoutsayingthatthisvarietyin formulationdoesnotfavourthereadability(andhencere-usability)
of large models.

;

F. = kAl
F, = K.AL
F3 = D.AV]_Z
Fm=F—-F—-F
Fw=FR+Fs

{ Vi=Fm/m
Vo = Fu/M
AVO]_ =Vo—V1
Avip =V —Vp
Al = Avos

| AL=Avy,

Using equationsone can expressa plethoraof laws of behaiour, but the discontinuitiesare not easily
representable this “language”.The languages causallyfree (non-causal)but the re-useof sub-models
requiresanalmostcompletere-examinationof eachnew situation.

At themathematicalevel, it is possibleto write equationsvhich arenot physicallymeaningful(e.g., do not
consere enepy, or leadto negative concentrations).

State equation

The secondsetof equationdeadsus to stateequationgstate-spacéorm). The four variablesto integrate
arecalledstatevariablesandare organisednto a vector(in fact,a columnmatrix). The equationsarethen
written in matrix form.

X=AX+BU
—D D k —K
D D k K Vi 0
b bo X v 0
A=17 0 o0 o =1 p B=| 1| Y=vl
1 -1 0 0 AL 0

This time, thelanguagds causallyoriented.We find againthe previous characteristicshowever amplified

by a stricterervironment.However, the stateequationis relatvely easyto solve (by matrix multiplication),

exceptin non-linearcaseqthe matricesdependon the statevector). Furthermoreit is possibleto analyse
the eigewvaluesof the matrix A, which yieldsvaluableinformationaboutthe systems dynamics.

As atthemathematicalevel, it is possibleto write state-spacequationsvhich arenot physicallymeaning-
ful.

Algorithm

We canexpresghemodelin theform of adirectly usablealgorithm.Thealgorithmbelow is thetranscription
in FORTRAN of theabove equations.

O D e - T S e il e Ay P
C

SUBROUTINESUSPEN( VO,

+ V1, V2, DLO1, DL12,
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+ V1D, V2D, DL01D, DL12D,
+ K01, K12, D12, M1, M2)
C
C INPUT VARIABLE, STATE VARIABLES
REAL*8 VO,
+ V1, V2, DLO1, DL12
C

C OUTPUTVARIABLES

REAL*§ V1D, V2D, DLO1D, DL12D
C
C PARAMETERS

REAL*8 K01, K12, D12, M1, M2
C
C INTERNAL VARIABLES

REAL*8 DV01, DVi12, F1, F2, F3

c
- — - e e e - — - — - — - — - — - — - - -
C
DVOL = VO - V1
DV12 = V1 - V2
c
C SPRINGS, SHOCKDAMPING
F1 = K01 * DLO1
F2 = K12 * DL12
F3 = D12 * DVI2
c
C MASSES
VID= (F1 - F2 - F3) / M1
V2D = (F2 + F3) I M2
Cc
DLO1D = DVO1
DL12D = DV12
c
RETURN
END
Cc
- — - . e e - — - — - — - — - — - — - - -

It is clearthatonemay describebehaiour laws in algorithmicform, but, aswith mathematicahnd state-
spacemodels nhofool-proofmechanisnis presento guardonefrom writing physicallymeaninglessnodels.
It is thereforea dangerousxpressionform. Moreover, it is causallyoriented.The currentpracticeof pre-
sentinga library of FORTRAN sub-programssa library of sub-modelss thereforeto be avoided. Also,
this representatiodoesnot allow for symbolicanalysisof themodel.

Transf er function

Anotherfashionablevay of expressionis the transferfunction, obtainedby the Laplacetransformof the
equations.They arewritten herefor an unknavn velocity; one could have written themfor an unknavn
positionaswell.

v k(Ms?+ Ds+K)
Vo MMs*+D(M+ m)s+ (mK+ MK + Mk)s? + kDs+ kK

Vo o k(Ds+ K)
Vo MMs*+D(M+ m)s}+ (mK+ MK + Mk)s? + kDs+ kK
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Figurel.31:(TransferFunction)block diagram
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Figure1.32:Signalflow graph

This way of representatioins only usablein linear caseswhich stronglylimits its applicability The read-
ability of the formulasis poorandthey arecausallyoriented(the transferfunction pushegheinput-output
view of the systemto its extreme).They arere-usablen a certainrange,but mostof thetime it is easier
to re-studya deviating systemthanit is to modify precedingwork. Neverthelessthe utilities developed
by control-specialist®n the basisof this formalismare numerousand extremelyuseful(e.g., the study of

dynamicsandstability on Bode,Nyquistor Black graphsthelocationof Evanspoles etc.), which largely

justifiesits usein the contet of processontrolproblems.

Bloc k diagram

The causalblodk diagramswereinitially nothingbut the graphicalrepresentationf the transferfunctions
(Figurel.31).

As a graphicalrepresentatiof the transferfunctions,block diagramsstrongly improve readability but
leave the other characteristicsinchangedNeverthelesswhenusedin the tempoal domain they become
a graphicalrepresentatiornf equationswith all advantagesnvolved. Unfortunately they alsoimposea
computationatausality(asin Matlab/Simulink)on the equationsdecreasingheir re-usability

If block diagramsaregivena non-causasemanticsthis disadwantagevanishesNon-causablod diagrams
arecalledgenenlisedblock diagramdy Cellier [Cel9]].

Signal flow graph

Thesignalflow graphis anothergraphicalrepresentatioof the transferfunctions(Figure1.32).1t is there-
fore very similar to the block diagram.

The signal flow graphis only usedin the Laplaceplane,andis thereforelimited to linear systemslts
characteristicearemoreor lessthoseof transferfunctions.It however addsto the arsenabf analysistools,
like the Masonformula,basedn astudyof the systemtopology
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Figurel.33:Lineargraph

Linear graph

Thelineargraphis in a way an equivalentelectricalschemaof the system elieved of all electricalconno-
tations.It sufiicesto comparethelinear graphmodelof our carsuspensioin Figure1.33to the equvalent

electricalconceptschemashavn above. This methodis applicablein linearaswell asin non-linearcases.
Its principaladwantagdiesin thefactthatit allows for a causallyfreerepresentatioandit alsoproposesn

automaticmethodfor attributing computationatausalitiecalled“normal tree search” basedon the topo-

logicalanalysisof themodelto allow for automaticcodegenerationln otherwords,it allowsfor thecreation
of reallibrariesof sub-modelandalsodeliversthe necessaryoolsto usethem.

Notethatthistopologicalanalysisalgorithmdoesnot only determinecausalitieslt alsoallows thedetection
of certainmodelling errorsand certainnumericaldifficulties (algebraicloops, dependensttatevariables).
Thesepossibilitiesare presenbecausehe languagds basedon physicalconceptqpotentials fluxes,iner

tial effects,capacitatie, dissipatve) insteadof mathematicatonceptgvariables,operators)in the model
presentedhere,we have retainedthe analogyforce = flux (current)andvelocity= potential (voltage).We
couldjustaswell have choserthedualanalogy

Bond graphs

In the linear graphmethod,the “parallel” and “serial” links (note that thesenotionsare not astrivial to

apply in the mechanicadomain)arerepresentethy combiningthe graphelementsserially or in parallel.

The bond graphformalism[Cel91, Bro90 Bre84 LW95, SB9] is in principle very similar to the linear

graphformalism.In particular it is basedon the samephysicalconceptsbut all aspect®of the problemare
representetiereasgraphnodesjncludingits topology:the“0” nodescorrespondo “parallel” connections
andthe“1” nodescorrespondo “serial” connectiongFigure1.34).

This methodyields a real formalizationof the circuit topology The structureof the bondgraphrepresents
the physicalmeta-structue of the systemunderstudy differentby naturefrom the tecdhnolagical structue
of theassemblyof systemconstituentsOncethe principlesof the languagéhave beenassimilatedit allows
oneto understandand masterthe mostintricate physicsphenomendalbeit underthe lumpedparameter
assumption).

Thistime we have abandonetheanalogyforce= fluxandvelocity= potential althoughit remainspossible,
in favour of the analogyforce = potentialandvelocity= flux, more commonin bondgraphs(dueto their
origin in mechanicaéngineering)Massesretheninertial elementandspringscapacitatre elementsThis
duality of analogy alreadymentioned,shouldnot trouble the analyst.In particular the dualisationof a
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Figurel.34:CausaBondGraph

bondgraphis extremelyeasy:it sufficesto replaceall elementdy their duals(l «+ C,0O < 1,---) but the
meta-structuref the modelstaysunchanged!

This methodike thelinearmethod,s applicablen linearaswell asin non-linearcasesTherepresentation
it allows for is alsocausallyfree andit proposesan automaticmethodof attributing computationatausal-
ities (equialentto the linear method)aswell, which alsodetectshe samemodellingerrorsand numerical
difficulties.

Thegraphhasagainbeenconstructedor anunknavn velocity andonecannotconstrucbnefor anunknavn
position.

Comparison

In Table 1.3, the formalisms(representatiofanguagespresentecire comparedn a more structuredway,
onthebasisof thefollowing criteria:

¢ Popularity. generaknowledgeof the methodwith engineerandscientificresearchers.

Readability easewith which someondamiliar with the methodcanunderstangnodelscomposedy
someoneelse.

Expressivenesgossibility to describenon-linearsystemsandto usecomplex functions(puredelay
tatulatedfunctions,...) or otherspecialfunctions(deadzone,hysteresis,. .).
Discontinuousnodels possibilityto describefunctionalandstructuraldiscontinuities.
Structuedvariables possibilityto organizemodelvariablesandmatricesin recordcomplexes.
Modularity. possibilityto hierarchicallydecomposenodelsinto sub-models.

Re-usability possibility to re-usepreviously composednodelsin the contet of differentproblems.
Adaptability possibility to modify modelspreviously constructedo createa variantof the model
(without drasticallychangingthe model).

Numericalanalysis existenceof meansof analysidinkedto the methodandyielding informationof
numericalnatureon themodelstudied.
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o Topolaical analysis existenceof meanf analysidinkedto the methodandyielding informationof
topologicalnatureon the modelstudied.

Formalism/langua ge levels

Thecomparisormakesexplicit thatnoneof thelanguagess universallyideal. Eachlanguagéhasits adwan-
tagesandits flaws. Moreover, for thoseof thelanguages$or whichwe have foundmary flawsandonly afew
advantagesit mayvery well bethatthoseadwantagesreof suchimportancelarge weightfactor)thatthey
justify theuseof thelanguagen theirown right. Thisis for examplethe casewith transferfunctions,which
have few advantagesccordingo our criteria,but which arebestsuitedfor the studyof processontrol,due
to the powerful analysismethodsavailable.

It would thusbeuselesgo searchor the“best” languageThis doesnot exist, or rathereachlanguagecould
revealitself asthe bestin the contet of a specificproblemfor a specificclassof users.

Insteadof the segregationalview of “better” and“worse” languagesye prefera more qualified view in

which onelooks for the optimal usethat canbe madeof thesewaysof representationThis hasled to the
classificatiorof thelanguagesisingfive levels,eachlevel built ontop of lower levels,but eachlevel having

its usewith respecto the problemposedTable1.4).1/O datarefersto trajectorydatageneratedrom simu-
lations.Thealgorithmiclevelsrefersto causaimodels.The mathematicalevel refersto non-causamodels.
The physicallevel refersto non-causaimodelswith physicalpropertiegsuchasenegy conseration) built

into theformalism.Thetechnologicalevel refersto representationsicorporatingechnologicalnformation
which may notrevealary informationaboutthe physicsof the system.

Onthe basisof this reflection,onecanernvision a multi-formalismmodellingandsimulationervironment,
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Level Formalism

Technological Conceptschemas

Physical Lineargraphs
Bondgraphs

Mathematical Equations
Stateequations
TransferFunctions
Non-causablock diagrams
Flow graphs

Algorithmic Causablock diagrams
CSSLs/DSblock
FORTRAN/C

I/O data Trajectorydata

Tablel.4: Classificatiorof representatioformalisms/languages

in whichtheuserhasa choiceof formalisms(andcorrespondindganguagesilependingnthe sub-modehe
wishesto constructandin which he canfreely assemblesub-modelsThis ervironmentwould beableto use
oneof the“solvers” currentlyavailableasa numericalkernel.

Theclassificatiorof Tablel.4is presentedh threedimensionsn Figurel.35.It shavsthepositionof differ-
entlanguages/formalismwith respecto applicationdomain,formalismclass(paradigm)anddescription
level.

1.7 Multi-f ormalism modelling

Thoughcoupledmodelswereintroducedearlier we implicitly assumedhatthe componentsvereall de-
scribedin the sameformalism.Furthermoreto meaningfullyassociatdehaioural semanticgo a coupled
model, closureundercoupling of the componentsformalismwas assumedin comple systemsthis as-
sumptionmay no longerbe true. Thesesystemsare characterizednot only by a large numberof compo-
nents,but alsoby the diversity of the componentsOneof the obserationsof the EuropeanCommissiors
ESPRITBasic ResearchWorking Group8467[VV96c] “Simulationfor the Future:New Concepts;Tools
andApplications”wasthatfor the analysisanddesignof suchcomplex systemsit is nolongersuficientto
studythe diversecomponentseparatelyusingthe specificformalismsthesecomponentsveremodelledin.

Ratherit is necessaryo answerguestionsaboutpropertiefmostnotablybehaiour) of thewhole system.

To focustheattention Figure 1.36givesanexampleof a complex system.The compleity liesin thediver
sity of thedifferentcomponentshothin abstractiorievel andin formalismused:

e A paperandpulp mill producegpaperfrom treeswith pollutedwaterasa side-efect. This systemis
modelledasa processnteractiondiscrete-gent schedulingsystem(in particularin GPSYGor96)).

¢ A WasteWaterTreatmenPlant(WWTP) takesthepollutedeffluentfrom themill andpurifiesit. Some
solid wasteis takento a landfill whereaghe partially purified waterflows into a lake. This systemis
modelledusingDifferential AlgebraicEquationg DAES) describingthe biochemicakeactionsn the
WWTP.

e A FishFarmgrows fishin thelake which feedon algaewhich arehighly sensitve to pollutedwater
The wateris alsousedfor a tree plantationwhich suppliesthe papermill. This systemis modelled
usingthe SystenDynamicsformalism.Thedottedfeedbaclarrav from thefishfarmto thepapemill
indicatesthe possibledisastrousmpactof poisonedish on the productvity of workersin themill.
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It is obviousthatdecision-makindor this systemwill requireunderstandingf the behaiour of the overall
system Studyingtheindividual componentsvill notsufiice. Thecompleity of this systemandits modelis
dueto

e the numberof interacting,coupled,concurrentcomponentsComple behaiour is often a conse-
guenceof a large numberof feedbacKoops.

o thevarietyof componentsuchassoftware/hardware,continuous/discret

o thevarietyof views, at differentlevels of abstraction.

A modelof asystenmsuchastheonedescribedbore maybevalid (within aparticularexperimentakontext)
atacertainlevel of abstraction Thislevel of abstractionywhich maybedifferentfor eachof thecomponents,
is determinedby the available knowledge,the questiondo be answeredaboutthe systems behaiour, the
requiredaccurag of answersetc. Orthogonalto the choiceof modelabstractiorlevel is the selectionof a
suitableformalismin which the modelis describedThe choiceof formalismis relatedto the abstraction
level, theamountof datathatcanbeobtainedo calibratethe model,theavailability of solvers/simulators$or
thatformalismaswell asto the kind of questionawvhich needto be answeredMilner, in his Turing Award
lecture[Mil93] rejectsthe ideathattherecanbe a uniqueconceptuamodel, or one preferredformalism,
for all aspectsof somethingas large as concurrentsystemsmodelling. Rather mary differentlevels of
explanation,differenttheories,languagesare neededWe believe this view is amplified when arbitrarily
compl systemsarestudied.In our example,differentformalismsareobviously used.

In the next chapterwe will elaborateon the semanticof multi-formalismmodels.As anintroduction,we
presentheFormalismTransformatiorGraph(FTG) in Figure1.37.Thenodesn thegraphareformalisms.
Thehorizontalline atthe bottomdenoteghe I/O Obsenration Frameat which trajectorieccanbedescribed.
Theverticaldottedarravs denotethe availability of a simulatorfor aformalism,producingbehaiour from
amodelin thatformalism.Otherarrons indicatethe existenceof behaiour-conseving formalismtransfor
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mations.This will be detailedlater The vertical dashedine demarcatesontinousmodelformalisms(on
theleft) from discretemodelformalisms(ontheright). The FTG shaws a plethoraof formalisms,indicating
thatin generalmary classificationgarepossiblelt suficesto annotatehe nodesn the FTG with attributes
(possiblyderivedfrom theformalismstructure)anddeterminesquivalenceclassedasednthoseattributes.

1.8 Modelling the modelling and simulation process

Models, experiments,nput and simulationdataare differentkinds of knowledgemanipulatedduring the
courseof the modellingandsimulationprocessThey arethe entitieswhoselife-cycle we areinterestedn.
The dynamicevolution (over time) of theseentitiesis describedin the form of a processmodel[HK89].
If a processmodelis detailedenough,it may be usedto prescribethe dynamicsof the modelling and
simulationenterpriseandform the basisfor the designandimplementatiorof ComputerAided Modelling
andSimulationtools.

Therearedifferentlevels of impactof a processlescription:

1. A processs described:thisis the WEST++situation;all the actionsa userperformsin settingup an
experimentaresaved in theform of aTcl [Ous94 script. Thus,we have a descriptionof whatthe
userdid. Notethatthis scriptcanbe usedto “replay” the experiment.

2. A processds prescribed:in a processdescriptionor processprogram we canprovide a templatefor
theuserprocessi.e., thestepstheuserhasto go through.Sucha prescriptioncanmoreor lessrestrict
(i.e., protectfrom making mistales)the user It doesallow the userto be creatve however. Froma
procesglescriptionor procesgprogram, a concreteprocescanbeenacted.

3. A processs proscribed:we describevhatshouldnotbedone.This knowledgeshouldalsobe putinto
the processlescription(asassertion®r constraints).

A commonmisconceptioraboutprocesglescriptionss thatthey aresequentiatatherthanparallel. Thisis
in contrastto the parallelnatureof mary of the processesi procesgdescriptionneednot be sequentialf
the procesdescriptionanguaggsuchasPetriNets)is powverful enoughto supportthe descriptionof con-
currentprocessesaswell assynchronisationThe scripts(in caseof WEST++)generatedrom the process
descriptionmustbe suchthattheir enactmenis parallel,with synchronisations.

1.8.1 Modelling and simulation process models

In Figurel.5,asimplemodelof themodellingandsimulationprocessvaspresentedThis informal process
modelmayberefined,asdepictedn Figure1.38.0ntheextremeleft, thereal-world procesf experimen-
tationis shavn. This processnay make useof abstracimodelknowledgeduringthe courseof experimental
design Ontheextremeright, therefinedmodellingandsimulationprocesss shovn. Thedoublehorizontal
barsindicatethe possibility of performingmultiple instancesf the tasksbetweenwo setsof doublebars
in parallel. The (matching)secondsetof doublebars,if presentdenotessyndironisation One may for
examplewish to implementandtestmultiple modelsmatchinga given ExperimentalFrameconcurrently
Eventually thosemodelswhich passthe testsare collectedand model calibrationcancommenceln the
centre theblocksdenoteinformationsources/destinatigrior the process.

In analogywith softwareprocesseghe modellingandsimulationprocessever ends Modelsareconstantly
refined,formulatedproblemschangedifferenttypesof simulationexperimentsareneededusingthe same
mode| etc. Fromtime to time, this processcommunicatesangibleresultsin the form of model(base)and
simulationoutput (e.g., performanceametrics)“releases’(the deliverables).As requirementgin software
parlancelhangethe ExperimentaFrameis adjusted As with software,it is necessaryo managehisform

of evolution by meansf versionmangiement(seeFigure1.39).As this problemis not uniqueto modelling
andsimulation,standardrersionmanagemertbolssuchasRCSandCVS [BB95] canbeused.
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1.8.2 The Virtual Product Life-cycle

In Figure1.40,the procesaunderlyingMoSS-CC a scriptedextensionof WEST++andits softwareimple-
mentationis depicted The processs calledthe Virtual ProductLife-cycle (VPL) [VVV T94] asit describes
(and patrtially prescribes}he evolution of the system-to-be-desigd (“virtual” productasall experiments
areconductedhroughsimulation).The processonsistof two majorphases:

1. Thedesignphaseduringwhich structuraldecisionsaremade Mostly, givenanaverageinput andde-
siredoutputfor the systento bebuilt, steady-statenodelsareusedto determinestructuralparameters
(suchasdimensions).

2. Thedynamicanalysisphasegduringwhich behaioural choicesaremade(optimal parametechoice,
controllertuning etc.) throughforward simulation.

The rationalebehindMoSS-CCis that at eachphasein the processsystemand cost modelsare linked.
Designdecisionsare basedon “minimal cost” considerationsln the first phaseonly investmentcostare
consideredln the secondphase gxploitation (running) costsareadded Whenexploitation costs,obtained
from dynamicanalysis,are sufiiciently high comparedo investmentcosts,it may be necessaryo revise
structuraldecisionamadein thefirst phase.

At the coreof MoSS-CCis therealisationthatbothsystembehaiour andcostareexplicitly representeth
theform of modelswhich aresubsequentlysedfor simulation.

The cycle in both processeslenotesan iterative procesdor which core supportis given by the WEST++
interactve modellingandsimulationervironment[VCV98].

TheprocesgseeFigurel.4l)iteratesover

1. (interactvely) building a modelfrom basichuilding blocks (*AND” choiceas multiple blocks are
combined);
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2. throughexperimentation(simulation,model calibration,optimisation),answerquestionsaboutthis
model;

3. eitherthe processstopshereor furtherrefinements neededIn caseof refinementthe model,aug-
mentedwith the resultsof the experimentationallows oneto choosefrom a numberof alternatves
(“OR” choice)for eachof the sub-modelsNote thathere,the processs recursvely instantiatedor
eachof thesub-modelsasdenotedy the (*) referencedn Figurel.41.Sub-modetefinemenmaybe
carriedout in aniterative fashion(oneafterthe other),or concurrentlyIn the designphasean“OR”
choicecorrespond#o alternatve structuralchoicesln thedynamicanalysisphasethis typically cor

responddo choosingfrom differentlevels of biological detail (e.g., IAWQ ASM1 or ASM2, seethe
lastchapter).

A SystemEntity Structure(SES)[Zei844, atree-shape#nowledgestructurein which AND andOR alter
nativesarelisted, providesthe choicespaceor the user In essencehe SESencodeslesignandmodelling
knowledge.

In the VPL treedatastructure the MoSS-CCernvironmentkeepstrackof all choicesmadeduringthe evolu-
tion of the processlescribechbore. This allows the user(by meansof a VPL browser)to tracebackto any
previous choiceandto try otheralternatves. Thus,arbitraryfeedbacks addedto the processandscenario
analysiswherebyconsequencesf differentchoicesarecompared.

Summary

In this chapter modellingandsimulationconceptsvereintroduced.It wasnotedhow it is asimportantto
studythe modellingandsimulationprocessasit is to studythe objectsthat processactsupon:the models.
The variousstepsin this processwere discussedIn particular verification and validation were defined.
Different types of modelling errorsand a unified representatiorior thesewere presentedTo formalize
the structureof abstractmodels,levels of systemspecificationwereintroduced.This providesa rigourous
basisfor a classificationof modellingformalisms.A variety of classificationsvas presentedincluding a
tool-orientedview. Eventually this leadsto the conceptof multi-formalismmodelling,neededo describe
the structureand behaiour of truly complex systems.Finally, the modelling and simulation processis
elaboratedThis leadsto the conceptof a Virtual ProductLife-cycle, a genericdescriptionof a classof
modellingandsimulationprocesses.
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In this chapterthe structureof diverseformalismsis presentedTheseformalismsarenodesin the Formal-
ism TransformatiorGraphintroducedin the previous chapter Whereapplicable the behaiour-conseving
transformatiorbetweerdifferentformalismsis described.

2.1 The Data formalism

In the previous chapterthe conceptof sggmentswasintroduced A sggmentdescribegshe evolution of an
entity over time. As such,it canbe usedto describetrajectoriesof input, output,andstateof a system.n
essenceqry simulatormapsanabstracimodelontoa behaiour atthe data(trajectory)level.

2.2 Discrete event formalisms

For a classof formalismslabelleddiscrete-&ent systemmodelsaredescribecdht anabstractiorevel where
the time baseis continuous(RR), but during a boundedtime-span,only a finite numberof relevant events
occurs.Theseaventscancausehe stateof the systemto changeln betweerevents,the stateof the system
doesnotchangeThisis unlike continuougnodelsin whichthestateof the systenmaychangecontinuously
overtime.

Discrete-gentformalismsareclearlyata high level of abstractionThis abstractioris oftenappropriateor
realisticrepresentationf a systems behaiour. Furthermoregasin betweenevents,the stateof the system
doesnotchangeadiscrete-gentsimulatorneednot explicitly representhe stateof the systemat non-ezent
times.This allows for highly eficientsimulationascomparedo continuoussimulation,wherein principle,
stateinformationmustberepresentedt eachpointin continuoudime.

Thehighlevel of abstractiormayhoweverintroducesimulationartifactswhich do not pertainto real-world
behaiour. In particular eventsimultaneitywherebymultiple distincteventsoccurat exactly the sametime
may be due to an insuficiently detaileddiscrete-eent model. The DEVS formalism andits dervatives
rigourously describethe semanticof suchevent collisions A detailedpresentatiorof the semanticsof
pinnaclesandmythicalstates which occurwheneventsareusedfor respectiely time-scaleabstiactionand
parameterabstiaction of continuousphenomenan hybrid models,is given by Mostermanand Biswasin
[MBO1].

The simple examplesystemdepictedbeforein Figurel.21will be usedto illustraterelevant conceptsAt
the physicallevel, the systemconsistsof a cashierservingarriving customerspne at a time. Customers
queuedf thecashieris notavailable(servinganothercustomer)Here,the stateof the systemconsistf the
stateof the queueandthatof the cashierThequeueingdisciplineis FirstIn First Out (FIFO) andindividual
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Figure2.1: Queueingystemstatetrajectory

customersare assumedaot to have ary distinguishingfeatures(suchasage,or numberof itemsbought).
Thus,it is meaningfulto modelthe stateof the queueby meansof the queudength,a naturalnumber The
cashiercanbein eithertheldle or the Busy state.The dynamicsof the systemis determinedy:

¢ thearrival patternof customersharacterizedby their Inter Arrival Time (IAT) distribution,
¢ thetime requiredby the cashierto sene a customercharacterizedby the ServiceTime (ST) distribu-
tion,

¢ thelogical sequenc®f customergprogressinghroughthe systemunderdifferentconditions(queue
empty/notempty cashieBusy/ldle).

In Figure 2.1, anexamplebehaiour of the cashier/queusystem|ts reactionto a particularinput segment
of customeiarrivals, startingfrom aninitial state,s depicted.

2.2.1 Definitions

The following (dueto Nance[Nan81) enablea correctunderstandingf differenttypesof discrete-eent
simulationmodels.

¢ An instantis a value of systemtime at which the value of at leastone attribute of an objectcanbe
assigned.

e An intervalis thedurationbetweerntwo successie instants.
¢ A time spanis the contiguoussuccessiof oneor moreintenals.
e Thestateof anobjectat a particularinstantis the enumeratiorof all attribute valuesof thatobjectat

thatinstant(mathematicallya tuple, elementof the productsetof all attribute value sets).The state
consistf all the objectstatesata particularinstant.

A simulationmodelhasa staticstructue anda dynamicstructue. Thestaticstructurespecifieghe possible
statesof the model. The dynamicstructurespecifieshow the statechangesver time. The staticstructure
is usuallydescribedasa collection of objectsandtheir attributes[CS92]. Thereare differentapproaches,
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known asworld views, to representinghe dynamicstructureof a model. Thefollowing conceptsareatthe
basisof thedifferentworld views:

¢ An activity is the stateof anobjectover anintenval.

¢ An eventis achangeof objectstate occuringataninstant,thatinitiatesanactivity precludedprior to
thatinstant.An eventis determinedf theconditionfor eventoccurencelependsxclusively onsystem
time. In hybrid simulationmodellingthis is called a time event Otherwise the eventis contingent
(dependentn systemconditions).In hybrid modelling,this is calleda stateevent

e An objectactivity is the stateof anobjectbetweertwo eventsdescribingsuccessie statechangegor
that object Othereventsmay occur relatedto statechange®f otherobjects.

e A processs thesuccessionf statef anobjectoveratime span.Thisis equvalentto thecontiguous
successiof oneor moreobjectactvities.

Events,actvities andprocessefor the cashier/queuexamplearedepictedn Figure2.2. For agiven prob-
lem, thefollowing stepsarefollowedto determinewhatthe eventsare:

1. Identify objectsandtheir attributes.
2. ldentify attributesof the system.

3. Definewhatcauseshangesn attribute valueasanevent

Oftenextra statevariablesareaddedto allow calculationof performancemetricssuchascountersminima
andmaxima,averagesandfrequeng distributions of relevant variables.In discreteevent simulation,one
is mostly interestedn the valuesof performancemetricssuchas averagequeuelengthand utilization of
resourcesThisis in contrastwith continuoussimulation,whereoneis mostlyinterestedn the explicit state
trajectory The performancemetricsareoutputat the endof a simulationrun.

In the following sectionsthe differentworld views are presentedy meansof anopeitional definition of
their simulationkernels.

2.2.2 The Event Scheduling world view

In the EventSdedulingworld view, amodeldescribesfor eachof the events,the event’s effect

e onthestate,
o onthefuturebehaiour of the system.Thisis achieved by schedulingnew eventsinto the future.

An eventschedulingnodelfor the singlequeue singlesener exampleis givenbelow:
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declare variables:
queue_length  in  Posint
cashier_state in {ldle,  Busy}

declare  events:
start,  arrival, departure,  end

define  events:

start  event
[* scheduled first  automatically by simulator ¥/

¥ initializations *
queue_length =0
cashier_state = Idle

[* schedule end of simulation */
schedule end absolute  end_time

arrival  event
schedule arrival relative Random(mean, spread)

if (queue_length == Q)
if (cashier_state == |dle)
cashier_state = Busy
schedule departure  relative Random(mean, spread)
else
queue_length++
else /* queue_length = 0 ¥

queue_length++

departure  event

if (queue_length == 0)
cashier_state = ldle
else /* queue_length = 0 ¥

queue_length--
schedule departure  relative Random(mean, spread)

end event
¥ dummy, terminates  simulation *

As shavn in Figure 2.3, an eventschedulingsimulationkernelusestwo (global) datastructuresOnecon-
tainsthe statevariablesdeclaredn the model. The othercontainsscheduledevent noticesin an eventlist,
orderedby increasingime anddecreasingriority. Whenscheduledeventsarealwaysaddedrom therear
Prioritiesareusedto choosebetweereventsoccurringat the sametime (collisions). The statevariablesmay
be augmentedy additionalperformancevariablesfor calculationof minima, maxima,mean,standardde-
viation, etc. of statevariablesandcombinationsof them.An eventschedulingkerneloperatesy ordering
(accordingto increasingtime) scheduledaventsin the event list and iteratively remaoving and processing
the headof thatlist until the list becomesmpty The eventtime of the eventnoticeis usedto advancethe
simulationtime. Dependingon the eventtype of the event notice,the appropriateavent noticeis invoked.
This routinemay modify the systems stateandschedulenew eventsinto thefuture by placingeventnotices
in theeventlist.

In the spirit of the EventSchedulingormalism,

e initialization of thesystemstateaswell aspre-scheduling@f eventsmaybe putin a“start” event. This
eventis automaticallyputin theeventlist andsubsequentlprocessedfirst) usingthesameprocedure
asfor ary otherevent.

¢ haltingthesimulationata certainsimulationtime canbeachieved by schedulinga speciat‘end” event
whichis recognizedy the simulationprocedureasthe lasteventto be processedevenif moreevent
noticesarepresenpn the eventlist). This eventmay containterminalprocessingnstructionsmainly
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Figure2.3: EventSchedulingsimulationkernel

generatingutputof performanceneasuresndothergatheredstatistics Caveat:it maybenecessary
to re-schedulghe “end” event or to give it the lowestpriority to avoid missingan event occurring
exactly atthetime of the“end” event.

The above informally describesan event schedulingmodelin termsof a systemstate,events,an event
list, andhow an eventinfluencesthe systemstateandeventlist (schedulenew eventsin future). An event
schedulingnodelis simulatedoy asimulationproceduravhichiteratively advancessimulationtime, updates
theeventlist, aswell asthe systemstate.

The modelrepresentatiomswell asthe simulationprocedureare presentedherein mathematicaform, to
facilitatethe description(in the next section)of the mappingontothe DEVS formalism.

For the sale of simplicitly, we currentlyignore

e outputof themodel,asthis caneasilybe addedanddoesnot changehe essencef theformalism;

e externaleventsinterruptingthe autonomoudpehaiour of the system,asthis is not normally part of
the eventschedulingormalism.This impliesthat hierarchieof eventschedulingnodelscannot be
describedExternaleventsandhierarchycanbe addedeasilyaftermappingonto DEVS.

Thestructureof aneventschedulingmodelESis
ES=(T,E,SEL,&,d,0ds).
In this structure,T isthe Time Base
T=R

Thefinite setE containsuniqueeventtypesn suchas“arrival of customerl” and“departureof customer
5”. Notethatan actualeventoccurrences characterizedby a tuple (n,t) including the eventtype andthe

eventinstant.Whenpresenbn aneventlist, this tupleis calledaneventnotice Eventsmay bedividedinto

“classes’(C) suchasarrivalsanddeparturegof differententities):

E=JE.

ieC
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It may be necessaryo definean orderrelationship< over E: (E, <) to “encode”priorities. For example,
arrivalcugomer < arrivalmanger < departuregomer < departuren,,qe; Meansarrival eventshave lower

priority thandeparture eventsandwithin thesetwo eventclassesmanagersiave higherpriority thancus-
tomers.Thisis acommonapproacho encodeaventselectionwhenit is necessaryo choosebetweermul-

tiple eventsoccurringsimultaneouslya collision) suchas{(n1,t), (n2,t),...} ontheeventlist. If priorities
do notresole a collision to onesingle(n,t), the selectionbecomesmplementatiordependentThis is not

portableacrosimplementationsindleadsto differentsimulationresultson differentplatforms.Thismeans
simulationexperimentsarenot repeatablelf this situationoccursmoredetailwill typically beaddedo the

prioritiesordering(<).

Theeventlist EL is apossiblyemptyset(or evenabagif the sameeventis allowedto occurmultiple times
atthe sametime) of eventnotices

EL e 28%T.
For example,
EL = {(nlatl)v (n25t2)a Tty (ﬂn,tn)}-
evy evp &Vh

Note how, in animplementation-orientedescriptionof ES, aneventlist would be describedasanordered
list. In a more denotationafashion,not insisting on a particularimplementationdatastructure we usea
set, with the orderimposedby a seled_first() operator This leavesroom for efficient, possiblyparallel,
implementation.
seked_firg: 25XT\0 — ExT,
EL — ey = (n*t%).

where _

t* = ming o {t|(n,t) € EL};

n* = seed{(n|(n,t") €EL}.
In theabove, it isassumedL +# 0. Simulationhaltswhentheeventlist becomeemptyandthusseled _first
will never beappliedto anemptyeventlist (asspecifiedn thesimulationprocedureAlgorithm 1).
Theseled tie-breakingfunctionis neededo selectbetweersimultaneouslyccuringevents.As mentioned
before,sekd is typically implementedasedon anorderingrelationship< overE:

seled : 2F - E,
{n1,---,nn} = ming < {N1,-++,Nn}-
Applying seled shouldyield a uniqueresult. This will only be the caseif thereis a strict ordering(no
equalities)over the setof eventsE.
ThestatesetSis modifiedat eventtimesby eventhandles. Smayobviously beaproductset:S= x;S.
For eachn € E, aneventhandleris a structure

(6t3637 6r|) .
This allows oneto specifythe effectsof handlinganevent:

1. modificationof thesystemstatec S,

2. schedulinganew eventn in thefuture.

In the EventSchedulingormalismasdescribedhere thereis only a singlemodificationof the systenstate,

aswell asonly oneeventscheduledThis canbe donewithout lossof generalityasmultiple statechanges
and future events scheduledare all done at the sameinstantof time. Multiple statechangesand events

scheduleccanbe emulatedmodelled)by a sequencef events,eachonly performingonestatechangeand

oneschedulingNote how thisis only trueif no outputis generatedor intermediatestatechanges.
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—

Figure2.4: Eventhandler= (&, s, &)

Alternately the formalismcould easily be adoptedio lump a sequencef statechangesnto oneresultant
statechangeandto schedulea seriesof eventsin thefuture.

As shawvn in Figure2.4,the eventhandlerstructurespecifies:

1. At whattime in the future to schedulea new event. Thetime delayd, betweerthe currenttime and
thetime thenew eventis scheduledtis basednthe currenteventandsystenstate:

& :ExXS—R) .
2. How to modify the systemstatebasedon the currenteventandsystemstate:

0s:ExS— S

3. Theeventtypeto bescheduledThis s givenby &, basedn the currenteventandsystemstate:

& ExS—E.

The above concludeghe structue of the modelformalism. Algorithm 1 describesa simulationprocedue
for simulatinganeventschedulingnodel ES. To carryoutthe simulation,the model(eventtypes,stateset,
andeventhandlers)s giventogethemwith intial conditions:

o theinitial eventlist (pre-scheduledvents),
e theinitial statese S.

Notehow lines4 and5 in Algorithm 1 areageneralizatiorof whatis commonin list-basedaventscheduling
implementations:

(Ntirs,trirs) < headEL),
where*head”is the standardrderedist operatomwhich selectghefirst elementof thelist.

Similarly, theapproactonline 10is ageneralizatiorof updatingof the eventlist in list-basedeventschedul-
ing implementations:

EL + inSETQ(Té)’(ES))((I’]I,t + At), tail(EL)),
with “insert” and“tail”, thestandardrderedist operatorsThe positionwhereaneventnoticeis “insert’ed

is determinedby theits timestampaswell asits priority. If bothareequal,noticesareaddedfrom therear
“tail” producegheremaindeiof EL afterremaoving its “head”.
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Algorithm 1 EventSchedulingsimulationprocedure

1: S« initial statec S

2: EL « initial eventlist

while (EL # 0)) do

4 teirg — min(Té){t |(n,t) € EL}
Nfirg < seled({n|(n,tsirs) € EL)
t < trirg

N < Nfirst

At < &(n,s)

n;k]elv « 6ﬂ(nvs)

10 EL+« (EL\(n,t))u{(n’,t+At)}
11: s« 0g(n,s)

12: end while

w

© @ N o v

{initialize the state}
{initialize the event list (pre-scheduled events)}

{advance current time to tfirs }
{event type currently processed}

{\: remove the current event, U: add a scheduled event}

{update state}

2.2.3 The Activity Scanning world view

In the Activity Scanningvorld view, amodeldescribesonditionswhich will activateactivities Thisrepre-
sentationandits semanticslescribedelav) resembleshatusedn declaratie Al languagesuchasProlog

[CM87, Vansg.

An actiity scanningmodelfor the singlequeue singlesener exampleis givenbelow.

declare (and initialize) variables:
queue_length in Posint =0
cashier_state in {ldle, Busy} = Idle
t_arrival = 0, t depart = plusinf
define  conditions:
arrival  condition: t >= t arrival

if (queue_length == 0)

if (cashier_state == Idle)

keep queue_length

cashier_state = Busy
t depart =t + Random(mean, spread)
else

queue_length++

else /* queue_length = 0 ¥
queue_length++, keep cashier_state
t_arrival =t + Random(mean, spread)

departure  condition:
if (queue_length == Q)
cashier_state = ldle
else /* queue_length = 0 ¥
queue_length--, keep cashier_state
t depart =t + Random(mean, spread)

t >= t_departure

/*

/*

service time *
Busy
[* inter  arrival time ¥/
Busy
service time */

As shawvn in Figure 2.5, an actvity scanningsimulationkernelusesa discretetime stepto advancetime.
During the actvity scanphase the solver checksfor an activity whosecondition (a booleanfunction of
the time variableandthe statevariables)is true andprocesse#. This scanis continuedaslong assome
actiity conditionevaluatego true.If noneof theactvitiesis enabledthetime flow phaseds executedagain,
advancingtime. In thespirit of the Activity Scanningormalism,a“start” and“end” actvity maybedefined
with semanticsimilarto their EventSchedulingcounterparts.
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time flow mechanism: discrete time variable;
discrete time step hace 1 state variables;
) : performance variables
> activity scan .,
|
(activity) (activity) | | (activity)
1 Kk k+1 "end"
condition condition condition
actions actions actions
metrics;
cleanup;
o/ N /

Figure2.5: Activity Scanningsimulationkernel

2.2.4 The Three Phase Approach world view

As Activity Scanningusesa fixedtime step,it is not efficient. On the one hand,the time stepneedsto be
chosenas small asthe smallesttime interval possiblebetweentwo eventsto correctly model behaiour.
Ontheotherhand,someeventsmay be extremelyfar apartin time (mary timesthe smallestime between
events).For suchlong time intervals, anactivity scanningsimulatorwill unnecessarilgheckall conditions
ateachpointin time despitethe factthatthe conditionsdo not change.

In the ThreePhaseAppmoad world view, Activity Scannings combinedwith EventSchedulingActivities
may be scheduledxplicitly into the future asin the Event Schedulingworld view. In addition, at event
times,all activity conditionsarechecledasin the Activity Scanningworld view. Two typesof actiities are
represented:

¢ “boundto occuractiities” (B): arescheduledn anEventSchedulingashionanddescribehe effect
of unconditionalstatechange®n the currentstateandon the future (by schedulingnev B actiities
into thefuture).

e “conditional actiities” (C): areinvoked at eventtimesif their conditionevaluatesto true. Describe
the effect of unconditionalstatechange®n the currentstateandon the future (by schedulingnewv B
actvities into the future).

As shavn in Figure 2.6, a threephaseapproactsimulationkernelcombinesthe schedulingof B actvities
of the Event Schedulingworld view (with its associatedime flow mechanisnof adwancingtime to the
time of thefirst event on the EventList) with the invocationof conditionionalC actvities of the Activity
Scanningworld view. Again “start” and“end” actvites may be defined.It will be noticedthattheseand
all otheractvities may be describedasB or asC actvities. This shaws the conceptuaflaw in the Three
PhaseApproach:mixing differentworld views in a singlemodelmakesthe modelhardto understandnd
maintain.

2.2.5 The Process Interaction world view

At the highestlevel of abstractionin the Procesdnteraction world view, atemplateis givenfor thelife of
transactionsor processesisthey progresghrougha numberof activitiesor blodks In Figure2.7,a process
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initializations

time flow mechanism: state variables;
select earliest time on EL performance variables
A phase]
v Event List (EL):
execute all B activities [(activityB1,t1),(activityB2,t2), ...]
on EL due now R
phase]
l [
————— activity scan ¢ .
— |
(activity) (activity) (activity) (activity) activity
Cl N Ck C(k+1) Bn C"end"{-- B"end"
condition condition condition condition
actions actions actions actions actions
dutpu

end

Figure2.6: ThreePhaseApproachsimulationkernel

interactionmodelfor the single queue,single sener exampleis givenin the GeneralPurposeSimulation
System(GPSS)languageandits correspondinggraphicalnotation[Gor96, Sch74 BCIN98, LK91]. The
arrival of transactiongcustomersjs modelledin the GENERATBlock. Theinterarrival time of customerss
uniformly distributed over theinterval 10 +/- 5 time units. The QUEUE/DEPARDlock combinationcollects
gueueingstatisticsof thequeuegformedby customersvaiting for the capacityl resourceécashier’"modelled
by the SEIZE/RELEASE block combinationOncethecashieffacility is seizedacustomeis senedfor atime
sampledfrom a uniform distribution over the interval 5 +/- 3 time units. This is modelledby an ADVANCE
block. At the TERMINATEblock, thelife of transactiorends.

As shawvn in Figure 2.8, a processinteractionsimulationkernel employs three main datastructuresthe
FutureEventList (FEL) andtheCurrentEventList (CEL) (the“chains”FECandCECin GPSSerminology)
areinternalto the simulatorwhereaghethird onerepresentthe Procesdnteractionmodel.A transactioris

s ™
GENERATE 10, 5
QUEUE wai t
SEl ZE cashi er

DEPART wai t
ADVANCE 5, 3
RELEASE cashi er
TERM NATE 1

Figure2.7: Processnteraction(GPSS)modelof a cashier/queusystem
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Initializations

Clock Update Phase
current time = increasing move-time
move time of first xact on
Future Events List (FEL) (FEL: [xactl,x1ct2, ...] )
transfer all xacts with
move-time = current time )
to the Current Events List; CEL
order by priority El
xactl’ g
xact2’ ||&
Scan Phase xact3' | 3
move next object on CEL <
through as far as possible
through its process description

Process Interaction model
(e.g., GPSS block diagram)

Y more
xacts to move ?
OO
N terminate
simulation ? GENERATE 10, 5
QUEUE wai t

Y SEI ZE cashier
DEPART wai t
Q ADVANCE 5, 3
output RELEASE  cashi er
performance metrics; TERM NATE 1
cleanup;
end \ J

Figure2.8: Processnteractionsimulationkernel

alwayspresenin exactly oneof thetwo lists. A transactiordatastructurecontains

e auniqueidentifier,

e apriority,

¢ amove-time,thetime atwhichthetransactions scheduledby anADVANCHblock for example)to the
next blockin themodel.

e anumberof transactiorattributesdescribedy the modeller(“parameters’in GPSSterminology).

TheFEL is alist of transaction®rderedby increasingnove-time(startingfrom the head) For equalmove-
times,the orderis not specified.The CEL is a list of transaction®rderedby decreasingriority (starting
from the head) After aninitialization phasethe simulationproceedsteratively throughtwo phases:

1. During the clodk updatephase the currentsimulationtime is advancedto the move time of thefirst
transactioronthe FEL. Subsequent)all transaction®nthe FEL with move-timeequalto thecurrent
time aremovedto the CEL. Onthe CEL, transactiongreorderedby priority.

2. During the scanphase the CEL is searchedrom beginning (high priority transactionsjill end(low
priority transactionsfor transactionsvhich canbemaovedthroughthemodel.If atransactions found,
it is movedasfar aspossiblethroughthemodel.A transactiormaybecomeblodedwhenit entersan
ADVANCHor example.Then,the simulatorschedulest to leave the block at a latertime by puttingit
onthe FEL. Whenatransactiorreaches TERMINATEDblock, it is destrged (removedfrom the CEL).
Thescanphases repeatedislong asit is possibleto move transactionshroughthe model.Whenno
moretransactiong€anbe moved, andthe simulations terminationconditiondoesnot yet evaluateto
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Transaction Creation

IAT=0

Y \ A

ADVANCE
CEL FEL )

move time = clock time

TERMINATE
\ A

Transaction Destruction

Figure2.9: A transactiors life duringa Processdnteractionsimulation

true,the clock updatephasds invoked again.The terminationconditionis oftenencodedsa global
TerminationCounterbeingdecrementetb zeroor below. It is obviousthatblocked transactiongnay
resideonthe CEL well beyondtheir move-time,waiting for somesystemcondition.

Beforecompletelyterminatinga simulation,performanceanetricsareoutputanddatastructuresarecleaned
up.

Figure2.9 depictsthelife of a singletransactiorfrom its creation,over its repeatednigrationto andfrom
the CurrentEventList andthe FutureEventList, until its final destructiorin a TERMINATEblock.

2.2.6 Relationships between discrete event world views

Figure2.10givesanoverviewn of therelationshipdbetweeri'dif ferent” discreteformalisms.Ontheleft hand
side,formalismsare shavn whosetime flow mechanisnis a fixed time advance.On the right handside,
formalismswith a “discreteevent” time flow (clock advancesto eventtimesonly) areshavn. It is noted
thatthe Activity Scanningworld view really belongsunderDiscreteTime formalismsthoughit is always
erroneouslyncludedwith DiscreteEventformalisms.

All discretesventformalismspresente@drenon-modulanseeChapterl). Model componentsuchasevent
handlergEventSchedulingvorld view), actiities (Activity Scanningvorld view) andproces$locks(Pro-
cesslnteractionworld view) arenot encapsulatedntities,only interactingwith their ervironmentthrough
interfaces Rathey they directly influenceglobal statevariablesaswell asothercomponents.

The dashedarrow linesin Figure 2.10denotetransformatiorof a modeldescribedn a sourceformalism
(startof arrow line) into thatsamemodeldescribedn thetarget formalism(endof thearrow line). Original
andtransformednodelareconsideredequivalent” whenthey producethe samestatetrajectorywhensim-
ulatedfrom identicalintial conditions.In the figure, all transformationsaretowardsthe DEVS formalism
whichis describedn thenext section.There,it is alsoshavn how anEventSchedulingnodelmaybetrans-
formedinto an“equivalent” DEVS model.Noneof the othertransformationsn Figure2.10is describedA
rigouroustreatmenif thesetransformationgincluding equivalenceproofs)is future work. The essencef
all thesetransformationss the constructiorof amodularCoupledDEVS modelfrom thenon-modulaspec-
ifications.Thisis achieved by explicitly representinglependencielsy meansof couplingsbetweermodular
componentsTo automatesuchtransformationsgependencanalysisneedgo be automatedThis approach
is deemedeasiblethanksto the experiencewith dependengc analysisfor continuousmodels(Differential
AlgebraicEquationsyasdescribedn alatersection.
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Figure2.10:World Views classification

2.3 The DEVS formalism

TheDEVS formalismwasconceved by Zeigler[Zei84a Zei84H to provide a rigourouscommonbasisfor
discrete-eentmodellingandsimulation.For theclassof formalismsdenotedliscrete-eent[Nan81], system
modelsare describedat an abstractiorievel wherethe time baseis continuous(R), but during a bounded
time-spanonly a finite numberof relevant eventsoccurs.Theseeventscan causethe stateof the system
to changeln betweenevents,the stateof the systemdoesnot change This is unlike continuousmodelsin
which the stateof the systemmay changecontinuouslyover time.

As anextensionof Finite StateAutomatathe DEVS (DiscreteEventSystemsjormalismcapturesoncepts
from discreteevent simulation.As suchit is a soundbasisfor meaningfulmodelexchangen the discrete
eventrealm.In Figure 2.11, the statetrajectoryof a traffic light is shovn. Finite StateAutomatacan be
extendedto include the time the systemstaysin a particularstatebeforemaking a transitionto the next
state.Thisis theapproachakenin DEVS. It is however alwayspossibleto constructan EventGraphwhich
hasasnodesthe transitionsandasedgesthetime interval after which the next transitionis scheduledo
occur This demonstrateghe link with the event schedulingdiscreteevent world view. In a later section,
a moreformal presentatiorof the relationshipbetweenthe discreteevent world views and DEVS will be

presented.

The DEVS formalismfits the generall/O Systemsstructureof deterministic,causalsystemsn classical
systemgheorydescribedn the first chapter DEVS allows for the descriptionof systembehaiour at two
levels. At thelowestlevel, anatomicDEVSdescribeghe autonomoudehaiour of a discrete-gentsystem
asasequencef deterministidransitionshetweersequentiattatesaswell ashow it reactso externalinput
(events)andhow it generatesutput(events).At the higherlevel, a coupledDEVSdescribesa systemasa
networkof coupledcomponentsThe componentganbe atomicDEVS modelsor coupledDEVS in their
own right. The connectiongddenotehow componentsnfluenceeachother In particular output events of
onecomponentanbecomeyia a network connectionjnput eventsof anothercomponentlt is shavn in
[ZeiB844 how the DEVS formalismis closedundercoupling for eachcoupledDEVS, a resultantatomic
DEVS canbeconstructedAs such,ary DEVS model,beit atomicor coupled.canbereplacedy anatomic
DEVS.Theconstructiorproceduref aresultantatomicDEVSis alsothebasisfor theimplementatiorof an
abstact simulatoror solver capableof simulatingany DEVS model.As acoupledDEVS mayhave coupled

DEVS componentshierarchical modellingis supported.
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In thefollowing, thedifferentaspect®f the DEVS formalismareexplainedin moredetail.
2.3.1 The atomic DEVS formalism

The atomicDEVS formalismis a structuredescribingthe differentaspect®f the discrete-eent behaiour
of asystem:
atomicDBVS= (Sta, dint, X, Oext, Y, A)-

ThetimebaseT is continuousandis not mentionedxplicitly:
T=R

ThestatesetSis thesetof admissiblesequentiaktatesthe DEVS dynamicsconsistof anorderedsequence
of statedrom S. Typically, Swill bea structued set(a productset)

This formalizesmultiple (n) concurent partsof a system.lt is notedhow a structuredstatesetis often
synthesizedrom the statesetsof concurrencomponentin acoupledDEVS model.

Thetime the systemremainsin a sequentiaktatebeforemakinga transitionto the next sequentiaktateis
modelledby thetime advancefunction

. +
ta:S— ]RO’JFOO.

As timein therealworld alwaysadwancestheimageof ta mustbe non-ngjative numbersta = 0 allows for
therepresentationf instantaneousransitions:no time elapsedeforetransitionto a new state.Obviously,
this is an abstractiorof reality which may leadto simulationartifacts suchasinfinite instantaneoutops
which do not correspondo realphysicalbehaiour. If the systemis to stayin anend-states forever, thisis
modelledby meanof ta(s) = +co.
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Theinternaltransitionfunction
Oint :S—'S

modelsthetransitionfrom onestateto the next sequentiatate i« describeshebehaiour of aFinite State
Automaton;ta addsthe progressiorof time.

It is possibleto observahesystemoutput. The outputsetY denoteghe setof admissibleoutputs Typically,
Y will beastructuedset(aproductset)

This formalizesmultiple (I) outputports.Eachportis identified by its uniqueindex i. In a useroriented
modellinglanguagetheindiceswould bederived from uniqueportnames

Theoutputfunction
A:S—=YUu{g}

mapsthe internalstateonto the outputset. Outputeventsareonly generatedy a DEVS modelat thetime
of aninternaltransition.At thattime, the statebefoe the transitionis usedasinputto A. At all othertimes,
thenon-ezent@is output.
To describehetotal stateof the systemateachpointin time, thesequentiastates € Sis notsufiicient. The
elapsedime e sincethe systenmadeatransitionto the currentstates needsalsoto betakeninto accounto
constructhetotal stateset

Q={(sg)lseS0<e<ta(s)}

Theelapsedime e takeson valuesrangingfrom 0 (transitionjust made)to ta(s) (aboutto make transition
to the next sequentiaktate).Often,thetimeleft o in a stateis used:

o=ta(s)—e

Up to now, only anautonomousystemhasbeendescribedthe systenmrecevesno externalinputs.Hence,
theinputsetX denotingall admissiblanputvaluesis defined.Typically, X will beastructuedset(aproduct
set)

X =% %

Thisformalizesmultiple (m) inputports.Eachportis identifiedby its uniqueindex i. As with the outputset,
portindicesmaydenotenames

ThesetQ containsall admissiblanput segmentsw
w: T —XU{e}.

In discrete-gent systemmodels,aninput sggmentgeneratesn input eventdifferentfrom the non-erentg
only atafinite numberof instantsin a boundedime-intenal. Theseexternal events inputsx from X cause
the systemto interruptits autonomousehaiour andreactin a way prescribedoy the externaltransition
function

Ot : QXX —= S

Thereactionof thesystento anexternaleventdepend®nthesequentiastatethe systenis in, theparticular
inputandtheelapsedime. Thus,d allowsfor thedescriptiornof alarge classof behaiourstypically found
in discrete-gentmodels(including synchronizationpre-emptionsuspensiomandre-actiation).

Whenaninput eventx to anatomicmodelis notlistedin the de¢ specificationthe eventis ignored

In Figure2.12,an examplestatetrajectoryis given for an atomic DEVS model.In the figure, the system
madean internaltransitionto states2. In the absencef externalinput events,the systemstaysin states2
for adurationta(s2). During this period,the elapsedime e increasegrom 0 to ta(s2), with the total state
= (s2,e). Whenthe elapsedime reachega(s2), first an outputis generatedy2 = A(s2), thenthe system
transitsinstantaneouslyo the new states4 = &j,;(s2). In autonomousnode the systemwould stayin state
&4 for ta(s4) andthentransit(aftergeneratingoutput)to sl = & (s4). Beforee reachesa(s4) however, an
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Figure2.12:StateTrajectoryof a DEVS-specifiedViodel
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Figure2.13:Traffic light example

externalinput event x arrives. At thattime, the systemforgetsaboutthe schedulednternaltransitionand
transitsto s3 = de ((S4, €),X). Notehow anexternaltransitiondoesnot give riseto anoutput.Oncein state
s3, the systemcontinuesn autonomousnode.

As anexampleatomicDEVS, considethemodelof two traffic lightsdepictedn Figure2.13.In autonomous
mode,the light transitsin intuitive fashion.If the “switch to manual’(M) externaleventis receved, lights
in bothdirectionsblink yellow. If the“switch to automatic”(A) eventis receved, the systemswitchesback
deterministicallyto stateRY to resumeautonomousnode.Colourblind obserationof thesystens encoded
in A. TheatomicDEVS representatiois givenbelow.

DEVS= (X,SY,8int, Oex, A, ta)

T=R
X ={M,A}
w:T—XU{e}
S={RGRY,GRYR BB}
6int(RG) =RY; 6int(RY) =GR
Oint(GR) = YR; dint(YR) = RG
ta(RG) = 60s; ta(RY) = 10s
ta(GR) = 50s; ta(YR) = 10s
ta(BB) = +4oo

St ((RG.€),M) = BB

Sex ((RY €),M) = BB
3e¢((GR &), M) — BB
%t ((YR,€),M) =BB
dex ((BB,€),A) = RY
{GREY,YELLOW,BLINK} x {GREY,YELLOW,BLINK}
G) = A(GR) = (GREY,GREY)
R) =A(YG) = (YELLOW, GREY)
Y) = A(RY) = (GREY, YELLOW)
B) = (BLINK,BLINK)
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2.3.2 The coupled DEVS formalism

The coupledDEVS formalismdescribes discrete-eent systemin termsof a network of coupledcompo-
nents.
coupledDEVS= <Xse|f,Yse|f,D,{Mi},{h},{zi’j},S(Ebd)

The componentelf denoteghe coupledmodelitself. Xseir is the (possiblystructured)setof allowed ex-
ternalinputsto the coupledmodel.Yseis is the (possiblystructuredsetof allowed (external)outputsof the
coupledmodel.D is a setof uniqguecomponenteferencegnames) The coupledmodelitself is referredto
by meansof self, auniquereferencenotin D.

Thesetof componentss
{M;ili € D}.
Eachof thecomponentsnustbeanatomicDEVS
Mi = <S7tai76int,i7xi76®(t,i7Yi7)\i>7Vi €D.
The setof influenceef a componentthe componentsnfluencedby i € DU {self}, is I;. The setof all
influenceeslescribeghe couplingnetwork structure
{lili e DU{self}}.
For modularityreasonsa componenf{includingself) maynotinfluencecomponentsutsideits scope-the
coupledmodel—ratheronly othercomponent®f the coupledmodel,or the coupledmodelself:
Vie Du{self}:l; CDU{self}.

This is further restrictedby the requirementhat noneof the componentgincluding self) may influence
itself directly asthis couldcauseaninstantaneoudependengccycle (in caseof a0 time advanceinsidesuch
acomponentpkinto analgebraidoop in continuousnodels:

VieDU{self}:i ¢l.

Note how onecanalwaysencodea self-loop(i € I;) in theinternaltransitionfunction.

To translatean output event of one component(suchas a departureof a customer)to a corresponding
input event(suchasthearrival of a customer)n influencee®f thatcomponentputput-to-inputranslation
functionsz; ; aredefined:

{Zi7j|i € DU{SE”},j € Ii},

Zseif,j - Xself = Xj, VjeD,
Ziselt : Yi—Yserf, VIi€D,
Zi7j : Yi—)Xj, Vi, j € D.

Togetherl; andZz; ; completelyspecifythe coupling(structureandbehaiour).

As aresultof couplingof concurrentomponentanultiple statetransitionamayoccuratthesamesimulation
time. This is an artifact of the discrete-eent abstractiorand may leadto behaiour not relatedto real-life
phenomenaA logic-basedoundationto studythesemantic®f theseartifactswasintroducedy Radiyaand
Sagent[RS94. In sequentiabimulationsystemssuchtransitioncollisionsareresohed by meansof some
form of selectionof which of the componentstransitionsshouldbe handledfirst. This correspondso the
introductionof prioritiesin somesimulationlanguagesThe coupledDEVS formalismexplicitly represents
aseled functionfor tie-breakingbetweersimultaneousvents:

seled : 2P — D.
seled chooses uniqguecomponentrom any non-emptysubse€ of D:
seked(E) € E.

ThesubseE correspond$o the setof all componentfiaving a statetransitionsimultaneously
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2.3.3 Closure of DEVS under coupling

As mentionedat the start of this section,it is possibleto constructa resultantatomic DEVS model for
eachcoupledDEVS. This closue under coupling of atomic DEVS modelsreplacesany coupledDEVS
by anatomicDEVS. The replacemenbr flatteningprocedureactually definesthe semanticf a coupled
DEVS.Theproceduras definedsuchthatit is “natural”; its semanticss compatiblewith thatof thediscrete
eventworld views presentedbefore.In particular of all possibleevents,the earliestoneis alwaysprocessed
andcollisionsdueto simultaneousvents(internalandexternaltransitionsin DEVS) areresolhed by some
tie-breakingprocedureBy induction,ary hierarchically coupledDEVS canthusbeflattenedto anatomic
DEVS. As aresult,the requirementhat eachof the component®f a coupledDEVS be anatomicDEVS
canberelaxedto beatomicor coupledasthelattercanalwaysbereplacedy anatomicDEVS.

The coreof the closureprocedurds the selectionof the mostimminent(i.e., soonesto occur)eventfrom
all the componentsscheduledvents[Zei844. In caseof simultaneousvents,the seled functionis used.
Theresultantconstructions describedelow.

FromthecoupledDEVS
<Xself aYseIf ) D7 {MI }7 {II }7 {Zi,j }7 Sebd)a

with all component$/; atomicDEVS models
Mi = <S7tai76int,ivxia6®<t,i7Yi7)\i>7Vi eb

theatomicDEVS
<S)ta7 6int7 X7 6@¢aYa )\>

is constructed.
Theresultantsetof sequentiabtateds the productof thetotal statesetsof all the components

S= xiepQ;,

where
Q ={(s,&)lseS,0<q <ta(s)},Vvi e D.

Thetime advancefunctionta
ta:S— ]Ra Loo

is constructedby selectingthe mostimminentevent time, of all the componentsThis meansfinding the
smallestime remaininguntil internaltransition,of all thecomponents

ta(s) = min{o; =ta(s) —gli € D}.

A numberof imminentcomponentsnay be scheduledor a simultaneousnternaltransition.Thesecompo-
nentsarecollectedin aset
IMM(s) = {i € D|oj =ta(s)}.

FromIMM, asetof elementof D, onecomponent* is choserby meansof theseled tie-breakingfunction
of thecoupledmodel
seed : 2D — D
IMM(s) — i*

Output of the selectedcomponents generatedefor it malkesits internal transition.Note also how, as
in a Moore machinejnput doesnot directly influenceoutput.In DEVS models,only aninternaltransition
producesutput.An inputcanonly influence/generateutputvia aninternaltransitionsimilarto thepresence
of memoryin the form of integrating elementsin continuousmodels.Allowing an external transitionto
produceoutputcouldleadto infinite instantaneoumops. Thisis equivalentto algebraidoopsin continuous
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systemsThe outputof the componenis translatednto coupledmodel outputby meansof the coupling
information
)\(S) = Zi*,self ()\i* (S*)), if self € lix,
0) if self ¢ l-.
If the outputof i* is not connectedo the outputof the coupledmodel,the non-e/ent ¢ canbe generated
asoutputof the coupledmodel.As @ literally standsfor no event, the outputcanalsobe ignoredwithout
changinghe meaning(but increasingperformancef simulatorimplementations).

Theinternaltransitionfunctiontransformghe differentpartsof thetotal stateasfollows:

int (S) = (..., (S, €),...), where

17

(sj.€) = (Bin,j(s)),0), for j =i*,
= (Oex,j(Sj, € +ta(s),Z j(Ai=(s+))),0), for j € li=andZ j(Ai-(s+)) # @,
= (sj,g+ta(s)), otherwise

The selectedmminentcomponeni* makesan internaltransitionto sequentiabtatediy i (S+). Its elapsed
time is resetto 0. All theinfluenceeof i* changetheir statedueto an externaltransitionpromptedby an
inputwhichis theoutput-to-inputranslatedutputof i*, with anelapsedime adjustedor thetime advance
ta(s). Theinfluenceeselapsedime is resetto 0. Note how i* is not allowed to be an influenceeof i*
DEVS. The stateof all othercomponentss not affectedandtheir elapsedime is merelyadjustedfor the
time adwanceta(s).

Theexternaltransitionfunctiontransformghedifferentpartsof the total stateasfollows:

et ((S,€),X . (d,€),...), where
(5,€) = (Oex,i((s,€+€),Zserr,i(x),0) ,forie lser,
= (s,e+e) ,otherwise

An incomingexternaleventis routed,with anadjustmenftor elapsedime, to eachof the componentgon-
nectedo thecoupledmodelinput(aftertheappropriaténput-to-inputtranslation) For all thosecomponents,
theelapsedimeis resetto 0. All othercomponentsrenot affectedandonly the elapsedime is adjusted.

Somelimitationsof DEVS arethat

¢ aconflict dueto simultaneousnternalandexternaleventsis resohed by ignoring theinternalevent.
It shouldbe possibleto explicitly specifybehaiour in caseof conflicts;

¢ thereis limited potentialfor parallelimplementation;

¢ theseled functionis anatrtificial legag of thesemantic®f traditionalsequentiakimulatorsbasedbn
aneventlist;

e it is not possibleto describevariablestructure.

Someof thesearecompensatetbr in paralleIDEVS (seefurther).
2.3.4 Implementation of a DEVS solver

The algorithmin Figure 2.14 is basedon the closureundercoupling constructionand can be usedasa
specificationof a —possiblyparallel-implementationof a DEVS solver or “abstractsimulator” [Zei84g
KSKP96]. In an atomic DEVS solwer, the last event time t; aswell asthe local states are represented.
In a coordinator only the last event time t, is representedThe next-event-timety is sentas output of
eithersolver. It is possibleto alsokeepty in the solvers. This requiresconsisten{recursve) initialization
of thetys. If kept, the ty allows oneto checkwhetherthe solvers are appropriatelysynchronizedThe
operatiorof anabstracsimulatorinvolveshandlingfour typesof messageshe(x, fromt) messagearries
externalinput information. The (y, fromt) messagearriesexternal outputinformation. The (x, fromt)
and (done fromty) messagesire usedfor scheduling(synchronizing)the abstractsimulators.In these
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message m simulator coor dinator
(*, fromt) simulator correct only if t =ty
y <+ A(S) send (*,self,t) to i*, where
if y+#@: i* = seled (imm.children)
send (A(s),self,t) to parert imm.children= {i € D|M;.ty =t}
S Oint () adive_children< adive_childrenu {i*}
L+t
Nt + ta(s)
send (doneself,ty) to parert
(x, fromt) simulator correct only if g <t <ty (ignore djn; to resolve at = ty conflict)
S Oex (S € X) send (Zselfi(X),self,t) to i
L+t adive_children<« adive_childrenu {i}
Nt + ta(s)
send (doneself,ty) to parert
(y, fromt) Vi € lfrom\ {self} :
send (Zfromi(y), fromt) toi
adive_children< adive_childrenu {i}
(done fromt) adive children< acdive_children\ { from}

if acive_children=0:
tL«t
tn min{Mi.tN|i € D}
send (doneself,ty) to parert

Figure2.14:DEVS SimulationProcedure
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t < tn of topmost coordinator

repeat until t =tgng
send (*,mea,t) to topmost coupled model top
wait for (donetop,ty)
t 1IN

Figure2.15:DEVS SimulationProceduréviain Loop

messageg, is the simulationtime andty is the next-event-time.The (¥, fromt) messagéndicatesthatan
internaleventx is due.

Whenacoordinatorecevesa (x, fromt) messaget selectanimminentcomponent* by meanf thetie-
breakingfunctionseled specifiedfor the coupledmodelandroutesthemessagéo i*. Selectionis necessary
astheremaybemorethanoneimminentcomponen{with minimumnext remainingtime).
Whenanatomicsimulatorrecevesa (x, fromt) messaget generatesnoutputmessagéy, fromt) based
on the old states. It thencomputeshe new stateby meansof the internaltransitionfunction. Note how
in DEVS, outputmessageareonly producedwhile executinginternalevents.Whena simulatoroutputsa
(y, fromt) messagei is sentto its parentcoordinator The coordinatorsendsthe output,after appropriate
output-to-inputranslationto eachof theinfluencee®f i* (if ary). If thecoupledmodelitselfis aninfluencee
of i*, the output, after appropriateoutput-to-outputranslation,is sentto the the coupledmodels parent
coordinator

Whena coordinatorrecevesan(x, fromt) messagéom its parentcoordinatorit routesthe messageafter
appropriatanput-to-inputtranslationto eachof the affectedcomponents.
Whenanatomicsimulatorrecevesan (x, fromt) messaget executeghe externaltransitionfunctionof its
associateétomicmodel.

After executingan (x, fromt) or (y, fromt) messagea simulatorsendsa (done fromty) messageo its
parentcoordinatorto preparea nev scheduleWhena coordinatorhasreceved (done fromty) messages
from all its componentsit setsits next-event-timety to the minimumty of all its componentandsends
a (done fromty) messagéo its parentcoordinator This processs recursvely applieduntil the top-level
coordinatoror root coodinator recevesa (done fromty) message.

Asthesimulationproceduréds synchronoust doesnotsupporia-synchronouslgrriving (real-time)external
input. Ratherthe ervironmentor ExperimentaFrameshouldalsobe modelledasa DEVS component.

To run a simulationexperiment,the initial conditionst, and s mustfirst be setin all simulatorsof the
hierarchyf ty is keptin thesimulatorsjt mustberecursiely settoo. Oncetheinitial conditionsareset,the
mainloop describedn Figure2.15is executed.

2.3.5 The parallel DEVS formalism

As DEVSis aformalizationandgeneralizatiorof sequentiatliscrete-eent simulatorsemanticsit doesnot
allow for drasticparallelization.In particular simultaneouslyoccurringinternal transitionsare serialized
by meansof a tie-breakingseled function. Also, in caseof collisions betweensimultaneouslyoccurring
internaltransitionsandexternalinput, DEVSignorestheinternaltransitionandappliesheexternaltransition
function. Chowv [Cho9q proposedhe parallel DEVS (P-DEVS) formalismwhich alleviatessomeof the
DEVS dravbacks.In anatomicP-DEVS

aIDmICP - DEVSE <Sta7 6int,X, 69((, 6conf 7Y,)\>,

themodelcanexplicitly definecollision behaiour by usinga so-calledconfluentransitionfunction dcon .
Only &g, Ocont, andA aredifferentfrom DEVS.
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Theexternaltransitionfunction
Sed i Qx XP =S
now acceptsa bag of simultaneousnputs,elementf theinput setX, ratherthanasingleinput.

The confluenttransitionfunction
6c0nf SX Xb — S

describeghe statetransitionwhen a schedulednternal statetransitionand simultaneousexternal inputs
collide.

An atomicP-DEVSmodelcangeneratenultiple simultaneousutputs
A:S—YP

in theform of abagof outputvaluesfrom the outputsety.

As conflictsare handledexplicitly in the confluenttransitionfunction, the seled tie-breakingfunctioncan
beeliminatedfrom the coupledDEVS structure:

coupled P— DEVS= (Xself, Yself , D, {Mi }, {li },{Zi,j } })-
In this structure all component$/; areatomicP-DEVS
Mi = (S,ta;, Sint,i, Xi, Oex,i> Oconf i, Yi, Ai), Vi € D.
For the proof of closureundercoupling of P-DEVSaswell asfor the descriptionof an efficient parallel
abstracsimulator see[Cho94.

2.3.6 Mapping Event Scheduling models onto atomic DEVS

The event schedulingformalism ES was presentedeforewith mappingonto DEVS in mind. Hencethe
general set-basedepresentationf the eventlist in that presentationThe execution(i.e., the trajectories
generatedhroughsimulation)semantichiasremainedhe same put thereis moreimplementatiorfreedom.
As mentionedbefore,externaleventsaswell asoutputareignoredin the description An eventscheduling
model

ES=(T,E,SEL,&,d,0ds)

is mappedntoanatomicDEVS model
DEVS= <TDEVS’ SDEVS7 6E]FVS>
with atime base
TOEVS_ T _ R

andstateset
PEVS _ gy 2(E><Ra+m)‘

As DEVS doesonly dealwith time-differencegatherthanwith absolutetime, a DEVS eventlist ELPEVS
containsnot absolutgimes,but rathertime-till-scheduled-eent o:

ELDEVS: {(H,U =t _tcurrert) | (ﬂ,t) € EL}-

Thisis depictedn Figure2.16.

Note how the EL only containseventsin the future,henceall o > 0. Thisis dueto the causalityprinciple
which statesthat eventscanonly be scheduledn the future (a causeleadsto an effect at a latertime, the
pastcannotbeinfluenced).o = 0 for the currentevent.



80 Formalisms

ol

02

03

t_current t1 t2 3 T

Figure2.16: Time remainingo until event

The DEVS time adwancewill adwvanceto the next mostimminenteventtime.
'[aDEVSZ SDEVS — RBL,+oo
PEVS & foo, if ELPEVS =0
PEVS 5 min{o|(n,0) € ELPEVS}, if ELPEVS£0.

Here,the semanticof anemptyeventlist is correctlydescribedasaninfinite time adwance.In practice,if
no externaleventsaresupportedanemptyeventlist shouldhaltthe simulation.

The DEVS internaltransitionfunction 82EVS

SOEVS. GPEVS  _,  DEVS
(sEL) — (s,EL)

wheretsi g, Ntirg have definitionssimilar to thosein the ES simulationprocedure:

Ofrs = Minr<{0|(n,0) € ELPEVS}

Nfirs seked ({n|(n,0+irg) € ELPEVS})

s = ds(Nfirg,9)

EL" = (EL\(Nfirs;Ofirs)) U (8n(Ntirs,S), O (Nfirg,S)) -

Again, theresultof seled is assumedo be unique(asingleton).

The abore constructiondoesnot include a proof of equvalence.A proof would useinduction. It would
list all possiblestate/inputombinationsandfor eachof these shav how theresultingstatetrajectoriesor
EventSchedulingandthe derived DEVS modelareidentical.

An alternatve to the above Event Schedulingo DEVS transformations to constructa coupledratherthan
anatomicDEVS. Thecomponentgsub-modelspf the coupledmodelarethen

e oneatomicDEVS encapsulatingll statevariablesin the EventSchedulingmodel,
e oneatomicDEVS for eacheventroutinein the EventSchedulingmodel.

Thecomponentouplingshouldreflectthe dependenciegueto statemodificationsaswell asschedulingof
new eventsin thefuture.

This constructionandits proof aswell assimilar transformationgo DEVS from Activity Scanningand
Procesdnteractionworld views arethe subjectof future work.
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2.4 The Cellular Automata formalism

Cellular automata(CA) were originally conceved by Ulam andvon Neumannin the 1940sto provide a
formalframework for investigatinghe behaiour of comple, spatiallydistributedsystemgvN66]. Cellular
Automataconstitutea dynamic,discrete space discrete time formalism. Spacein Cellular Automatais
partitionedinto discretevolumeelementsalledcellsandtime progresseim discretestepsEachcell canbe
in oneof afinite numberof statesat ary giventime. The“physics” of this logical universeis deterministic
andlocal. Deterministicmeansthat oncea local physicsandaninitial stateof a Cellular Automatonhas
beenchosenijts future evolution is uniquelydeterminedLocal meanghatthe stateof acell attimet + 1 is
determinednly by its own stateandthe statesof neighbouringcellsatthe previoustimet. The opemational
semanticof a CA asprescribedn a simulationprocedue andimplementedn a CA solver dictatesthat
valuesareupdatedsyndironously all new valuesarecalculatedsimultaneously

Thelocalphysicsis typically determinedy anexplicit mappingfrom all possibldocal stateof apredefined
neighbourhoodemplate(e.g., the cellsborderingon a cell, includingthe cell itself), to the stateof thatcell
afterthe next time-step.For example,for a 2-state(0, 1), 1-D Cellular Automaton,with a neighbourhood
templatethat includesa cell andits immediateneighboursto the left andright, therewill be 2° possible
neighbourhoodtates{00Q,...,111}. For eachof thesewe mustprescribavhetheratransitionof thecenter
cell stateto a1 or to a0 will occur For an8-statenearesneighbour2-D Cellular Automaton therewill be
8° possibleneighbourhoodtatesanda choiceof 8 stateso mapto for eachof those.

2.4.1 The formalism

The Cellular AutomataformalismCA fits the generaktructureof deterministicsystemsn classicalkystems
theory[Wym67, ZPKOQ:

CA= (T,X,Q,S3,Y,A).

Theformalismis specifiedby elaboratiorof the elementf the CA 7-tuple.
Thediscretetime baseT:
T = N (or isomorphicwith N).
ThesetX:
X ={TIME_TICK}.
The Cellular Automataformalism can easily be extendedto non-trivial inputs (seefurther commentson
extensions).
Thesetof all input segmentsw:
Q.

An input sggmentw may berestrictedto adomain(C T) suchas[n,n+ 1]:

w  T—=X,
Wnn+1) - ]n,n-|-l]—>X.

ThestatesetSis the productof all thefinite statesetsV; (alsocalledcell valuesets of theindividual cells.
Cisthecellindex set
S= XjecMi-

In the usualcaseof Cellular Automatarealizedon a D-dimensionalrid, C consistsof D-tuplesof indices
from anindex setl:
c=IP.

In thestandardCellular Automataformalism,the cell spaces assumediomaeneousall cell valuesetsare
identical:
VieCVi=V.
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Thecell valuefunctionv mapsacell index i ontoits valuev(i):
v:C—V.
Thetotal transitionfunction d is constructedrom the transitionfunctionsd; for eachof thecells.

o QxS — S
((*ﬁn,n+1]a><ieCV(i)) - XiecOi(i).

The uniformity of Cellular Automatarequiresthe ; to be basedon a singlelocal transitionfunction & for
all cellsi:

Vi € C,5i(i) = & (v(ont (i))),
wherethe variousoperatorandquantitiesareexplainedbelow.

A neigbourhoodemplateNT, a vector of finite size & containingoffsetsfrom an “origin”, encodeghe
relative positionsof neigbouringcellsinfluencingthe future stateof a cell. Usually, the neaest(adjacent)
neighbourgincludingthe cell itself) areused.For one-dimensionaCellular Automata,a cell is connected
to r local neighbourgcells) on eitherside,wherer is a parametereferredto asthe radius(thus,thereare
2r 4+ 1 cellsin eachneighbourhood)For two-dimensionalellular Automata two typesof neighbourhoods
areusuallyconsidered:

e ThevonNeumanmeighbourhooaf radiusr
NT = {(kI) €C| k| +[I] <r}.

For r = 1, this yields 5-cells, consistingof a cell alongwith its four immediatenondiagonaheigh-
bours.
e TheMoore neighbourhooaf radiusr

NT ={(k,1) eC| |k <rand|l| <r}.
Forr = 1, thisyields 9-cells,consistingof the cell alongwith its eightsurroundingneighbours.

The local natureof the Cellular Automatamodelslies in the fact that only nearneigboursinfluencethe
behaiour of a state,not all cellsasthe generalform of d allows. Froma modellingpoint of view, physical
argumentdn disciplinesrangingfrom physicsto biology andartificial life supportthis assumptiofWol86].
From a simulationpoint of view, efficient solversfor the Cellular Automataformalismcanbe constructed
which take adwantageof locality (seebelav). Notehow theNT(j] areoffsetsbetweerC elementsvhichare
againelementof C (with anappropriateC suchasNP).

NT e Ct.
Thefunctionoynt shiftsthe neighbourhoodemplateNT to be centeredbveri:

ont : C — C§
i — 1 whereVje{1,...,&} :1[j] =1+ NT[]j].

For all possiblecombinationf sizeg of cell valuesthelocaltransitionfunctiond, prescribeshetransition
to anew value:
o Ve -V,
Vi,...,Vg] = Ve
Thanksto the aforementionediniformity of Cellular Automatathe samed, is usedfor eachelementof the

cell space The numberof possiblecombinationf cell valuesis #/¢ andthe numberof distinctresultsof
0, iIs#V (#is thecardinalityfunction).
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cell space boundary
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Figure2.17:BoundaryConditionsfor afinite cell space

In theabove, d wasconstructedor anelementargtime advancen — n+ 1. Thetransitvity requirementor
deterministicsystemmodels:

Vix € [ti,ti];s €S
O(ti, Wyt 11,5 ) = O, t],0(W 195 S))

is satisfiedby construction(i.e., the definition,combinedwith iterationover n).

It is possibleto “obsene” the Cellular Automatonby projectingthe total stateS onto an outputsetY by
meansof anoutputfunctionA
A:S=Y,

whereY commonlyhasa structuresimilar to thatof S.

We shall now discussthe structue of the cell space Usually a D-dimensionalgrid, centeredaroundthe
origin, is used MostcommonchoicesareD € {1,2,3}. In onedimensionalineararrayof cellsis theonly
possiblegeometryfor thegrid. In two dimensionstherearethreechoices:

e triangular grid: hasa small numberof nearestneigboursbut is hardto visualiseon squaregrid
orientedcomputers.

e square grid: is easyto visualise,but (computationally)anisotopic (i.e., a wave propagategaster
alongthe primary axesthanalongthe diagonals).

e hexagonalgrid: hasthelowestanisotroy of all gridsbut computervisualisationis is hardto imple-
ment.

Arbitrary cell spacestructuresare possible(and correspondingell shapesvhenvisualising),thoughnot
practical.

Although the above mathematicaformalismis perfectly valid, it can not be simulatedin practice For
simulationto becomepossible the cell spaceneedsto be finite. In particular the cell index setC mustbe
finite. L, thelengthof the grid becomedinite, leadingto a cell spaceof LP cells.

Whena finite cell spaceis used the applicationof the transitionfunction at the edgesposesa problemas
valuesareneededutsidethe cell spaceAs shavn in Figure2.17for a 2-D cell spaceboundaryconditions
needto be specifiedn theform of cell valuesoutsidethe cell space Two commonapproachesalsousedin
the specificatiorandsolutionof partialdifferentialequations-are

o explicit boundaryconditions Extracellsoutsidethe perimeterof the cell spacehold boundaryalues
(i.e., C andv areextended) . Theamountof extra bordercellsis determinedy the sizeof (the perime-
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ter of) the cell spaceaswell asby the size (and shape)of the neighbourhoodemplate.Boundary
conditionsmaybetime varying.

¢ periodic boundaryconditions.Thecell spacds assumedo “wrap around”:thecellsat oppositeends
of thegrid actaseachothers neighboursin 1-D, thisresultsin a(2-D) circle,in 2-D, in a(3-D) torus.
By constructionthe boundaryconditionsaretime-varying.

2.4.2 Implementation of a CA solver

The Solver Structure

Algorithm 2 is thebackboneof ary cellularautomatasolver.

Algorithm 2 CA Simulationprocedure

Vi € C: initialise (i) {Initialise Cell Space}
if explicit boundary conditions then
Vi € boundary(C): initialise V(i) {Boundary extension of v()}
end if
if periodic boundary conditions then
Vi € CU boundary(C): V(i) < v(i mod L) {Modulo extension of v(); assume O...L — 1indexing}
end if
for n:=ngto ng do
Vi € C: Vpan(i) < & (v(onT (1)) {One-step state transition computation}
V ¢ Vnay {Switch value buffers}
n—n+1 {Time Advancement}
end for

As thedefinitionrequiressynchronougalculation wherebynew valuesonly dependn old values(andnot
on new values)of neighbouringcells, a secondvaluefunction v,y is neededo hold copiesof the previous
value.Notehow avaluefunctionsis usuallyefficiently implementedasa lookupin avaluearray.

Improving Solver Performance

Theperformancef a Cellular Automatonsolwer is obviously relatedto anappropriatechoiceof datastruc-
turesandalgorithms.Therearefour maintechniquegROE99]for improving solver performance:

1. Lookuptable:

generally a cell takes on a value vy Which is computedon the basisof informationin the cell’'s
neighbourhoodOnemayattempto packtheneighbourhood&alueinformationbitwiseinto aninteger
neighwhich cansubsequentlype usedasanindex into a lookuptable Thelookuptableencodeghe
localtransitionfunctiond:

Vnan(i) = lookup[neigh.
Thelookupvaluesarepre-computedrom a9, specificatiorbeforesimulatingthe CellularAutomaton.
Thelookupvectormayalsosere asanefficient meansof modelstorage.

2. Neighbourhoodghifting:

in steppingthroughthe cells,onerepeatedlycomputesa cell’'s neigh thencomputegshe neighof the
next cell, andso on. Becausehe neighbourhoodsverlap,a lot of theinformationin the next cell’s
neighis thesameasin theold cell’'s. With anappropriateepresentatiorit is possibleto left shift out
theold info andORin thenew info.

3. Pointerswap:

toruna CA, oneneedgswo buffers,onefor thecurrentcell spacgv att), andonefor theupdatedcell
spacqVpay att + 1). After theupdatetheupdatedcell spaceshouldnotbecopiedinto the currentone
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(thougha nave implementatiorof line 10in Algorithm 2 would do so). Assumingthevaluefunctions
v andvpey areencodedasarrays swappingpointersis O(LP) faster
4. Assemblylanguagé€innerloop”:

whenprocessing 2-D Cellular Automatonof VGA size,the cell spacehasapproximately300,000
cells. This implies neighwill be assembledndlookup appliedabout300, 000 times per time-step
(onescreen)This meangheinner loop mustbe asefficient aspossibleIn particular codingthisin
assemblyanguagereducingthetotal numberof clock cyclesof theinstructionsn theinnerloop, can
leadto a significantperformancegain.

5. Sparsers.denseconfigurations:

if therule setis known to leadto spaiseconfigurationsasin the caseof the Gameof Life with asmall
initial pattern,one canusesparse matrix techniques Thatis, one canjust computein the vicinity
of occupiedcells. Generally thesetechniquesio not compile asefficiently asa full matrix method,
becausehereis moreindirectaddressin@ndbranching However, onecanincludebothasparseand
full matrix methodin the sameprogram,andswitchwhenthe cross-oer densityis reached.
6. Periodicboundaryconditions:
therearetwo basicmethoddor handlingperiodicboundaryconditionsefficiently:
(a) Codingfor fastmoduloarithmetic.
Thebruteforcemethodof doingmoduloarithmeticonindex variablei for arangeof0...R—1
inCis
(i + offset) %R

Onsomearchitecturege.g., someSunSparcstations} is actuallyfasterto do

register int tmp =i + offset;
(tmp >=R) ? tmp - R: tmp

if offset is positve andsimilarly if it is negative.
If Ris apowerof 2, betterperformancecanbe obtainedby meanof

(i + offset) &R
whenoffsetis positive and
(i + offset +R) &R

whenoffsetis negative.
(b) Usingalargerarrayandcopying the boundarycellsbetweenterations

2.4.3 Examples

The [CAw99] at the SantaFe Institute hostsa plethoraof Cellular Automataexamples.The site is mainly
devotedto the study of Artificial Life, oneof the prominentusesof Cellular Automata.Artificial Life re-
searchriesto explain andreproduceab-initio, all physicalandbiologicalphenomena.

Simple 2-state, 1-D Cellular Automaton of length 4

Figure2.18demonstratethe simulationprocedurdor a simple2-state({0, 1}), 1-D Cellular Automatonof
length4 with periodicBoundaryConditionsandinitial condition1101.Thelocaltransitionfunction(a 1-D
versionof the Gameof Life) is
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periodic BC
initial 1 | 1 | 0 | 1 n=1
condition
3
EEESENES
|° |?
@
ENENENER
n=4
index 0 1 c2 3
4 “animation”

cell space (N=1, L=4)

Figure2.18:2-state 1-D Cellular Automatonof length4

# 2 dimensional  game of life

2 dimensions of 0.1

sum:= [ 0, 1] +[ 1, 1 +[ 1, Q] +
[-1, 1] + [1, 0] -1, -1 +
[ 0, -1 +[ 1, -]
cell := 1 when (sum =2 &cell =1) | sum=3
= 0 otherwise

Figure2.19:"“cellang” specificatiorof Conway’s gameof Life

o : 000—0 100—0
001—-0 101—1
010—-0 110—~1
011—»1 1110

For a 1-D Cellular Automaton,“animation” of the cell spacecan be visualisedby colour codingthe cell
values(here:0 by white and 1 by black) and by mappingt onto the vertical axis which leadsto the 2-D
imagein Figure2.18.

The Game of Life

Developedby CambridgemathematiciarlohnConway and popularizedby Martin Gardnerin his Math-
ematicalGamescolumnin Scientific Americanin 1970[Gar7(, the gameof Life is one of the simplest
examplesof a Cellular Automaton.Eachcell is eitheralive (1) or dead(0). To determinets statusfor the
next time step,eachcell countsthe numberof neighbouringcells which are alive. If the cell is alive and
has2 or 3 alive neighboursthenthe cell is alive duringthe next time step.With fewer alive neighboursa
living cell diesof lonelinesswith more, it diesof overcravding. Mary interestingpatternsaandbehaiours
have beeninvestigatecbver the years.An exampleof a high-level cellang[Eck9§ specification(i.e., & is
written implicitly) of the Cellular Automatamodelis givenin Figure2.19.In combinationwith boundary
conditionsandaninitial condition,this specificatiorallows for modelsolving.

2.4.4 Formalism extensions

The Cellular Automataformalismcaneasilybe extendedn differentways:

1. Addition of inputs Theformalismaspresentedbove is autonomousthereareno (non-trivial) inputs
into the system An intuitively appealingvay of addinginputsis to associat@aninput with eachcell.
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TheinputsetX will thushave a structuresimilar to the statesetS.

2. Therequiremenbf having thesamecell valuesetfor eachcell canberelaxedto obtainhetengeneous
Cellular Automatawherebynot necessarilyvi € C : V; = V. The homogeneousasecan alwaysbe
emulatedby constructing/ astheunionof all individual cell valuesets:

vV =[JV.

ieC

3. The requirementof having the samelocal transition function ¢, for eachcell can be relaxed to
obtain non-uniformCellular Automata.Obviously, in that case,it is no longer possibleto usethe
performance-enhangjrtechniquesliescibedbore.

4. As is demonstratedn Figure2.19,a modellinglanguagemay allow for high-level representations.
Agentsareatypical exampleof sucha high-level constructHere,d is nolongerspecifiedexplicitly.

The*“grid of cells” ideacanalsobe usedfor continuousmodels.In particular the local dynamicsof cells
canbedescribedy SystemDynamicsmodels.Ohviously, simulationwill bedoneby first transformingthe
modelto aflat DAE modelandsubsequentlgolvingthatcontinuousmodel.

2.4.5 Mapping the Cellular Automata formalism onto DEVS

Cellular Automataarea simpleform of discrete-eentmodels,of DEVSin particular Describinga Cellular
Automatonasa simple atomic DEVS is thus straightforvard. Thanksto the generalnatureof DEVS, all
extensionf the Cellular Automataformalismmentionedbeforecanalsobe mappednto DEVS.

It is more rewarding howvever to mapa CA onto a coupledmodel, wherebyevery CA cell’s dynamicsis
representedsan atomicmodelandthe dependencbetweeronecell andits neighbourhoods represented
by the coupledmodels couplinginformation. In whatfollows, a CA is mappedonto a coupledP-DEVS
asthis mappingis moreeleggantthanthatontothe original DEVS. In addition,the resultantparallel DEVS
holdsmorepotentialfor parallelimplementationThecoupledparalleIDEVS representatiopresentedhere,
correspond$o the Cellular Automatonspecificatiornin section2.4.1:

P— DEVS—CA = (Xself, Yself . D, {Mi }, {li },{Zi j })-
As the Cellular Automatonin section2.4.1did notincorporatesxternalinput,
Xself = 0.
Typical outputof the Cellular Automatonconsistsf all the cell values
Yself = XieDV.
Components the coupledparallelDEVS modelcorrespondo CA cells.Indexing usesthe CA index set:
D=C.

The{M;} areatomicP-DEVScomponentsgescribedn moredetaillater

The setof influenceef a component/cell is constructedby meansof the CA's neighbourhoodemplate
NT. TheNT containanfluencerratherthaninfluenceanformation.Thus,theoffsetinformationneedgo be
mirroredwith respecto theorigin (i.e., its inversewith respecto additionof offsetsneeddo becalculated)
to obtaintheinfluencee®f component:

li={jeC|j=i—offsd, offsed € {NT[K||k=1,...,&}\ {0}}

As DEVSdoesnotallow i € I;, theoffsetO, if presenin NT, is notincluded.A statetransitionof a CA cell
usually doesdependon the old stateof the cell itself. This is encodedn the atomicP-DEVS (confluent)
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transitionfunctionratherthanby meanf anexternalself-couplingNotehow j =i —of fsd € C mayneed
to berelaxed dependingpn the particularboundaryconditions.Cells outsideC may needto be considered
(andinitialized).
As thereis no externalinput, theinput-to-inputtranslationZseis ; is notneeded.
Thei, j output-to-inputtranslationcornvertsthe outputof a cell (i.e., thecell’s value)into a tuple containing
thatvalueandthe offsetbetweerthetwo cells:

Zi Y, — X

s — (s,i—]).

The output-to-outputranslationtranslateshe outputof eachcell into a tuplewith the outputin the position
correspondingo the cell’s index:

Ziself Y

—
S —

Individual cellsaremappedntoatomicP-DEVScomponents:
Mi = (S, ta;, dint,i, Xi, Oex,i> Oconfl i, Yi, Ai), Vi € D.
Valuesof the components/cellarethosefrom the cell valueset
S=W.

Thetime adwanceis setto the samearbitrarynon-zerovalueA for all cellsto allow for synchronouspera-
tion:
tai(s) = A.

Theinternaltransitionfunctiondoesnot modify the componens state:
dint(s) =i
Theoutputfunctionsendsout a setcontainingonly the cell value:
A(s) ={s}, wheres €Y, =V.

The externaltransitionfunctionis not usedasthereis no globalexternalinputinto the CA. Dueto the syn-
chronousoperationwherebyinternaltransitionsandexternalinputswill alwayscollide, only the confluent
transitionfunctionis used.

6conf,i(37aaxib) =9 (Vi)a
wherey; is avectorwith the samedimensionsasthe neighbourhoodemplateNT with values
viln] = s, forthen for whichNT[n] =0;
Vi[projottsa (X)) = Projvaue(X), Vx € Xib-

Messagesommunicateraluesof neighbouringcells,aswell asoffsetsfrom the currentcell:

XP = {(v,of fsa)|v € V,of fse € C}.

As in thecaseof themappingfrom EventSchedulingo atomicDEVS, theabore constructioris notaproof.
A proofof ageneralizeadnappingontovariable-structur@-DEVSto allow for therepresentationf infinite
CAswill bea continuationof the currentwork.

As ademonstratiorf theabove approachMurato codedthe Gameof Life CA in hisa-DEVS-0.2 [Nut99]
paralleDEVSimplementation.
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2.5 The Differential and Alg ebraic Equation formalisms

For mary problems,the resultof the modellingprocessis a setof ordinary differential equations pften

accompaniedby algebraicconstraintequationsthusforming a setof Differentialand AlgebraicEquations
(DAE) [EBB™99]. Theinitial valuesof the statevariablesneedto be specifiedwith themodel.Initial values
areonly requiredat simulationtime wheneachinitial valuewill leadto a uniquesolution of the DAESs.

Thisimpliesthatthe DAE is mathematicallfformulatedasaninitial Value Problem Thelnitial ValueDAE

is usedfor simulationor other analysisactiities suchas controller design(possibly after linearisation),
parameteestimationor performanceneasureptimisation.

Currently BoundaryValue Problemsare only supportedwithin the WEST++ modelling and simulation
environmentdescribedn thenext chapterby constructinganappropriateshootingproblem,aninitial Value
Problemwhere someunknavn initial valuesare varied during a seriesof simulationexperimentsin an
attemptto satisfythe boundaryvalues.The reasonfor not supportingBoundaryValue Problemsdirectly
is the inability to guarantedhe existenceof uniquesolutionsaswell asthe (resulting)lack of generally
applicablesolers.

Hybrid DAEs may have discontinuitiesor the structue of a Hybrid DAE may changeat certainpointsin
time. Eventsare usedto stop continuousintegration at discontinuitiesof a hybrid DAE. After applying
the discontinuoushangegpossiblychangingstatevariablevaluesand/ormodelequations)the integration
is restarted As describedby Park and Barton[PB96, Bar0(, Hybrid DAE problemscanbe treatedasa
sequencef continuousDAE problemsseparatedby events(time-eventsif pre-scheduleat a known time
or state-gentsif dependenbn a conditionover the statevariables).In the following, we will describethe
symbolictransformation®f (implicit) DAESs to (explicit) forms which canbe solved more efficiently by
numericalsolvers.Discontinuitiegandstructuraimodelchangeareanorthogonaissueandcanbeignored
withoutlossof generality

In thefollowing, differentlevels of Differential AlgebraicEquationmodelswill bepresentedh abottom-up
fashion.In this approachijt will be shavn howv eachhigherlevel form canbe transformednto the lower
level one.Chainingthesetransformationsvill allow transformatiorfrom thehighestmostre-usabldevel to

the lowestlevel. At this lowestlevel, the numericalsolutionis muchmoreefficient, but re-usabilityis low.

By introducingformalismtransformationshoth goals(re-useaswell asefficient numericalsimulation)can
besatisfied.

2.5.1 Differential Algebraic Equations: Causal Sequence

The formalism
At thelowestlevel, we startfrom an OrdinaryDifferentialEquation(ODE) with x(t), u(t), f and p vectors
(of matchingdimensionspr scalars

d f(d”—lx XU, p)
dtn_ dtn_lﬂ"'7 7 7’p'

x arethestatevariablesu theinputfunctions,t theindependentime, and p, the parameters.
Theabove is posedasaninitial valueproblemoveranintenal [a, b] with inital conditions

X(t=a) = X
at=a) = x’
g?n;_li((t —a) = Xgn—l)

The above higherorderequationcan always be transformednto a setof first order Ordinary Differential
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Equationdoy introducingauxiliary variablescorrespondingo the dervativesof x.

X = Xo
dx _
g -0
ol —
@ = *
dxn—
th L = Xn = f(xnflaxn727 K aX17X0auat)

This is necessaryo matchthe capabilitiesof mostavailablenumericalsolvers.Fromnow on, we will only
considerfirst orderODEs.

Solving Ordinary Differential Equations
With adiscretisatiorof theinterval [a,b] in N equidistanintenals At

: b—a
ti =a+ jAt, At=——,
j=at] N
aTaylorseriesexpansiorcanbewritten (if thesolutionx(t) hascontinuougderiativesuptoorderr + 1 over

[a,b], thereexist 6).

X(t + At = x(t)  +5xD () + 4 XD () +...+ A XD (t))
\fr+1 : : .
+($t+—*1)!x(f+1>(t,-+e,-m), 0<6;<1;j=01,...,N-1
The first orderderivative x\V is given by the Right Hand Side (RHS) of the differential equation.In case
this RHSis ananalyticalfunction,symbolicderivation may provide expressiongor higherderivative terms.
Differentnumericalintegrationmethodgor OrdinaryDifferentialEquationcorrespondo differentapprox-
imationsfor thesehigherorderderiatives.

Integrationmethodsareemployed basedon variousquality metricssuchasaccurag, stability, speedmem-
ory consumptionandtheability to operatan areal-timeernvironment.The methodsarecharacterizedy

¢ theorderof approximatiorr,

¢ single-stepr multi-step(whenmultiple old valuesareneededo computea next value;this requires
aone-stegstart-upmethod),

thenumberof intermediatesvaluations(betweert; andt;, 1),

the symmetryof the method(only evaluationin t; ortj,, or balanced),

fixedvs.adaptve stepsize(the stepsizas halved or doubledbasedon anerrorestimate),

explicit vs.implicit (usingfuturevalues for stiff problems).

For moredetailson numericalsimulation(without discontinuities)we referto [PTVF9Z andthe WEST++
experimentatiorervironment.

Figure2.20depictsthe structureof a hybrid simulationkernel.On the right handside, the integrationwith
adaptve stepsizeandstate-gentlocationis shavn. On the left handside, event-schedulings shavn. The
simulatoralternatedetweencontinuoussimulationanddiscreteeventhandling.For moredetails,we refer
to [Van0Q JLZS00,MBO1].

Contin uous System Simulation Languages (CSSLs)

In 1967 the ContinuousSystenSimulationLanguagestandardCSSL)wasproposedSAFT67). It provides
astandardor therepresentationf ODEsandalgebraicequationsasusedin simulation.Thestandards still
in useto datein simulationlanguagesuchasCSSL-1V, ACSL[ACS94, andADSIM/RTS[VV99].

CSSLsatisfieghefollowing requirements:

¢ An easymodeldescriptiorallowing bothequationsand“function block” forms(by meanf macros).



2.5 The Differential and Alg ebraic Equation formalisms

91

setup initial events:
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zero crossing
occurred
in [t,t_new]
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Figure2.20:Hybrid simulationkernelstructure

ti=t_new
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Study (simulation experiment) Entry Point

A

Study Termination
Initial Region —

Dynamic Region

A

Terminal Region

Figure2.21:CSSLsimulationstudy

¢ Integratorcontrol:

selectinganintegrator
(initial) stepsizeselection,
errorcontrol,
variableinitialization,
parametesetting,

¢ Documentatiorof modelandexperiments.
e Structuredmodelis separatedrom experiment.

Figure2.21shawvs the structureof a CSSLsimulationstudy Froma modeldescriptionrasshovn belaw, the
INITIAL sectionis executedexactly once.Then,thedifferentialequationsn the DYNAMICsectionaresolved

usingappropriatenumericalsolvers. This is aniteratve processFinally, the TERMINAL sectionis executed
exactly once.

INITIAL
X = X0
DX = DX0
DYNAMIC
DERIVATIVE
DX = F-B*X-A*DX
X = DX
TERMINAL
END_X = X

As shavn in Figure 2.22,the INITIAL  sectionallows interactve intervention by a user(by meansof a
commandnterpreter) After executinguserspecifiedNITIAL  code(suchasconstanandparametecalcu-
lations),theintegratorsareinitialised.

Figure2.23shaws the structureof the DYNAMICregion. Onepart,containingonly algebraicequationstakes

careof input/output.The integration subregion calls appropriatesolver(s) (integrators)to solve the ODEs
specifiedn the DERIVATIVE section(s).

SomeCSSLcompilersarecapableof “sorting” algebraicequationsThis procedurewill bedescribedn the
next section.
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Interpreter

Call
| I Study Termination
—

Initial Subregion

—| Integration
4-| Initialisation

Figure2.22:CSSLinitial region

—

Termination Subregion System I/0
le——o ]
Solver ﬁ
Integration (integrator) |,
Subregion ¢ T Derivative
Section
‘ ]
Solver ﬁ
(integrator) l—
T Derivative
] Section
I—

Figure2.23:CSSLdynamicregion

Neutral solver -level model representation

Oneproblemof the CSSLstandards thatit definesalanguagestructureratherthananApplicationProgram-
mer’s Interface(API). This makesinterfacingwith a simulatornon-standarddA moremodularapproachs to
defineaninterface(API) betweermodelsolversandmodels.Also, aninterface(API) betweera (scripted)
experimentatiorervironmentandsolver andmodelmustbe defined.The structureof suchanarhcitecturas
depictedn Figure2.24.Therearesereraladwvantagego suchanapproach:

1. It allows for independenplug-and-playof solversandmodels.

2. Theinternalsof both solvers and modelsare not specified.The implementorshave total freedom,
evenin the implementatiorlanguagg(Fortran,C, C++). In WEST++,the bindingis C with Fortran
corventions(columnmajororder)for matrix memorylayout.

3. Astheinterfaceis definedatabinary (link) level, reverse-engineeringf modelsis difficult.

In WEST++,the link-level representatiomisedfor modelsis namedMSL-EXEC (EXECutionlevel rather
thanUSERlevel). MSL-EXEC is definedas C++ classesand containsboth symbolicand computational
modelinformation.To accessnodelinformation,the solver needsaccesso the standardnethod€Compute-
Output(), Computelnitial(),Compute®rminal(), and ComputeState(vhich correspondo the equivalent
partsof the CSSLmodelspecificationCommunicatiorof databetweena solver anda modelmustbe ef-

ficient. Hencethe useof #define  to alias vectorelementgdo symbolichnamesCommunicatioris doneby

passingreferenceso) vectorsof parametersnput variables outputvariablesderived statevariables,and
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expenmema\mn
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visulisation)
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simulator
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(eg, HLA)

or

SIMULATOR = solver + model

SOLVER(S)

MODEL
dynamics

MODEL
symbolic
information

Figure2.24:Model-soler architecture

deriativesof those. The MSL-EXEC modelrepresentationf a simplemodel

is givenbelow.

#include
#include
#include
#include
#include
#include

#define
#define
#define
#define

#define

#define

CircleClass

{

<math.h>
<assert.h>
"MSLE.h"
"MSLExternal.h"
"MSLU.h"
"Circle.h"

_t  IndepVarValues[0]
x_out_  OutputVarValues[0]

_y out_ OutputVarValues[1]

_x_ DerStateVarValues[0]
#define _y_ DerStateVarValues[1]

D_x_ Derivatives[0]
D_y_ Derivatives[1]

CircleClass(StringType

dx
&
dt
x_out
y_out

name_arg)

y
—X
X

set_name(name_arg);
set_description("Circle

test.");

set_class_name("CircleClass");

set_no_indep_vars(1);
set_indep_var(0,

set_no_output_vars(2);
set_output_var(0,
set_output_var(1,

set_no_der_state_vars(2);

set_der_state_var(0,
set_der_state_var(l,

new MSLEIndepVarClass("t", "s");

new MSLEOutputVarClass("x_out", " 0);
new MSLEOutputVarClass("y_out", "o0);

new MSLEDerStateVarClass("x", " 0.2);
new MSLEDerStateVarClass("y", "o 00));

set_no_indep_var_values(1);
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GetIndepVar(0)->LinkValue(this, MSLE_INDEP_VAR, 0);

set_no_output_var_values(2);
GetOutputVar(0)->LinkValue(this, MSLE_OUTPUT_VAR,0);
GetOutputVar(1)->LinkValue(this, MSLE_OUTPUT_VAR1);

set_no_der_state_var_values(2);
GetDerStateVar(0)->LinkValue(this, MSLE_DER_STATE_VAR,);
GetDerStateVar(1)->LinkValue(this, MSLE_DER_STATE_VAR,1);
GetDerStateVar(0)->LinkInitialValue(this, 0);
GetDerStateVar(1)->LinkInitialValue(this, 1);
GetDerStateVar(0)->LinkDerivative(this, 0);

(

0
1
0
1
0
GetDerStateVar(1)->LinkDerivative(this, 1);

).
).
).
).
).
).

Reset();
}

void CircleClass .. ComputeOutput(void)
{
_x_out_
_y_out_
}

X

v

void CircleClass .. Computelnitial(void)

{
}

void CircleClass .. ComputeState(void)

{
Dx =_y;
Dy =-x5
}

void CircleClass .. ComputeTerminal(void)

{
}

#undef

#undef _x_out_
#undef _y out_
#undef x_
#undef _y

It is notedthatin MSL-EXEC specificationsthe order in which algebraicequationsarewritten mattersas
imperatve programminganguagesuchasC++ have sequentiasemanticsHencethe name"Dif ferential
AlgebraicEquationsCausalSequence”all equationshave a singlevariableon the Left Hand Side (LHS)
(computationallycausallandthe orderof equationgnatters(sequence).

2.5.2 Differential Algebraic Equations: Causal Set
The formalism

The needto order equationsmentionedin the previous chapteronly appliesto algebraicequations.As
numericalintegratorscalculatenew valuesbasedn old (previoustime-step)valuesthe orderof evaluation
of Right Hand Sidesof dervative equationgdoesnot matter Thus,from hereon, we will only discusshe
algebraicequationgartof our DAES.

To illustrate the problemwhen coding mathematicaketsof equationsin a languagesuchas C++ with
sequencesemanticsconsiderthe following setof equationswith u() a function call (input, considered
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Figure2.25:Sorting: DepthFirst Searchpost-ordemumbering

known):
a = b*+3
b = sin(cxe)
c = 4d-05
d = 12
e = u)

Whencodedasa sequencén MSL-EXEC, uninitializedvariableswill be given a 0-value which leadsto
erroneousesults(andevenanexceptionin this case):

a = 3

b =0

¢ = +/—05 (exceptioninR)
d = 1?2

e = u()

If equationsrere-arrangedhowever, it is possibleto computethe correctsolutionof the setof equationsy
meansof asequence:

d = 12

e = u)

c = vd-05
b = sin(cxe)
a = b*+3

Equationsmust be sortedin the reverseorder of their dependencieOhbviously, traversingthe resulting
sequencef equationss muchfasterthanthe numericalsolutionof the original implicit setof equations.
Also, in thelattercase a meaningfulinitial guessor theunknavns mustbefound.

Mapping onto DAE Causal Sequence: sorting

To sortthe equationst sufficesto build a dependenc graphandperforma DepthFirst Searchwith post-
ordernumberingon this graphasshavn in Figure2.25.The numbersndicatethe orderin which equations
needto bewritten. The DepthFirst SearchDFS) algorithmis givenin Algorithm 3.
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Algorithm 3 DFSsorting

dfsCourter + 1 {initialize global DFS number}
for all veV do

dfsNr[v] < 0 {initialize vertex DFS number}
end for

for all ve 'V do
if dfsNr[v] =0 {not yet visited} then
DFS(v) {DFS starting from v}
end if
end for
DFS(veV) = {DFS definition}
if dfsNr[v] =0 {not yet visited} then
dfsCourter «— dfsCourter+1
for all w € children(v) do
DF S(w) {DFS starting from child w}
end for
dfsNr[v] «+ dfsCourter {post-order numbering}
end if

Mapping onto DAE Causal Sequence: cycle detection

In somecasessortingis not possibledueto a dependencgycle strongcomponenbr algebraic loop. The
examplebelow

X = y+16
y = —X—-2
z = 5

cannever besorteddueto a dependengccycle betweerx andy.
Oncedetectedanalgebraidoop maybesolvedasanimplicit setof algebraicequations.

z=5
X—y = -6
X+y = -z
An implicit setof n equationsn n unknavns maybe

e non-lineay solvedusing

e asymbolicsolutionusingGrobnerbase§DST93], or
e anumericalsolutionusinga solver suchasBroydens method(implementedn WEST++)for
finding rootsof systemsf non-linearequationgPTVF92.

¢ linear, solvedusing:

e ananalyticalsolutionusingCramersrule, or
e anumericalsolutionin casetheanalyticalsolutiongrowns too large.

In theexample this leadsto

-6 -1 1 -6
— -z 1 _—6-z 1 -z _6-z
=71 11 2 VT 1T 2
1 1 1 1
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()
B1
()
vyl

Figure2.26:Algebraicloop (dependenccycle) detection

andfinally
z =5
x = =5*
y = %2

The questionremainshow to detectandextractalgebraidoops(cyclesin the dependeg graph).A simple
loop detectiomalgorithmsuchas:

1. Build dependencmatrix D
2. Calculatetransitve closureD*

3. If Trueondiagonalof D*, aloop exists

is not usable Evenwith Warshalls algorithm[Sed92 Wir89], the compleity of thisis still O(n%) andwe
don't know immediatelywhich nodesareinvolvedin theloop(s).

Tarjans O(n+ m) (n is the numberof graphvertices,m is the numberof graphedges)Loop Detection
algorithm[Baa88 providesanefficient solution:

1. CompleteDepthFirst SearcHDFS)on G
(possiblymultiple DFStrees) postordemumberingasfor sorting.

2. Reverseedgesn theannotateds yielding Gg.

3. DepthFirst Searchon G startingwith the highestnumberedv. The setof verticesin eachDFStree
is astrongcomponentRemave the strongcomponentrom Gg andrepeatuntil Gg hasbeenremaoved
completelyIn caseof absenc®f loops,the setsof verticesfoundwill all besingletons.

beforecontainsanalgebraidoop:

a = b’+3

b = sin(cxe)
c = vd-05
d = 1?2

e = a’+u()

In Figure2.26,theloop detectionproceduras shavn. Gr is denotedby thea edges.
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Thisresultsin sortedequationswith anisolatedalgebraidoop which needgo be solvedimplicitly:

d = 12 d = m/2

c = 4d-05 c = vd-45

b = sincxe ; b —sin(cxe) =0
a = b*+3 a —b? -3 =0
e = a’+u() a? —e +u() = O

Constants, parameter s and output equations

In simulationmodelsit is oftenmeaningfulto specifythevariability of identifiers.Typically, threelevels of
variability areidentified:

1. ConstantthevalueneverchangesWheresertheidentifieroccursjt maybereplacedy its value.Any
variablewhichis analgebraicfunctionof only constantzanalsobereducedo a constantThe latter
statementanbe appliedrecursvely. Substitutingall constantvaluesis called constantpropagation
in compilertheory

2. Parameterthe value is setat the beginning of a simulationbut remainsconstantduring a single
simulationrun. Whetherthe literal value of the parameteis substitutedn equationglependsn the
simulatorimplementatior{i.e., its ability for symbolicprocessingt run-time).

3. Variable:thevalueis setto an“initial condition” atthe beginning of a simulationrunandmaysubse-
guentlychangeover the wholeintegrationdomain.Variablesoccurringin % form arecalledderived
statevariables.The equationsaresolved (integrated)for thesevariables All othervariablesarealge-
braic variables Differenttypesof algebraicvariablescanbeidentified:

e inputvariables(u(t)) canbe consideredknown” from the point of view of the equationsolver
asateachpointin time, their valueis givenexternally (interpolatedrom file or from a function
generatoranalgebraicnodelin its own right).

¢ outputvariable(y(t)) arenotin ary way (via intermediatexpressionandvariablesheededn
the Right-Hand-Sid¢RHS) of derived statevariableequations.

e algebraicstatevariablesareall otheralgebraicvariables They areneededasintermediatenelp
variables)o computethe RHSsof & equations.

Usingthedependencgraphdescribedefore,it is possibleo identify constanandparameteequationand
placethemin the computelnitial()sectionof an MSL-EXEC model.Similarly, outputequationaneasily
be extractedand placedin the computeOutput(section.computeOutput()s only evaluatedwhen output
is requestedy a simulationuser computeState(pn the otherhandis called asfrequentlyas neededor
numericalstability andaccurag.

2.5.3 Differential Algebraic Equations: Non-causal Set
Mapping onto DAE Causal Set: causality assignment

From the point of view of lucidity, andre-usabilityin differentcausalcontects, a non-causalimplicit set
of equationss desirablewhen modelling physicalsystemsHowever, to be able to solve for the various
unknavnsin the setof equationsit is far morepreferableto have a causalrepresentationt is possiblein

mary casedo transformanon-casuatepresentationto a causabne.Considetheimplicit setof equations

X+y+z = 0 Equationl
x+3z+u?> = 0 Equation2
Z—u—16 = 0 Equation3

u—5 = 0 Equatiord.
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source

Equation1 Equation2 Equation3 Equation 4

N~

variable "x"  variable "y" variable "z" variable "u"

sink

Figure2.27:Causalityassignmentetwork flow

In orderto solwe this setof equationson a computera matchingof variablesandequationss requiredthat
is, we mustidentify which equationcanbe usedto solve for what variable.This canbe accomplishedy
turning equationsnto nodesand dependenciesto edgesin a bipartite graph.The problemof matching
equationswith variabless thusreducedo a maximuncardinality matting problemon the bipartitegraph.

The problemcanthenbe solved elegantly by turningit into a network flow problem.This is achieved by
addinga sourceandsink nodeto the bipartitegraphresultingin a directedgraphasshovn in Figure2.27.
All flow capacitief the network aresetto 1.

By maximizing the flow from a sourceto a sink, the causalityassignments carriedout. We obtainthe
correspondenckeetweera variableandthe equationusedto solve for it:

= —X—12
—3z— 2
u+16
= 5

1€ IN IX I
Il

By assigningveightsto theequation-ariableedgest is possibleto take into accounipreferences$or certain
causakealisationsIn theequation

X+y?°—3=0

for example thepreferredcausality(atermfrom Bond Graphtheory)is to calculatex fromy ratherthanthe
oppositeThelatteris harderto invertthantheformer[SBS94].

We describethe network flow problemin thefollowing.

In our discussiorof network flows, we follow the treatmenty Tarjan[Tar83. Network flow problemsare
aclassof optimizationproblemswith awide variety of applicationsHere,we areconcernedvith the maxi-
mumflow problemon a network, andin particular the algorithmof Dinic [Din70] to find sucha maximum
flow. We first introducesomeimportantconceptsn thetheoryof network flows, andbriefly sketchFord and
Fulkersons method[FF62] of finding a maximumflow beforemoving onto Dinic’s algorithm.

Flows, cuts and augmenting paths

Let G = |V, E] beadirectedgraphmadeup of the setof verticesV = {v} andthesetof edgesE = {e}. We

identify two specialvertices,the sources andthe sinkt. The numberof verticesin G is n andthe number
of edgeds m. With every edgewe associate positve capacitycap(v,w), andsetcap(v,w) = 0 if [v,w] is

notanedge.We thendefineaflow f on G, whichis areal-\aluedfunctionon vertex pairshaving thethree
properties:
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cap, flow

Figure2.28:DirectedgraphG with flow f, sourcesandsinkt

e Slew symmetry f (v,w) = —f(w,Vv).
Also, if f(v,w) > 0, thenthereis aflow from v to w.

e Capacityconstaint: f(v,w) < cap(v,w).
A flow is saidto saturate theedgelv,w] if theequality f (v, w) = cap(v,w) holds.

e Flow conservationfor every vertex v excludingthe sources andsink t, the netincomingflow must
equalthenetoutgoingflow: .y f(v,w) =0.

Figure 2.28 givesan examplegraphwith flow annotationsthe first numberon an edgeis its capacity the
secondts flow. Theedgegs, a] and[a,d] aresaturatedNote how this exampleis moregenerathanwhatis
neededor bipartitegraphmatching.
Thenetflow out of the source,y .y f(s,V), is calledthevalueof theflow f andis denotedby |f|. A flow
of maximumvalueis calleda maximumflow, andthusthe maximumflow problemis that of finding such
a maximumflow. Many attemptshave beenmadeto tacklethis problemtheoretically and algorithmsof
increasingspeechave beencreatedbvertheyears.SeeTable2.1 for a historicaloverview.
Originally developedby Ford and Fulkerson[FF62], the theory of network flows hasits rootsin linear
programmingLaw76]. We review somebasicresultsof Ford and Fulkerson,followed by a discussiorof
thealgorithmof Dinic [Din70].
An importantconcepin thetheoryof network flows is thatof acut We defineacut X, X to bea partitionof
thevertex setV into two partsX andX =V — X, suchthatX containsthe sources andX containsthe sink
t. Thecapacityof acutX, X is
cap(X,X) = Z cap(Vv,w).
veX,weX
A cut of minimum capacityis known asa minimumcut If f is aflow andX, X is acut, theflow acrossthe
cutis
FXX)=5  fluw).

veX,weX

It canbe shavn thatfor ary flow f, theflow acrossary cut X, X equalstheflow value| f|. Thatis,

XX = Y fuw)=|f.

veX,weX
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date discoverer(s) running time
1956 Ford andFulkerson

1979  GalilandNaamadShiloach ~ O(nm(logn)?)

1969  EdmondsandKarp o(nn¥)
1970  Dinic o(n’m)
1974  Karzanw o(n%)
1978  Malhotra,et.al. o(n%)
1977  Cherkask O(r? mt/?)
1978  Galil O(n®/3ne/3)
(
(

1980 SleatorandTarjan O(nmlogn)

Table2.1: History of maximumflow algorithms

By the capacityconstraintthe flow acrossary cut cannotexceedthe capacityof the cut. Thusthe valueof
a maximumflow cannotbe greaterthanthe capacityof a minimum cut. The “max-flowmin-cuttheoent
statesthatin factthesetwo quantitiesare equal.We shall restatethe theorembelaw afterintroducingthe
conceptof residualcapacityandaugmentingpath

Theresidualcapacityfor aflow f in anetwork is givenby a functionon vertex pairs,andis the difference
in the capacityof the edgeconnectinghetwo verticesandtheflow acrossheedge:

reqv,w) = cap(v,w) — f(v,w). (2.1)

We canpushup to reqv,w) additionalunits of flow from v to w by increasinghe flow f(v,w) andcorre-
spondinglydecreasind (w,v). We canconstructheresidualgraph R for aflow f, whichis the graphwith

vertex setV includingthe sources andsinkt, andanedgelv, w| of capacityreqv,w), suchthatthis capacity
is positive: regv,w) > 0. Figure2.29shaws theresidualgraphfor theflow of Figure2.28.

An augmentingpathfor f is definedasapathp from stot in R. Theresidualcapacityof this path,denoted
by req p), is theminimumvalueof reqv,w) for [v,w] anedgeof p. Thevalueof theflow f canbeincreased
by any amountA upto req p) by increasingthe flow on every edgeof p by A. We mustkeepin mind that
wheneerwe changef (v,w) we mustchangef (w, v) by acorrespondingmounto maintainskew symmetry
An augmentingpath(s,b,d, a, c,t] for theresidualgraphin Figure2.29is shavn in Figure2.30.If f isary
flow, and f* a maximumflow on a graphG, andif R is theresidualgraphfor f, it canbe shavn thatthe
valueof a maximumflow on R is given by the difference| f*| - | f|. We now restatethe max-flov min-cut
theoremasfollows:

THEOREM: Thefollowing conditionsareequvalent:
1. fisamaximumflow;
2. thereis noaugmentingpathfor f;
3. | f| = cap(X, X) for somecut X, X.

The max-flov min-cuttheoremabove givesa way to constructa maximumflow by iterative improvement
Thisis theaugmentingpathmethodof FordandFulkersonbegin with aflow of zeroonall edgesn thegraph
(calledthe ze flow), andrepeathefollowing stepuntil a flow withoutanaugmentingpathis obtained:
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s
1
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a 3 b
1 A
1 2 2 3
c ~ d
1
2 2

Figure2.29:Residualgraph

a 3 b
1
1 2 2 3
c d
1
2 2

Figure2.30: Augmentingpath
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AUGMENTING STEP(Ford andFulkerson):

1. Findanaugmentingpathp for the currentflow.

2. Increasdhevalueof theflow by pushingreqp) unitsof flow alongp.

Knowing a maximumflow, we cancomputea minimumcutin O(m) time. If the edgecapacitiehapperto
beintegers,the augmentingopathmethodincreaseshe flow value by at leastonewith eachaugmentation,
andthuscomputesa maximumflow f* in at most|f*| augmentingsteps.Also, f*(v,w) is aninteger for
every v, w. A flow with sucha propertyis calledanintegral flow. We areled to the “integrality theorem”
thatif all capacitiesareintegers,thereis anintegral maximumflow.

However, if thecapacitiesarelargeintegers,thevalueof amaximumflow maybelarge,andtheaugmenting
pathmethodmayiterateover severalaugmentationdndeed,if the capacitiesareirrationalthe methodmay

not halt, andalthoughsuccessi flow valuescorveme they neednot corverge to the value of a maximum
flow [FF62. Thusit is obvious that for the methodto be efficient we must selectthe augmentingpaths
carefully It canbe provedthatstartingfrom the zeroflow, thereis away to constructa maximumflow in at

mostm stepseachof which increaseshe flow alonga singlepathin the original graph(by anamountthat

is not necessarilynaximum).This involvesiteratingover a pathfindingstep definedbelow.

Considera maximumflow f* onthe graphG, andlet G* be the subgraptof G inducedby the edgesv, w]
suchthat f*(v,w) > 0.i = 1 initially, andthe following pathfindingstepis repeatedintil the sink t is not
reachabldrom sin G*:

PATHFINDING STEP:

1. Findapathp; fromstot in G*.

2. LetA; betheminimumof f*(v,w) for [v,w] anedgeof p;. For every edgelv,w] on p;, decreasd* (v, w)
by A; anddelete]v,w] from G* if its flow is now zero.

3. Increment by one.

Eachpathfindingstepdeletesat leastone edgefrom G*; thusthis algorithm halts after at mostm steps,
having reducedf* to a flow of value zero. However theremay still be cyclesof flow. Startingwith the
zeroflow andsuccesskely pushingA; unitsof flow alongpz, A2 unitsof flow alongpy, .. .thusproducesa
maximumflow in atmostm steps.

EdmondsandKarp [EK72] proposedhe maximuncapacityaugmentatiormethodasthe mostnaturalway
to selectaugmentingpaths,whereinaugmentations always carriedout along a path of maximumresid-
ual capacity It canbe proved that maximumcapacityaugmentatiorproducessuccessie flow valuesthat
converge to the value of a maximumflow in O(mlogc) augmentingsteps,wherec is the maximumedge
capacity

Finding a maximumcapacityaugmentingpathis a versionof the “bottleneckpath problem”, if we take

lengthsequalto thenegative of the capacitiesSucha pathcanbefoundusinga suitablymodifiedversionof

Dijkstra’s algorithm.This methodtakes O(mlog(2 +myn) n) timeto find anaugmentingath,andthetotaltime

to find a maximumflow is O(m? (log(2m/n) (logc)) if the capacitiesareintegers.This boundis polynomial
in n, mandthe numberof bits neededo representhe capacitiesbut is still notfully satisactory We would

like aboundwhichis polynomialin justn andm.

We canobtainan algorithmwith sucha boundby choosingaugmentingpathsby a differentmethod,also
proposedy EdmondsandKarp [EK72]: alwayschoosea shortestiugmentingpath,wherewe measurehe
lengthof a pathby the numberof edgest containsThis methodis mostefficientif we augmentlongpaths
of the samelengthsimultaneouslyassuggestedby Dinic [Din70], who independentharrived at his result.
We discusDinic’s methodfurtherbelow.
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Dinic’ s algorithm and augmenting by blocking flows

In orderto understandDinic’s algorithmwe needtwo new conceptsA flow f is ablodking flowif every path

from the sources to the sinkt containsa saturatecedge.Thereforeit is not possibleto increasethe value

of ablocking flow by pushingadditionalflow alongary pathin G. It maybe possible however, to increase
the flow by rerouting— thatis, decreasinghe flow on someedgesandincreasingt on others.Let R bethe

residualgraphfor aflow f. Thelengthof the shortespathfrom sto ary vertex vin Ris thelevel of v. The

level graph L for f is the subgraplof R containingonly the verticesreachabldrom s, andonly the edges
[v,w] suchthatlevel (w) = level (v) + 1. L containsevery shortesaugmentingoathandcanbe constructed
in O(m) time by breadth-fist seach.

Dinic’s algorithmconsistsof beginning with the zeroflow andrepeatingthe blodking stepbelow until the
sinkt is notin thelevel graphfor the currentflow. In Figure2.31),A: shavs theinput graph,B: shavs the
first level graphwith blocking flow. Levels of verticesarein parenthese<C: shawvs the secondevel graph
with blocking flow andD: thethird level graphwith blocking flow. E: is the final flow. A minimumcutis

{s,a,b,q, {c,t}.

BLOCKING STEP(Dinic):
1. Findablockingflow f’ onthelevel graphfor the currentflow f.

2. Replacef by theflow f + f’ definedby:
(F+ ) (ww) = F(vuw) + ' (vw). (2.2)

Theperformancef Dinic’s algorithmis governedby thetheorenthatthealgorithmhaltsafteratmostn— 1
blockingsteps.

In the next sectionwe describeDinic’s methodof finding a blockingflow.
Finding blocking flows

Let G beanagyclic network onwhichit is requiredto find a blocking flow. Therearedifferentwaysto find

suchaflow, eachleadingto amaximumflow algorithm.Howeverthesimplestwayto find ablockingflow is

Dinic’s method:we find a pathfrom thesources to the sinkt, pushenoughflow alongit to saturateanedge,
deleteall newly saturateccdgesandrepeathis procedurauntil t is notreachabldrom s. We usedepth-first
searchto find eachpath. The methodis definedmore formally belon. We begin with the zeroflow, go to

Initialize, andproceedasindicated.p is a pathalongwhich flow canbe pushedrom sto the currentvertex

Vi

e Initialize: Let p=[s andv=s. Goto Advance

¢ Advancelf thereis no edgeout of v, goto Reteat OtherwiseJet [v,w] beanedgeout of v. Replace
p by p& [w] andv by w. If w#t repeatAdvanceif w=t goto Augment

e AugmentLet A bethe minimumof (cap(v,w) — f(v,w)) for [v,w] anedgeof p. Add A to theflow of
every edgeon p, deletefrom G all newly saturatecedgesandgoto Initialize.

e Reteat If v= s halt. Otherwise let [u,Vv] bethe lastedgeon p. Deletev from p and|[u,v] from G,
replacev by u, andgoto Advance

It canbeprovedthatDinic’s algorithmabove correctlyfindsablockingflow in O(nm) time,andamaximum
flow in O(n? m) time. It canalsobe provedthaton a unit network, Dinic’s algorithmfindsa blockingflow in

O(m) time, anda maximumflow in O(n'/2m) time. In a unit network, all edgecapacitiesareintegers,and
eachvertex v otherthanthe sourceandthe sink haseithera singleenteringedgeof capacityone,or asingle
outgoingedgeof capacityone.On a network whoseedgecapacitiesareall one,Dinic’s algorithmfinds a
maximumflow in O(min{n?3m,m*2}) time [ET75]. Thisis exactly the casewe areconfrontedwith.

OngenerahetworksDinic’s blockingflow methodsaturatesnly oneedgeatatimein theworstcasetaking
up O(n) time for eachedgesaturatedOn densegraphstherearefastermethodghat, in effect, saturateone
vertex atatime andhave an O(n?) runningtime.
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Figure2.31:Dinic’s maximumflow algorithmapplied
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How doesDinic’s algorithmcompareo otherapproache® EImquistin his PhDthesis[EIm78] wasthefirst
to apply causalityassignmenin whatis currentlythe Dymolatool (www.dynasim.com ). Based(probably
notexplicitly mentionedpnthe Kuhn-Munkresalgorithm.More recently in his PhDthesis,Sahlin[Sah9§
also usesthe Kuhn-Munkresalgorithm (also known asthe Hungarianmethod)from operationgesearch.
In his PhD thesis,Broenink[Bro90] usesa causalityassignmenprocedurespecificto Bond Graphs.The
approactwe have presentedleanlymapsthe problemontoagraphproblem.Furthermorewe claim Dinic’s
is the mostefficient algorithmfor causalityassignmenproblems For ary n (correspondingo the number
of variablesandequationsn the original setof equations)its performance O(min{n?/3m m?¥/?})) exceeds
thatof the Hungarianalgorithm(O(nmlog 2. m/n)N))- In Table2.1 we find moreefficient algorithms.These
do usemoreelaboratedatastructureshowever which makes practicalimplementatiormore cumbersome.
FurthermoreDinic’s algorithmis mostefficient on sparsenetworks andwhenedgecapacitiesareall one.
For large n the performanceeven exceedsthat of the recentSleatorand Tarjan algorithm (O(nmlogn)).
This, as
n?3m < nmlogn

for largen.

Oncethedependencgraphhasbeenbuilt, network flow analysiscycle detectionsorting,aswell asisola-
tion of constant/parametemndoutputexpressionsare elegantly performed.n particular the network flow
graphcanbere-usedor sortingandcycle detectionof the equatiomnodesareignored.

2.6 The Transf er Function formalism

TheTransferFunctionformalismis commonlyusedin controlengineeringTransfer-unctionmodelrepre-
sentationsrethebasisfor aplethoraof stability analysisandcontrollerdesigntechniquestn the following,
we shav how onemay transformat will betweerstate-spacand TransferFunctionmodels.This transfor
mationwasautomatedisingthe MuPAD [F™96] computeralgebratool.

2.6.1 Formalism representations and transf ormations

Thestate-spacemathematicatepresentatioof alinearsystemis

& = Ax+Bu
y=Cx+Du

Startingfrom thematricesA, B,C, D, by Laplacerules,we obtainthetransferfunctionrepresentationf the
systen|(l is theidentity matrix):

H(s) = C(sl—A)"!B+D.

We noticethatfor aMIMO (Multiple Input, Multiple Output)systemH (s) is arationalmatrix of dimension
p x m. Let us consideran elementh(s) = H{i, j]; h(s) is the transferfunction betweenthe j-th input and
thei-th output. The externalstability (i.e., I/O stability) of the openloop linearizedmodelcanbe checled
by finding the polesof the rationalfunction h(s) throughfactorization.Oncepolesand zerosof h(s) are
available,we canwrite the pole-zeo form:

(s—27)...(S—zm)
(s—p1)..-(S—pn)”

h(s) = k

H(s) in the abore form impliesthat, with the Laplacetransformatiorof theinputU (s), the Laplacetrans-
formationof the outputcanbe obtainedoy meansof a simplemultiplication:

Fromh(s) we canalsoobtainthe frequeng responsef the system:
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If atransferfunctionof alinear SISO(Singlelnput, SingleOutput)model

b b ST+ bis+ b

h(s) =
) ans"+an18"t+ -+ &S+ a

(with n >r) is available,it canbe usefulto geta statespacerepresentationf the system.This is calleda
“realization” of h(s).We point outthatthis transformations notunique.We choosehecanonicalreahable

realization:
{ & = Ax+Bu

y=Cx+Du
where
0 1 0 0
0 0 1 0
A = : :
0 0 0O 0 1
—d —& - —8n-1
0
B = :
0
1
C = [60 by - E,n_l]
D — |: Bn ]

with & = a/an, bi=Di/a,, bi=Dbi—bi&.
We obsere that[by,...b;;1] =[0...0].
2.6.2 Example

If we considerthefollowing transferfunction

6.01s+1.18
0.64s? + 1.8s+ 0.36’

thegainh(0) is 3.28andwe canrewrite h(s) in the pole-zeroform

h(s) =

s+0.2
— 939 .
e = 9395029120

The canonicareachableealizationof h(s)is

& — Ax+Bu
y=Cx+Du

where
0 1 0

A= [ —0.5625 —2.8125]’ B= [ 1 ]

C=[ 1.84375 93906 |, D=[0].



2.7 The System Dynamics formalism 109

uptake_predator
loss_prey

Grazing_efficienc)

prey_surplus_BR

predator_surplus_DR

2-species predator—prey system

Figure2.32:Predatoiprey, SystemDynamicsFormalism

2.6.3 Flattening networks of Transfer Function models

As with state-spacenodels(Linear Ordinary Differential and Algebraic Equationformalism), building
blocks may be combinedto form a network. Actually, the TransferFunctionbuilding blocks containal-
gebraicequationgin s). Thus,couplingsemanticgs the sameasfor state-spacenodels:connectionsare
replacedby algebraicequalities.

2.7 The System Dynamics formalism

TheForresterSystemDynamics[For68 formalismis a graphicalformalism,basednthedifferentialequa-
tion formalism. The formalismis particularly gearedtoward expressingthe dynamicsof populationslt is
usedin diversefield suchaseconomicgFor61], biology[Cel9]], softwareengineeringandurbanplanning.
The ForresterSystemDynamicsformalism describeghe variation of materiallike quantities(MLQs) or
levels. Thevariationis determinedy birth rates(BR) anddeathrates(DR). BRandDR aregraphicallyrep-
resentedasvalvesto theleft andright respectrely of boxesdenotingthelevels. Levels mayinfluenceeach
otherby influencingeachothers BR and DR. Figure 2.32 shaws a typical interactionbetweena predator
anda prey (modelledusingthe WEST++modellingandsimulationervironment[VCV98]). The (product)

interactionbetweenpredatorandprey populationsinfluencesthe predators birth rateandthe prey’s death
rate.

The SystemDynamicssemanticss givenby mappingeachof thelevel/BR'IDR combinationgo anOrdinary
DifferentialEquation
d level
dt

Theoperationsuchasproductandsumaremappedntothe appropriatealgebraicequationsandcouplings
are mappedonto algebraicequalities.Simulationin WEST++ of the modelin Figure 2.32 producesthe
trajectoriesn Figure2.33.Thesystemgdescribedy Lotke-\olterraequationexhibits anoscillating,stable

=BR-DR
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Figure2.33:Predatoiprey systembehaiour

behaiour.
2.7.1 Formalism mapping through representation in MSL-USER

Transformatiorbetweenthe SystemDynamicsformalism and the ODE formalism may be doneby con-
structingappropriateéSystemDynamicsbuilding blocksin the MSL-USERIanguageFor eachSystemDy-

namicsblock, a classis constructedcontainingthe appropriatedifferential and algebraicequations.The
introductionof interfaces(ports) makes coupling possible.The coupling semanticf SystemDynamics,
substitutingconnectiongy algebraicequalities|s identicalto the couplingsemanticof algebraicanddif-

ferentialequationrmodelsandis thustaken careof by the MSL-USERcompilerwithin the DAE formalism.
Thisis shavn belav for afew relevantbuilding blocks.

Il Use generic model base
#include  "generic.msl"

/I don't specify quantity, unit,
CLASS SDTerminal  SPECIALISES PhysicalQuantityType;

CLASS ConstantClass
(* class = "constant"; category =" %)
"Constant:
Produces at its output ‘out, the value of the parameter 'c"
SPECIALISES PhysicalDAEModelType  :=

{
interface <-
{
OBJ out (* terminal = "out" *) “"out"
SDTerminal := {i causalty <- "COUT" }

2

parameters ~ <-

{

OBJc "¢c" : SDTerminal := {¢ value <- 0; :}
k
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independent  <-
{
OBJt "t Time;
Eoo
equations  <-
{
interface.out = parameters.c;
2
B
CLASS PopulationClass
(* class = "levelNrate"; category =" ¥
"System Dynamics Population:
Produces at its output ’level, the solution
of the differential equation
d levelld t = birth_rate - death_rate"
SPECIALISES PhysicalDAEModelType =
{:
interface <-
{
OBJ birth_rate (* terminal = "birth_rate" *)  "birth_rate"
SDTerminal := {i causality <- "CIN"; value <- 0 i}
OBJ death_rate  (* terminal = "death_rate" *)  "death_rate"
SDTerminal := {i causality <- "CIN"; value <- 0 i}
OBJ level (* terminal = "level"  *) "population level"
SDTerminal = {: causalty <- "COUT" i
2
independent  <-
{
OBJt "t Time;
2
state  <-
{
OBJ population  "population level™: SDTerminal;
OBJ pop_change_rate  "population level change rate™: ~ SDTerminal;
2
equations  <-
{
DERIV(state.population, [independent.]) = state.pop_change_rate;
state.pop_change_rate = interface.birth_rate - interface.death_rate;
interface.level = state.population;
2
+
#endif

To ensurecorrectuseof SystemDynamicsblocksin a graphicalmodellingenvironment,constaints must
beimposedin WEST++thisis donein theform of a Tcl scriptof whichrelevant partsareshavn below. In
this case pnly constrainton the allowed numberof connectionst aterminalaregiven.

#*

#* Description: Hierarchical Graph Edit
#* System Dynamics.

#*

#* In this library  the following needs
#*

#  Variables:

#*

#* HGE_colors(<type>)

#* Colors for all types used in
#* HGE_bitmap_library_path

#* Path of the library  of bitmaps

#* HGE_node_classes

or [ Library [/

to be defined:

the node and terminal  classes.

used in the node and terminal  classes.
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#* List of node classes. Each node is described by a list  which consists
#* of a node name, a description, a bitmap name, a type and a list  of
#* terminals. Each terminal is again a list which consists of a terminal
#* name, a type, a terminal class, an integer indicating how many edges
#* can be connected to the terminal, the orientation of the bitmap and
#* the coordinates  with respect to the node's hotspot.
#* HGE_terminal_classes(<type>,<orientation>)
#* Bitmap names for all type-orientation pairs used in the node classes.
#* |ncludes *kk * *kk *kk
source "$westpp_data_path/me/HGE/generic/generic.HGE.lib.tcl";
#**  Colors xk
set HGE_colors(generic) blue;
set HGE_colors(physical) forestgreen;
set HGE_colors(data) red;
#**  Node classes
set HGE_node_classes \
{\
{\
constant  \
"Constant” \
constant  \
data \
{\
{ out data output 100 right 17 0 } \
jA
P
{\
levelNrate  \
"Population determined by
BirthRate  and DeathRate" \
levelNrate  \
physical \
{\
{ birth_rate data input 1 bottom -34 16 } \
{ death_rate data input 1 bottom 28 16 } \
{ level data output 100 top -1 -18 } \
P
P
{\
product \
"Product of two Inputs
and a Parameter" \
product \
data \
{\
{ out data output 100 top 0 -17 } \
{ in_1 data input 1 left -17 0} \
{ in_2 data input 1 right 17 0} \
P
P
2
#**  Terminal classes
set HGE_terminal_classes(generic,left) square;
set HGE_terminal_classes(generic,right) square;
set HGE_terminal_classes(generic,top) square;
set HGE_terminal_classes(generic,bottom) square;
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set HGE_terminal_classes(input,left) right_arrow;

set HGE_terminal_classes(input,right) left_arrow;

set HGE_terminal_classes(input,top) down_arrow;

set HGE_terminal_classes(input,bottom) up_arrow;

set HGE_terminal_classes(output,left) left_arrow;

set HGE_terminal_classes(output,right) right_arrow;

set HGE_terminal_classes(output,top) up_arrow;

set HGE_terminal_classes(output,bottom) down_arrow;
set HGE_terminal_classes(bidirectionalleft) circle;
set HGE_terminal_classes(bidirectional,right) circle;
set HGE_terminal_classes(bidirectional,top) circle;

set HGE_terminal_classes(bidirectional,bottom) circle;
# Kkkkkkkkkk *kkk

This completelyspecifiesthe graphicalrepresentatiomnd behaiour of SystemDynamicsmodelsin the
WEST++HierarchicalGraphicalEditor (seealsonext chapter).

2.8 The Partial Differential Equations formalism

Partial DifferentialEquationdPDESs)increasehenumberof independentariablegone,actually)appearing
in OrdinaryDifferentialEquationsOften,thesevariablesconcernspatialdistribution, hencethe name“dis-
tributedparametesystems’asopposedo “lumpedparametesystems”Numericaltechniquegxist to solve
classeof PDEs(usuallydividedinto parabolic,hyperbolicandelliptic [Far93). Correspondingiumerical
codeshave beendevelopedandarehighly succesfulTheapproactpresentedhereis to symbolicallydistrec-
tizeaclassof PDEs.Discretizatiorof a Partial DifferentialEquationresultsin asetof DifferentialAlgebraic
Equationswvhich mayin somecasederepresenteth explicit form asOrdinaryDifferential Equationsand
AlgebraicEquations Symbolicdiscretizationwaschoserfor thefollowing reasons:

1. Oncein DAE form, thesymbolictransformationslescribedeforemaybeinvoked. This canresultin
adrasticreductionof modelcomplity (andconsequentlyn simulationtime).

2. Thenumericaltechniqgueswvailableto solve DAEs andaborve all ODEsaremorepowerful thanthose
for solving PDEs.In particular higher performancebettererror control and betterstability canbe
achieved.

3. Oncetransformedo DAE or ODE form,aPDEmodelcanbe perfectlyintegratedwith DAE andODE
modelsthanksto closureundercouplingof theseformalisms.Globaloptimizationscanbe carriedout
taking into accountthe whole systemof equationsin the caseof the WEST++tool, PDE to DAE
transformatiormalesit possibleto integrate PDE modelsseamlesslyithout modifying the basic
simulator This demonstratethe power of formalismtransformatiorfor multi-formalismmodelling.

In WEST++,the symbolicdiscretizationis implementedasa modelcompiler Its working is describedn
thelastchapter

2.8.1 Introduction

In this sectionwe discusshow to transformthe PDE usedto modela 1-D clarifier [VVKR97] (whichforms
partof awastewatertreatmenplant)into a differentialalgebraicequation(DAE). We usethe PDE to look
attwo testcaseconditionsfor theclarifier: continuousandbatchsedimentatiofA.V98a).

We usez to representhe coordinatealongthe lengthof the 1-D clarifier. Thetop andbottomendsof the
clarifier arelocatedat z= 0 andz = L respectiely. As discussedn detailin [A.V98a], the PDEsfor both
testcasesave thefollowing generalform:

0X(zt) oF (X(z 1))

02
ot az Do

X(zt)

. (2.3)
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Here X(zt) is the space-andtime- dependentoncentratiorof suspendedolids. F(X(zt)) is the total
convectie flux, whichis differentfor thetwo testcasesandwill bediscussedurtherbelow.

TherequiredDAE for eachtestcaseis obtainedfrom the PDE above by discretizingall the functionsof z,

andthe partialderivativesw.r.t z, but retainingthe continuousorms of thetime derwative andfunctionsof

time. Thusthe spatialderivativesarereplacedby algebraicexpressionsandthe PDE thereforebecomesan
ordinarydifferentialequationin time. We implementthe spatialdiscretizatiorusingthe methodof orthogo-
nal collocationon finite element§Oh95 MV72, SJ8§.

2.8.2 The Orthogonal Collocation method

In the following we give a brief summaryof the salientfeaturesof the orthogonalcollocationmethod.A
detaileddescriptionrcanbefoundin [Oh95 GSMCB85].This methodis oneof theweightedresidualmethods
usedto solve PDEs.Considera function @(zt) definedover a certainspatialdomainQ, which dependon
thetwo independentariableg(z t). Let the space-and-time- evolution of ¢(z,t) begovernedby a PDE:

D(zt) =0, (2.4)

where D is a differential operator The PDE is supplementedby boundaryconditionsfor ¢(zt) on the
boundaryof thedomainQ, andinitial conditionsgiving thevalueof ¢(zt) attimet = 0.

In aweightedresidualmethod we seekan approximatesolutionfp(;t) of Eq.(2.4),which canbeexpressed
asa sumof known polynomialfunctionsdependingonly on z, with unknavn coeficientsdependingonly
ont:

9zt = kiakm 6.(2) (2.5)

The functions{6«(2) } areknown, andthe coeficients {ax(t)} have to be determinedso that the solution
satisfieshe PDE andthe boundaryandinitial conditionsin an‘optimal’ sensgOh95|.

We first form theresidualof D, Ry(zt). It is givenby:
Ra(zt) = Doz 1). (2.6)

Rn(z,t) will be a continuousfunction of z andt. The approximatesolutionis thenfound by demanding
thatthe average valueof Ry(z,t) (overthe domainQ) shouldbe zero.We performthis averageusingsome
weightingfunctionW(z). Thatis:

/QW(Z)Rn(z,t)dz:O. 2.7)

We canevaluatethe averageinsteadoy usinga discretesetof m points:
m
ZW(Za) Ra(z,t) =0. (2.8)
i=

Now in the collocation method we simply choosethe weights{W(z)} to be Dirac deltafunctionsat a
particularsetof points{z; }, j = 1..m, calledcollocationpoints FromEq.(2.8)abose we have:

>i"3(z —zj)Ra(z,t) =0, j=1,....m,
= Ra(z,t) =0, j=1,...,m (2.9)

In the orthogonal collocationmethod which is usually emplo/ed, the collocationpoints{z;} arechosen
asthe roots (zeroes)of one memberof a setof orthogonalpolynomials,usually the Jacobi polynomials
[AS65, AW95]. Let thedomainof interestbe given by theintenal [7p, Z,11]. Usingthen zeroesof a Jacobi
polynomialGn(a + 1, + 1,2) locatedin [zy,z,+1], togethemwith the two end-pointsof thedomain- z; and
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Z,+1, the approximatesolutionis constructedusing Lagrange interpolation [AS65, AW95]. (Seefurther
subsectionbelow for noteson JacobipolynomialsandLagrangenterpolation.)Thatis,

@LUZé;M&JMMﬁ- (2.10)

Comparingegs.(2.5)and(2.10)above, we notethatthe unknavn coeficients{ak(t)} arejustthe valuesof

the solution @ evaluatedat the collocationpoints(the zeroesof the Jacobipolynomialandthe end-points),
({o(z,1)}, k=0,...,n+ 1), andthe polynomials{6x(z) } arejustLagrange polynomials

A weightedresidualmethodsuchas the orthogonalcollocationmethoddescribedabore canbe applied
over the entire spatialdomainQ, andincreasedaccurag canbe obtainedby increasingthe ordern of the

polynomialsused However, a betterstratay is to useafinite elemenmethod.n suchamethod thedomain
of interestis first divided into mary smallersub-domain®r ‘elements’. Thena weightedresidualmethod
is appliedwithin eachelementUsuallylow-orderapproximation®f theresidualsaresuficient. Additional

constraintsareimposedby demandinghe continuity of the approximatesolution,and one or more of its

dervatives,(or thatof otherquantities) at the boundariebetweerelementgOh95|.

Lagrang e Interpolation

For simplicity, we shallconsideil_agranganterpolationin onedimensionfOh95. Themethodcanbeeasily
extendedio multiple dimensionsConsidera setof points{xg, X1, X, - . ., Xn} locatedonthe X axis.Suppose
datacorrespondingo acertainquantity f areprovidedatthesepoints;thatis, we know thevalues{ f (x;)} at
thesen+ 1 points.Usingthesevalueswe mustfind anapproximatiorfor the function f (x) overtheintenal
[Xo0,%n]. The simplestthing to do is to approximatef (x) by a polynomialcurve passinghroughthe values
{f(x)}. This canbe doneeasily using the Lagrange interpolationformulato constructthe interpolating
polynomialusingthe {x } as‘nodes’.We thushave:

n
f(x) ~ %ﬁi(x) f(x). (2.11)
i=
Here{/i(x)} aretheLagrange polynomials of degreen (sincewe know (n+ 1) constantswe candetermine
apolynomialof degreen). Thesepolynomialsareorthonormal Thatis,
fi(Xj) :5”‘. (2.12)

As anexample,we shallfind the interpolatingpolynomial f (x), giventhe two nodes{Xp, x; }, andthe val-
uesof f(x) atthesepoints.In this case,f(x) will be a straightline connectingthe two points.Using the
interpolationformula(Eq.(2.11)) we have:

f(X) = Lo(x) f(x0) +£1(X) f(xa). (2.13)
For ary x locatedbetweernxy andx;, we canusethe propertyof a straightline thatit hasconstanslope:
f(x) — f(x) _ f(x2) — f(xo)

= 2.14
=0 a0 (244
Rearrangingermsgivesusthe Lagrangeanterpolationformula:
(X=x1) (X—Xo)
f(x) = f f(x1). 2.15
( ) (XO_Xl) Xo (Xl_XO) ( 1) ( )
Fromtheabore equationwe seethatthe Lagrangepolynomialsaregivenby:
(X—X1)
bo(X) =
o(X) =
L = X=X (2.16)

(X1 —Xo)
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It canbeverifiedthattheseareorthonormal.

Extendingthe discussiorabove to (n+ 1) points,we canwrite a generakexpressiorfor the Lagrangepoly-
nomialsasfollows:

Gi(x) = !2! ((;(-:2-))' 2.17)
i

We canrewrite 4;(x) in adifferentform by first defininga polynomial p(x) as:

n

p(x) = ,EL(X_ Xj);

dp
Dy = 2K
P (Xj) . (2.18)
Therefore,
4i(x) = & (2.19)

(%) PO )

By rearrangingeg.(2.19)and after somealgebrawe canobtainexplicit expressiondor the first andsec-
ond der'wativesﬁi(l) (x) andéi(z)(x) [MV72], evaluatedat a particularpoint x = xj, in termsof p(x) andits
dervatives. Therearetwo casego consideri = j, andi # j. We thushave [MV72]:

li=j:

We obtainagenerakxpressiorfor them-th derivative of 4;(x), ﬁi(m) (X) (evaluatedatx;) only in termsof p(x)
andits derivatives,wheni = j:

(M) (.
Mmooy L pm™MH(x)
G70X) =g %) (2.20)
Thefirst andsecondderivativesarethereforegivenby:
]_p(z)xi
) = 22,
2 p(x)
@y _ 1p%)
47(x) = 3 p0(x) (2.21)

2.i#j:
In this casejt is not possibleto obtaina generalexpressiorfor Ei(m) (x) in termsof only p(x) andits deriva-
tives.We arrive atthefollowing expressiongor thefirst andsecondderivatives:

Ly (2.22)

and

= 209(x)) (zﬁ”(xj)— _1 ) (2.23)
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Jacobi Polynomials

Therearetwo kinds of Jacobipolynomials|[AS65, AW95], Py(a, B,x) andGp(a + B+ 1,8+ 1,x), where
(a, B > —1). The polynomialsP,(a, 3,x) form a completeorthogonalsystemin theintenal [—1, 1], while
Gn(a+B+1,B+1,x) areorthogonabver [0, 1]. We shallbeconcerneanly with thelatter They aredefined

by:

Guorhr 1= [N S (1) (PELZ . o2
They areorthogonab.r.t theweightfunction:
w(x) = (1—x)*xE. (2.25)
Thatis,
/01 W(X) Gn( + B+ 1, B+ 1,%) Gm(0 + B+ 1, B+ 1,X) dX = Cn S (2.26)
ThenormalizationconstantC, is givenby:
Cn:n!F(n+B+1)I'(n+or+1)I'(n+or+[3+1)- (2.27)
(2n+a+B+1)M2(2n+a+pB+1)
For agivenpair (a, ), let uswrite
Gn(a+B+1,B+1,X) = Gn(X). (2.28)
The{Gn(x)} satisfytherecurrenceelation:
Gni1(X) = (X—an) Gn(X) — b, Gp-1(X), (2.29)
forn=0,1,2.... Thecoeficientsaregivenby:
 2n(n+a+B+1)+(B+1)(a+P)
(2n+a+P)(2n+a+B+2)
b n(n+0) (n+B) (n+a+p) (2.30

(2n+oa+B—1)(2n+a+B)(2n+a+PB+1)’
Also, Gp(x) = 1, andby definition,G_1(x) = 0. We cancomputeotherpolynomialsfor highervaluesof
n by simply usingtherecurrenceelationsuccessiely. Thevaluesof a andf3 determinehe locationof the
roots of the Jacobipolynomialwithin the interval [0,1] [SJ85 Kop97. Setting(a = = 0) is the most
commonchoice.

Zeroes of Jacobi Polynomials

In orderto implementthe collocationprocedureye have to find the n zeroesf a JacobipolynomialG,(x)
numerically We proceedn thefollowing way. We first write outtherecurrenceelationin Eq.(2.29)explic-
itly for thefirst few valuesof n:

Gi(x) = (X—a0)Go(X) —boG-1(x)
= (x—ap).1-0
= (x—ao);

Ga(x) = (x—a1)G1(x) — b1 Go(x)

(2.31)

G3(x) = (Xx—ap)Ga(X) —baGa(x)
[(X—a1) (X—ag) Go(X) — b1 Go(X) ] — b2 (x— a0)
= (X—a)[(x—a)(x—ag) —by] — bz (x—ao),
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andsoonfor n=4,5,.... Fromtheabove expressionswe noticethatthe polynomialsG,(x) canbewritten
asthedeterminant®f correspondingquarematricesof ordern which have the form:

Gi(x) = det[(x—ao)];

[ (x—a0) —vb
Gy(x) = de ;
| —vbL (x—a)

(2.32)
[ (x-a0) —vh 0
Gs(x) = det | —vb  (x-a) —vbk
0 -V (x-a)

Findingthe zeroef {G1(x), G2(x), G3(X), .. }, is justequialentto settingthe determinantsbove to zero.
However, noticethatdoingthisyieldsthecharacteristi¢or eigevalue)equationgor thesymmetridridiago-
nal matricesvhosediagonalshave thecoeficients{a } andthesubdiagonalaremadeup of the coeficients
{v/bi}. Thatis, for agivenn, the zeroesof G(x) aregiven by the eigevaluesof a symmetrictridiagonal
matrix of dimensionn x n], whosediagonalis then - dimensionakectorDiag:

ag
a

Diag= | & , (2.33)
an-1
andthe subdiagonalaregivenby the (n— 1) - dimensionaklectorSub:

vby
/b,
b= | |- (2.34)

bn—l
2.8.3 The PDE for contin uous sedimentation

For continuoussedimentationthe PDE, Eq.(2.3),is givenby:

0X(zt) _  0F(X(zt))
ot 0z

#X(z,1)
o7
wherethe corvective flux F is givenby the sumof the gravitational settlingflux andthe bulk flow. We also
considertwo differentcaseswhich determinethe form of the bulk flows: if the effluentis dravn out from
thetop of theclarifier (usingapump),thentheeffluentflow appeargxplicitly in thebulk flow. If thereis no

pump,thentheeffluentis anoverflow, andis a consequencef the otherflows. We considerthesetwo cases
separately

+Do (2.35)

Effluent pumped out

We write the convective flux in this casein thefollowing form:

F(X(zt),zt) = G(X(zt))
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+X(21) ij) 8(z—z1) — QQT(” 0(z; —2)
— X (t) % 0(z—z). (2.36)
Here,G(X(z1)) is thegravitational settlingflux, andis givenby
G(X(zt)) = X(zt) vs(X(z1)), (2.37)
wherevs(X(z 1)) is the Vesilindsettlingvelocity functionhaving the exponentialform
Vs(X(z,1)) = voe ™ @Y, (2.38)

with v, andn beingconstaniparametergVVKR97]. Also, in (2.36),Qe(t)/A is the upward bulk velocity

(theeffluent),andQy(t) /A thedownwardbulk velocity (theunderflav). A is the areaof crosssubsectiorof

the clarifier tank. Q¢ (t) /A and X (t) /A arethe sourcevelocity and concentratiorrespectrely. Notice that
writing theflux in this form meanghatwe considerthatthereis a netflow of liquid downwardsbelow the
inlet, which is a sumof the underflav andsourcefluxes,anda netflow upward above theinlet, consisting
of the effluent. Fluxesare positive or negative, dependingon whetherthey aregoing out of the clarifier or

cominginto it.

TheHeavisidethetafunction or theunit stepfunction appearingabove, is definedasfollows:

0, z< O
0(z) = { 1 z>0° (2.39)
Its dervative is givenby the Dirac deltafunction:
de(z)
/ = — = . .
6'(2 = I 0(2) (2.40)
6(2) alsohasthe property:
8(z)=1-6(—2. (2.41)

We shallusethesepropertiedaterwhenwe transformthe PDEto a DAE.

Effluent overflow

In the casewherethe effluentsimply overflows, the corvective flux reducego the simpleform:
F(X(zt),zt) = G(X(zt))

t
+X(zt) QL"AE )
This just meansthat the bulk flow consistsof a netflow downwardseverywhere(with the velocity of the

underflav), anda sourceflux comingin atthelocationof theinlet, at z= z;.

— Xt (t)

QIA(t) 0(z—z). (2.42)

Initial and Boundar y conditions

As the initial condition for the concentrationwe assumea given concentratiorprofile. As a particular
example,we first take the simplestcaseof a constantoncentratiorprofile:

X(zt=0) = Xo(2)
= Xo, (2.43)
whereXg is a constanfor all z
Fromthediscussiorin [A.V98a], we areled to thefollowing boundaryconditionsfor the clarifier:

0X(zt) 0
0z |, o

X(21) 0. (2.44)
0z |,

Theseboundaryconditionshold for both casesf the effluentflow discusse@bove.
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2.8.4 The PDE for batch sedimentation

For the batchsedimentatiortase the corvective flux comprisesonly the gravitational settling,sincethere
areno sourceor bulk flows presentThatis, F (X(zt)) = G(X(zt)). Thereforethe PDE simply becomes:

X(zt)  9G(X(z1) o *X(zt)
5 - 32 + Do 3z (2.45)
Initial and Boundar y conditions
We usethe samaeinitial conditionasthatfor the continuoussedimentatiorcase.Thatis,
X(zt=0) = Xo(2)
= Xo. (2.46)
We have derivedthefollowing boundaryconditionsfor the batchsedimentatiorcasein [A.V98a):
G(X(0,t)) —Dg M 0
0z |,
G(X(L,1)) — Do X &Y 0. (2.47)
0z |,

2.8.5 Discretization of the PDE

We will first setup thediscretizatiorandcollocationpoints[Kop97] for the generalform of the PDE given
in Eq.(2.3),andthenapplythe procedurdor thetwo testcaseconditionsseparately

We first usea normalizeddimensionleswyariableh to replacethe z- coordinatein the PDE of Eq.(2.3),
definedby:

h=2z/L, (2.48)
sothatasz variesover [0, L], h correspondinglyariesover [0, 1].
ThereforeEq.(2.3)becomes:

OX(Lht) _ 1OF(X(Lh1)) Do dX(Lhyt)

& L oh 2 a2 (2:49)
We divide thedomain[0,1] into Ng elementor intenals, by defining(Ng + 1) nodes:
{H1 =0,H2,Hs, ..., Hne+1 = 1}. Thewidth of thei-th elements thusgivenby:
A =Hi1—Hi, i=1... N (2.50)

We now needto defineafurtherinternal’reduced’variableon eachelementsuchthatevery elements again
rescaledo [0, 1]. Thusfor thei-th element(i = 1,...Ng ), we definethis reducedvariable () asfollows:

_ h—Hi

(i)
13 A (2.51)

sothat&() variesover[0, 1] ash variesover [H;, Hi1].

We usethevaluesof thequantityX attheend-pointof everyintenal i, andthoseatN(i) interior collocation
points to approximateX over this intenal usingthe Lagrangeanterpolationformulaasin Eq.(2.11).These
interior collocationpointsare chosenasthe zeroesof orthogonalJacobipolynomials,asdiscussedibove.
We thushave a total of (N(i) + 2) coeficients, obtainedby evaluatingthe concentratiorX atthe N(i) + 2
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points{Eg) =0 E(li), ,E (i ,E(I\'I)(I) , = 1}, which candeterminethe polynomial approximationX(!) of X
overthisintenal (of degreeN(l) + 1). Wefirst write:

XO(Lh,t) =XO(LED+H),t) =XDED 1) (2.52)
X ® (& t) is thusgivenby:
1
~ Z) M ED) xOED 1. (2.53)
k=
Herethe{¢\" (£())} areLagrangepolynomialsof degree(N (i) + 1). Thetotalnumberof unknawns, {X 0 (£" 1)1,
is thereforeequalto the total numberof collocationpoints,Ny, which is the sum (over all intenvals) of all

the collocationpointsin every interval - including theinterior onesandthe end-pointsof the interval. That
is,

Ne
Nr = Z(N(i)+2). (2.54)
i=
Thetotal numberof interior collocationpoints,Nc, is givenby:
Ne
Ne=$ N(i). (2.55)
2
Thereforewe have:
Nt =Nc+2Ng. (2.56)

In orderto determinethe Nt unknavns uniquely we needat leastNt equationsn the unknavns. We can
accountfor theseasfollows: therewill be Nc DAES resultingfrom the discretizatiorof the PDE at the N
interior collocationpoints.In addition,therearetwo equationsn the two collocationpointsat the domain
boundariegz = 0, L), givenby the boundaryconditionsin Eq.(2.47).Also, therearetwo equationsarising
from the continuity of the concentratiorX(zt) andits first derivative 0X /dz, at eachof the (Ng — 1) nodes
{Haz,...,Hn: }. Thusthetotal numberof equationsve have at our disposalis Nc +2+2(Ng —1) = Nr. In
addition,thereareNc initial conditionsavailablefor solvingthe DAE atthe N interior collocationpoints.

Usingthe expansion(2.53),we candefinethe derivativesof X aswell. Thus,

axM &0 t N()+1 5p(0) g () -
agi) | = 735(@) X0l ). (2.57)
E(i):EEi) k=0 (i :E(ji)
Similarly,
32X (g0 ¢t N()+1 52,(0) (g (i) o
(.E - =2 faz) X0 1). (2.58)
02( ) E(i):EEi) k=0 af,( ) E(i]=E§i)
We set

A6
0&() E(‘)zi?) i,
azé(k”(E“)) _ g
. 2 - jykl
0& () E(U:Eﬁ”
I = 17 I NE )

k = 0,...,N(i)+1. (2.59)
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Thereforewe canrewrite Egns.(2.57and(2.58)as:

ax(l) (E(')J) _ N(I)+1A(I) Xél)(t)
aE(') £ —g0) k=0 b
|
62x(l)(a(l)’t) _ N(I)+1B(|) Xél)(t) (2 60)
aE(i)2 g —gl) k=0 . |
]

Notethatthe squarematricesA() andB(!) bothhave thedimensiongN(i) +2) x (N(i) + 2).

Usingthediscretizedversionof the concentratiorandits dervativesasindicatedabore, we finally arrive at
therequiredDAEs for the concentratiorX at eachinterior collocationpoint. TheseDAEs aresupplemented
by thediscretizedversionsof theinitial conditionattheinterior collocationpoints,the boundaryconditions
at the domainboundariesandthe continuity conditionsfor the concentratiorandits first derivative at the
(interior) elementboundariesWe now considerthetwo testcaseseparately

2.8.6 The DAE for contin uous sedimentation

We usethe explicit form of the derivative of theflux F in Eq.(2.35).Thederiative of the gravitational flux
is givenby:

w = (1—nX(z,t))Voe_”X(m%
— (1—nX(zt)) G;X((:E;)) ax(gz,t)_ o

We againconsiderthetwo casedor the effluentflow:
Effluent pumped out

We usethe propertiesof 6(z) - Eqns.(2.40and(2.41),to simplify the othertermsappearingn the flux in
Eq.(2.36) We alsousetherelation [A.V98a]:

Qf(t) _ Qu(t) + Qe(t)
A A A

to eliminateQg(t) /A, sincetheeffluentflux is anoutputof the calculation,andis notknown beforehand.
After somealgebrawe arrive atthe following expressiorfor thederiative of theflux :

(2.62)

aF(>;(ZZ7t)) _ |:(1—nX(Lt)) Voe—nX(Z,t)+QUT(t)_QfT(t)e(Zf_z):| ax{g;t)
+ (Xt - xq() LY gz 7). (2.63)

A

Thereforethe PDEfor continuoussedimentationvith the effluentpumpedout becomes:

Lo UNS [(l—nX(z,t)) voe e Q0 g, —z)] Y
- (x(2t) - X)) 2 gz 2
2
+ Do i;i:’t). (2.64)

For the convenientnumericalimplementatiorof the above PDE asa DAE, we usethe definingnumerical
valuesof 8(z— z ). We shallalsorepresenthe Dirac deltafunctionby arectangulapulseof unit heightand
width 20, centredatz= z¢. o is assumedo besmall.
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Thereforethe PDEIn Eq.(2.64)will consistof threeparts:
l.for{0<z<z -0}

ax(gtz,t) _ [(1 X (z1)) vo e MX(E) 4 QuAEt) B Q;ft)] ax;i,t)
Dy 02);?0 : (2.65)
2.for{zf—o<z< zi+0}:
ax(gtz,t) _ [(1 X (2,t)) Vo &™) +QT(t)] ax{;jt)
Qr(t) 1
— (X(z) = X(t) ~3= 5=
2
4+ D2 E?t) : (2.66)
3.for{zi+o<z<L}:
ax{gtz,t) _ (1=nX(21)) Vo ”X(Z’t)JrQUT(t) ax(g;,t)
+ Do a%;;,t) . (2.67)

UsingEqns.(2.53)-(2.60\we cannow write the DAE for continuoussedimentationl et usspecifythefinite
elementssuchthat the unit pulse(representinghe deltafunction) spanselementNp. Therefore,the Np-
th elementis of width 20. We seto = n L, wheren hasa small value.The DAE is written for all the N¢
interiorcollocationpoints.Again,the DAE will bewrittenin threeparts:1.for{t=0;i=1,...Np—1; j=

1,...N(i)}

dx " (t) 1 0 ¢ £ N0
j _ (i) x|, Qult) Qg (t) (i) ()
p “In [(1 nX; ()) Vo " 4 =1 A 2, A% ()
D. N1
tap ) B0 (2.68)

We cangroupthe summand®n the RHS of the above equationto obtain:

ax)  NO+ 0, Qut) Qi) A
U (i) —nx(t) . Rult) R A
—dt _k;)( LA.[<1 ) e L A]AJ’+

=
I_
N
_I>
N
N
==
N———
=
—
N—

Similarly, we have:
2.for{t=0;i=Np; j=1,...N(Np) }

(i) N(i)+1 . i . . .
o (— 1 [(1— nX.(')(t)) vo e 4 Q) ] A+ Do Bf'?() X (t)

dt ARV j A 1272
~(xOy — QM 1
(xJ ) xf(t)) TR (2.70)
3.for{t=0;i=Np+1,...Ng; j=1,...N(i) }

dx® ) Ni+1 . i . . .
O _ (_ L [(1_ X (1) ) voe ™0 + Q) ] A+ Do Bﬁ'}k> xD).  (2.71)
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Theinitial condition,Eq.(2.43),is implementedasfollows, againfor the N¢ interior collocationpoints:

xVt=0) = X-(i)=xo:
i = 1,...,Ng;
1,...,N(i). (2.72)

—

Thetwo boundaryconditions Eqgns.(2.44)areimplementedatthe collocationpointscorrespondingo z= 0
andz=1L

Do "Iy~ o
Do N(NE)+1 (NE) (NE) B
LAn kZO Ave)+c () = 0. (2.73)

We now have to implementthe elementboundaryconditions.As discusseckarlier we assumehat both
the concentrationX andits first deriative 0X/0z are continuousat all the interior nodeswhich are the
boundariebetweemeighbouringelementsThis is implementedasfollows: for (i = 1,...,Ng — 1),

X0 = Xy
1 NG+1)+1 (1) (i4) 1
LAi+1 kZO A07k Xk (t) - —A

L0
N+
> Al 0 @2.74)

Effluent overflow

Thediscussioneadingto thethreeDAEsis similarto thatin the previoussubsubsectionncludingtheinitial
andboundaryconditions.The PDEin this casewill begivenby:

X(zt) nx(zy , Qult)] 9X(zt)
o = | (X)) we ™ E ¢ e =
+ Xt (t) QfT(t) 0(z—zs)
2
+ D2 i;i,ft) : (2.75)

Again usingtherepresentationf thedeltafunctionby a unit pulse,we have thethreepartsof the PDE:
l.for{0<z<z -0}

0X(Z,t) _ —nX(zt) QU_(t)] aX(Z,t)
- [(1 NX(zt)) voe M + 5| =5
2
4+ D2 i;?t); (2.76)
2.for{zi—o<z<zi+0o}
0X(;t) _ —nX(zt) QU_(t)] 0X(Lt)
T [(1 NX (1) voe M + ) =5
+ X (1) Q;ft) %
Do 2@, 2.77)

072
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3.for{zr+0<z<L}:

oX(zt) enX(zt) Qu(t) | 9X(zt)
5 = | (1nX(@n) vee ™ ¢ E ) T
2
+ D, );;’t) . (2.78)

Notethatthefirst andthethird PDEsareactuallyidentical. The correspondinddAEs will thusbegivenhby:

de(i)(t) N(i)+1 (

a2

Similarly, we have:
2.for{t=0;i=Np; j=1,...N(Np) }

dxj(i)(t) _ N(%+1( 1 [(1 nx(')( )) Oe_nxj(i)(t)_I_Qu(t)] A

dt LA|
Qe(t) 1
A 2L

i (i u i D i i
——[(1—nxj()(t)) Vo & XJ(](t)—i—QT(t)]A§7L+—OB§7)‘<>Xé)(t). (2.79)

- ("0 - xe())

3.for{t=0;i=Np+1,...Ng; j=1,...N(i) }

axVe) N+ 1 (i) n Qu() @ . Do o)\ ()
I = kzo( LA,[(l nx{(t) ) vo e~ ;" A ]A JrI_Z—AFBJk)xk t). (2.81)

Again, notethatthe first andthird DAEs abore arethe same.The initial andboundaryconditionsremain
identicalto the caseof the effluentbeingpumpedout.

2.8.7 The DAE for batc h sedimentation
Usingtheexplicit form of (0G/02) dervedin Eq.(2.61) the PDEfor batchsedimentatiotasthe form:

2

Using Eqgns.(2.53)-(2.60)we write the DAE for batchsedimentatiofust aswe did for the continuouscase
in the previous subsectionAgain, the DAE is writtenfor all the N¢ interior collocationpoints.

dX'I)(t) 1 i 0 . . D . )
L= (1) —nX, (i) (1) 0 (i) (i)
=i ((1—nxj (t)) voe " ()) > ALK O+ S5 kZO B X (), (2.83)

for:
t > 0
i = 1,...,Ng;
i = 1,...,N(i). (2.84)

We cangroupthesummand®n the RHS of Eq.(2.83)asbefore,to obtain,finally:

ax@t) N+ g N - |
j _ (i) _nX () (i) 0 gl (i)
da k; [ LA, ((1 nX (t )) Vo€ ) AJ Kt —Bj,k:| X (t). (2.85)
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The initial conditionfor the batchcase,Eq.(2.46),is implementedas follows, againfor the N¢ interior
collocationpoints:
xVt=0) = X =X;

i = 1,...,Ng;

i = 1,...,N(i). (2.86)
Thetwo correspondindoundaryconditionsfor the batchcase Eqns.(2.47)areagainimplementedat the
collocationpointscorrespondingo z= 0 andz=L:

Do N+

(1) 3¢ (1) _ (1)
Ty 2 A0 = 66m)

= e,

Do N(NE)+1A(NE) XéNE)(t) _ G(X(NE) )
LANE k; N(Ne)+1,k N(Ng)-+1

(Ng)
= X O voe e, 2.87)

The elementboundaryconditionsare implementedas follows, just as for the continuouscase:for (i =
1,...,Ng—1),

Xéi+1)(t) _ XIEIi()i)+1(t);

1 Ni+D+1 1 N0+

(i+1) (D) 1y _ ) 0
(o 2, o %O =[x 2 A O (2.88)

k=0

2.8.8 Examples

We shallfirst illustrate the corversionof the PDE for batchsedimentationEq.(2.45),to a DAE usingthe
orthogonakollocationmethodonfinite elementsHerewe shalldiscusghe methodin detail. Following this
we present brief illustration of the samemethodappliedto the continuoussedimentatiorcase.

An example for batch sedimentation

The PDEto bediscretizeds thefollowing (usingthedimensionlessariableh):
OX(Lh,t) _ 19G(X(Lht)) Do °X(Lh,t)

ot L oh L2 9h?

We divide thedomainof interest|0, 1] into two elementspy definingthreenodes
{H1=0,H2 = 0.4,H3 = 1}. Onthefirst elementwe locateoneinterior collocationpoint, andtwo on the
secondWe seta = 3 = 0. Thuswe have:

. (2.89)

a = 0;
B = 0
Ne = 2;
i = 12
A1 = (Hz—Hp) =04,
A, = (Hz—Hy)=0.6;
N(1) = 1,
N(2) = 2;
Ne = 3;
Nr = 7; (2.90)
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Now the appropriateJacobipolynomialsare(G1(0,0,x), G,(0,0,x) ). Thesearegivenby:
G1(0,0,x) = x—1/2;
G2(0,0,x) = x*—x+1/6; (2.91)

Theirrootsaregivenby: (0.5), and(0.21132 0.78869 respectiely. Thusthe coIIocationpoints{Egi)} are
givenby:

e = 00;

eV = o05;

&Y = 10;

£? = 00;

§? = 021132

§? = 078868

£? = 10 (2.92)

Thepolynomialapproximatiorto theconcentratiorX overeachelementill thenhavetheformin Eq.(2.53):

2
XUED = 5 AE) XIEY
k=0
3
XPE@) = 3 47ED) XA, (2.93)
k=0

Thepolynomials{ p;(x) } of Eq.(2.18)usedto definetherequiredLagrangepolynomialsandtheirderivatives
over eachintenal aregivenby:

p(ED) = TEV &), (2.94)
| JI:L j
wherep;(£()) indicatesthe polynomialon thei-th elementThuswe have:

pEY) = Y-V - V-l
= (EW-0.0)(EY-05)EY-10). (2.95)

and

p(E@) = (€2 -&)(E?-g?)(E@ - &) (€@ -&?)
= (£ -0.0)(E?-0.21132(¢? —0.78869 (¢ —1.0). (2.96)

Fromtheabove expressiongor (ps, p2), theLagrangepolynomials their derivatives,andhencethe matrices

(A®, BM) and (A, B?) canbe obtainedusingEqns.(2.19) (2.21)andthe definitions(2.59). We thus
have [Oh95 MV72] (notethatthesematricesarethetransposesf theonesin [Oh95):

-30 40 -10
A= _-10 00 10 |; (2.97)
1.0 —-40 30

40 -80 4.0
BU=| 40 -80 40 |; (2.98)

40 -80 40
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—7.00000 819615 —-2.19615 1.00000
—2.73205 1.73205 1.73205 -—-0.73205 | .
0.73205 —1.73205 —-1.73205 2.73205 |’
—1.00000 2.19615 -—-8.19615 7.00000

AR = (2.99)

24.00000 —37.17691 2517691 —1200000
B2 — 1639230 —24.00000 1200000 —4.39230 (2.100)
o —4.39230 1200000 —24.00000 16.39230 | - '

—1200000 2517691 —-37.17691 24.00000

We cannow write down explicitly the DAESs for the concentratioratthe Nc = 3 interior collocationpoints,
Eq.(2.85).Forthecollocationpointi(ll) within thefirst elementwe have:

Xm( Y

o D
= Z [ A, ((1-mx{"®)) voe ™) A(1,1|Z+L2—ZZBfll] X (t). (2.101)
1

Expandingthe sumabore, we have:

D
# g (10 voem0) Ay 2o B8] X0, @102
1

Similarly atthetwo interiorcoIIocationpoints(E(lz) =0.21132 5(22) = 0.78868, we have the DAEs:

dxl(Z)(t) 3 2 oy @ . Do o] o
dt a kzo[_L—Az<(1 X, ())V e )Al,k+|_2A%Bl,k]Xk (t);
dXZ(Z) v 3 1 2 Cax@0\ 4@ . Do @] «(@
da kZO [—@((1—nx2 (t)) vo e )A27k+—L2A% BZK] X (t).  (2.103)
Expandingthe sumsagain,we have
ax@ 1) 1 @ @0\ @ Do o@] u@
p = [_L—z (l—nX1 t)) voe ™" ® A1,0+—|_2A%Bl,0 X357 ()
Do (2 2
Dz B %70

e ™0) A2+ D0 g2 xdt)  (2.104)

and:
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( L2p3 %t
1 2) _nx(@ 2, Do L@@
+ i (1—nX2 (t)) voe™e O A22+L2—A%Bz,2_ X7 (1)
[ 1 2 x@m) A@ , Po @] @
N __L—Az((l_”XZ 1) voe ™ ())A2,3+L2_A%|3273 xP(t).  (2.105)

ThethreeDAEs above (Egns.(2.102)-(2.105ustbe solvedtogethemwith theinitial conditions:
XV(t=0 = X' =X;

X2(t=0) = X{g =X
xPt=0 = x{P=%. (2.106)

Thetwo boundaryconditions(atz= 0,L) arenow givenby theequations:
Do & ,\Wy@Wp — ax®
L—AlkZOAO,ka (t) = G(X7(1)

= xPOvoe ™0

= xPt)voe ™0, (2.107)

T (A 0+ Al + AR M) = 6’ 0)
= XM )voe ™ 0;
Do (A 0+ LX)+ DX 0+ AZXP W) = 604 )
= xP)ve ™ 0. (2.108)

Finally, we write the elementboundaryconditions.We have just one pair, sincethereis only oneinterior
node (Hy):

21 = xVq);
1 3, 0v@p _ 1 &0,
L—AszOAQka ® = L—AlkZOAz,ka (t). (2.109)
Expandinghe secondf thetwo equationsabove, we have:

1
2 (ASX7 0 +AGXP 0 + A XA 1)+ ARXI 1)) =

1
T (A" 0+ A 0+ A7) (2.110)

Thusthesetof Ny = 7 equationsve have to solve for thesevenunknavn concentratiorvalues{xél) (t),... 3(2) (t)}
are:thethreeDAEs - Eqns.(2.102)(2.104),(2.105)with thethreeinitial conditions- Egns.(2.106) thetwo
boundaryconditionsgivenby Eqgns.(2.108andthetwo elementcontinuity conditions,Eqns.(2.110).
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Matrix formulation

Onewayto solve the DAEs - Eqns.(2.102-2.105js to usematricego representheunknavn concentrations
at the nodesand interior collocation points The associatedlomainboundaryconditionsand the element
boundaryconditionscanalsobe combinedandwrittenin matrix form. In addition,therearethecollocation
matricesA andB over eachelementlf we have only lineartermsappearingn the DAEs, we canfinally even
write theentiresetof DAEs asa matrix equationln our case though,we do have non-lineartermsin all the
DAEs. However, we canstill employ matriceso eliminatetheunknavns atthe nodesto yield acoupledset
of DAEs involving only theunknavns attheinterior collocationpoints.We illustratethis procedurebelow.

Let usfirst definetwo vectorsW andU, which arethe vectorsof unknavn concentrationst the internal
collocationpointsandatthe nodesrespectiely. Thatis,

Wy X:I(.l) (t)
w=|w | =] xPw (2.111)
W3 X2(2) (t
and n
Uy X (1)
Us|w [ =| xPt)=xPw (2.112)
o X7 1)
We alsodefinethevectorof initial valuesattheinterior collocationpoints:
w XV (t=0)
Wo=|w | =| xP=0 (2.113)
w3 X2 (t = 0)

Note thatin definingU, we have alreadyusedthe first of Eqns.(2.110)In generalthe vectorsw andW?
have thedimensionNc x 1], andU is of dimension (Ng + 1) x 1].

Thusthe DAEs arewritten for the {w; }, theunknavn concentrationsttheinterior collocationpoints:

% = [—alg(Wl)A(ﬂﬁ-ClB(ll%] Wi

+ [—alg(wl)A(f(),Jrcl B(llg,] U

+ |~ aug(w) Al + 1B | wa; (2.114)
% = [—azg(WZ)A(ﬂJrcz B(lzi] W)

+ [—az g(Wz)A(1,2%+C2 5(12%] W3

+ [—azg(WZ)Af%qch B(f%] Up

+ [—azg(WZ)A(f%Jrcz B‘f%] Us; (2.115)

and:

% = [—azg(Ws)A%JrCz B(zzi] W2

+ [ —axg(ws) A(ZZ% +c B(ZZ%] W3

+
—
S
«Q
—
5
~
S
o
+
%
NN
o
[
c
N

+ [—azg(Wg) A(2’2%+C2 B(Z,Z%] us; (2.116)
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In the equationsabove, we have usedthe corvenientnotation:

1/LA1:a1; 1/LA2=&2;
Do/LA]_: by; Do/LAzI by; (2.117)
Do/L2A2 =c;;  Do/L?2A% = cy;

andthefunction: 1
g(x) = ( —an) G(x) = (1—nx)voe ™. (2.118)

We seefrom Eqns.(2.114-2.1163bove thattheir right handsidescontaintermsinvolving both the {w;},
andthe {u; }, which arethe unknavn concentrationst the elementboundariegnodes) The easiesivay to
solve the DAEs is to eliminatethe {u; }, by writing themin termsof the {w;}. This canbe doneif we can
explicitly relatethe {u;} andthe {w;}. We cantry to do this usingthe algebraicrelations,Eqns.(2.108and
Egns.(2.110)describinghe boundaryconditionsandcontinuity atthe elements.

We canwrite Eqns.(2.108ndthe secondof Eqns.(2.110)n termsof the {w;} and{u;}. Re-orderingthe
equationsywe have :

by Agli W (voe*”ul —by Aélg) up — blA&l% Up;

- A(zi?_ W1+ ap A&ZJ)_ Wo + ap Ag% W3 a1 Ag}()) ur+ (a1 A(Z:,L% —ap A&Z%) Uy —ap A&z% uz;

b, A(3’2}_ Wy + by Ag% w3 = —bp A(3?C)) U + (voe_”“3 —by Ag?%) Us. (2.119)

We cansimply write the above equationgogetherin matrix form, if we linearizethe exponentialtermsin
the boundaryconditions.Thatis, asa first approximationwe replace(e” "1, e "8) by 1, thefirst termin
their Taylor expansionWe canthenwrite the matrix equation:

PW=QU. (2.120)
ThematricesP andQ aregivenby:
by A 0 0
P=| —a Ag% a A((fi a A((f% . (2.121)
0 bAY b AD)

NotethatP hasthedimension (Ng + 1) x Nc]. Now Q hasthe form:

(Vo—b1AS)) ~biAS) 0
Q=| aAj] (A -2AR)  —aA |- (2.122)
0 —b, AR (Vo— b2AT))

NoticethatQ is a squareridiagonalmatrix of dimension (Ng + 1) x (N +1)].
We cansolve for U from Eq.(2.120):
U=QlPw; (2.123)

or, definingamatrix R= Q1P we have:
U=RW. (2.124)
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This is the requiredequationrelatingU andW. We first obtain R, and can then substitutefor the {u;}
appearingn Eqns.(2.114-2.116p termsof the {w; }, thusyielding a coupledsystemof DAEs in the {w;}.
Solving these togetherwith the initial conditionsgiven by Eq.(2.113),we obtainW. We then obtainU
explicitly from Eq.(2.124) ThusW andU togetherconstitutethefull solutionof the PDE.

An example for contin uous sedimentation

To illustratethe continuoussedimentatiortase we considetthe caseof the effluentbeingpumpedout. The
othercaseof theeffluentoverflow canbetreateddentically

we divide thedomainof interest|0, 1] into threeelementsby definingfour nodes {H1 = 0,H, = 0.3,H3 =
0.4,H, = 1.0}. We locatethe rectangulaunit pulserepresentinghe deltafunction sourceon the second
elementWe locateoneinterior collocationpointeachon thefirst andsecondelementsandtwo onthethird.
The parametersf the problemaretherfore:

a = 0;

B = 0;

Ne = 3;

i = 1,23

Ay = (Ha—Hp) =03;

A, = (Hz3—Hy)=01=2n;
As = (Hs—Hs)=0.6;
N(1) = 1;
N(2) = 1,
N(3) = 2;

Ne = 4;

Nr = 10; (2.125)

Now theappropriatelacobipolynomialsare,respectrely for thethreeelements,
(G1(0,0,x), G1(0,0,x), G2(0,0,x) ). We have alreadyevaluatedthesepolynomialsandtheir rootsfor the
batchcase.

The collocationpoints{&%i) } aregivenby:

&) = 00;

&V = 05

&Y = 10;

£? — oo0;

2(12) = 0.5;

2(22) = 1.0;

e = 00;

§¥ = 021132

£ = 078868

£ = 10 (2.126)

Thecorresponding.agranggpolynomialsfollow:

pr(E) = £V —0.0) (M —0.5) (£® —1.0); (2.127)
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pz(E(z)) - (5(2) —0.0) (5(2) —0.5) (5(2) —-1.0); (2.128)

and
p3(E®) = (€3 —0.0) (£® —0.21132 (£® — 0.78868 (£ — 1.0). (2.129)

Thecollocationmatricesarenow givenby:

~30 40 -10
AY=pA@=| -10 00 10 |; (2.130)
1.0 —-40 30
40 —-80 4.0
BY=B@=1| 40 -80 40 |; (2.131)
40 -80 4.0

—7.00000 8.19615 —2.19615 1.00000
—2.73205 1.73205 1.73205 —-0.73205 | .
0.73205 —1.73205 —1.73205 2.73205 |’
—1.00000 2.19615 —-8.19615 7.00000

(2.132)

24.00000 —37.17691 2517691 —1200000
B3 = 1639230 —24.00000 1200000 —4.39230 (2.133)
a —4.39230 1200000 —24.00000 16.39230 | - '

—1200000 2517691 —-37.17691 24.00000

We cannow write down explicitly the DAESs for the concentratioratthe Nc = 4 interior collocationpoints,
Egns.(2.69,2.7@.71).

Forthecollocationpointa(ll) within thefirst elementwe have:

dx{ Pt 2 1 1 ult t D
1 (t) _ z |:_L_A1 ((1—nX1(1)(t)) Vo efnxi)(t)_l_ Qu(t) . Qs (1) > A(1,1|1+—OB(1,1|Z] Xél)(t)

dt S A A L2AZ
(2.134)
Forthecollocationpointi(f) within the seconcelementwe have:
X (1) 2 1 2 —nx@n) , Qut) | x@ , Do L] @
0t = kZo [_L—Az <<1—nx1 (t)) vo e+ =4 ) At 22 Bl,k} X7 (1)
t) 1
- (X](.Z)(t) - (t)) prf ! L (2.135)

dxP) 3 1 “ ¢ 5
(1) _ [_ = ((1— nx1(3)(t)) vo & 4 Q:E )) A+ LZXZ B(lslz] xOw:  (2.136)
3

ST ——

D
Asit —Lzzz 5(2,3@] xJ(t). (2137)
3
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Thefour DAEs above (Eqns.(2.134)-(2.137)Yhustbesolvedtogethemwith theinitial conditions:

xV(t=0) = X{g =X
X2(t=0) = X{g =X
X(t=0 = X =X;
xPt=0 = x¥=x%. (2.138)

Thetwo boundaryconditions(atz= 0,L) arenow givenby theequations:

Do & ,(Wy@Wp _ p
LA]_ kZOAO,ka (t) = 0;

o 2500 = o (2139)
Expandingghem,we have:
Do (A 0+ X0 + AP ) = o
LD_A03 (AS%X@ 1)+ AP X () + AT X ) + A XY (t)) ~ 0. (2.140)

Finally, we write theelemenboundaryconditions We now have two pairs,sincetherearetwo interiornodes
(Hz,Ha):

S &K
«
—
—
~—
I
WS
N
—
—
~—

—
>~
N
~1
Il N
™M
S
£33
23
N
—~~
g
=
I
—
[
=
m
(@)
A
=B
<.
r
—~
p—
=

-

(2.141)

,_
>
w
T™M
=

Il
o
=
x~
25
«
—
—
~—
I
-
>
N
i
o
&
=
—
N
—
—
~—

Expandingthe lasttwo of theequationsabove, we have:

1
s (A69X70 +AIXT 0 + 43X (0) =

1
i (A" 0+ A 0+ A0 0)

and:

1
2 (A60X7 0 +AGIXT 0 + AT 0 + AR 1)) =

1 2) (2 2o (2 2N (2
T (A7 0+ AZXP 0+ A3 ) (2.142)

Thusfor the continuouscase the setof Ny = 10 equationsve have to solwe for the ten unknavn concen-
trationvalues{X}" (t),..x\? (t)} are:thefour DAEs - Eqns.(2.134)-(2.13®yith thefour initial conditions
- Egns.(2.138) the two boundaryconditionsgiven by Eqns.(2.140andthe four elementcontinuity condi-
tions,Eqns.(2.141).
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Matrix formulation

We shall againsolve the DAEs for the continouscase ,Eqns.(2.134-2.137)sing matrices.The vectorsof
unknavn concentrationat theinterior collocationpointsandatthe nodesW andU are:

Wi xlizim
w=| | = X1(3) () (2.143)
Ws X (1)
el Lo
and "
. w0 Y
Us %70 =%
ta X3 (t)
Thevectorof initial valuesattheinterior collocationpointsis:
Wl Xlg (t=0)
w) X7 (t = 0)
Wo=| "2 | =| "¢ 2.145
w3 x{3(t=0) (2.145)
W Xt =0)
The DAEs arewritten for the {w; }:
dwy Qut) Qi) o 1
ra [—al (9(W1)+ Z\ A A(1%+ClB(1,i W1
t t
+ - (gw + 20 - 20 A+ il
t t
+ [—al (g(W]_) + Q% ) — Q;E ) ) A(ljl%+c1 ng%] up; (2.146)
dw: t
d—t2 = [—az (g(Wz) + QL;E )> A(ﬁ—l—CzB(ﬁ} Wo
t
+ [ (o) + 20 ) A+ 283 e
t
+ [—az (g(Wz) + QleE )> AgZ%-I-CzBf%] Us
o Qs (t)
(w2 — X (1)) 2NLA’ (2.147)
dw: t
d—t3 = |:—a3 (g(W3)+ Qtﬁ ) ) Ag_s:)L—i-Cng}_] W3
i ' -
+|—as (9(W3) + Q% ) ) Af%"‘CS B(f% Wy
- t 2
+|—ag (g(W3) + Q"JAE ) > A +csB) | us
' :
+|—aa (g(Ws) + Q“A( ) ) A%+ 3B | ug; (2.148)
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and:
dW4 Q (t 3 3
due [ 2o (gtwe) + 24 ) 4D+ o3| we
o g
+|-ag (g QL'JA(\ ) Ay +csBY) | wy
t)
= (ot + 2 ) A3 coBl |
t
+|—ag (g(W4) + jS ) > AL +csBS) | us; (2.149)
In theequationsabove, we have usedthecon/enlentnotatlon
1/LA; = ag; 1/LA; =a 1/LA3 = ag; (2.150)
Do/L2A%2 =c;;  Do/L?A3=c,  Do/L2A3=c3; '
andthefunctiong(x) is asdefinedbeforefor the batchcase:
gx) = (1—nx)voe ™ (2.151)
Thealgebraicequationgesultingfrom the boundaryconditionsandthe elementontinuityconditionsareas
follows:
Aé,liwl = —Aél()) Up — Aélg uz;
—a AW (2) _ AL AL _
a Ay g Wi+ a2 Ay W Azl + (a Ay a2A0 D)o a2A02u3,
—a AT Wy + a3 AY  Wa + B3ANgWs = BpA5gUz + (B2 ALy — a3Aly) Us — BgASS s
ADws+ AW, = —A U~ AUy (2.152)
Theequationsabore areall linear ThusthematricesP andQ aregivenby:
[ A 0 0 0 ]
—alA(z’li azAé?i 0 0
P= (2.153)
0 @AY A &AL
| o 0 A A
And Q hastheform:
_ 1 1 -
Al 0 0
alAgc)J (a1A22 a2Aoo) —azAé?% 0
Q= (2.154)
0 2 Ay) (a2Asy—asAGy)  —asAG)
| o 0 A -AS)

We canthusfind the matrix R = Q~1P, and henceobtainthe requiredcoupledsetof DAEs in the {w;}.
Solving these,andusingthe relationU = RW, we finally obtainthe full solutionof the original PDE for
continuoussedimentatiomnith efluentpumpedout, Eqns.(2.36-2.38).
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2.9 The Modular Network formalism

In this sectionwe shav how the semanticof multi-formalismnetworks may be given by transformingall
component$o a commonformalismandthenusingthe closureundercouplingpropertyof thatformalism.

2.9.1 Formalism transf ormation

Basedonthemathematicatelationshipbetweerthe SystemDynamicsandthe ODE formalisms translation
of ary modelin the first formalismto a behaiourally equivalentmodeldescribedn the secondformal-

ism is possible.In Figure2.34,a part of “formalism space”is depictedagainin the form of a Formalism
TransformatiorGraph(FTG) introducedn thefirst chapterThedifferentformalismsareshavn asnodesn

the graph.The namesof boththe PDE and Cellular Automataformalismsareprintedslanted denotingthe

spatialdistribution they incorporate The vertical stripedline in the middle denoteghe distinctionbetween
continuousmodels(on the left) and discretemodels(on the right). The well known DifferenceEquations
formalismis often implicitly usedin numericalsimulators:ODEs are discretizedby meansof a suitable
numericalschemeandthe resultingdifferenceequationsareiteratively solved. Suitablerefersto the nature
of the equationsaswell asto the accurag requirementsThe arrons denotea homomorphicrelationship
“can bemappednto”, implementedasa symbolictransformatiorbetweerformalisms.Thevertical,dotted
linesdenotehe existenceof a solveror simulationkernelwhichis capableof simulatinga model,thusgen-
eratingatrajectory A trajectoryis really amodelof the systemin thedataformalism(time/aluetuples).in

a denotationakensetraversingthe graphmakes semanticof modelsin formalismsexplicit: the meaning
of amodel/formalismis given by mappingit onto someknown formalism. This procedurecanbe applied
iteratively to reachary desired(reachable)evel. In anoperationakensea mappingdescribesiov model
interpretationcanbe achieved. If the “trajectory” formalismis the target of the mapping,modelinterpre-
tationis modelsimulation. Thougha multi-stepmappingmay seemcumbersomeit canbe perfectlyand
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correctly performedby tools. The advantageof this approachis that the introductionof a newv formalism
only requiresthe descriptionof the mappingonto the nearesformalismaswell astheimplementatiorof a
translatorto thelatterformalism.lIt is oftenmeaningfulto introducea nen formalismfor a specificapplica-
tion, encodingparticularpropertiesandconstraintof the application.Often, translationinvolvessomeloss
of information,thoughbehaiour mustobviously be consered. This lossmay be a blessingin disguiseas
it entailsa reductionin compleity, leadingto anincreasdn (simulation)performanceUsually, the aim of
multi-stepmappingis to eventuallyreachthetrajectorylevel.

Anothermajorusefor formalismtransformations the answeringof particular questionsaboutthe system.
Someqguestionganonly beansweredn thecontet of aparticularformalism.In caseof aSystemDynamics
modelfor example,the visual inspectionof the modelcanprovide insightinto influenceslf the modelis

mappedonto a setof Algebraic and Ordinary Differential Equations,a dependeng analysismay reveal

algebraicdependenccyclesnot apparenatthe SystemDynamicslevel. At this samelevel, onemaycheck
whetherpartsof the modelarelinear If so,thesepartsmay be solved symbolicallyby meansof computer
algebra Also, transformatiorto the Laplacedomain(i.e., to a TransferFunctionform) opensavenuesto a

plethoraof techniquedor stability analysis Finally, thetransformatiorthroughnumericalsimulationto the

datalevel allows for quantitatve analysisof problemsposedin initial valueform. Note how thelarger the

numberof intermediatdormalisms the higherthe possibilityfor optimizationalongthe way.

Above all, the traversaldescribedabore is the basisfor the meaningfulcoupling of modelsdescribedn
differentformalisms.Thisis discusseahext.

2.9.2 Coupled model transf ormation

Whenwe describea structuredmodelin the networkor coupledformalism,we canonly make meaningful
assertionsboutits structurejts outsideconnectiongits interface)andits componentsnot aboutits overall
meaningor behaiour. Formally, a coupledmodelhastheform

CM = (id,interface S C)

Themodelis identifiedby a uniqueidentifierid (a nameor reference)Theinterfaceis a setof connectors
or portsto the ervironment.Associatedwith the portsareallowed valuesaswell ascausality Meaningful

causalitiesare {in,out,inou }. The setS containsthe sub-modelgor at leasttheir uniqueidentifiers).The

couplinginformationis containedin a graphstructureC. For non-causalcontinuousmodels,the graph

is undirected For causalmodels,the graphis directed.Obviously, a coupledmodelis only valid if types

andcausalitieof connectegortsarecompatible.ln certaincasesthe graphmay be annotatedvith extra

information.In caseof traditionaldiscrete-eentmodels atie-breakingfunctionis usuallyrequiredto select
betweersimultaneougvents[Zei844.

If all sub-modelsaredescribedn the sameformalismF, it may be possibleto replacethe coupledmodel
(at leastconceptually)y oneatomicmodelof typeF. In this case F is calledclosedundercoupling(or
undercomposition).The propertyoften holdsby constructionln caseof Differential AlgebraicEquations
(DAEs), connections{connet(port, port;j) } arereplacedby algebraicport = port; coupling equations.
Togethemwith thesub-modekquationstheseform a DAE. In formalismssuchasBond Graphsjnformation
aboutthe physicalnatureof variablesallows oneto generateeitherthe above type of equationsin case
of couplingof “across”variables(this correspondso Kirchoff’s voltagelaw in electricity) or an equation
summingall connectedvaluesto zerofor “through” variables(this correspondso Kirchoff’s currentlaw
in electricity).In discrete-eentmodels,mplementingclosureinvolvesthe correcttime-orderedsdeduling
of sub-modekevents. The mostimminenteventwill alwaysbe processedirst. Thetie-breakingfunctionis
usedto resohe conflictsdueto simultaneougvents(anartifactof the high level of abstraction).

If acoupledmodelconsistof sub-modelexpressedn differentformalismssereralapproachearepossible:

¢ A meta-formalisntanbeusedwhich subsumethedifferentformalismsof thesub-modelsThediffer-
entsub-modelsarethusdescribedn asingleformalism. TheHybrid DAE andDEVS&DESS[ZPKO00]
formalismsntegratecontinuousanddiscretanodellingconstructsMeaningfulmeta-formalismsvhich
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truly addexpressienessaswell asreducecompleity arerare.Bond Graphsarea goodexampleof
theintegrationof differentdomaingmechanicalelectrical hydraulic).

¢ Anotherapproachs to transformthe differentsub-model¢o onecommorformalism Which formal-
ism to transformto depend=n the questionsasled. The closestcommonformalism for DAE and
SystemDynamicsformalismsfor exampleis the DAE formalism.By transforminga SystemDynam-
ics modelto a setof DAEs, andusingthe closurepropertyof the DAE formalism,it becomegossible
to answermuestionsaboutthe overall model.

¢ In the co-simulationapproacheachof the sub-modelss simulatedwith a formalism-specificsimu-
lator. Interactiondueto couplingis resolhed at the trajectorylevel. Comparedo transformatiorto a
commonformalismbeforesimulation,this approachthoughappealingrom a software engineering
point of view (it is object-orienteddiscardsa lot of usefulinformation. Questionscanonly be an-
sweredatthetrajectorylevel. Furthermorethereareobvious speedcandnumericalaccurag problems
for continuoudormalismsin particularif oneattemptgo supportnon-causamodels.Theapproachs
meaningfulmostlyfor discrete-eentformalisms.In this realm,it is the basisof the DoD High Level
Architecture(HLA) for simulatorinteroperability

Thetransformatiorto acommonformalismmentionedabove proceedsasfollows:

1. Startfrom acoupledmulti-formalismmodel.Checkconsisteng of thismodel(e.g., whethercausalites
andtypesof connectegortsmatch).

2. Clustertogetherall modelsdescribedn the sameformalism.
3. For eachcluster implementclosureundercoupling.

4. Look for the bestcommonformalismin the FormalismTransformatiorGraphall the remainingdif-
ferentformalismscanbe transformedo. In the worst case this will bethetrajectorylevel in which
casetheapproackHalls backto co-simulation Which commonformalismis bestdepend®n a quality
metricwhich cantake into accountiransformatiorspeedpotentialfor optimization etc.

5. Transformall the sub-modelso the commonformalism.

6. Implementclosureundercouplingof the commonformalism.

A side-efect of mappingonto a commonformalismis the greatpotentialfor optimizationof the flattened
model,aswell asthereducechumberof (optimized)simulationkernelsneeded.

To describewhich formalism transformationsare possible,the Formalism TransformationGraph (FTG)
mentionedabore is used.A plethoraof formalismsis depictedin Figure 2.34. Eachof thesehasits own
merits.Petri Netsareparticularly suitedfor symbolicanalysis(proof of dynamicproperties)of concurrent
systemsStateCharts anextensionof Finite StateAutomataareagraphicaformalismwith averyappealing,
intuitive semanticsin the UML, the StateChartformalismis usedto specifythe concurrentoehaiour of
software.CellularAutomataextendFinite StateAutomatawith a(discretizedhotionof spaceAs such they
aresimilar to Partial Differential Equationswhich adda spatialdimensionto Ordinary Differential Equa-
tions. Apart from the formalismtransformationslescribedearlier the centralpositionof DEVS is striking.
Ontheonehand,theexpressienessof DEVS makesmary discrete-eentformalismsDEVS-representable.
Recentlyit hasbeenshavn thatcontinuougnodelscanbequantizecanddescribedn the DEVS [ZL98] for-
malism.Thismappingwill bedescribedurtheron. It allows oneto meaningfullyhandlediscrete/continuous
multi-formalismmodels.Also, the potentialfor parallelimplementatiorincreasesirastically[KSKP96].

2.9.3 Mapping the ODE formalism onto DEVS

Thoughstill the subjectof ongoingresearchyve briefly presenthe mappingof ODE modelsontoDEVS as
thisis deemedo beanovel way of bridgingthe gapbetweerthe “continuous’andthe “discrete”realm.
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Figure2.35:Time discretizatiorvs. State-discretization

In the context of hybrid systemamodels,the formalismtransformationsn Figure2.34 cornverge to acom-
mon denominatomhich unifies continuousanddiscreteconstructsTypically, this is someform of event-
scheduling/stateventlocating/DAE formalismwith its correspondingolver. A differentapproachguan-
tizing spaceratherthan discretizingtime, is presentecherewhich mapscontinuousmodels,in particular
algebraicanddifferentialequationsf theform

{ 4 — fgxt), qeQ;
yt) = g(at), yeY;

with x(t) € X a known input function, and initial conditionsgiven by q(0) = ¢, onto Zeigler's DEVS
formalismpresenteabove. If the mappingis doneappropriatelya discrete-eent simulationof the DEVS
modelwill yield a closeapproximatiorof the continuousmodels continuousbehaiour.

Thenormalapproactof numericamathematicss to approximateanODE solutionbasedna Taylorexpan-
sion.Here,timeis discretizedandsubsequerdtate-ariableapproximationarecalculatedZeigler[ZL98]
proposedo discretizethe statevariablesandto calculatethe correspondingpproximatdime-increasesl he
DEVS transitionfunction (constructedrom the ODE) will repeatedlygo from onediscretizedstatevalue
to eitherthe onejust above or theonejust belav. Thetransitionfunctionwill alsocalculatethetimetill the
next discretetransition(possibly+o if the derivative is zero).Both approachesre shovn sideby sidein
Figure2.35.In mathematicalerms,themodelabove is mappedntoa DEVS

atomicDEVS = (Sta, 8ing, X, 8ex, Y, \).

ReX, e o) andy e Y arethe quantizedvariables The simplequantizatiorusedhereis basedon agrid of
quanta(Ay, Aq, Ay). Note how eachof the quantaarehypercubesThe quantizedstatesetS= {(§,%,t)|q €
Q,x eXte T}. A memoryof inputandabsolutetime is keptin the DEVS model. The internaltransition
functlonls

Thetime advancefunction

ta((G,,1)) = ‘ f(é?(,t)‘

specifiesafter hov much time the trajectorywill leave the quantumhypercube.The external transition
function describeshow autonomougintegration) behaiour canbe interruptedby an externalinput event
(theinputfunctionexceedinga quantumboundary)

6®¢((q727t)7e7)2’) = (q7)2l7t +e)'
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Note how ignoring the changein g (not §) during e is a roughapproximationand a betterapproachis to
internally keeptrack of the non-quantizedralueg. In casean internaland externaltransitionoccursimul-
taneouslythe confluenttransitionfunction of parallelDEVS describesiow internaltransitionandexternal
inputarebothtakeninto account:

Sconfl ((q,i,t),i’) = (q+sgl’(f(q,)A(,t))Aq,)A(’,t).

Quantizedutputis obtainedafterapplicationof the outputfunction

Couplingof the thusobtainedatomicDEVS modelsinto a coupledDEVS providesa meansfor —possibly
parallel-simulationof hierarchicallycoupledcontinuousmodels.To achieze maximumperformanceequa-
tionsshouldfirst besymbolicallymanipulatedandtightly coupledsetsof equationsnustbeclusterednside
anatomicDEVS.

Summary

In this chapter the structureof diverseformalismswaspresentedTheseformalismsarenodesin the For-
malismTransformatiorGraphintroducedn the previous chapter

Thefirstformalismconsistof trajectoriesSimulatordor specifichigherlevel formalismstransformamodel
specificatiorinto amodelspecificatiorat this Datalevel. The classof discretesventformalismsandthe dif-
ferentworld views in commonusewerepresentedh somedetail.In particular arigourousdescriptiorof the
eventschedulingvorld view wasgiven. The DEVS formalismwasintroducedasa basisfor the description
andsimulationof all discreteevent (andeven discrete)formalisms.The rigourousdescriptionof the event
schedulingvorld view sernedasa basisfor mappingthatformalismontothe DEVS formalism.Whenspa-
tial distribution of the state-spaces introducedin the form of cellsandthe dynamicsof the system(in the
form of atransitionfunction)is limited to interactionbetweemeighbouringcells, oneobtainsthe Cellular
Automataformalism.This formalismwasdescribedandits mappingontothe DEVS formalismexplained.
In thecontinuougealm,DifferentialandAlgebraicEquation(DAE) formalismswerepresentedin particu-
lar, theuseof andcorversionbetweemon-causaset,causaket,andcausakequencenodelswasdescribed.
Thefirst transformations achieved by meansf “causalityassignmentbasedn Dinic’s network flow algo-
rithm appliedto anequation-ariabledependencgraph.Thesecondransformation;sorting”, is basena
depthfirst searctof thedependencgraph.The Transfer-unctionformalism,popularin controltheory and
its transformatiorontothe DifferentialEquationformalismwaspresentediext. Still in thecontinuougealm,
Forresters SystemDynamicsformalismis definedin termsof the Differential Equationformalismandis
mappedontoit. It is shavn how judiciousrepresentatioin the modellinglanguageMSL-USERalleviates
the needfor explicit transformationlntroductionof spatialdistribution in continuousmodelsleadsto the
Partial Differential Equation(PDE) formalism.For a limited classof onedimensionaPDEs,it wasshavn
how discretizationby meansof orthogonalcollocationover finite elementsallows transformatiorof PDEs
to the DAE formalism(andto OrdinaryDifferentialEquationsn particular)to be performedautomatically
Thiswasdemonstratetbr the specificcaseof sedimentatiomn wastewatertreatmentTo shav hov models
in differentformalismscanmeaningfullybecombinedthenetwork formalism,couplingmodelcomponents
in a hierarchicalfashion,was presentedin particular a flatteningalgorithmfor multi-formalism coupled
models,was introduced,basedon formalism transformationto a commonformalism. Finally, to bridge
the gapbetweencontinuousanddiscreteevent models,a transformatiorbetweenODE modelsandDEVS
modelswasintroduced.
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A Generic Modelling and Simulation Architecture

In this chapter we start from the vision of a Generic Modelling and Simulation Architectuie (GMSA).
Thoughopensimulationarchitecturediave beenproposedn the literature,the modellingaspecthasbeen
neglected. The GMSA addressethe needfor anopenarchitecturdom modellingaswell assimulation.

The entitiescentralto the modelling processare obviously models.To allow for the representationand
subsequene-useandexchangeof thesamodelsamodellinglanguage is neededThedesignof thelanguage
MSL-USERIisintroducedn thischapterMSL-USERIis anongoingeffort whichwill evolvein thedirection
of metamodelling.Theconcepbf metamodellingandits advantage®vertheuseof asinglesupeflanguage
arepresentedhere.

Theideasof this andprevious chaptershave beenimplementedn the WEST++interactive modellingand
simulationervironment Thoughthe focus of WEST++is on continuousformalisms,the designis gen-
eralandallows for the laterintroductionof otherformalisms.The highestlevel of the WEST++designis
presented.

3.1 The Generic Modelling and Simulation Architecture vision

The currentproliferation of network technologyand applicationsprovides an ideal startingpoint for dis-
tributed modelling and simulationenvironments.The requiredbasic hardware (networking and worksta-
tions) aswell assoftware (distributed objects)infrastructurenasbecomeavailableto the intendedusersof

a GenericModelling and SimulationArchitecture(GMSA). This is in contrastwith the recent(1993)lim-

ited availability of enablingtechnologywhenthe authorproposeda Frameavork for ConcurrenSimulation
Engineering CSE)[VLRV93], whichis the precursopf thecurrentGMSA. Whereasatthattime, only priv-

ilegedlabshadthe necessarynfrastructureto implementa CSE,any PC userconnectedo an IP network
cannow participatein aglobalmodellingandsimulationeffort.

TheHigh Level Architecture(HLA) providesa soundbasicsoftware architectureandmethodologyfor co-
operationbetweensimulators.In accordancevith the DoD Modeling and SimulationMasterPlan (DoD
5000.59-PdatedOctober1995),the DefenseModeling and SimulationOffice (DMSO) is leadinga DoD-
wide effort to establisha CommonTechnicalFrameavork to facilitate the interoperabilityof all typesof
modelsand simulationsamongthemseles as well asto facilitate the re-useof M&S componentsThis
CommonTechnicalFrameavork includesthe High Level Architecture.

An equivalent,standardizedrchitecturan the distributed modellingrealmdoes,to our knowledge,not yet
exist. It thereforeseemaaturalto designa distributed software architecturebasedon the methodological
issuespresentedefore.On the onehand,this is a muchharderproblemthanthat addressety the HLA:
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Figure3.1: GenericModelling andSimulationArchitecture

the problemof meaningfuimodelre-useandexchange On the otherhand,the correctcouplingof different
simulators,eachwith its own virtual time asin the HLA, doesnot occurso extensvely in the context of

distributed modelling: for all practicalpurposesthe modelling-relatedccomponentof a GMSA have no

“dynamics”.

In Figure 3.1, a high-level descriptionis proposedor a GenericModelling and Simulation Architecture
(GMSA). The figure presentsan “object” view, in which eachof the componentgepresentsa software
object[OHE96], with its properdynamicbehaiour. Theinternalbehaiour is quite comple, with sporadic
interactionwith otherobjects. Thebackbonef thisinteractionis the CommunicatiomManager (CM), which

providesreliable,consistentommunicatiorbetweenobjects.The CM takes on the role of the Run Time

Infrastructure(RTI) in the HLA. The CM consisteng requirements far easierto fulfil thanthe equvalent
requirement(correctorderingof timestampednessagesin the RTI. The core problemhereis to ensure
semanticonsistency

All objectsin the GMSA have a Network Interface(NI), taking careof network communicationmanaged
by the CommunicationrManager Eachof the GMSA objectsmay have a User Interface (Ul). Thanksto
currentclient/serer technology(suchas X11), a usermay simultaneouslyinteractwith multiple GMSA
objects—without evenbeingawareof their actuallocationon the network— throughtheir respectie User
Interfaces.

The following describeghe differentcomponent®f the GMSA. As Figure3.1 givesa high level view, the
possibility of eachof the componentso have a distributedimplementationn its own right, is not depicted.

The Model Base is a repositoryfor models.Thesemodelscanbe describedn differentformalisms.The
Model Baseis capableof holdingall knowledgewe have aboutreality (includingraw data;it sufices
to employ the appropriateformalism). To allow meaningfulre-useof models,ExperimentalFrames
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(andtheir relationshipto models)are alsostoredin the Model Base.Actually, in their mostgeneral
form, ExperimentaFramesare themselesmodels Finally, to allow automatednodelchoosingdif-
ferentclassificatiorhierarchiegsuchasinheritancereesor the SystemEntity StructuregZei844) are
keptin theModel Base.

The Formalism Transformer is the core of a Multi-Formalismmodelling and simulation ervironment.
Basedon the information containedn the FormalismTransformationGraph(FTG), it activatesthe
appropriatéransformeto translatea modelfrom oneformalisminto anotherFor certainformalisms,
it alsoimplementsclosuee: given a coupledmodelwith submodelsvhich areall of formalismF, it
generatesa singleequivalentflattenedmodelin formalismF.

Modelling Environments implementthe modellingoperationsnherentto a particularformalism.A good
modellingenvironmentis easyto use,intuitive, andoften application/usespecific.Above all, it un-
ambiguouslyimplementsa formalism (the semantics)ln practice,this meansthat all meaningful
operationon modelsaresupportecandall meaninglessnesleadto appropriatevarnings.Fromthe
implementatiorpoint of view, somemodellingervironmentsmay sharesoftwarecomponentsuchas
a hierarchicakditor The Modelling Environmentsstore/retrige modelsin/from the Model Baseand
assuchdo not have local persistentnemory

The ProcesdManager implementsthe Modelling and SimulationProcessas describedbefore.It orches-
tratestheiterative traversalof the ExperimentaFramematching,Structureldentification,Parameter
Identification,Experimentation(in particular simulation),and Validation phasesAs such,it keeps
track of the global stateof the M&S enterpriseThis is thetop-level interfacebetweenthe usersand
the GMSA.

Experimentation implementsin essencehe simulationkernelscorrespondingo the formalismsusedin
modelling. Thesesimulationkernels“solve” the (executionlevel representatiorf) modelsbuilt in
themodellingenvironments Whenmultiple solversareusedanHLA architecturdas employed.

3.2 The MSL-USER modelling language

Modelsare at the core of ary modellingand simulationsystem.To allow for manipulation,modelsneed
to be appropriatelyrepresentedDependingon the intendeduseand/oruser a model representatiomay
needto satisfydifferentcriteria. To optimally satisfythesedifferentcriteria, it is oftenusefulto allow mul-
tiple representationsf a singlemodel,aswill be discussedelow. Figure3.2 depictsthe varioususesof a
model.Under certainconditions,a models correctnessnay be checled formally. If sufficientinformation
is available, properties(suchasthe occurrenceof deadlockin a telecommunicatiorsystem)pertainingto
thedynamicbehaiour of asystemmaybe proven.In mary casesformal proofis notpossible Testvectors
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may however be generatecdutomaticallyfrom the model. To investigatethe behaiour spaceof the model
understudy simulationsof the modelcanbe used.After formal checking,automatedestgenerationand
dynamicsimulation theautomatedjeneratiorof the system-to-be-lilt (oftensoftware)from thevery same
modelspecificationis desirable Not in the least,a modelis a form of documentationA modelis truly at
the heartof re-useandexchangeof knowledgeaboutthe dynamicbehaiour of systemsNote how a limit
caseconsistf non-dynamicstaticmodelsasthey areoftenusedin the designof non-real-timesoftware.

3.2.1 Model Specification Language (MSL) requirements

Marny issuesare relevant when designinga Model SpecificationLanguage(MSL). The list of usesof a
Model SpecificatiorLanguagegivenabove leadsto moreconcreterequirements.

Probablythe mostbasicquestionto be answereds whatinformationneedsto be explicitly representedh
anMSL.

A low-level exampleof thisisr = i ; withr aRealandi aninteger Weall internallycoercea toaRealand
thusthereis no needto explicitly writer = (int)i ; In amodellinglanguagethe samerationaleshouldbe
usedif theusermentallyassignghe“right” (i.e., asgivenby thecompiler really by thelanguagelesigners)
semanticéo amodel,thereis no needfor explictly mentioningtypes,and/orintroducekeywords,otherwise
thereis. It is of coursdikely thata clean,orthogonal designwill automaticallyleadto the user“intuitively”
understandinghe meaningof themodel,andfarless“explicit” languageconstructswill beneeded.

In all aspectof (modellinglanguagelesign,it is meaningfulto traversethe following steps:

1. Mathematicallydescribethe problem.This “formal specification”may not be ideal for the average
user(andshouldonly be usedasa reference)but it is unambiguousit canbe usedasthe basisfor
formal proofsof statementsiboutthe specificationasthe basisfor implementationandwill usually
enableanorthogonaldesign.

2. Someof themathematicatonstructsnaybegivenexplicit namega“segment”’asdescribedn thefirst
chapter).Theseexplicit namessimplify discussionAs thereis an underlyingmathematicatontruct
to the name the nameis unequvocally defined.

3. Whileintroducinganewn concepinto amodellinglanguageit shouldfirst of all beconsidereavhether
it is atall necessaryf themeanings obviousto theuserandthe compilercanautomaticallyinfer the
meaning(i.e., type)in all casesthereis really no needto representhe conceptexplicitly. If theneed
to introducenewn syntaxdoesarise,this shouldbe donein an orthogonalfashion.This implies that
the meaningof the syntacticconstructwhenappliedin differentcontexts (outsidetheintendedone),
shouldbeinvestigatedUsually this leadsto deepelinsightinto the natureof conceptandmayeven
leadto a modificationand/orextensionof the mathematicaspecification.

As a logical consequencef the abore, it seemgeasonabldo expresssemanticin an MSL throughthe
useof “types”. In programminganguagestypesarea meando expresscertain“constraining”information
aboutentitiesin aprogram[AC96. Thanksto thisinformation,it maybepossibleto guarantesafe/correct
behaiour of acompiledprogram.Thisinformationis alsousedto generatefficientrun-timecode[/ASU86].
Oneway of interpretingatypein aprogrammindanguagas to seeit asa“range” of valuesavariableof that
type cantake. Of coursethistypeinformationis a“coarse”boundaryon the behaiour of thatvariable.For
programmingpurposegwhere,for example time dependencdoesnot play arole), suchanapproximation
is usually sufiicient (to infer safe/correcbehaiour of the compiledprogram).From the point of view of
designinga modelling language,t seemsreasonabldo try to encodeas much “modelling knowvledge”
into typesaspossible A (hopedfor) consequencis that“model checking”reducedo a problemof “type
checking” (andcanbe automated)Thereis oneimportantrealizationwhenusing programminganguage
typesfor a modellinglanguageln the modellingworld, the meaningof a modelis inevitably relatedto its
behaiour (possibleaftercausalityassignmenandothertransformations)At alow level, we interpretatype
Realwith a lowerboundandan upperboundas meaningthat a variablecantake ary Realvalue between
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lowerboundand upperboundfor the time being,assumingwve’re dealingwith truly mathematicalinfinite
precisionreals).Extendingthis intuitive reasoningthe meaningof the equationx + y = 2 with x andy
Realsis the setof all values(x,y) which satisfythis equation Whetherthis setis eventuallyobtainedpurely
throughsymbolicmanipulation by meansof oneor othernumericsoler, or by a blendof these doesnot
matter(we areafterall declaratiely/denotatnally modellingbehaiour). As we cannot, a priori, infer the
setof all valuesof thevariablesn ary model(thatwould meanit hasto be solved),we canonly determinea
roughboundaryonthevalues andthusof thetype of awhole model. Whenwe talk aboutmeaningfulre-use
andexchangeof modelswe meanwe wantto useamodelin acertaincontect in suchawaythatits behaiour
is whatwe need/&pect. Checking/matchingnly the modelinterfacetypeis a very coarseapproximation.
Suchan approximationis usually sufiicient in programminglanguagesbut this may not be the casewith
models.Evenin programmingjt may not be suficient andpre/postconditionsareemplo/ed togetherwith
invariantsin specifyingprogrambehaiour. Thesecorrespongartly to the ExperimentalFramedescribed
in thefirst chapterThemainreasoris that,thoughwe write x is a Real,we implicitly meanx is amapping,
from the time set T into the set of Real values.The behaiour of the modelis thustime-varying (in a
“discreteevent” or “continuous”way). Thefactthattherearedifferentkinds of suchrelationshipsetween
time evolutionand(state)variableevolution (dependingnthenatureof T andof thevalues)andthepossible
behaioursaretrajectoriesn amulti-dimensionakpacampliesthatwe should

1. Try to use“model types”to describehe differenttypesof time-staterelationshipsin particular this
meansotleaving time moreor lessimplicit, but ratherexplicitly mentionthetype of time.

2. Use an ExperimentalFrameconceptto encodethe ervelope boundaryof allowed trajectories.An
ExperimentalFrameis the context in which a model, to a certaindegree of accurag, accurately
representshe behaiour of a system.Usingthe ExperimentaFrame the correctuseof a modelin a
certaincontext canbe

e checledatcompile-timeif theassertionganbesymbolicallyevaluated;
o embeddedh thefinal codeasassertionsvhichwill fail in caseof incorrectuseof the model.

We now describeherequirement$or a Model SpecificatiorLanguagein particular thegoalsof typesin a
MSL.:

1. To be capableof modelling (abstraction®f behaiour of) physicalsystemsSystemmodelssuchas
thosedescribedn thefirst chaptemustatleastberepresentableithin thetypetheory In particular it
mustbepossibleo representtime seggments’[Zei844 or trajectoriesasformalizationsof theconcept
of time-variance(asopposedo variablesasholdersof valuesin programmindanguageswheretime
dependences ignored).

As a consequencef the “physical systems’requirementjt mustbe possibleto represenattributes
suchasphysicalnature,units,andacross/throughn thelimit (by collapsinga continuougime base
ontoadiscreteprogramcountertime base)t mustbepossibleto modelnon-physicakystemsuchas
software.

As a generalizatiorof traditional,causalphysicalsystemmodels,non-causaDAE (Differential Al-
gebraicEquation)models[Cel9]] mustberepresentable.

2. To becapableof expressingabstiact, structued conceptsuchasa set,productset,power set,record,
function etc.startingfrom basictypes.The structuringconstructshouldallow the completespecifi-
cationof abstractmodelconstituentsuchasmodelinterfaceandmodelparametersAlthough some
object-orientedystemgsuchasSmalltalk)treattypes(actually classesgasfirst classentities,i.e., as
objects(types,like objects,may be representedby finite collectionsof attributes-alue pairs), types
will notbe consideredsobjectsfrom the modellers point of view. Obviously, from thetype system
implementes point of view, typesmaybeimplementedasobjectsin anobject-orientearvironment.

3. To have declamtive sub-typingconstructdimiting atype (seemasa possiblesetof values).
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4. To formalisetype equalityfor the purposeof typechedking [ASU86]. A type checkingalgorithmis
the basisof checkingandunifying types.

5. To satisfygenerakequirements:

e Consisteny, orthogonality:the samemechanismge.g., sub-typing.type equality)mustbeused
without exceptionsthroughoutheformalism.

e Correctnessnointernalcontradictiongnayexist in thetype system.

e Exhaustie: cover all possiblemodellingneeds(i.e., it mustbe possibleto describethe “type”
of constructsn ary modellingformalism).

o Simplicity: elegantandminimal (may needsyntacticglue laterto make the type definitionlan-
guageuserfriendly).

e Extensibility: userdefinedtypesmustbeallowed (e.g., units).

3.2.2 Formalism versus language

The following presentghe relationshipbetweena formalism, its representatiomvithin a computerandits
externalrepresentatiora modellinglanguage.

In thedesignof any modellinglanguageit is essentiato startfrom anunderlyingformalism.Thisformalism
is the true essencef what the languagestandsfor. The languageis just an external representationThe
languageshould:

¢ Reflect/apresgheunderlyingformalismin anatural way. Thus,themeaningor semantic®f amodel
writtenin thatlanguagewill beeasilyunderstoodi-ormally, thesemantic®f thelanguages expressed
throughmappingof thelanguagestructureontothe formalism.

e Besimplesoasto notto beaburdenfor themodeller This syntacticissueis notascrucialastheabore
semantione,but may neverthelessnake the differencebetweera usableanda non-usabléanguage.
Mainly, syntaxshouldhelptheuserto understandemanticén a“natural” way. Increasinglygraphical
modellingervironmentsareusedto hide syntacticcompleity. In asensethegraphicalstructurenowv
replacesyntacticstructure.

Figure3.3 expressesherelationshipdbetween:

¢ A systemformalism:For example,a state-basedjeneralkystemdormalism.

¢ An internalrepresentationA representation(data-structurepsusedin a computerprogramwhich
triesto represenaiscloselyaspossible(oneto one),the abstracmathematicaéntitiesfrom a system
formalism.For reason®f performanceor size,this representatiomay not be a perfectimageof the
formalismstructures.
Semantiaules to chek compliancewith the formalism (the formalismis more than just the data-
structure) Also, the datastructuretogethemwith semanticulesallows for meaninfulknowledgeex-
changebetweenheterogeneousrvironments.Thereneednot be a shareda priori knowvledgeabout
formalisms,if onetransmitsboth datastructureand semanticrules.In checkingcompliancewith a
formalism,semanticuleswill restrictthe numberof “valid” models.For example:in x:= a + b,
theLeft HandSide(LHS) (x) mustbeavariable,notusedonthe LHS of anequationbefore.
Note: Onecould “hide” thesesemanticcheckingrulesin the parser This would reducethe number
of passeghroughthe internal representatiorii.e., the Abstract Syntax Tree) thus speedingup the
modelcheckingphase However, this alsoobfuscateshe distinctionbetweensyntaxandsemantics.
Furthermoreit would behardto write ameta-descriptiosyntaxaswell assemantic®f theformalism
in theform of anMSL formalismCLASS.
Semantigulesto mapontootherformalisms(tranformation seelater).
A simulationkernelfor “solving” themodel.If suchakernelexists,themodelis called“concrete”.

e Oneor moreexternalrepresentationsthesearemodellinglanguageslefinedby their particularsyn-
tax. Their semanticds definedthroughthe relationshipwith the formalism (albeit representedn a
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Figure3.3: Relationshipbetweerformalismandrepresentations

computerby meansof the internalrepresentation)This is donein termsof semantiamappingfunc-
tions: which mapaninternalrepresentatiomnto an externalrepresentatioficodegeneration)in the
oppositedirection, for eachlanguagea lexer, parserand semanticmappingdescriptionallow for
transformatiorinto the internalrepresentationin our implementationthe languageMSL-USERis
gearedowardshumanusers.The languageMSL-EXEC, automaticallygeneratedrom MSL-USER
is meantto representnodelsat alevel suitablefor numericalsimulation.lt is linkedwith a numerical
solver.

Onecanidentify equivalenceclasse®f languagesorrespondingo the sameformalism.All thelanguages
correspondingo oneformalismarein a senseequvalentasthey areall capableof expressingthe same
meaning(thoughtheir syntaxmaybewidely different). The“languagel. canbe mappedntoformalismF”
definegherelationshipthroughwhich the equivalenceclass‘belongsto the sameformalism”is defined.

For aguments sale we assumehereis only oneinternalrepresentationyhichis notrequired Assumingit
to have aone-to-onecorrespondenceith theformalismstructuremakesthingseasierandis probablygood
design(a softnareengineeringonsideration).

Obviously, within oneabstractionit will be possibleto translatefrom onelanguagénto anotherby subse-
guentlexing/parsingto theinternalrepresentatiofollowed by the appropriatecodegeneration.

Oneclearrequiremenibf this processs that therebe no informationloss. In particular going from one
languageo the internalrepresentatiomnd backto that samelanguageshouldnot be lossy This doesnot
meanthatinput andoutputof that processhouldbe syntacticallyidenticalhowever. As anexample:if the
underlyingformalismis basedon SET semanticsthe orderof equationsdoesnot matter A moretrivial
exampleis the exactlexical layoutsuchasthe numberof blanksandtabsof the modeltext.

All operationgperformedin a languageshouldhave their counterpartsn the formalism. Transformations
betweerlanguagesorrespondingo differentformalismsshouldbelinkedto therespecire transformations
betweerformalisms.Ratherthanstartingfrom a languagesyntaxanda naturalsemanticsaand extendingit,
ourapproacthasbeento startfrom theformalismandconstructhelanguagestartingfrom there.Obviously,
expressingsemantic®f alanguagdghusconstructeds far easierandcorrect.

It isimportantto considemotonly therelationshipof aformalismto differentlanguageshut alsoto simula-
tion kernelsor abstract interpreters which arecapableof executingthe formalism.By executing,we mean
the explicit traversalof the state-spacef the modelexpressedn the formalism.The mechanisnfor doing
sowill varywidely with the formalism(e.g., next eventlist, numericalintegration,constrainfpropagation)
For eachformalism,a simulator(which may or may not be practicalto implementin software/hardwre)
consistf a simulationkernelwhich takesa modeldescriptionaswell asinitial valuesandgenerate$rom
thefull statetrajectory In certaincontexts, asimulationkernelis calleda solver or aninterpreterSimulation
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kernelsmay be numericalor symbolicIn eithercase,a backward link betweenthe generatednformation
andthemodelshouldbe presered (to retainsemantidnformation).

A formalismis conceteif akernelexists.If thisis notthe casetheformalismis abstiact
On the Abstract Syntax Tree implementation

The coreof an MSL compileris the AbstractSyntaxTree (AST). The modularityof the compileris influ-

encedby the implementatiorstyle used[App97]. In the AbstractSyntaxTree, differentkinds of objects,
alsocallednodes arerepresentedorrespondingo the varioussyntacticstructuresn the languagesuchas
compoundstatementsassignmenstatementsetc. Differentinterpretationsof theseobjectsarepossible for

type-checkingpptimization(e.g., constanfolding), generatiorof MSL-EXEC code,andsoon. Two styles
of programmingcanbeused:

Syntactic structur e separatefrom interpretations Thistraditionalstylestartsfrom anAST datastructure
consistingof nodeswhich areinstancesf a union type capturingall possiblekinds of objects.For
eachinterpretationa function (with a union-typenodeasargument)describesxhaustiely how to
interpreteachtype of object. This interpretationis usually donerecursvely in termsof the nodes
sub-treeslt is easyandmodularto adda new interpretation the treatmentof all kindsof objectsis
givenin oneplace:theinterpretatiorfunction (by meansof anexhaustve switch statement).

Object-oriented In this style, eachinterpretations just a methodin all the classesilt is easyandmodular
to adda new kind of interpretationall the interpretation®f thatkind aregroupedtogetherasmeth-
odsof the new class.It is however not modularto adda new interpretation:a new methodmustbe
addedto every class.Usually the differentkinds arefixed at the time of the designof the language
(thoughin MSL, new kinds may be addedasmoreformalismsare supported)Over time, new inter
pretationgsemanticactions)will however frequentlybe addedwhich makesan object-orientedtyle
quiteunusable.

Theabove rationaleaswell asexperiencewith the pureobject-orientedpproachduringthe constructiorof
the uCSL compiler[VVV90a], leadto the conclusionthat we mustadoptthe “syntacticstructureseparate
from interpretations’style of implementatiorfor the AST. Whenadoptingthis styleit is meaningfulto sep-
aratetherecursve traversalpartfrom the semantiactionpartin theinterpretatiorfunctionimplementation
usingavisitor pattern[GHJV95. This makescodefar morereadablen caseof all but afew AST nodesare
just traversedwithoutary semantiactions.

3.2.3 MSL-USER syntax and semantics

In the following, the syntaxand semanticf the modellinglanguageMSL-USER (version3.1) is briefly
given.

An MSL file (typically with extension.ms| ) consistf asequencef statementsThe statementsareeither
declarationr objects.

MSL file
Syntax:

<MSL file> =

<statements>
<statements> =

<statements>  <orientation> <statement>
<statement> =

<declaration_stat ement>

| <object>

<declaration_state ment> =
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| <type_decl_stmt>
| <class_decl_stmt>
| <obj_decl_stmt>

Semantics:

Syntacticallyan MSL file consistsof a sequencéordermatters)of statementsStatementsire
eitherdeclarationsor objects.Declarationscanbe of threetypes: TYPE, CLASS, or OBJect.
Both at the top level (the MSL file level) andat lower levels, the <orientation> determines
whetherthe sequenceshouldbe interpretedas a row (orientationseparatotis comma®“,”) or
asa column(orientationseparators semicolor’;”). Dependingon the context, the orientation
distinctionhasa particularmeaning Currently in a“vector” contet, row andcolumnhave the
usualmeaningln a“set” context, bothareequialent.

A valid MSL file maybe emptyasdeclarationsnay be empty

In MSL, the scopeof adeclaratiorbetweery } coversthewhole surroundingcontext. Thus, it
is possibleto referto anentity beforeit is declared At thetop level, the surroundingcontext is
thewholefile. More detailson scopingaregivenin the next section.

A TYPE declaratioronly specifiesanabstractatatype’s signatureno (default) values A CLASS attaches
values(objects)to a TYPE. As aresultof this definition, multiple classesancorrespondo the sametype
[AC96]. An OBJectis aninstanceof a classor type.An objectbindsthe differentpartsof a type structure
to concretevalues.

type declaration

Syntax:
<type declaration> = TYPE <type_name> <description> <type_decl>

Typescanbedeclaredby meanof

e atypesignature
e sub-typingof anexisting type (subsumption)
e typeextension

<type_decl> = <type decl signatu re>
| <type_decl_subtypi ng>
| <type_decl_extensi on>
Object:

To instantiate(define)an objectof type T (or classC) (eithernamedor unnamed)The object
canoptionallybe givenavalueof thecorrecttype T (or TypeOf(C)).

<object instantiation> = OBJ <object name> : <type> = <value>

type signature

Syntax:
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<type signature>

empty I

| <typename> //
i

Il

i

I

| <product type>
| <record type>
| <vector type>
I
I
I

<function  type>
<powerset type>

<union type>

Semantics:

only allowed for builtin atomic  types
For type aliasing
Must be declared in scope

(both atomic and composite)

types are declared in the outermost scope
<enumerated type> //

user constructed  atomic type

empty = €. Internallydefinedsemanticgor builtin types.

enumerated type

Syntax:

<enumerated type>

Semantics:

enum { <id_1>, <id 2>, , <id_n>}

enum{ID1,1D,,...,I1Dp} € Swith S={IDy,ID5,...,IDy}

Sis a setof uniqueidentifiers(e.g.,Boolean= {True, Falsg). The uniquenes®f the names
usedin an enumeratedype mustbe checled. Furthermorejdentifier namesmay not overlap
with namesusedin an enumeratedype. It mustbe possible(within a certainscope)to unam-
biguouslydistinguishbetweerkeywords,variablenamesandenumeratethames.

Object:

Objectsof enumeratetlypetake asvalueanidentifierfrom the enumeratiorset.

OBJ o: TYPE {signature

= enum {<id_1>, <id 2>, , <id n>}} = <idi>;

MSL Builtin  Atomic Types

During bootstrappingthe builtin type namesareloadedinto the outermostype namespace.

Generic type

Syntax:

TYPE Generic  "builtin:

Semantics:

type variable”;
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Type variable,will unify with arny othertype;ary typeis a sub-typeof Genericwhich implies

ary objectmaybeassignedo a variableof type Generic.
Object:

OBJ 0: Generic := <any object value>;

Integer type

Syntax:
TYPE Integer  "builtin: positive  and negative  Natural Numbers";
Semantics:

€EZ
Object:

OBJ o0: Integer := <integer value>;

Real type

Syntax:
TYPE Real "builtin; Real numbers";
Semantics:

eR
Object:

OBJ 0: Real = <real value>;

Character type

Syntax:
TYPE Char "builtin: ASCII character";
Semantics:

€ charSat (currentlyASCII, laterUnicode)
Object:

OBJ o: Char = 'c’

String type

Syntax:
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TYPE String  "builtin: Char* (implemented as atomic type
for efficiency reasons)";
Semantics:
€ charSetx
Object:
OBJ o: String = "string";

Thesemantichecler acceptghe emptysignatureonly for theabore builtin atomictypes.

Bottom type

Syntax:

TYPE Bottom "builtin: bottom type" = enum {null};
}

Semantics:

Thetypewhich is a sub-typeof any othertype. By virtue of this, only null , the only objectof

typeBottom , canbeusedto denoteanunassignedaluefor objectsof anytype.
Object:

OBJ o: Bottom := null;

Boolean type

Syntax:

TYPE Boolean
{

description “builtin: Logic type" = enum {True, False}
}

Semantics:

Predicatdogic Boolean

MSL Composite types

As atype canbe interpretedasthe setof possiblevaluesa variableof thattype cantake, compositetypes
arein essenceompositionof sets(seereftext ontypesthisis onepossiblenterpretatiorof types).

In thefollowing,

<type_i> = <type_name_i> | <unnamed type declaration i>

where<type_name_i> refersto atype signatureby nameand<unnamed type declaration i> givesa
typedeclaratiorin place.
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product type
Syntax:
<product type> = <type 1> x <type 2> X .. X <type n>
Semantics:

Nx(TyxTox...Tp)
Theprojectionoperator’ proj” allows accesdo thei-th elementof a producttypevariable:

proj : Nx (Nx(Ty xTax...xTy)) = UiTyU{fail }
(i,(n,(v1,V2,...,Vn))) = if (1L <i<n)y elsefail

obi tNote:therelationtype R betweenTl; andT, is asubtypeof producttypeT; x T,
ject:

OBJ o: TYPE {signature = <type 1> x <type 2> x .. X <type n>} =
(<obj of type 1>, <obj of type 2>, .., <obj of type n>);

to only assign the k-th field:

0:=(, .., <obj of type k> ..);
or
proj(o,k) = <obj of type k>;

record type

Syntax:
<record type> = record

{
<id 1> . <T_ 1>
<id 2> . <T 2>
<idn> . <T_n>
}

Semantics:

Mappingfrom distinctidentifier strings(labels)to itemsof certaintypes.

{gtri = T}, IndexSt =1,...,n
Vi € Indext : &trj € Sring
Vi,j €lndexSat @i # | = strj # g

Therecordelementselectionoperator’.” providesaccesso recordelementdasedon labels:

Sring x {stri = T} = UiT,
sr — T if 3r; for which str = &t
gr — fail if 1(3str; for which str = gtr;)
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Object:

OBJ o: TYPE {signature = record {<id_1>:<T 1>; <id_ 2><T 2> ...  <id_n><T_n>;}
= {<id_1>:=<obj of T 1> <id 2>=<obj of T 2> .. <idn>=<obj of T n>}

Some fields  may be left unassigned.

To only assign specific  record field <id_k>:
0 = {<id_k>:=<obj of T k>};

or

o<id k> = <obj of T k>

vector type

Syntax:

<vector type> <type> [ <dimension> <vector orientation> ]
<vector  orientation> =y

Semantics:

IndexSt — T, IndexSet =1,...,n, ne N[

We actually distinguishbetweenrow vectorandcolumnvector T[n;] meanscolumnvector;
T[n,] meangow vector Their semanticss definedoy meanf thetranspos®perator.” with
thefollowing properties:

rowedor — columrvVeaor

trangpose> trangpose= 1
The[] operatomgivesaccesdo elementof avector:

[: IndexSet x (IndexSt - T) =T
(i,veg — [I(i,veq = vedi]

Object:
OBJ o: TYPE {signature = <T>[m]} /[ column vector
= [<obj of T 1> <obj of T 2> .. <obj of T n>;
OBJ o: TYPE {signature = <T>n]} /I row vector
= [<obj of T 1> <obj of T 2> .. <obj of T n>;

To assign k-th fields of a record object:

0:=1[, .. <obj of Tk ..l
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or

ofk] := <obj of T k>

function type

Syntax:
<function  type> = <domain type> -> <image type>

Semantics:

Domain— Image

Note: the variablesof domaintype T1 andimagetype T2 may have attributes.In caseof “tra-
ditional” functions(asin C), oneof theseattributesmay specify“by value”, “by reference” or
“by name”amumentpassingandresultreturning).

Theabove funtionis a puremathematicafunctionwithout side-efects.
Theeval operatormakesthe evaluationof functionsexplicit:

eval: (Tdom X (Tdom = Tim)) — Tim
(argumets, f()) — f(argumers)
Object:
OBJ o : TYPE {signature = <domain type> -> <image type>}

= (<object of domain type>) -> <object of image type>
{ set of implementation statements  };

Example:

OBJ o : TYPE {signature = Integer x Real -> Integer x Integer}
= (0 -> (r_sum, r_product)
{ rsum := i+r; r_product = i*r};

powerset type

Syntax:
<powerset type> = set of <type T>
Semantics:

Thesetof all subset®f typeT
2Tor Pow(T)
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union type

Syntax:

<union type> union { <type T 1>, <type T 2> .. , <type T n>}

Semantics:

TLUToU:--UThy, IndexSet:{l,...,n}
Vi,jelndexSt:i# j=TNTj=0

Thedisjointnesgropertywill allow the automaticdeterminatiorof type of objectsin a union
type.
A uniontypeenablegheimplementatiorof polymorphicoperatorsif anoperatoris applicable

to auniontype (e.g.,T1 U Ty), it will take agumentsof bothtypes.Somemechanisnmustbe
providedto automaticallyselecttheappropriateperatoidefinitiondependingntheactualtype

of theargument.
reference type
Syntax:
<reference  type> = reference  <type>
Semantics:

A genericway of describingreferencego objects.The implementatiormay use pointers,or
referenceoy name.

ref : T —referencéT)
deref : referencdT) —>T

Note: currentlynotimplemented.

bracketed type

Syntax:
<bracketed type> = ( <type signature> )
Semantics:

A meanof overridingdefault type compositionprecedence.

In theabsencef (), thefollowing precedenceelationshold (high to low):

recod > sd > vedor > produd > fundion
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MSL subtyping (subsumption)

A sub-typeis obtainedby restrictingthe setof possiblevaluesan objectof thattype cantake.

<type_decl_subtyp ing > = SUBSUMEStype_name> <type decl_signat  ure >

Subsumptior(sub-typing)is implicitly usedto describethe semanticof a seriesof objectdeclarationsn
casethereare multiple objectswith identical nameg(illegal in programminganguages)This semanticss
independentf whetherthe duplicatedeclaration®ccurwithin aset{. ..} or sequence

contet. The semanticgs latestoverrides a later declarationleadsto an errorif the declarationtypesare
incompatiblelf however, thelatertypeis a sub-typeof theformer, the objecttakeson the sub-type.

MSL type extension

A type extensionis obtainedby extendingthe signatureof the type. The extendedsignaturemustbe an
acceptablextension(supertypebf theoriginal signatureCurrently theonly usedextensionis theextension
of the RECORDtypewith extrafields.Extensioncanbe donerecursvely (e.g., RECORDinsideRECORD
etc.). Optionally anextensioncanbe empty(nothinggetsadded).

<type_decl_extens ion > i
<with_signature> n=
| 'WITH" <signature>

EXTENDS<type_name> <with_signature>

Extensioncommonlyleadsto multiple objectdeclarationsvith identicalnames.The previously described
“lastestoverrides’subsumptiorsemanticss thenused Intuitively, thismeanssub-classe@discussedbelav)
may only specializgrefine)superclasses.

MSL classes

A classis in essence type with default values.The classsignatureis its type. An MSL classcan be
constructedn differentways:

e by assigningan OBJectvalueto atype

e throughspecialisatiorof an existing class.Specialisatiormay be empty(see<obj_value_stuff> ).
As a specialisatiorof a classis a subtypeof the original class,empty specialisatiorcanbe usedto
provide subtypinginformationto thetype checler.

o throughextensionof anexisting class(or type).As with types,extensionmaybe empty

<class_decl_stmt> = CLASS <class name> <description> <class_decl>
<class_decl> = <class_decl _regul ar>
| <class_decl speci  ali ses_cl ass>
| <class_decl_exten ds_cla ss>
<class_decl_regul ar> = = <signature>  <obj value_stuff>
<class_decl speci ali ses_cl ass> SPECIALISES <class_name> <obj_value_stuff>
<class_decl_exten  ds_cla ss> EXTENDS<type or_class_na me> <extend_value_stuf
<extend value_stu ff> =
| WITH <object>
<obj_value_stuff> n=
| =" <object>

>
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In AppendixB, the above definitionsareusedto constructmodellibrariesfor

e genericmodels(generic.base.msl);
e ForresterSystemDynamicsmodels(sd.msl);
e Wwastewatertreatmenmodels(wwtp.base.msl).

3.2.4 Lexical scoping

As both causaland non-causaformalismsmust be representedn MSL-USER, it is meaningfulto give
syntacticsupportfor this.

The following demonstrateshe use of lexical scopingwith both set and sequentialsemanticsin Ap-
pendix A, a small compilerimplementsthe desiredsemanticsThe compileris built usingthe compiler
compilerGentle(www.first.gmd.de  /ge ntl e/).

With lexical scoping,anobjectdeclaiation hasa certainlexical scopeextent Within thatextent,ary identi-
fier applicationwith the samenameasthe objectwill beresolved/bountb thatdeclaredobject.

Two typesof scopeextentareof practicaluse:

1. Setsemanticstheorderof declaratiorandapplicationdo not matter Theextentof adeclaratioris the
wholeenclosingset.

Below, the extent of the declarationof objectx on line (3) is the whole enclosingsetreachinglines
(1)—(6).Hence all applicationsof x areboundto thedeclaratioronline (3).

{

(1)

X (2)
OBJ x: 20 (3)

X (4)

y ()

1 (6)

Notehow in particular theapplicationonline (2) is boundto a declaratiorwhich comesafterit. This
is consistenwith setsemanticsvhereorderdoesnot matter In somesequentialanguagesuchas
PascalndC, aforward declarations neededo let thecompilerknow thatadeclaratior{or moreoften
adefinition)will follow. This extraburdento the useris toleratedasit avoidsoneextracompilerpass.
One particularusefor forward referencesn sequentialanguagess to allow cyclic referencesone
objectdeclaratiorrefersto anotherandvice versahenceno sortingof declarationsill everresole
the problem.Usingsetsemanticslleviatesthis problemasshavn in the MSL-USERexamplebelow:

{
OBJ a: Ta

OBJ b: Tb:

{ref(b),  ref(a)},
{ref(@),  ref(b)}

2. Sequentiasemanticsthe orderof declaratiorandapplicationdoesmatter Theextentof adeclaration
rangesfrom the point of declarationto the end of the enclosingsequenceBelow, the extent of the
declarationof objectx online (3) rangesover lines (3)—(6). Hence,thoughapplicationof x online
(4) is boundto the declarationon line (3), the applicationon line (2) is not within the scopeof the
declaratiorandanerrorwill bereported(unlessx is declaredn anouterscope).

[ 1)
X @
OBJ x: 20 (3)
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In bothsetandsequentiakemanticsit may happerthatan objectwith the samename(i.e., usingthe same
identifier) is declaredmore than oncewithin the samelexical scope.In the caseof sequentiakemantics
belaw,

[ (1)
OBJ x: 20 2
X 3)
OBJ x: 30 4
] ()

the declarationon line (4) is within the scopeof the declarationon line (2). In the caseof setsemantics
belaw,

{ 1)
OBJ x: 20 (2)
X (3)
OBJ x: 30 (4)
} ()

both declarationson lines (2) and (4) are in eachothers scope.ln a denotationalterminology we say
overlappingdeclaration®ccurif the intersectiorof the respectre scopeds non-empty Sucha situationis

ambiguousand possiblyerroneousandthe semanticave usein this caseis to only retain the first (asap-

pearingn thesourceext) declaratiorandto ignoresubsequerdeclarationsAlternately thelastdeclaration
couldberetained Also, awarningmessagevill beoutput.

In both set and sequentialsemanticsnestedlexical scopingis supportedHere, if an objectapplication
cannotbefoundin the currentscopethe enclosingscopeis searchedandsoon recursvely. The percieved
total enclosingscope collectingall enclosingscopess calledthe ervironment Innerdeclarationcanhide
outerdeclarationgasshavn in the examplebelow.

{ (1)
{ 2

X (3)

y (4)

OBJ x: 30 (5)

} (6)

X (7)
OBJ x: 20 (8)
OBJy. 40 (9)

y (10)

} (11)

The applicationof y on line (4) is boundto the declarationon line (9) in the enclosingscopeasit is not
foundin thelocal scope.The applicationof x online (3) however is boundto the declaratioron line (5) in
thelocal scopewhich hidesthe declaratiorof x in the enclosingscopeon line (8). Theapplicationof x on
line (7) however is boundto thedeclarationn its local scopethatonline (8).

If an applicationis not found in the local scope,nor in the ervironment(i.e., recursvely searchingall
enclosingscopesall the way to the outermostevel), the applicationcannotbe boundto a declaratiorand
anerror results.
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Thefollowing demonstratethe combinationof nestedsetsandsequenceds hevaluesof thedifferentappli-
cationsaregivenontheright handsidewith somecomments.

{
X 6 : set, x is declared below
OBJ x: 6
y 100 : set, y is declared below
[
X 6 : seq, declaration from surrounding  scope
OBJ x: 20
X 20 : seq, declaration from this  scope
{
X 30 : set, x is declared below
OBJ x: 30
y 100 : declaration from top level scope
the surrounding level has seq
semantics, thus y:200 is not declared yet
}
OBJy: 200
y 200 : seq, declaration from the line above
]
OBJ y: 100
{
X 20 : set, x is declared below
OBJ x: 20
y 100 : y from the surrounding  scope
}
OBJ x: 999
X 6 : declared in this scope
}

The questionwhy both sequentiabndsetsemanticgin combinationwith lexical nestedscoping)are sup-

porteddeseressomeattention.

1. SequentiakemanticsTo expressa sequencef operationsactions,. .. amatchingsemanticsnustbe

available. This choicewas madein mostproceduralprogramminganguagesasin thoselanguages
onewantsto expressexactly sucha sequenceSupportingsequentiakemanticsn MSL-USERallows
usto transpose pieceof procedurakcodewith the samesemanticsThis transpositionis a valuable
alternatve to calling external sequentiabtodeas, suchexternalcodecannotbe type-checkd nor can
global optimizationshe performed Above all, beingableto represensequentiasemanticallows us
to explicitly represensortedalgebraicanddifferentialequationdn MSL-USER.In mostmodelling
systemssupportingsetsof equationsthe sortedequationsanonly be seenn thegenerategimulator
code(MSL-EXEC in our case).Oneof the designrulesfor the MSL-USER compileris thatit must
be possibleto write out, in valid MSL-USER((i.e., canbe readin again),every intermediatestepin
the compilationprocess.

. SetsemanticsMany formalismsarebasedon set-theoryOften, a corecomponenbf the formalism

is a setof states,a setof transitions,a setof equationsin a DAE, etc. To meaningfully describe
suchformalismsin MSL-USER, exactly the samesetsemanticanustbe supportedNote how this

setsemanticss alsousefulin a modellinglanguagewvherethe classextensionmechanisnmmay lead
to a concatenatiorof piecesof classesvheredeclarationand useare out of order As an example
(further elaboratedn the next chapter),the terminalsof a biological model are vectorscontain-
ing MassFluxelements.The size of the vectorsis determinedby the biochemicalcomponentghe
userwantsto take into account.In our generic(massbalance)models,we want to take into ac-
countary numberof componentswhich will however only be given by the userat the momentof
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modelinstantiation.Thisis donethroughthe declaratiorof anenumeratedype TYPE Components =
ENUMH20, C0O2, S S, .. END_ENUMN thegenericmodel,we declareaninterfaceto be of type
MassFlux[NrOfCompon ent s] with NrOfComponents = Cardinality(Compone  nt s) . Thereference
to Componentss aforwardreferencevhichis perfectlyhandledwithin the setsemantics.

In the Gentlecompilerin AppendixA, two passesreused:
1. Thefirst passs usedto:

e addauniqueentryfor eachdeclaredbjectto aglobalobjectsymboltablenamedeclarations

e huild a list of declaredobjectsin eachscope.This list containsreferencego the declarations
(in the Declarations  table)within that scope.In caseof multiply declaredobjects,they are
all enteredn the list. During application-to-ddaration binding, this will be checled for. Note
how, in caseof a multiply declaredobject(e.g.,OBJ a: T_a, OBJ a: T_b), all uniqueentries
will continueto exist (we cannotdeleteentriesfrom atablein Gentle).This is despitethe fact
that we may chooseto only retainthe first declarationwhen resolvingobject “applications”.
Whenimplementingthis in anothedlanguagewe would deletethe additionaldeclarationsNote
how, whenwriting out the AbstractSyntaxTree (AST) and Symbol Table (ST), and reading
in again,the erroneousextra declarationwill have disappearedlhelist of objectsdeclaredn
a block is attachedo the AST nodefor that scope.The list allows usto traverseall declara-
tions.In the AST, every declaratiomodedeclaration(IDENT, OBJECT)is replacediy anode
decl_ref(Declaratio ns) referencinghe objectsymboltable.

2. Thesecondpassis usedto resole applicationgo declarationsln caseof a setscopethelist of dec-
larationsin thatscopeis usedto Define() thesedeclarationsn a hashtable.In caseof a sequence
scopetheactualdecl_ref() nodesareusedto Define() thedeclarationsasthey areencountered.
SeetheRESOLVE/BIND NESTEDIDENTIFIER APPLICATION TO DECLARATION&ommentdgor ade-
scriptionof the useof {Def|[Has|Undef}Mean ing to keeptrackof the valid identifiersandtheir ap-
propriatebinding at eachnestinglevel. During this passwe may wish to remove the now redundant
declaratiomodes.

3.2.5 Generic model transf ormations

As opposedo formalism-specifidransformationgliscussedn the previous chapter somemodeltransfor
mationsareformalism-independent.

Variable probes

Dueto the encapsulatiomf modelknowledge,only interfaceand parametersare externally visible. If one
wantsto inspectinternalvariablesthesewill have to bebroughtto thesurface.This canbeautomatedn the
following way (for a singlevariable):

e atomicmodel:addaterminalto themodelinterface.Produceanequatiorlinking theinternalvariable
to theinterfaceterminal.AssignOUT causalityto thatterminal.

e coupledmodel:the abore proceduremustbe performedrecursiely from the atomicmodelwherea
variableneeddo beinspectedo thetopmostcoupledmodellevel.

Manipulating parameter s

For purpose®f control,onewantsto manipulateparametersf amodel.Fromaformal standpointmanipu-
lating parametergs impossible(parameterareby definitionconstantduringa simulationrun). Thus,anew
modelhasto be constructedvherebyparameteraremigratedto theinterface:

e atomicmodel:adda terminalto the modelinterfacefor each*manipulated’parameterAssignOUT
causalityto theseterminals.Remawe the manipulatedparametergrom the parametersection.The
dynamicequationsiow implicitly referto interfaceterminalsratherthanto parameters.
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new CM = < {Model 1, Model 2, Transducer},
{Model 1.x -> Transducer.in, Transducer.out -> Model 2.y}>

Model 1 T1 T1 T2 T2 Model 2
O0—— O0——
X y
transducer

Figure3.4:InsertingTransducers

e coupledmodel:theabore proceduranustbe performedecursvely from theatomicmodelwhosepa-
rametersieedto migrateto the interface,upwards.Therefore parametecouplingequationglinking
parametersf a coupledmodelandits sub-modelsheedto be updated.

This transformatioris implementedn the MSL-USERcompiler
Transducer s

For acoupledmodelto be meaningful the TYPE of connectedub-modeterminalsmustmatch.Onemight
for exampleconnectadiscreteoutputto a continuousnputor a distanceoutputin metergo adistancanput
in inches.In both casesthe introductionof a “transducemodel” (Figure 3.4) is meaningful.In the abore
examplesaninterpolatotransduceanda unit convertingtransducecanbeused Notetheactualchang in
the coupledmodelCM: anextratransducemodelhasbeenaddedresultingin a new coupledmodel.

A commonuseof transducerin WWTP modelsis in couplingbetweermodelswhich useequialent(but
different)setsof interfacevariableqe.g., massandvolumevs.concentration).

Model invariants

Whenexpressinga modelin termsof algebraicanddifferentialequationrelationsbetweenstatevariables,
oneimplicitly assumeshe modelis independenof all possiblephysicalvariablesnotincludedin the state
variablelist. Other modelscoupledto this model may be dependenbn suchvariables(say variableT).
Obviously, couplingof two suchmodelsis notpossible Thesolutionis to augmentheinterfaceof themodel
independendf T with a Tinterrace terminal. Internally a variable T andthe trivial pass-througlequations
T = Tinterfacen @Nd Tinterfaceow = T areadded.This explicitly representshe models invarianceof T. This
approachs preferredover the useof “global” variables.

In WWTPs,the mostcommonpass-throughariableis temperature.
Flattening coupled models

Throughmodelflattening,a concretehierarchicalmodelis transformednto anatomicmodel. This mono-

lithic atomicmodelis fit to be executedusinga simulationkernelappropriatefor thatatomicmodels ab-

straction.Model flatteninginvolvesthe recursve replacemenof coupledmodelsby a flattenedversionof

their underlyingsub-modekonfigurationsThis flatteningis requiredasthe semanticof a coupledmodel

is merelyrelatedto sub-modeidentity andcouplingandnot to dynamicbehaiour (which is only present
in atomicmodels).Thus,flatteningof a coupledmodelconsistingof only atomicmodelswill resultin one

atomicmodelof the sametype asall the sub-modelsThis atomicmodel(a large setof algebraicandordi-

nary differentialequationsn our case)will allow for numericalsimulationof the dynamicbehaiour. The

mechanisnof closurein caseof DAE modelsconsistof:

¢ nameunification:makinglocal sub-modehamegylobally unique(e.g., by prefixingthe uniqguename
of thesub-model).
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e concatenationf sub-modekquationsThis simpleapproachs possiblethanksto theclosureproperty
of the DAE formalism(concatenatiof DAE modelsis againa DAE model).

3.3 Meta modelling

In the following, we describethe conceptof metamodelling modelling at a metalevel the variouscon-
ceptsusedin differentformalisms.It is believed metamodellingwill allow for the automatedtonstruction
of highly specializednodellingandsimulationtools. The genericityof MSL-USERwasafirst stepin this
direction.In whatfollows, the conceptof multi-pamdigmmodellingasa generalisatiorf multi-formalism
modellingis introduced Focusis on controlengineeringapplicationsa domainin which the needfor dedi-
catedmodellingandsimulationtoolsis high.

Theanalysisanddesignof engineeredgystemsnvolvesexpertisefrom mary disciplinesandentailsavariety

of implementationtechnologiege.g., embeddedoftware, microelectromechanicalystemsanalogcircuits,

anddigital circuits). The hetengeneousnatureof thesesystemsnvariably combineswith an architecture
of different concurrentcomponentghat interactthroughcontinuoussignalsor discretemessaggassing.
The correspondingompleity hasled to the useof moreformal approacheso systemdesign.Dedicated
modellingformalismsareappliedto differentaspectand/orcomponent®f the system.Consequentlythe

completesystemspecificatiorprocessombinesseveralmodelling,designimplementationandrealization
formalismssuchasdifferentialequationmodelling, continuoustime signal processinganddiscreteevent

controllers.Decompositiorof the entire specificatiortaskallows teamsof expertsto concurrentlywork on

their domainof expertisee.g., controllaw design,simulation,optimization,modelling,andverification.

To comprehensely handlesystemdesignin sucha heterogeneousnvironment,multiple approachebased
on differentparadigmshave to be combinedin thefollowing, the definition by Nordstromis used[Nor99]
“A modellingparadigmis a setof requirementghat governshow any systemin a particulardomainis
to be modelled. Thesemodelling requirementspecify the typesof entitiesandrelationshipshat canbe
modelled;how bestto modelthem;entity and/orrelationshipattributes;the numberandtypesof views or
aspectsiecessaryo logically andefficiently partitionthe designspacehow semantidnformationis to be
capturedby, and later extractedfrom, the models;ary analysisrequirementsand,in caseof executable
models run-timerequirements.

A tool that “understands’eachof the correspondindormalisms(i.e., hasa modelof them)canbe usedto
ensureconsisteng betweendifferentformalisms,allow for quick adaptatiorto changingneeds gxchange
information,andefficiently provide tailored modelling ervironmentsthat are maximally constrainedvith
respectto the domainof operation.For example,a designedcontrol law that is automaticallytranslated
into its implementationi.e., the hardwarebinding.Herethe controllanguagdocuseson stability andother
controlcharacteristicsyhereagheimplementatiorhasto dealwith issuessuchasschedulabilityreliability,
and security which requiresdifferentanalysisformalisms.If consisteng and crosscouplingacrossthese
languagess ensuredijmplementationchoices(e.g., the “time for space”trade-of) can be corveniently
cornveyedbackto the controldesignengineer

Multi-paradigmmodellingis also critical for reconfigurablesystemsasthe supervisingmechanismghat
combinewith a flexible control architectureare basedon different modelling formalisms(even different
plantmodels),andneedto integratewith the controlarchitectureOnesolutionis modelintegratedcomput-
ing [SKB*95], which allows changesn the systemmodel/specificatiomndtranslategheseautomatically
into software(or evenreconfigurehardwvare).

Control systemdesignis achieved by using mary software tools, sophisticateddevelopmenttechniques
andmethodologieselying on library componentgandautomatigcode)generatiorapproachesSpecialized
computerautomatedools for eachof thesedomainsare very helpful or even indispensabldo carry out
the relatedtasks,asthe processof control designrequiresthe integration of, e.g., modelling, simulation,
controllaw design,dynamiccontrollaw integrationwith safetyandredundang managementontrollogic
(e.g., suneillancefunctionality), and control robustnessassessmentypically, thereis no singletool that
addressesll theseissuesand, therefore,a suite of tools is usedthroughoutthe designprocessBecause
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thesetools hardly ever are compatible the sharingand coordinatingof informationflow betweenproject
teamsinevitably leadsto alot of overheadn termsof collaborationandis very errorprone,inefficient, and
expensve. Moreover, similartasksmaybe carriedout multiple timesandeven simultaneously

All theseissuesare addressedby adoptinga metamodellingapproachio dataexchangelCom94 Ern96
EWO0O, Fis99 andmodellingparadigmandervironmentspecificatiofEKO0, KNLS00]. Here,anovervien
is provided of the useof metamodellingconceptsasusedin control systemdesign.Section3.3.1reviews
the specificatiorrequirement$or multi-paradigmmodellingenvironments. Section3.3.2discusseshe use
of agenericunifying language Section3.3.3givesanovervien of analternatve approachthe useof meta
modelling,andshawvs how this supportsthe requiredflexibility andspecificity neededor multi-paradigm
modelling.

3.3.1 Modelling environment requirements

To facilitatecomputerautomatedcontrol systemdesign,modelling,andanalysis computerasedernviron-
mentsneedto be available that aretailoredto the particulartask at hand.The mostefficient andflexible
approachs to modelthe modelling ervironmentand automaticallygeneratea completespecificationthat
canbedirectly compiledinto anintegrateddevelopmentervironment.This requiresthe specificationgo be
well structuredto definethe precisesyntaxandsemantic®f alanguageandto not be mixedwith language
implementatiordetails.

A cleanseparationn conceptdeadsto [Gro99h Nor99:

1. Syntacticspecificationghat can be divided into (i) the concretesyntax,which capturesthe actual
representatiore.g., atextual languagespecifiedoy Backus-NauiForm (BNF) constructsand(ii) the
abstracsyntax,thelanguagesyntaxdevoid of implementatiordetails,which allows for therepresen-
tation of the essentiatonstituent®f aformalism.

2. Semanticspecificationghat may include modelcompositionconstraintgo capturedomainspecific
conceptsand constraintsThesecan be classifiedas (i) static semanticghat canbe checled during
modelcomposition(e.g., in logic circuits the numberof loadingcomponentsllowed to connectto
oneoutput),and(ii) dynamicsemanticghat canonly be checlked during execution(e.g., whethera
certainstateis reached)More generally dynamicsemanticeencompassethe semanticof model
execution.The distinctionbetweenstaticanddynamicsemanticss not relatedto representatiorjut
ratherto the availability of sufiicient informationto asserthe validity of certainconstraintsbefore
modelexecution.If thisis notthe casethe constraintsieedto be passewn to a modelexecutionen-
vironment.Suchconstraint€anberepresentedh themetamodelstructureor by aconstrainfanguage
(e.g., first orderpredicatdogic).

3. Presentatiorspecificationghat are critical for specificationof the completemodellingenvironment
andthatspecifytheappearancef entities,relationshipsandattributes.

4. Interpreterspecificationsvhich arenecessarjo extractinformationfrom eachof themodelsto allow,
e.g., documentatiomndexecution.As such,it is a concreteealizationof dynamicsemantics.

The first two specifythe modellinglanguageandthe latter two completethe specificationof a modelling

ernvironment.In agraphicallanguagethe syntaxis a collectionof modellingobjecttypes,possiblerelations
betweenthem, and their allowed attributes. Static semanticgertainto the well-formednes®f language
constructsandthey represenaininvariantthatmusthold acrosshe family of modelsthatcanbe designed
usingthe modellinglanguage Dynamic semanticgelateto the interpretationof the modelconstructsand

cannotbe specifiedby languageconstructs.

3.3.2 Multi-paradigm modelling with a generic standar d

Oneapproacho dealwith theissuesof tool interoperabilityandmulti-formalismapproachess to develop
aunifying genericstandarde.g., Modelica|EBB*99] andVHDL-AMS [Gro994. If sucha standardallows
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for theuseof multiple formalismsin oneervironmentit correspond$o a unifying supefformalismthatcan
beusedfor modelexchangeandcanmitigatethe interoperabilityproblems.

Becausef the variety of formalismsthat addresglifferentaspectandtypesof specificationthatareused
throughouta systemdesignlifecycle, if at all possible,it is difficult at bestto establishone suchgeneric
formalism. For example, it would have to include the rather different syntax, semanticsrepresentation
and interpretationspecificationsf dataflow diagrams,control flow diagrams formalismssuchas state-
charts,Grafcet,and Petri Nets, physicalmodelling formalismssuchas bond graphsand objectdiagrams,
block diagrams,and processdiagrams[DA92, Har87, HP88 KMR90, Mur89]. For example,in termsof
their interpretation,computationaimodelssuchas differential equations state/gent, discreteevent, syn-
chronous/reacte, and(a)synchronoumessag@assingDGG" 99| areused.To captureall of thesewould
requireoneunderlyingcomputationamodelthatsubsumeall others However, modellingis notjustaques-
tion of whetherit is possibleto represensystemknowvledgewith a certainformalism,it critically depends
onwhetherit canbedoneeleggantlyandintuitively [Lee99 LLOO].

A standardunifying formalism works well if the areaof applicationis suficiently restricted[MML99,
MOE9§. For example,Modelicaconcentrate®n physicalsystemmodellingandbuilds on the combined
differentialequationandstate/gent computationamodels.This allows for acomprehense languagewell
suitedto its purposeHowever, becausét doesnotseparat@abstractrom concretesyntax,it mayresultin an
overly rigid formulation.For example,the abstracsyntaxof aniteratorconstructcontainsaninitial value,
final value,andstepsize.A designdecisionis requiredwhetherto usethe concretesyntaxthatcorresponds
to i=0: 10: 2 or to usei=0: 2: 10. This choicewill be incompatiblewith particulardomainsand causean
increasedhresholdo acceptancef thestandardNotethatit is impossibleo allow bothvariantsacommon
solutionin caseof suchdesigndecisionswhich leadsto a bloatedlanguagespecification.

The useof standardgelies hearily on the conceptof libraries,i.e., setsof predefinedcomponentgypi-

cally relatedto aspecificdomain.Eachlibrary embodies particularmodellingparadigm.This impliesthat
ary oneparticulardesigntool is requiredto containa compilerfor eachof the includedformalisms,even
thosenot applicableto the particulartaskat hand.Also, in Modelica,the presentatiorsemanticaredisso-
ciatedfrom the languagesyntaxand semanticsTherefore the choice betweendifferent visualisationsof,

for examplean electricalresistor is possibleby constructingwo separatdibraries.Becauseof theinheri-
tanceconstructeachof thesecomponentganinheritthe samefunctionality only specializinghegraphical
appearanceadowever, if oneimportsanelectricalcircuit designedvith aparticuladibrary, thegraphicalpre-
sentationis fixed,i.e., noautomatidransformatiorio the desiredoresentatiormccursbecaus@o knovledge
is availableof whataresistoris.

Theuseof astandardvorkswell for modellingaffinitive domainsin caseof Modelica,thisis thestructureof
aphysicalsystemBehavioural models,suchasblock diagramsandstatechartsiequirea graphicalnotation
and semanticghat may differ significantly and, therefore,may be hardto capturein the standard.For
example,in physicalsystemsmodelsbasedn enegy flow have no computationatausalityand,therefore,
therepresentatiodoesnot concerrdirectionof connectionsln block diagramspntheotherhand,causality
of inputandoutputsignalss inherentTypically, thisis indicatedoy adorningtherelationwith anarrovhead.
The semanticof this cannotbe easilyaddedto a hon causalrelation.For example,in the Modelicablock
diagramlibrary, therelationsarestill noncausalandtheinput-outputbehaiour is specifiecby theconnected
objects.This specificationis not relatedto the graphicalrepresentatiorthough.So, for eachport instance
it is specifiedseparatelywhetherit operateson input, output,or both. The graphicalrepresentatiothenis
dravn asanarravheadwithout this having a directimplicationon thesemantics.

In conclusion theflexibility requiredfor a standardcalls for increasinglygenericconstructssuchasundi-
rectedrelations Furthermoregiventhatthelanguagaeedso besuficiently powerful to specifyamultitude
of formalisms,jts genericitymakesit hardto usefor specificanalysesandit becomedardto prove certain
characteristicef a model.Also, suchlanguagesypically lack a constaint language to limit the family of
modelsonehasto dealwith. Rathey constraintsare hard codedinto the modelcompiler For example,the
requirementhatan electricalcircuit includesat leastonegroundnodecannotbe specified. This allows for

anentireclassof electricalcircuits (infinitely mary) that canbe modelledbut cannotbe executed Finally,
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t > 2/alarm
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Figure3.5: A statetransitiondiagrammodel.
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Figure3.6: A modelof statetransitiondiagrammodels.

therigidity of sucha genericstandardnalesit hardto keepup with the stateof the artanddisallons users
to defineadditionalmodelspecificationghatthey needin orderto solve their specificproblems.

3.3.3 Meta modelling

A provenmethodto achieve therequiredflexibility for amodellinglanguagehatsupportsnary formalisms
andmodellingparadigmss to modelthelanguagstself. This is exemplifiedby, amongothersthe domain
modellingernvironment(DOME) [Hon99, EK00] andthe multigraph architectue (MGA) [SKB*95]. Toil-
lustratethis notion,considerthe statetransitiondiagramin Figure3.5.Whenin the ON state atransitionto
OFF occurswhenthe conditiont > 2 is true andthis generatesin alarmaction The state transition,con-
dition, andactionelementsarepartof ary statetransitiondiagramandtheir dependenciesanbe modelled
asshawn in Figure3.6. This modelspecifiesa family of statetransitiondiagramswyhereeachinstantiation
hasstateghatareconnectedy transitions Eachstatecanhave ary numberof exit transitionsjndicatedby
thel: 1 andl: N cardinalityonthedownwardarrow in thefigure,i.e., eachstatecanhave betweenl and
N transitionsandeachtransitionhasto exit betweenl and1 stateq(it hasto be connectedo oneandonly
onestate),whereN representinfinitely mary. Eachtransitioncanenteronly onestateandeachstatemay
have any numberof enteringtransitionsindicatedby the cardinality on the upward arron. The transitions
betweerstateshave two attributes,oneconditionthatallows the statetransitionto betakenandoneoptional
(indicatedby the O : 1 cardinality)action.

Themodelin Figure3.6 canbeusedto specifydifferentstatetransitiondiagramformalismse.g., theaction
attribute can be mademandatoryfor eachtransitionby changingthe cardinalityfrom 0: 1to 1: 1. Fur
thermore actionscanbe associateavith statesaswell andhierarchicalstatemachinesanbe modelledby
giving eachstatea stateattribute (i.e., arelationwith itself).

Sucha model of the modellinglanguages called a metamodel. It prescribeghe possiblemathematical
structuregformalisms)thatcanbeexpressedn themodellinglanguageandcanbetailoredto specificneeds
of particulardomains Fromthe metamodelspecificationthe modellinglanguagecanthenbe instantiated
automatically This requiresthe metamodel modelling formalismto be suficiently rich and supportthe

constructsneededo definea modellinglanguageTo allow for easyextension,the metamodelmodelling

formalismcanbe modelledby a metametamodel. This metametamodelspecificationcaptureghe basic

elementghatcanbeusedto designa metamodelmodellingformalism.In casenew conceptaindstructures
arerequired thesecanbe corvenientlymodelledat a metametalevel.

For example thestatetransitiondiagrammetamodelin Figure3.6is limited to thefamily of statetransition
diagramsThisrestrictioncanberemoved by modellingthe modelof statetransitiondiagramsn Figure3.6
by the metametamodelin Figure 3.7. It containsan abstractrepresentatiomf the mechanismghat are
part of the statetransitiondiagramsmetamodel, i.e., entities (states transitions),attributes (actionsand
conditions),andrelationsbetweenthem. This metametamodelgroupsentitiesandrelationsby an object
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Figure3.7: A statetransitiondiagrammetametamodel.
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Figure3.8: A Petrinetmodel.

modelcomponenandeachof themoptionallyhasary numberof attributes.It alsoshawvs thateachrelation
connectdo oneentity asits sourcemarkedsrc) andoneentity asits destination(markeddst), and,therefore,
directedlinks canbe used.The metametamodelspecificationlanguagehasto consistof entities,attributes
to specifythe cardinalityandrelationsto specifythe threetypes,(i) sourcerelations(src), (ii) destination
relations(dst), and(iii) attribute relations(atr).

Giventhemetametamodelin Figure3.7,abroaderfamily of metamodelscanbedescribedFor example,a
Petrinetasillustratedin Figure 3.8 consistof places(shavn astransparentircles)andtransitions(shavn
assolid rectangles)Eachplacehasconnectiongo transitionsandeachtransitionto places A transitionmay
have a conditionandwhenthis conditionis trueandall its input placesj.e., placeshatarethe sourceto the
transition,containatoken (shavn asablackdotinsideaplace),it mayfire (thecorrespondingransitionmay
beexecuted) ThePetrinetsmetamodelshavn in Figure3.9specifieplacesandtransitionghatcanconnect
to oneanotherFurthermorethe tokensare specifiedas optionalattributesof a placeandconditionsasan
optionalattribute of atransition.Thefamily of Petrinetsthatcanbeinstantiatedrom this metamodelallows
placeswith multiple tokens.However, in somemodelling paradigmspnly onetoken per placeis allowed,
which canbe corveniently changedn the metamodel by specifying0 : 1 cardinality and,consequently
constrainingthe family of Petrinets.Note thatthis representd®oth a staticanddynamicconstraint When
the Petrinetis initialized, it canbe ensuredoy the modeleditor that eachplacehasbeenassignedit most
onetoken.However, adynamiccheckis still requiredwhetherthis constraintis violatedduring execution.

:N‘ 1:
Token ‘a Place

1:1] 41:1
O:Ny |1:1
Connection
1:1| *0:N
0:1‘ 1:1 1Ly 10
Condition ‘a Transition

Figure3.9: A modelof Petrinetmodels
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Level Description Example

metametamodel Modelling language Relation  hasDestination Entity
for specifyingmetamodels

metamodel Modelling language State connectsTo  Transition
for specifyingmodels,
aninstantiationof ametametamodel

model Themodelof anobject when t > 2 transition from ONto OFF
(which couldbeamodel),
aninstanceof ametamodel

0<t<2 alarm=F

objectdata An instanceof amodel
t>2 alarm=T

Table3.1: Fourlayermetamodellingstructure.

In additionto the elementsof the graphicallanguagepften a constaint language is facilitatedby a meta
modellinglanguagédo specifydomainspecificconstraintghatarehardto incorporateotherwisein themeta
model. This languagecanbe usedto rule out semanticallyincorrectmodelsandgreatlyreducethe family
of modelsthatcanbe modelled[Nor99]. For example,a modelof a family of Petrinetscouldincludethe
constraintthat thereshouldnever be more thanten tokensin the net (to modela resourcedimit) by an
additionalspecificatioriToken.allinstances ->size < 10.

The outlined metamodellingapproacHeadsto the four layer structurein Table 3.1 [Gro994. The object
datarow representshe datageneratedrom a particularmodel, e.g., the simulationresultsof a physical
systemmodelin thetime domain.Thesedataareoneinstanceof the setof datathatcanbe generatedby the
model. Themodelrow representtheparticularmodelsuchasthestatetransitiondiagramin Figure3.5.At a
metalevel, the metamodelrow represents classof models.e.g., the modelof thefamily of statetransition
diagramdn Figure3.6. This metamodelis describedby alanguagedhatis specifiedoy a metametamodel,
themetametamodelrow. This couldbethemodelin Figure3.7.

The apparentadwantageof this approachis the tremendoudlexibility that canbe achieved. Considerthe
iteratorconstructdiscussedn section3.3.2.At ametalevel it canbe specifiedto consistof aninitial value,
final value,andstepsize,but the concretesyntaxcanbeinstantiatechsdesired.This doesnot affect the ab-
stractsyntaxnor the semanticsthough,andexchangeof modelswith this constructs inherentlysupported.
Moreover, the concretesyntaxof the iterator constructwill be automaticallyadaptedo the desiredform
whenloadedby a differenttool.

This flexibility is alsomanifestedn the easewith which new formalismscanbe designedBy adaptingthe
modelof a modelling formalism,andautomaticallygeneratinga prototypeof the modellingervironment,
designchoicescanberapidly evaluated Furthermoreif the samelanguagdor metamodelspecifications
used,consisteng betweendifferentformalismscanbe achieved. For example,if a componenin a block
diagramhascertainoutputsignals thesevalueshave to be computednternally In casethe particularcom-
ponentis modelledby a statetransitiondiagram the outputof this modelhasto correspondvith the block
diagramoutputat a higherlevel.

To allow deeperspecificationof the semanticof a modellingformalism,in particularof the dynamicse-
mantics,it is usefulto expresshow a modelstructure(metamodel)canbe mappedonto othermodelstruc-
tures.An invariantof this mappingmustobviously be the modelledsystems$ dynamicbehaiour. Exam-
plesof mappingsarethe transformatiorbetweera Bond Graphanda correspondingystemof differential
andalgebraicequationg DAE), or betweena Statecharandan equivalentDEVS model. Thesemappings
or modeltransformationsre the basisfor symbolic modelanalysisaswell asfor automatic(simulation)
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Experimentation Environment

Modelling Environment

Figure3.10: The WEST++modellingandsimulationprocess

codegenerationPossibleformalismtransformationganbe chartedin a FormalismTransformationGraph
(FTG)[Vvan0q.

3.4 The WEST++ modelling and simulation environment

WEST++[VCV98], originally an acrorym for “Wastewater treatmentErnvironmentfor Simulationand
Training”, is a distributed ervironmentfor modelling and simulation.Currently it is mostly usedfor the
study (analysis,optimal design,andcontrol) of bio-actvatedsludgewastewatertreatmentlants.The en-
vironmentis generichowever andsupportamultiple formalisms,mostnotably ForresterSystemDynamics
andDAEs. It is alimited implementatiorof the GMSA describedn thefirst sectionof this chapter

WEST++malkesastrictdistinctionbetweermodellingandexperimentationThereasorfor thisis not only
modularity but alsoto have the ability to substitutesitherthe modellingor experimentatiorervironmentby
differenttools.Furthermoreaseparatexperimentatiorervironmentmakesit possibleo deploy asimulator
without sharingmodelknowledge,whichis oftennecessaryn acommerciakcontext.

The modelling and simulationprocessas supportedby WEST++ is depictedin detail in Figure 3.10. It
shaws the flow of informationthroughthe system It alsoshavs how the Modelling Environmentrelatesto
the ExperimentatiorEnvironment.In WEST++,thefollowing informationis usedin theform of files:

e *msl: MSL-USERmodeldescriptions.

e *.C and*.h: MSL-EXEC modeldescriptions.

e *.0: CompiledMSL-EXEC models.

e *.a: Archive of compiledMSL-EXEC models.

e *.50: dynamicsharedbbjectversionof compiledMSL-EXEC modelsarchve.
e * MSLU.tcl: Informationextractedfrom a*.msl file for usewith the HierarchicalGraphEditor.
¢ * HGE.tcl: HierarchicalGraphEditor configuratiorfile.

e * HGE.lib.tcl: HierarchicalGraphEditor library file.

e *.exp.tcl: Experimenterconfigurationfile.

e *.simul.tcl: Simulatorconfiguratiorfile.

e *simul.in.txt: Simulationvariableinputfile.

e *.simul.out.txt: Simulationvariableoutputfile.
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HGE : MSLU

Cinfo

Figure3.11:Modelling Environmentdependencies

*.optim.tcl: Optimiserconfiguratiorfile.
*.optim.cost.in.txt:Optimisermeasuremerdatainput file to be usedduring costcalculation.
*, optim.cost.out.txtOptimisercostoutputfile.

*,optim.log.out.txt:Optimiserlog outputfile.

*.plot.tcl: Plot configuratiorfile.

Apartfrom theabore list of files containinginformationusedby the systemggachmacro-modulalsohasa
resourcdile which shouldresidein the users homedirectory:

Crc.tcl: Usedby thelnfo Sener, theLog Senerandall othermacro-modules.
HGErc.tcl: Usedby the HierarchicalGraphEditor Sener.

plotrc.tcl: Usedby the Plot Sener.

exprc.tcl: Usedby the Experimentatiorbener.

optimrc.tcl: Usedby the OptimisationControl Sener andthe OptimisationEngineSener.
simulrc.tcl: Usedby the SimulationControl Sener andthe SimulationEngineSener.

3.4.1 Modelling Environment architecture

The WEST++Modelling Environmentcurrently allows for the translationof MSL-USER modeldescrip-
tions into MSL-EXEC codeand for the creationof coupledmodelsin a graphicalway. It operatesn a
distributedfashionandis madeup of anumberof so-calledmacro-modulesThesemacro-moduleareself-
containedand have a well-definedfunctionality They communicatdby sendingmessagesver a TCP/IP
network. All macro-modulearemadeup of ahyperwishanda setof Tcl sourcegOus94. A hyperwishis a
Tcl interpretetin which oneor moreextensionshave beenregistered.Theseextensionshave eitherbeenob-
tainedvia the public domainor wereimplementedspecificallyfor WEST++.Theimplementatiodanguage
for Tcl extensionds C/C++.

The translationof MSL-USER modelsinto MSL-EXEC codeis donethrougha stand-alongre-compiler
whereagshecreationof coupledmodelsusegheHierarchicalGraphEditor Sener. Themacro-modulallows
oneto graphicallyconstructa coupledmodelout of othermodels(atomicor coupled)andto generatéVSL-
USERcodefor these.

Figure3.11shavsthedependenciesetweerthemacro-modulesArrows pointto thosemacro-modulesne
particularmacro-modulelepend®n. This meanghatthedependeninacro-moduleannotoperateproperly
aslongasthemacro-moduleg depend®narenotfully available.Currently the Modelling Environmentis
fairly simplecomparedo the ExperimentatiorEnvironment.It only consistof aninfo Sener, aLog Sener
andthe HierarchicalGraphEditor (HGE). The WEST++ Modelling Environmentmacro-modulesre the
following:
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Figure3.12:HierarchicalGraphicalEditor (HGE) Entity-Relationshiiagram

¢ Info Sener (Cinfo)
This sener keepstrack of the whereabout®f all otherseners. It is the only sener which contains
global information. In casea new sener is started,it will always first register itself with the Info
Sener.

e Log Sener(Clog)
The Log Sener monitorsall messagesentover the network from one sener to another The Log
Seneris ableto filter out messagewhich satisfycertaincriteria. Thesearethensentto alog file. The
Log Sener is alsoresposibldor managingnformationalmessagesyarningsanderrors.The latter
threemessagemay be mappedunderusercontrol,ontodisplayin alog, displayin a popupwindow,
andterminationof the completeervironment.During differentphaseof the WEST++development
(prototyping,testing,deployment),differentmappingsvereused.

e HierarchicalGraphEditor Sener (HGE)
TheHGE s a generic highly configurablenteractve graphicaltool for the constructiorof annotated
graphsGraphsaredatastructuresonsistingof nodesandedgesThe HGE canbetunedfor aspecific
formalism/applicatiorby settingup a library with configurationdor thatapplication.Suchlibraries
canbe loadedfrom within the HGE and immediatelychangethe entire behaiour of the tool. In
WEST++,the HGE is mostly usedfor the constructionof coupledmodels.For this purpose,jcons
representingomponentsreplacedon acarvasandinterconnectedSubsequentjymodelsarechosen
for eachcomponentandthe appropriateconnectionvariablesarelinked. The coupledmodelcanthen
beexportedasaMSL-USERdescriptionFigure3.12depictsheHGE's Entity-Relationshiiagram.
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Figure3.13: ExperimentatiorEnvironmentdependencies

3.4.2 Experimentation Environment architecture

The WEST++Experimentatiofervironmentcurrentlyallows for the simulationandoptimisationof models
describedn the DAE formalism.Justasthe Modelling Environment,it operatesn adistributedfashion.

Figure 3.13shavs the dependenciebetweenthe macro-modulesArrows point to thosemacro-modules
particularmacro-moduledependson. This meansthat the dependentnacro-modulecannotoperateprop-
erly aslong asthe macro-modulest dependson are not fully available. The WEST++ Experimentation
Environmentmacro-modulearethefollowing:

Info Sener (Cinfo)

Sameasfor theModelling Environment.

Log Sener (Clog)

Sameasfor theModelling Environment.

SimulationEngineSener (SimulEngine)

The SimulationEngineSeneris capableof simulatingthemodel,encodedn MSL-EXEC (generated
by the modelcompilerfrom MSL-USER),which hasbeenlinked into the SimulationEngineSener
itself. Simulationdataareeithersentto file or to the Plot Sener.
SimulationControl Sener (SimulControl)

The Simulation Control Sener actsas an interface betweenthe SimulationEngine Sener andthe
outsideworld. In mostcasest will sendincomingmessagedirectly to the SimulationEngineSener.
It is neededsincetheroutinesof the SimulationEngineSener arenotre-entrant.
OptimisationEngineSener (OptimEngine)

TheOptimisationEngineSenerwill iteratively startsimulationsusingcertainparameteraluesin or-
derto optimisea certaincriterion. To accomplishthis, it hasto interactintensvely with the Simulation
ControlSener.

OptimisationControl Sener (OptimControl)

The OptimisationControl Sener actsas an interface betweenthe OptimisationEngine Sener and
the outsideworld. In mostcasest will sendincomingmessagesdirectly to the OptimisationEngine
Sener. It is neededsincetheroutinesof the OptimisationEngineSener arenot re-entrant.

Plot Sener (Plot)

ThePlot Sener is ableto openmultiple windows andplot oneor moreline graphsin eachof these.
It doesnot have adatageneratoandis thereforetotally dependentn othersenersfor thegeneration
of data.
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Figure3.14:ExperimentatiorEnvironmentCalls

e ExperimentatiorsSener (Exp)
This ExperimentatiorSener is the topmostmacro-modulelts graphicaluserinterfaceallows oneto
managehe SimulationandOptimisationSenersin auserfriendly way. It doesnotaddary additional
functionalityto the system put simply makesexisting functionality easierto use.

Figure3.14shawvs the experimentatiorcall graph,which encapsulatethe simulatoraswell asthe optimiser
call graph.Setupaswell asstart,stopandcontinuecommandsare sentto the Experimentatiorandsubse-
guentlypasseabn to theappropriatenacro-modulelependingonthe experimenttype.In caseof simulation
experimentscommandsrepassen to the SimulationControlSener, in caseof optimisationexperiment,
commandarepassedn to the OptimisationControl Sener.

Figure 3.15 shaws the simulators call graph.The simulatoris configuredby sendingsetupcommandgo
the SimulationControl Sener. Thesecommandsare directly passedn to the SimulationEngine Sener.
Thesamegoesfor the commandsvhich instructthe simulatorto startandcontinueits processingThe stop
commandust setsa flag insidethe SimulationControl Sener. During execution,this flag will be checled
every now andthen by the Simulation ExecutionSener. If the latter noticesthat the flag is set, it will

abortits execution.Whenthe simulationexecutionis completelyaborted a notificationsignalis sentto the
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Figure3.15:Simulationcalls

SimulationControlSener. During simulation,dataaresentto the Plot Senerwhichis assumedo have been
configuredat an earlierstage Configurationof the Plot Sener hasto occurin a directway, andnotvia the
SimulationControl Sener.

Figure 3.16 shaws the optimisers call graph,which encapsulatethe simulatorcall graph.Settingup the
Simulation Engine and OptimisationEngine Seners hasto be done by sendingsetupcommandgo the
SimulationControl and OptimisationControl Seners. Thesearethenpassedn to the engines.The Opti-
misationControl Sener canonly receve startandstopcommandsthe continuecommands not supported.
Startcommandsredirectly passedn to the OptimisationEngineSener, stopcommandsimply setaflag
within the OptimisationControl Sener. During optimisation this flag is checled after eachsimulationrun
by the OptimisationEngineSener. Whenthe abortionof anoptimisationin completeda notificationsignal
is sentto the OptimisationControl Sener. Simulationsare startedby the OptimisationEngine Sener by
sendingstartcommandsgo the SimulationControl Sener. The OptimisationEngine Sener consequently
checksthe SimulationControl Sener’s busyflag in orderto seeif the simulationis still running.Notethat
the SimulationControl Sener doesnot sendary notificationto the OptimisationEngineSener whenthe
simulationis completedThisis becaus¢he simulatordoesnotknow by which senerit is called. The Opti-
misationEngineSener alsosendsdatato the Plot Sener during optimisation.The Plot Sener is supposed
to be setup properlybeforehandin a directway. Figure3.17 shavs the Plot Sener’s Entity-Relationship
Diagram.

Summary

In this chapterwe have presented GenericModellingandSimulationArchitecture(GMSA). Thisarchitec-
ture subsumeslistributed simulationarchitecturesuchasthe High Level Architecture(HLA), andfocuses
onthelife-cycle of modelsasmuchason simulation.Simulationis afterall justasmallpiecein theoverall
modellingandsimulationaidedproblemsolvingenterprise.

Modelsconstitutethe core of any modellingand simulationsystem Modelling languagesirea meansor
modelcommunicatior{exchangeandre-use) Thedesignandimplementatiorof the non-causalformalism-
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neutralmodellinglanguageMSL-USER s described Sincethe conceptionof MSL-USER, the Modelica
language whosedesignis partly a spin-of of the SiE Basic ResearchNorking Group and incorporates
featuref MSL-USER,hasbecomeadefactostandard.

The authors most recentwork is focusedon the unification of multi-formalism modelling with meta-
modelling.In meta-modellingmodellinglanguagesrethemselesmodelled.

The MSL-USERmodellinglanguageandits link-level counterpartMSL-EXEC, areusedin the WEST++
distributed, interactve modellingandsimulationervironmentdescribedn the last sectionof this chapter
ThoughWEST++wasoriginally designedvith trainingof WasteWaterTreatmen®Plant(WWTP) operators
in mind, it is in factagenerakrnvironment.This genericitynow provesusefulin the studyof moreandmore
aspectef WWTP behaiour (includingintelligent,modelbasedoredictive control)in anincreasinglybroad
contet (includingriver andseawers).

In thenext chapterthe WWTP caseis elaborated.
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WWTP Modelling and Simulation

This chapterintroducesa full-scale case-studwf the conceptpresentedn previous chaptersthe analysis,
design,controlandoptimizationof bio-actvatedsludgewastewatertreatmenfplants(WWTPs).Here,the
focusis on the structureddesignof a library of re-usablemodelsin the modellinglanguageMSL-USER
ratherthanontheactualresultsof thesimulations For detailedsimulationresults we referto alargenumber
of full-scaleWWTP analysisanddesignexerciseswvhich have usedthe WEST++modellingandsimulation
ernvironment[VCV98] bothat BIOMATH andin industry[RVM T00, CPV*98]. Increasingly WEST++is
usedto studytheplantproducingghe WWTP influent,the sever systencollectingthe municipalwastewater
andtransportingt to thetreatmenplant[MHS 00|, the WWTP with its arrayof controllers[VDCV 99,
aswell astheriver systemin which the effluentis dumpedSBH*00, RBHT00, VBH*00], demonstrating
the power of our approachat modelling complex systems(and superiority over mainly mono-formalism
simulation-oriented-asopposedo modelling-oriented-systemsuchasMatlab/Simulink).

After a brief introductionto bio-actvated sludgewastewatertreatmentplants,modelling of this classof
physicalsystemss setin the contet of a generalphysicalsystemsnodellingmethodologyAt somepoint
in the methodologybehaiour modelsmustbe constructedTo describeaerationtanks,the main compo-
nentsof WWTPs,the InternationalAssociationfor WaterQuality (IAWQ) (recentlyrenamednternational
Water Association(IWA)) Activated SludgeModels (ASM1 and ASM2) [HGG*86, HGM*94] are most
commonlyused.ASM1 is presentedndit is shavn how its matrix structurecanbe elegantly represented
in MSL-USER. Thoughtraditionally the settling processin the WWTP clarifier, anothercrucial part of
WWTPs,is modelledby simplemodelswhich hardlytake into accountspatialdistribution, it is shavn how
the PDEto DAE translatordescribedeforecanbe usedto simulate within WEST++,sedimentatiompro-
cessedr-inally, theoverall WEST++modellingandsimulationprocessfrom hierarchicalgraphicalediting,
throughmodelcalibration,to simulationandoptimization,is briefly presented.

4.1 Activ ated sludg e WWTPs

The problemof modellingandsimulationof wastewatertreatmenplantsis gainingimportanceasa result
of growing ervironmentalawarenes$IJM98]. Comparedo the modellingof well-defined(suchaselectrical
andmechanicalpystemsmodellingof ill-defined systemsuchasWWTPsis morecomple. In particular
choosingthe“right” modelis anon-trvial task.

Modellingis aninherentpartof thedesignof awastewatertreatmensysten[HGG*86]. At thefundamental
level, adesignmodelmaybemerelyconceptualTheengineereduceshe complex systemwith whichheis
dealingto a conceptualmageof how it functions.Thatimagethendetermineshe designapproachOften,
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Figure4.1: WWTP configuration

however, theengineerecognizeshattheconceptuaimodelalonedoesnot provide sufficientinformationfor
designandthushe constructsa physicalmodel,suchasalab-scalaeactoror a pilot plant,onwhich various
designideascanbetested Givensuficient time for testing,suchanapproacthis entirely satisactory How-
ever, theengineemayfind thatlimitationsof time andmoney preventexplorationof all potentiallyfeasible
solutions.Consequentlyhe often turnsto the useof mathematicamodelsto further explore the feasible
designspace He may devise empirical modelswhich incorporatea statisticalapproachto mimic the end
resultsobtainedby studieson the physicalmodel,or if his conceptualnderstandingxpandssuficiently,
he may attemptto formulatemechanistianodels.Thesemechanistieanodelsarethe morepowerful because
they allow extrapolationof the designspaceto conditionsbeyond that experiencedn the physicalmodel.
In this way, mary potentiallyfeasiblesolutionsmay be evaluatedquickly andinexpensvely, allowing only
themostpromisingonesto be selectedor actualtestingin the physicalmodel. Themodellingof biological
wastewatertreatmensystemsaspassedhroughthe above deductve-inductve (or modellingfor analysis
followed by modellingfor designandcontiol) sequencef eventsseveraltimes:for the removal of organic
matteronly, for nitrification, andfor nitrogenremoval by biologicaldenitrification.Currently the subjectof
sedimentatiomr settlingis beingstudiedintenselyIn this context, WEST++is bothusedfor thedesignand
control of new andexisting WWTPsaswell asto discorer new modelsof sedimentatioA.vV98a] andof
biofilm growth [RVV99, VDVVO00].

The wastewater treatmentprocesseslealt with in WEST++ are of the activatedsludg type [VCV98].
This meanghereductionof wasteis performedby micro-oganismswhich corvert someof the (non-toxic)
wastewater componentsas part of their metabolism.The generalWWTP structure(often referredto as
“configuration”) is shavn in its simplestform in Figure4.1. In full-scale operationalplants,mary more
componentwill be presentThe basicprinciplesof operationremainthe samehowever. Thetime-varying
load (influent) entersthe biological reactorwhere biodegradablecomponentsare corverted by meansof
aerobicmetabolismpby a communityof micro-oiganismgbiomass)partly into new microbialbiomassand
partly into carbondioxide, waterand minerals.Becauseof the consumptiorof oxygenin thereactorit is
often namedaeration tank. In mary respectsthe aerationbasinis comparabldo a corventionalfermenta-
tion reactor However, the purposeof the processs not to produceasmuchmicrobial biomassaspossible,
but ratherto mineralizeas muchincoming wastematerialsas possible.lt is herebyof paramounimpor
tanceto minimize biomasgroductionsincethe latterhasto be removed andtreatedn a subsequenphase.
Two importantcharacteristicgurther distinguishthe actvatedsludgesystemfrom conventionalmicrobial
fermentationsFirstly, the active biological componentomprisesnot a pure culture but an associatiorof
bacteria,yeast,fungi, protozoaand higher organisms.Theseorganismsgrowv on the incoming wasteand
interactwith one another Secondly the sludgeconsists(in contrastwith its qualification“active”) for an
importantpartof deadcellsandcell debris.Indeed,youngactive microbial cellstendto grow in adispersed
way. The systemis thereforeoperatedn sucha way that the substratds rate limiting andthe microbial
biomasss quasistarving.Undertheseconditionscells grow slowly andin flocs. Becausef this, thewater
in the decantorseparatedn a cleartop layer and a thick bottomlayer. Hence,a crucial part of activated
sludgetreatments to selecta microbial communitywhich mineralizesat a fair ratetheincomingwasteand
therebyproducesa minimum of newv biomasswhich furthermoresedimentseadily andcompletelyout of
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thewaterwhenthelatterreacheshe decantar

Theflow of waterbringsabouta constanwashout of the micro-oganismsfrom the reactorto the settling
tank (alsoknown asdecantaorsettler or clarifier) whereboth clarificationand sludgethickening (through
sedimentationjake place.Here,the micro-oiganismswhich acquirea densitysuficient to decantarere-
tainedandremaovedwith the underflav. A regycle flow of sludgefrom the settlerto thebioreactokeepshe
biomassinsidethe system(to treatthe new influent). Whenproperly operatingthe amountof biomassn

the systemwill increasanonotonicallyanda small part of the sludgeneedsto be removed asexcess(see
Figure4.1).

Theeffluentof thesettleris theclarifiedwastewater This clarifiedeffluentis typically returnedo thenatural
environment(river, lake, .. .).

Increasingly the “system” modelledtranscendshe WWTP andincludesthe “environment” (in the engi-
neeringsense)The WWTP modelis integratedinto a conceptuaimodelof the sewver system/pollutingplant
or of theriver (andits naturalwater purification propertiesor toxicity tolerance)in which the effluentis

dumpedA pertinentexampleof explicitly modellingtheervironmentin WWTPsconcernghe“experimen-
tationernvironment”. Often, sensorareusedto monitorbiological variables.Thesevariablesaredifficult to

measureresultingin non-lineardistortionsof valuesby the sensoror by non-uniformdelaysdueto sam-
pling andprocessingOhviously, failure to includean explicit modelof the sensowill completelydistort
results(no matterhow excellenttheactualsystemmodelis). Thisis particularlybadif onewantsto estimate
modelparameterdby fitting simulationresultsto measuredlata(the sensobehaiour will be lumpedinto

theparameters).

Wastewatertreatmentpracticehasnow progressedo the point wherethe removal of organicmatter nitri-

ficationandnitrogenremoval by biological denitrification,canbe accomplishedn a singlesludgesystem.
Thenon-lineardynamicsandpropertiesof thesebiological processesarestill not very well understoodAs
aconsequence uniguemodelcannotalwaysbeidentified. This, in contrastto traditionalmechanicahnd
electricalsystemswherethe model can be uniquely derived from physicallaws. Also, the calibrationof

wastewatertreatmentmodelsis particularly hard: mary expensie experimentsmay be requiredto accu-
ratelydeterminemodelparameters.

In generalmodelsmayberepresentedsingdifferentformalisms(e.g., Algebraic(ALG), OrdinaryDiffer-
ential Equationg(ODE), Petri Nets,Bond Graphs,...). Currently WWTP modelsare mostly of the ALG
andODE type.

4.2 Physical systems modelling methodology

To allow for computeraidedmodelbuilding andsubsequerdimulation/gperimentéion, amodelbasemust
be constructedModelsin this modelbasewill be usedfor modularconstruction(i.e., by hierarchically
connectingcomponentlocks) of complex modelsdescribingthe behaiour of full-scale WWTPs. As is

commonlythecasewe will chooseanappropriatdevel of abstractionuponwhich IdealisedPhysicalMod-

els(IPMs) will bebuilt. IdealisedPhysicalModels[Bro90, TBBA95] represenbehaiour at a certainlevel

of abstractionThis oftenmeansusinglumpedparametemodels(ODEs)eventhoughthe physicalsystem
hasa spatialdistribution (which would require PDE modelling), whenthe homogeneityassumptionis a
reasonabl@pproximation.

Thestepdistedbelav form ageneramethodfor constructinga modelbasefor ary applicationdomain(and
chosenevel of abstraction):

1. Chooseanappropriatdevel of abstraction.
2. Identify relevantquantities.
3. Identify port structures.

4. Build model classhierarchystartingfrom general(conseration and constraint)laws and refining
thesefor specificcases.
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In thefollowing sectionsthedifferentstepsarefurtherelaborated.
4.2.1 Relevant quantities

Firstof all, thequantitiesof interestmustbeidentified.Thesequantitiescanbesubsequentlysedo describe
the typesof entitiesusedin modelling(at the /O systemlevel): constantsparametersinterfacevariables,
and statevariables.For numericalcomputationpurposest is sufiicient to specifywhetheran entity is of
Real,Integer, Boolean or Stringtype.Whenmodellinga particularapplicationdomain,moreinformationis
available,andshouldberepresentedOncerepresenteth amodel,themodelcompilercanmale useof it to
determinghelegitimacgy of the model(e.g., dimensionathecking)to perform*“intelligent” transformation
(e.g., renderingequationsn commonunits), andto generateefficient code (e.g., by meansof constraint
propagatiorbasedn LowerBoundandUpperBoundnformation).

In MSL-USER,the type of physicalquantitiesis encodedasa TYPE PhysicalQuantityTy pe, astructure
shavn below:

TYPE UnitType
"The type of physical units. For the time being, a string"
= String;

TYPE QuantityType
"The different physical  quantities. For the time being, a string"
= String;

TYPE CausalityType
" Causality of entities:
CIN: input (cause) only
COUT: output  (consequence)  only
CINOUT: input and output (cause and consequence) are allowed

= ENUM{CIN, COUT, CINOUT}

TYPE PhysicalNatureType

"The nature of physical variables

FIELD is used (in the physicalDAE context) to denote
parameters and constants

= ENUM{ACROSS, THROUGH,FIELD};

TYPE PhysicalQuantityType
"The type of any physical quantity"

RECORD

{
quantity . QuantityType;
unit . UnitType;
interval . RealintervalType;
value . Real
causality . CausalityType;
nature . PhysicalNatureType;
¥

Basic quantities

The PhysicalQuantityType structurecan be specializedfor specific quantities.Here for example, the
physicalquantityAreais defined.

CLASS Area

"A class for Area"

SPECIALISES PhysicalQuantityType =
{.

quantity <- "Area";
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J—'ﬂ Model: Parameters
HNo, Reset Name Description Unit Lower bound Upper bound Default value Value File Plot
1. Apply ||Releenglh siew | |m | 0| e300 | 03 |02 rr
2. Apply ||K View | kgist2 | 0 | les300 | 314159 |271828 a4 o
3. Apply ||M view | [ky | 0| es300 | 01 |0.23 a4 o
4. Apply ||nnise_fraclinn iew | |DIMLESS | 0| tes3n0 | 1 |03 4
aK | Apply | Refresh | Canicel |

Figure4.2: Unitsin the WEST++experimentatiorernvironment

unit <- "m2";
interval <- {{ lowerBound <- 0; upperBound <- PLUS_INF};
+

Definitionsof physicalquantitytypesareusedto instantiateOBJectf thosetypes.The SO 1000standard
alsodefinegphysicalconstantsuchasthe universalgravity constantvhoseMSL-USERdescriptionis given
asanOBJectdeclaratiorbelown:

OBJ UniversalGravityConstant

"Universal ~ gravity  constant" : PhysicalQuantityType =
{
quantity <- "G

unit <- "m3/(g*s2)";
value <- 6.67259E-11;
h

In AppendixB, the quantitiesandunitsdefinedin the ISO 1000standard1292, Car97 areshavn encoded
in MSL-USER.In theWEST++ervironment,theunitsarenot only usedduringmodelcompilation,but are
alsopasseanto thesimulationervironmentwheretheuseris presentedvith variablenamesyaluesaswell
astheir units (seeFigure4.2).

It is of coursepossibleto describe,in MSL-USER, other consistentunit systemssuchas Atomic Units
[Wil90, Car91.

Quantities typical for WWTPs

Simulationof activatedsludgesystembehaiour, incorporatingphenomenauchascarbonoxidation,nitrifi-
cationanddenitrification,mustnecessarilyaccountor alarge numberof reactionsbetweera large number
of componentgthe namegivenin WWTP modellingto therelevantquantities).

A matterthatcancauseconfusionis thelack of a consistentmeasuref theconcentratiorof organicmaterial
in wastewater Threemeasurefiave gainedacceptancandarewidely used:biochemicaloxygendemand
(BOD), total organiccarbon(TOC), andchemicaloxygendemand COD). Of theseit is believedthat COD

is the superiormeasurdbecausat aloneprovidesa link betweenelectronequvalentsin the organic sub-
strate,the biomassand the oxygenutilized. Furthermore massbalancesan be madein termsof COD.

Consequentlytheconcentrationsf all organicmaterialsjncludingbiomassarein COD unitsin theASM1

model,which we will discussshortly

The organicmatterin a wastewatermay be subdvided into a numberof cateories.This groupingof dif-
ferentcompoundss an abstractionof reality due to the complity of the problem. The first important
subdvision is basedn biodegradability. Non-biodgradableorganicmatteris biologically inert andpasses
throughanactivatedsludgesystemunchangedTwo fractions,dependingntheir physicalstate canbeiden-
tified: solubleandparticulate Inert solubleorganicmatter S, leavesthe systemat the sameconcentration
thatit enters.Inert suspendedparticulate)organic matter X, becomesnmeshedn the activatedsludge
andis removed from the systemthrough sludgewastage Biodegradableorganic matter may be divided
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S solubleinert organicmatter [M(COD)L~9]
Ss  readilybiodegradablesubstrate [M(COD)L~9]
X particulateinertorganicmatter [M(COD)L~9]
Xs  slowly biodegradablesubstrate [M(COD)L~9]
XgH  active heterotrophibiomass [M(COD)L~9]
Xapg  activeautotrophicbiomass [M(COD)L 3]

Xp  particulateproductsarisingfrom biomassdecay [M(COD)L~3]

S oxygen(negative COD) [M(—COD)L~3]
Svo  nitrateandnitrite nitrogen [M(N)L~3]

SwH NHj +NHg nitrogen [M(N)L—3)

S\p  solublebiodeggradableorganicnitrogen [M(N)L—3]
Xnp  particulatebiodegradableorganicnitrogen [M(N)L~3]
Sak  alkalinity [molar units]

Table4.1: Proceswvariables

into two fractions:readily biodegradableandslowly biodegradable For purposeof modelling,the readily
biodegradablematerial,Ss is treatedasif it weresoluble,whereaghe slowly biodegradablematerial Xg, is
treatedasif it wereparticulate.

An overview of quantitiesusedin the IAWQ ASM1 modelis givenin Table4.1. As will be describedn
the sequeleachof thesevariablesdenotingacomponenbf the wastewater indexesa columnin the ASM1
stoichiometrymatrix. In MSL-USER,the componentsreeasilydescribechsanenumeratedype:

TYPE Components = ENUM{H 20, S_S,...X_{NH}};

Thus,themodellerefersto thecomponentby theirnamewhile, wherenecessaryhecorrespondingnteger
index is used.Thoughthe WEST++ simulatorusesthe numericalvaluesof the Componentsndicesto
addresgnatrix elementsthe experimentatiorervironmentpresentghe symbolicnameof the index to the
user This reversemappingis performedby the modelcompilerwhengeneratingISL-EXEC code.Note
how H,O is explicitly modelledasa component.

Other quantitiestypical for WWTP modelling are stoichiometricparametergsee Table 4.2) and kinetic
parameterg¢seeTable4.3). Their usein thelAWQ ASM1 modelis explainedbelow.
The MSL-USERrepresentationf theses givenin AppendixB.

4.2.2 Transferred quantities: terminals

Our ultimategoalis to build complex modelsby connectingnoreprimitive sub-model®r blocks,possibly
built up of coupledmodelsthemseles.In the caseof WWTP models,the sub-modeltypesmostly corre-
spondin aone-to-ongelationshipto physicalentitiessuchasaerationtanks,clarifiers,pumps splitters,and
mixing tanks.This ensurestructuial validity of the assemblednodels.Note how the building blocksneed
not matchphysicalobjectsdirectly but may correspondo abstractonceptsuchasprocesses.

To connecsub-modelsthesesub-modelsequireconnectiorportsor terminals Thisimpliesthatinteraction
betweenthe sub-modelss assumedo only occurthroughthe connectiongnadebetweentheir terminals.
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Yy  heterotrophigield

Ya autotrophigyield

fr  fractionof biomassyielding particulateproducts
ixg massN/ massCOD in biomass

ixp massN/ massCOD in productsfrom biomass

Table4.2: Stoichiometrigparameters

bH,Ks,KoH,Kno,bn  heterotrophigrowth anddecay
Ha, KnH, Koa,ba  autotrophicgrowth anddecay
ng correctionfactorfor anoxicgrowth of heterotrophs
ka ammonification
kn,Kx  hydrolysis

Ny correctionfactorfor anoxichydrolysis

Table4.3:Kinetic parameters

This assumptions madeexplicilty by the closureoperationof coupledmodelswhich replacesonnections
by theappropriatalgebraicequalities.Thus,choosinghe nature(structure)of theterminalswill determine
thelevel of abstractiorat which interactionis modelled.

In ourWWTP modelsdifferentterminaltypeswill beused Datalerminalswill represensensoinformation
to beusedin controllerblocks. The mainterminaltypeis the WWTPTerminalhowever. In the basicmodel
basdliscussethere only flux of biochemicamaterialis consideredHeatflow for exampleis notconsidered.
This is one of the modellingassumptionsnentionedn the discussiorof the ASM1 modelandis obvious
from the WWTPTerminaldefinition:

CLASS WWTPTerminal

The variables  which are passed between WWTPmodel building  blocks
Currently, we only consider a flux of biochemical  material

= MassFlux[NrOfComponents;];
The WWTPTerminalis a vectorof massfluxesfor eachof the componentsaken into consideratiorin the
model. The size of the vectoris given by the cardinality of the Componentenumeratedype and hence
dependsntirely on how mary componentshe userincludesin this type. Note how the actualComponent
declaratiormaybe givenafterall otherdeclarationg§MSL-USERhassetratherthansequentiasemantics).
OBJ NrOfComponents

The number of biological components considered in the WWTPmodels

. Integer := Cardinality(Components);
A few assumptionsremade:

1. Thesameg(WWTPTerminal)terminalsareusedeverywherein a configurationfor biochemicatrans-
port.
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2. All WWTP terminalsof a model have the samecardinality This is enforcedthanksto the way we
defineComponentandWWTPTerminal.

3. The numberof componentsn WWTPTerminalis the sameasthe numberof componentgcolumns)
in the stoichiometrymatrix (which will be definedlateron). Again, thisis enforcedthanksto theway
we defineComponentandWWTPTerminal.

While the model compilerwill checkwhether(type-) compatibleterminalsare connectecandhow mary
connectionsare allowed to/from a terminal, the graphicalmodelling environmentwill alreadyperforma
checkduringinteractve modelling.

In thecurrentmodelbasepnly biochemicamasdransporis modelledby the connectionsConcentratiorof

acomponent in asub-modelvill bedervedasM;/V, themassof thei-th componenbver thetotal volume
of all componentgincluding the mostprominentone,H,0). In the Bond Graphformalism,the conjugate
variable of flow, pressurenvould be modelledexplicitly too. Here,the pressurds assumedonstant(the

atmospherigressurepndnot represente@xplicitly. In Bond Graphsideal physicalconnectionterminals
alwayscontainconjugatevariablesogethermechanica(translationalforceandvelocity, electricalcurrent
andvoltage,andhydraulicflowrateandpressure.

4.2.3 Inheritance hierar chy

At this point, modelsmustbe constructedor eachtype of building block. This is achieredin the form of a
classinheritancehierarchy Hereby maximumre-useandclarity is achieved. Clarity is adirectresultof the
relationshipbetweenhe inheritancehierarchyon the onehandandthe differentlevels of specificityof the
modelsonthe otherhand.

In thegenericmodelbase GenericModelypeis defined:

TYPE GenericModelType
"The signature  of the generic part of any
(whatever  the formalism)  model

RECORD

{

comments  : String;

interface . SET_OF (InterfaceDeclarationType);
Il declared objects must be interfaces
parameters : SET_OF (ParameterDeclarationType);

Il declared objects must be parameters

I3

It shavs how any modelhasa description(comments)art,aninterfacesetanda parameteset. This type
canbeextendedo describegheessencef coupledmodels:

TYPE CoupledModelType  "The signature  of a coupled (network)  model"
EXTENDSGenericModelType ~ WITH

RECORD

{

sub_models : SET_OF (ModelDeclarationType);

coupling . SET_OF (CouplingStatementType);

3

For basicmodelsin the DAE formalism,DAEModelType prescribeshe structure:

TYPE DAEModelType

"The signature  of a Differential Algebraic  Equation (DAE) model
within ~ DAEModelType models, connect() has the following
(flattening) semantics:

quantity and unit are checked for equality
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equations are generated to equal (=) all algebraic and state
variables  all other labels are ignored

EXTENDS GenericModelType ~ WITH

RECORD

{

independent  : SET_OF (ObjectDeclarationType);

/I independent  variable  (time)

state . SET_OF (PhysicalQuantityType); /I variables
/I those variables  occurring in
/I DERIV(v, [f]) statements are
/I derived state variables

initial . SET_OF (EquationType);
equations : SET_OF (EquationType);
terminal . SET_OF (EquationType);
3

Both CoupledModel¥pe and DAEModelType are extensionsof GenericModelype which meanghey in-
heritits structure(andaddto it). The synorym PhysicallTAEModelType is usedfor DAEModelType when
we useit for modellingphysicalsystems:

TYPE PhysicaDAEModelType
"within  physicalDAEModelType ~ models, connect() has the following
(flattening) semantics:
quantity  and unit are checked for equality
quantity and unit are checked for equality
equations are generated to equal (=) all across variables
equations are generated to sum all through variables to zero
all other labels are ignored

= DAEModelType;
Thetop-level inheritancehierarchyis hence

GenericModelType

I

| CoupledModelType

| DAEModelType == PhysicalDAEModelType

Someof themodelclassesrederveddirectlyfrom PhysicallAEModelType. Theonedisteddirectly below
aremodelsof thesettler[Tay82 ML93]. The Takacanodelis ahand-craftedliscretized10-layer)modelof
the settlingprocessAs wasdescribedeforeandwill be demonstratethterin this chapter WEST++-PDE
is ableto discretizea classof PDE modelsof the settling processOncediscretized thesemodelsare of
ordinaryPhysicallIAEModelType.

PhysicaDAEModelType
Takacs

Otterpohl_and_Freund_for_Secondary_Clarifier

Generated from PDE with WEST++-PDE

The sensaorcontroller datafilter, andtransformemodelsare alsoderived from PhysicallAEModelType.
Thesemodelsdonotdescribgphysicalprocessemvolving (transporof) matterandenegy anddo hencenot
adherdo physicallaws. Thoughnot subjectto physicalconstraintsthey do dealwith thevaluesof physical
variables.

PhysicalDAEModelType
I

| Sensors
| | FlowSensor
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DOSensor
NH4Sensor
NO3Sensor
XSensor

| Controllers

P_controller
PI_controller
PID_controller
On_off_controller
Backlash_controller
Saturation
RateLimiter
DeadZone
CoulombFriction

| Data_filters

Sample_and_Hold
Noise
First_Order_Time_Lag
TackacsHeigthOfSludge
ASU_OUR

ASU _Kla

ASU_volume
SDT_Volume
TimeDelay

|

|

|

|

|

|

|

|

|

|

|

|

|

| l_

|

|

|

| [

| [

| l_

| [

| [

| l_

| [

=

|

| Transformers
| BOD_COD_transformer

SinusGenerator

DoubleSineGenerator

BlockGenerator

Oneof theoldesttypesof bioactvatedsludgeWWTP systemstrickling filters usingbiofilms grown oninert
objects hasreceved considerablattentionrecently[RVV99, VDVV00, VVB T00].

PhysicalDAEModelType

|
| Trickling_Filter

| Rauch

As wasmentionedbefore, WEST++is not only usedto modelthe actvatedsludgewastewatertreatment
processut alsopartsof the ervironment,in particular the (compartmentalizedjver in which the treated
effluentis dumped:

PhysicalDAEModelType
|

| River_models
| Bulk_Benthic_River
| BenthicRiver

The shallavnessof the abore inheritancehierarchyreflectsthe diversenatureof the differentmodeltypes,
notallowing for muchre-use.

Now we look into the developmentof WWTPAtomicModel, from which mary othermodeltypesarede-
rived. Oncethebiochemicalcomponentgonsiderediredeclared

TYPE Components

The biological components considered in the WWTPmodels
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= ENUM{H20, S_I,

S.S, SO, S.NO, S ND, S_NH, S ALK,
X1, XS, X_

S, S_
BH, X_BA, X_P, X_ND}
thebasicmasshalancezquationfor eachof the componentganbewritten:

/I The FluxPerComponent is the sum of all
/I incoming  (positive) and outgoing (negative)  fluxes

{FOREACH Comp_Index IN {1 .. NrOfComponents}:
state.FluxPerComponent[Comp_Index] =

/I If not only WWTPTerminal type terminals are present in the interface
II' (e.g., also ControlTerminal), we have to select only

Il those terminals  from the interface which are of

/I WWTPTerminal type (or any SUBtype such as InNWWTPTerminal of it)

Il as those are the only ones for which the mass balance law holds.

(SUMOVERIn_Terminal ~ IN {SelectByType(interface,INWWTPTerminal)}:
In_Terminal[Comp_Index])+
(SUMOVEROuUt_Terminal  IN {SelectByType(interface, OutWWTPTerminal)}:
Out_Terminal[Comp_Index]);};

/I The mass balance equations.

II' These are composed of a term due to incoming and
/I outgoing fluxes and of a term due to biochemical
Il interactions between components.

{FOREACH Comp_Index IN {1 .. NrOfComponents}:
DERIV(state.M[Comp_Index],[independent.t]) =
state.FluxPerComponent[Comp_Index]
+state.ConversionTermPerComponent[Comp_Index];};

Therateof changeof acomponens massconsistof thenetresultof incomingandoutgoingmasdlux aug-
mentedwith a reactionterm dueto biochemicalinteractionsbetweendifferentcomponentsThis reaction
termis describedn moredetail in the following section.Logically, the next level (belov WWTPAtomic-
Model) of classificationwvould beto distinguishbetweemmodelswithout volume (point-modelabstractions
whereno massis accumulatedandhenceno reactionsoccur)andmodelswith volume. For efficiengy rea-
sons,the modelwithout volumeis encodedlirectly asa sub-clasof PhysicallAEModelType. For models
with volume,thedistinctionmustbe madebetweermodelswherevolumeis consideredonstantindthose
wherevolume may vary. This classhierarchyis depictedbelov andelaboratedn wwtp.base.msl in Ap-
pendixB.

PhysicalDAEModelType

__ WWTPAtomicModelWithoutVolume
|
Pointsettler
| PrimaryPointSettler
| SecondaryPointSettler

Splitter_combiners
RelTwoSplitter
AbsTwoSplitter
TwoCombiner
RelThreeSplitter
AbsThreeSplitter
ThreeCombiner

Anaerobic_digestion
| Rozzi
| Desjardins & Lessard

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| | Gujer
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I
OtterpohlAndFreund (primary  clarifier)

Tay
Lessard_and_Beck
Marsili_Libelli

I
I l_
I [
=
I
| WWTPAtomicModel

I
| WWTPAtomicModelWithVolume

WWTPAtomicModelWithVariableVolume (Q_e = f(water volume in tank))

I
|___ BufferTank
| VarVolumeConversionModel
| VarVolumeASMConversionModel
|____ VarVolumelnOutlAWQ
| VarVolumeActivatedSludgeUnit

I
| StormTank

l__
I
I
I
I
I
I
I
| WWTPAtomicModelWithVolumePumped (Q_e : parameter = pumped flow)
I
I
| | DetentionTank

I

l__

WWTPAtomicModelWithFixedVolume  (Q_e = Q_i)
I

| EqualisationTank
|___ FixVolumeConversionModel
|___ FixVolumeASMConversionModel
| FixVolumelnOutlAWQ
| FixVolumeActivatedSludgeUnit

4.3 The IAWQ ASM 1 model

The heartof the operationof anactvatedsludgewastewatertreatmenplantis theaerationtank. Crucialin
modellingthe aerationtank’s behaiour is to realisticallymodeltheintercomponenbiochemicakeactions.
Thesereactionsmustbe representate of the mostimportantfundamentaprocessesccurringwithin the
system.Furthermorethe modelshouldquantify both the kinetics(rate-concentratiodependenceandthe
stoichiometry(relationshipthatonecomponenhasto anotherin a reaction)of eachprocessldentification
of the major processesandselectionof the appropriatekinetic andstoichiometricexpressiondor eachare
the majorconceptuatasksduring developmentof a mathematicamodel.

Realizingthe benefitsto be derved from mathematicamodelling, the InternationalAssociationon Water

PollutionResearctandControl IAWPRC)formedataskgroupin 1983to promotethe developmenbf, and

facilitatetheapplicationof, practicalmodelsto thedesignandoperationof biologicalwastewatertreatment
systemsThe goalswereto review existing modelsandto reacha consensusoncerningthe simplestone

having the capabilityof realisticpredictionsof theperformancef singlesludgesystemsarryingoutcarbon
oxidation, nitrification, anddenitrification[HGG'86]. The modelwasto be presentedn a way thatmade
clearthe processemcorporatednto it andthe proceduregor its use.

The task group chosea matrix format for the presentatiorof the model. The first stepin settingup the
matrix is to identify the componentsf relevancein the model. The secondstepin developingthe matrix is
to identify the biological processe®ccurringin the systemji.e., the corversionsor transformationsvhich
affectthecomponentdisted.

13 componentareconsideredn the IAWQ ASM1 modelasdiscussedbefore:solubleandparticulateinert
organic matter readily andslowly biodegradablesubstrateactive heterotrophicand autotrophicbiomass,
particulateproductsarisingfrom biomassdecay oxygen,nitrateandnitrite nitrogen,NH, andNH3 nitro-
gen, solublebiodeggradableorganic nitrogen, particulatebiodegradableorganic nitrogen. Thereare 8 pro-
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Process Stoichiometry (V) Kinetics (p)
Biomass Substrate Oxygen ProcesRate
Xg S S
[M(COD)L=%] [M(COD)L=%] [M(—COD)L™%] [ML=3TY
Growth 1 - B > Xg
Decay -1 -1 bXg

Table4.4: Processtoichiometryandkinetics

cessesaerobicandanoxicgrowth of heterotrophsaerobicgronth of autotrophsdecayof heterotrophsnd
autotrophsammonificationof solubleorganicnitrogen,hydrolysisof entrappedrganicsandof entrapped
organicnitrogen.

4.3.1 Matrix format and notation

Thematrixformatdecideduponby the IAWQ taskgroupis elaboratedere.Considerthesituationin which

heterotrophidbacteriaare growving in an aerobicervironmentby utilizing a solublesubstrateasa source
of carbonandenepy. In onesimple conceptualizatiomf this situation,two fundamentaprocessesccur:
the biomassincreasedy cell gronth anddecreaseby decay Otherevents,suchasoxygenutilization and
substrateremoval, also occur but theseare not consideredo be fundamentalbecausahey resultfrom

biomasggronth anddecayandare coupledto themthroughthe systemstoichiometry The simplestmodel
of this situationmustconsiderthe concentration®f threecomponentsbiomass substrateand dissohed
oxygen.The matrix incorporatingthe fate of thesethreecomponentsn the two fundamentaprocessess

shavnin Table4.4.

Thefirst stepin settingup thematrixis to identify thecomponentsf relevancein themodel.In this scenario
theseare biomass substrateand dissoled oxygen,which arelisted, with units, ascolumnsin Table4.4.

In conformity with IAWPRC nomenclatureinsolubleconstituentsaregiventhe symbol X andthe soluble
componentsS. Subscriptsare usedto specifyindividual componentsB for biomass S for substrateand 0

for oxygen.

Thesecondstepin developingthe matrix s to identify the biological processesccurringin the systeme.,
the corversionsor transformationsvhich affect the componentdisted. Only two processesareincludedin
this example:aerobicgrowth of biomassandits loss by decay Theseprocessesrelisted in the leftmost
columnof thetable.

Thekineticexpressionsor rate equationgor eachprocessarerecordedn therightmostcolumnof thetable
in theappropriategow. Processatesaredenotedy p; wherej correspondso the processndex.

If we wereto usethe simpleMonod-Herbermodelfor this situation,therateexpressionsvould bethosein
Table4.4. The Monod equation p1, stateghatgrowth of biomasss proportionalto biomassconcentration
in afirst ordermannerandto substrateconcentrationn a mixed ordermanner The Herbertexpressionp,,
stateghat biomassdecayis first orderwith respecto biomassconcentrationThe kinetic parametersised
in therateexpressiongre

¢ Maximumspecificgrowth rate:fi X
e Half maximumsaturatiorcoeficient Kg (sincepy = % whenKs= &)
e Specificdecayrate:b

Theelementswithin thetablecomprisethe stoichiometriccoeficients,v;j, which setout the massrelation-
shipsbetweerthe componentsn the individual processeg-or example,growth of biomasg+1) occursat
the expenseof solublesubstraté— % Y is theyield parameter)pxygenis utilized in the metabolicprocess
— 1§—Y Thecoeficientsv;j aresimplifiedby workingin consistentnits. In this caseall organicconstituents
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have beenexpressedas equivalentamountsof chemicaloxygendemand(COD); likewise, oxygenis ex-
pressedsneggative oxygendemandThe signcornventionusedin thetableis negative for consumptiorand
positive for production.

In matrix form, we obtaina stoichiometrymatrix

andakineticsvector

Within asystemtheconcentratiomf asinglecomponenmaybeaffectedby anumberof differentprocesses.
An importantbenefitof the matrix representations thatit allows rapid andeasyrecognitionof the fate of
eachcomponentwhich aidsin the preparationof massbhalanceequations.This may be seenby moving
down the columnrepresenting component.

Thebasicequationfor amasshalancewithin ary definedsystemboundaryis:

. dM; i
Vi € Componets: d—tl =" — U 1 ;.

Theinput andoutputtermsaretransporttermsanddependuponthe physicalcharacteristic®f the system
beingmodelled.The systemreactionterm, r;, is obtainedby summingthe productsof the stoichiometric
coeficientsv;; andtheprocessateexpressiorp; for thecomponent beingconsideredn themassbalance:

=3 Vjipj
]

For exampletherateof reaction, for biomassxg, atapointin the systemwould be:

o — 01Ss
%" Ket Ss

Xg — bXg;

for solublesubstrate&ss it would be:

, _ 1 s
S Y Ks+Ss

Xg;

for dissolhed oxygens it would be:

S o -
27TV Kot Ss

Xg — bXg.

To createthe massbalancefor eachcomponentvithin a given systemboundary(e.g., a completelymixed
reactor) the corversionratewould be combinedwith the appropriatdlow termsfor the particularsystem.

Another benefitof the matrix is that continuity may be checled by moving acrossthe matrix, provided
consistenunits have beenusedbecausehenthe sumof the stoichiometriccoeficientsmustbe zero. This
canbe demonstratedby consideringthe decayprocessRecallingthat oxygenis negatve COD so thatits
coeficient mustbe multiplied by -1, all COD lost from the biomassbecaus@f decaymustbe balancedy
oxygenutilization. Similarly, for the growth processthe substrateCOD lost from solutiondueto growth
minusthe amountconvertedinto new cellsmustequalthe oxygenusedfor cell synthesis.

Table4.5 presentghe full ASM1 matrix describingthe processineticsandstoichiometryfor carbonoxi-
dation,nitrification, anddenitrification. The meaningandunitsfor stoichiometricandkinetic parametersis
well asprocessvariablescomponentsyisedweregivenin Tables4.2,4.3,and4.1.
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4.3 The IAWQ ASM 1 model

uabomuoiuebio

SX_y, _
ary d T T paddenus josisA|oIpAH
g [ONSTONy Os+HOy
N[ g Hoy u+
Og+HOy ! H'Sy /Sy+ Xy uy B sojuefi@addenua
G5 H'él/Sx ' T 10SISA|OIPAH
uabomuoiuebio
HEY aNg®y T - T 3|gN|0S JouoedILOWWY
v'ayvg dXidy —8X| 4 - -1 sydonoine jokessq
Ha Hg dXdy — 8X 1 - -1 sydonoiaiay joAkessq
‘. +V'Oy HNg+ HN v, v, \/ v,
<mXWTﬂM %I_mm|x<(1 \wh _ m_wvmr_\ % —ax— % ﬂm\ T sydonoine ymoiB axouy
. ONg+ON
H m_x@c %o_wm|u %
Og+HOy Sg4Sy y1 Hogzer ax;_ Hogz 1 Ho sydonoaiey
HOy S - £ X : Hi-1 T ymmolB oixouy
Ha + H'Oy S54Sy H v ax,_ Hy H sydonoialay
xrmw o &% ! FhT T T moIBaIqosaY
Avg ANy anNg HNg ONg Os ax a'vx Hay Sx Ix Ss
(d) sonaury () Anawolyo101s $S9201d

IAWQ ASM1 matrix

Table4.5



196 WWTP Modelling and Simulation

In MSL-USER,thereaction(cowersiorn) term

Vi € Componetts : % = N — @Y 41,

is encodedn a straightforvard manneras:

equations  <-

{
{FOREACH Comp_Index IN {1 .. NrOfComponents}:

state.ConversionTermPerComponent[Comp_Index] =
SUMOVERReaction_Index  IN {1 .. NrOfReactions}:
(parameters.Stoichiometry[Reaction_Index][Comp_Index]
*state.Kinetics[Reaction_Index])

*state.V;};

}

TheMSL-USERcompilerwill expandtheabove few linesinto theappropriateequationdbasednthe ASM1
matrix givenin thewwtp.VolumeASM1Con ver si onModel.b ody.msl library (AppendixB). Theseequations
will subsequentlype manipulatedo generatecorrectandefficient simulationcode.Note that components
which are transportedbut do not react(i.e., only hydraulics,no chemistryor biology) have a column of
zeroesin the stoichiometrymatrix. In MSL-USER, by default, whena variableis not given a value, the
initial valueis 0. Thus,if we don't assignarything to elementf the stoichiometrymatrix, it is a matrix of
zeroeswhich meanao biochemicakeactiongake place.

4.3.2 Modelling assumptions and restrictions

Whenawastewatertreatmensystemlik e ary systemjs to bemodelled acertainnumberof simplifications
and assumptionsre madeto make the model tractable.Someof theseare associatedvith the physical
systemitself, whereaothersconcernthe mathematicaimodel.Oftenthesesimplificationsandassumptions
areimplicit, which may causethe userto overlook them.Whenthat happenghereis a stronglikelihood
thatthey will beviolated,which coulddestry the utility of theresults.To preventthis from happeninghe
following sectionexplicitly enumeratethe majorassumptionsiestrictionsand constraintsassociatedvith
themodelandthe physicalsystemit is designedo simulate.This constitutegshe ExperimentaFrameof the
model.

1. Thesystemoperatesat constantemperatureBecausamary of the coeficientsarefunctionsof tem-
peraturetheirfunctionalitywouldhave to beexplicitly expressedn therateexpressionspj, toinclude
time-varianttemperaturdluctuations.

2. The pH is constantand near neutrality Althoughiit is known that the pH influencesmary of the
coeficients, few expressionsare available for expressingthat influence.ConsequentlyconstantpH
hasbeenassumedTheinclusionof alkalinity in themodelallows the userto detectpotentialproblems
with pH control.

3. No consideratiorhasbeengiven to changesn the natureof the organic matterwithin ary given
fraction (e.g. the readily biodegradableorganic matter).In otherwords, the coeficientsin the rate
expressiondave beenassumedo have constantvalues.lt is still possible however, for the concen-
trationassociateavith ary influentfractionto vary with time. Thus,while variableinputloadingscan
behandledchangesn wastecharacter cannot.

4. The effects of limitations of nitrogen,phosphorusand otherinorganic nutrientson the removal of
organicsubstrateandon cell growth have not beenconsideredlt is well known thatinadequaténor-
ganicnutrientscanleadto problemsn sludgesettleability

5. Thecorrectionfactorsfor denitrification,ng andny, arefixedandconstanfor agivenwastewater
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6. Thecoeficientsfor nitrification areassumedo be constantandto incorporateary inhibitory effects
thatotherwasteconstituentarelikely to have onthem.

7. The heterotrophidbiomassis homogeneouanddoesnot undego changesn speciediversity with
time. This assumptioris inherentin the assumptiorof constankinetic parameterdt alsomeanghat
the effectsof substrateconcentratiorgradientsyeactorconfiguration etc. on sludgesettleabilityare
not considered.

8. Theentrapmenbf particulateorganicmatterin the masss assumedo beinstantaneous.

In MSL-USER,constraintsare,whererer possible gencodedn types.This allows for static(compile-time)
checkingValid Y valuesfor examplemustlie in therange{0, 4.57]. FurthermoreyieldForAutotrophic Bio mass
specialize®hysicalQuantityT ~ ype andthusinheritsthestructureaswell asall the constraintsmposedon
thatsupertype.

CLASS YieldForAutotrophicBiomass
"A class for YieldForAutotrophicBiomass"
SPECIALISES PhysicalQuantityType =

{:

quantity <- "Y_AY
unit <- "gCOD/gN";
interval <- {{ lowerBound <- 0; upperBound <- 4.57 1}

¥

If thisis not possible assertiongreaddedio the modelwhichwill generatevarningsat run-time(dynamic
checking).

4.4 PDE modelling of clarification

Understandinghe interplay betweenthe hydraulic and biochemicalfacetsof the clarification processis

currentlyan areaof intenseresearchUntil recently very simplemodelswereusedsuchasa point splitter
wherethewhole clarificationprocesss abstractecsremaoving a certainpercentagef purified water This
simplemodelandthe moreelaboratelackacanodelwerementionedn the classhierarchyandtheir MSL-

USERrepresentatioms foundin thelibrariesin AppendixB. The PDE to ODE transformatiordeveloped
hereis a contritution to theresearctinto morerealisticmodelsfor the clarificationprocess.

In this section,we presenthe resultsof the description automaticdiscretizatiorandsimulationof two test
casepartial differential equationd PDEs)in WEST++:the PDEsfor batchand continuoussedimentation
in a 1-D clarifier model,discussedn [A.V98a, A.V98b]. Previously, exampleswere provided for the dis-
cretizationof the domaininto several elementssettingup of collocationpointsfor a given choiceof the
parameterga, B), and castingthe algebraicequationsarising from the differentboundaryconditionsinto
matrix form.

4.4.1 The contin uous case

As discussedefore,the PDE for the concentrationX(zt) in a 1-D clarifier of lengthL with continuous
sedimentatioris givenby:

0X(zt) _ _OF(X(zY) ,  X(zt) (4.1)

ot 0z 07

wherethecorvective flux F is thesumof thegravitationalsettlingflux G(X(zt)) andthebulk flow. Thebulk
flow consistsof the dowvnward underflav flux, the sourceflux cominginto the clarifier at aninlet located
at z= z;, andthe effluent. Therearetwo caseso considerfor the form of this bulk flow: the absenceor
presencef apumpin theclarifier. In theformer case the effluentsimply overflons, while in thelatter, the
pumpis usedto draw the effluentout. In the PDE above, Dg is thediffusivity or dispersiorcoeficient.
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Theboundaryconditionsfor the PDEin the continuouscasearegivenby:

0X(zt) 0
0z |,

X(21) 0 4.2)
0z |, ' '

In the following, we presenbnly the final forms of the PDEsasimplementedn WEST++.Detailsof how
to arrive atthese for thetwo casesnentionedabore, arepresentedn [A.V98b].

Effluent overflow

If thereis no pumppresenttthetop of theclarifier, the PDEis givenby:

Lﬂg?t) = —|(1-nX(zt)) vo e—”x(z’t>+Q“T(t) ax;z,t)
+ X (t) Q;Et) 0(z—z)
2
1D, i;ift) . (4.3)

Here,vp andn arethe parametersf the Vesilind settlingvelocity, Q(t)/A is the underflav velocity;, with
A beingthe areaof crosssubsectiorof the clarifier. X;(t) and Q¢ (t)/A arethe sourceconcentratiorand
sourcevelocity respectiely. For the numericalimplementationthe deltafunctionabore is representetly a
rectangulaunit pulseof width 2o centredaroundz = z;. We thenhave threePDEsfor the differentregions
of theclarifier: abore theinlet, attheinlet, andbelowr theinlet.

ThesethreePDEsaregivenby:
l.for{0<z<z -0}

Xizt) . —nxzy , Qu(t)] 9X(zt)
= [(1 nX(zt)) vp e Xt+T] 3
2
+ Doa i;?t) ; (4.4)
2for{zi—o<z<zi+0o}:
X(zt) “ax(zt) , Qut)] 9X(zY)
x ‘[“‘”X(Z"))V‘)e X(”T] 72
+Xf(t)Q;ft)%
2
+0, 2220, (4.5)
3.for{zi+o0<z<L}:
ax{gtz,t) = - (l—nX(z,t))Voe”X(Z’t)JrQuT(t) ax(gi,t)
2
1D X EY, (4.6)

07

Theboundaryconditionsspecifiedfor thesePDEsarealreadygivenin Eq.(4.2).

This model andits boundaryconditionscan be transcribednto MSL-USER (version4.0, usedfor PDE
representationdlmostliterally:
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foreach(z, range(-(0),-(1.5))

DERIV(X, [t]) = - ((1-n*X)*v_0*exp(-n* X) + Q_UWA )DERIV(X, [z))
+ D_O*DERIV(X, [z,2])),

foreach(z, range(-(1.5),-(2.0 ),

DERIV(X, [t]) = - ((1-n*X)*v_0*exp(-n* X) + Q_UWA)*'DERIV(X, [z))
+ X_f*Q_f/(2.0*sigma *A)
+ D_O*DERIV(X, [z,2])),

foreach(z, range(-(2.0),+(5.0 ),

DERIV(X, [t]) = - ((1-n*X)*v_0*exp(-n* X) + Q_UWA)*'DERIV(X, [z))
+ D_O*DERIV(X, [z,2])),

foreach(z, range(+(0),-(0)), DERIV(X, [z]) = 0.0),

foreach(z, range(+(5),-(5)), DERIV(X, [z]) = 0.0),

The syntax-(x) denotesan interval boundary“]” (opento the left), whereast(x) denotesan intenal
boundary‘[” (opento theright).

Effluent pumped

If thereis pumpingof the effluent out of the clarifier, the effluent flux is includedexplicitly in the PDE.
Sincetheeffluentvelocity Qe(t) /A is unknavn, we eliminateit usingtherelation
Qe(t)/A= Q¢(t)/A— Qu(t)/A. ThePDEis givenby:

ax(gtz,t) = —|(1-nX(zt)) voe "X +—Q‘£) - Q;Et) 8(zs — 2) axéjt)
- (x(zt) - xe(0) A 5z
2
+ DY );?t) _ 4.7)

We againrepresenthe deltafunction by a unit pulse,asdescribedearlier The threePDEsfor theimple-
mentationaregivenby:

l.for{0<z<z -0}

2
+ Doai;i?t); o

2.for{zs—o<z< zi+0}:

axg?t) = - [(1—nx(2,t)) Vo e‘”x(Lt)+Q“T(t)] axést)
- (X(2) - xi() AL
2
+0p 2B (4.9)
3.for{zi+o<z<L}:
axétz’t) = — | (1-nX(z1)) Vo e‘”x(‘t)JrQuT(t) axé;’t)

2
+ Do );S’t) . (4.10)




200 WWTP Modelling and Simulation

As before,theboundaryconditionsfor thesePDEsaregivenin Eq.(4.2).
In MSL-USER,thisis representeds

foreach(z, range(-(0),-(1.5)) :
DERIV(X, [t]) = - ((1-n*X)*v_0*exp( -n* X) + Q_Uu/A - Q_fIADERIV(X, [z)])
+ D_O*DERIV(X, [z,2])),
foreach(z, range(-(1.5),-(2.0 ),
DERIV(X, [t]) = - ((1-n*X)*v_0*exp( -n* X) + Q_UA)DERIV(X, [z)])
+ (X -X_f)*Q_f/(2.0*sig maA)
+ D_O*DERIV(X, [z,2])),
foreach(z, range(-(2.0),+(5.0 ),

DERIV(X, [t]) = - ((1-n*X)*v_0*exp( -n* X) + Q_UWA)*DERIV(X, [z)])
+ D_O*DERIV(X, [z,2])),

foreach(z, range(+(0),-(0)), DERIV(X, [z]) = 0.0),

foreach(z, range(+(5),-(5)), DERIV(X, [z]) = 0.0),

with the boundaryconditionsasbefore.theta denoteghe6 step-functionintegral of aDirac d).
4.4.2 Discretization

As describedbefore,the discretizationfor both casesabore involving continuoussedimentatioris done
asfollows: the domainof length L of the clarifier divided into three elementsby four nodeslocatedat
{0, 1.5, 2.0, 5.0}. Theunit pulserepresentinghedeltafuncitonis assumedo spanthe seconcelementand
hasawidth of (20 = 2nL = 0.1L). We chooseoneinterior collocationpoint eachon the first and second
elementsandtwo onthethird. We seta = 3 = 0 onall threeelements.

This discretizatiorinformationis encodedn afile which drivesthediscretizatiorprocess

N =)
o oo
o oo
an e
o ow

Thisfile’s structureis

N_E
z 0
N(1) alpha(l) beta(l) z 1
N(2) alpha(2) beta(2) 2z 2

N(N_E) alpha(N_E) beta(N.E) z N E
where

N_Eis thenumberof finite elements,

z_i arethespatiallocations(strictly monotonouslyncreasingpf elementoundaries,

z_ 0 andz_N_E arethedomainboundaries,

N(i) isthenumberof interior collocationpointsin finite element ,

andalpha() andbeta() arereal numberslarger than -1 which determinethe location of the
collocationspointsin thefinite elemeni .



4.4 PDE modelling of clarification 201

We denotethe concentrationsit the four nodesby (us, Uy, us, Us) andthe concentrationst the four inte-
rior collocationpointsby (w1, wa, W, Wy). In the matrix formulation for the solution. we definevectors
U = (ug,Up,uz,ug) andW = (wy, W, W3, Ws). Using the linear domainboundaryconditions,andthe linear
elementoundaryconditionswe canrelateU andwW througha matrix equation:

PW = QU. (4.11)

We canthensubstitutefor the {u; } in the DAEsin termsof the {w; }.

In our work, all concentrationgreexpressedn kilogramsper cubic metre(kg/m?), lengthsin metres(m),

andtimein hours(h). In thegraphstheseconcentrationarerelabelledor conveniencesothat(us, W, Uz, W, Uz, W3, Wy, Ug)
correspondespectiely to ( Xy, X2, X3, X4, X5, Xg, X7, Xg ).

The lengthand areaof the clarifier, the Vesilind parametersyp, n, andthe dispersioncoeficient Dy were

takenfrom Wattset al. [WSK96]. Thevaluesare:

L = 5m;

= 700n?;
Vo = 7.65m/h;
n = 0.306m°/kg
Do = 0.165n%/h
Q; = 872m’/h
X¢ = 4kg/m?

Q, = 397m/h
(4.12)

Notethat Q¢, X, Q, areall constantdor the presentsimulation.The discretizationis carriedout automat-
ically by WEST++. The resultsof this discretizationMSL-USER 3.1 modelclassedo be includedin the
modelbasedescribedearlier)areshavn in AppendixC. Simulationresults(in WEST++)demonstratinghe
validity of theapproacharepresentedn the sameAppendix.

4.4.3 The batch case

As describedeforethe PDE for the concentratiorX (z t) in a 1-D clarifier undegoing batchsedimentation
is givenby:

OX(zt) _ _0G(X(zY) o 9X(21) (4.13)

ot 0z 02

Do is the dispersioncoeficient or pseudo-diusivity, G(X(zt)) is the gravitational settlingflux. As in the
continuouscase we usethe Vesilindsettlingvelocity in G(X(zt)).

Theboundaryconditionsfor the PDE above aregivenhby:

G(X(0,t)) - Do ax(git) =0
S @19

Discretization

For the batchcase the domainof interest|0, 5] is dividedinto two elementsby threenodedocatedat (0, 2,
5). We chooseoneinterior collocationpoint on thefirst elementandtwo onthe secondandseta =3 =0
on both elementsWe againdefinethe matricesU, W, P, Q, asdescribedor the continuouscase.ln the
figures,we representhe concentrationgus , wi, Uz, Wo, W3, Us) by (X1, X2, X3, X4, X5, Xg).
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The Vesilind parametersy, n, andthe dispersioncoeficient Do weretaken from Wattset al. [WSK96] as
before.Theparameter$or the batchcasearethus:

L = 5m;

Vo = 7.65m/h;

n = 0.306m’/kg

Do = 0.165n%/h. (4.15)

Three different concentrationprofiles similar to the continuouscasewere chosenfor the initial values
(W2, w3, wl). Thesecorrespondetb the uniform profile (9,9, 9)kg/m?, the profile with postive upward con-
centratiorgradient(11, 8, 6)kg/m® andtheprofilewith positve dovnwardconcentratiorgradient(6, 8, 11)kg/nm?.

Two groupsof simulationswere performed,dependingon how the non-linearboundaryconditionswere
dealtwith. We describehe groupsbelow:

e Groupl: This groupcorrespondgo the simple linearizationschemedescribedbefore,whereinthe
nonlinearflux (G(X) = voX e~ "X) was simply replacedby the first termin its Taylor seriesin the
boundaryconditions,so thatthe matrix methodcould be used.Thatis, we set(G(X) = vo X) atthe
boundaries.

e Group2: A piece-wisdinearapproximationrwasmadeon G(X), by inspectinga plot of G(X) vs.X.
(SeeFigure(4.3)) G(X) is representedly threelinearfunctionsasfollows:

Vo (mlx)a 0 < X < Xmax;
G(X) =19 Vo (mX+¢C2), Xmax<X <Xo; (4.16)
0, X > Xo.

The slopes(my, my), the constantc,; and (Xmax Xo), Which arethe valuesof X correspondindo the
maximumof G(X) andthe X — interceptof the straightline y = vo (mp X + ¢3), aregivenbelow:

m = 1'
n - él
(2 1),
mo= (?‘a>'
o 2(1 1)_
> = nle )
1-
Xmax = ﬁ’
 2(e-1)
Xo = e D (4.17)

Within eachgroupabove, two setsof simulationswereperformed:

e Setl: TheVesilindparameterandDg have the Wattsvalues Notethatthebatchsettlingresultsfor Set
| simulationscanbe comparedo thelimit caseof SetV simulationsof the continuoussedimentation
results,wherewe have consideredo influxesor outflows, but only settlingwith diffusion.

e Setll: Thelimit wherethereis only gravitational settling,thatis, Dg = 0.

Note thatthe otherlimit of purediffusion would reduceto the samelimit of the PDE for continuoussedi-
mentationandis notrepeatednere.

The MSL-USERrepresentationf thesemodelsis similar to the continuouscase but the piecavise linear
approximatiorof G(X) /vo requiresthe boundaryconditionsto be specifiedwith anf/Then/Elseconstruct.

Thesimulationresultsarepresentedn AppendixC.
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4.5 Modelling and simulation experiments
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Figure4.3: Piecaviselinearapproximatiorof G(X) /vo

4.5 Modelling and simulation experiments

Whenan appropriatenodelbasehasbeenconstructedor a given applicationdomain,the WEST++mod-
elling erwvironmentallows for graphicalcomponent-baseaiodelling.asdepictedn Figure4.4 (in this case
of asimpleWWTP). Theuserconnectsnodeliconsin a hierarchicalfashion.Fromthis abstractpecifica-
tion, togethemwith anMSL-USERIibrary of dynamicmodels onesingleMSL-USERmodelis producedin
particular eachicon put onthe carvasresultsin theinstantiationof anMSL-USEROBJectof the appropri-
ateclass.Connection®etweericonsresultin MSL-USERconnect statementsThisis shavn in the code

belov generatedrom the abore mentionedgraphicalrepresentation.

Fkkkkkkk

Il
Il
I University
/I Department
Il

/I Project:  WEST++
II' Type: MSL

/I Author:  hv

Il
Il

of Gent

of Applied and Process Control

Mathematics,  Biometrics

Fekkkkkkok

"
of coupled model.

/I Description: MSL-USER description

Macro-module:  HGE
I Date: Fri Dec 4 10:57:39 WET 1998

"wwtp.msl* // (* Mod: remove *)

#include
SIMPLE_WWTP_CLASS

#ifndef
SIMPLE_WWTP_CLASS

#define

CLASS benchmarkClass

Fekddkkkk

Fekddkkkk

*k

*k
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Figure4.4: SimpleWWTP Model
(* class = "coupled"; file = "lhome/westpp/westpp/data/simpleWWTP/simpleWWTP.HG E.tcl"; *)
SPECIALISES CoupledModelType =
{:
interface  <-
{

OBJ Influent  (* terminal
OBJ Effluent  (* terminal

3

parameters  <-

{
2

sub_models <-

OBJ aeration_tank

3

coupling  <-

/I parameter  coupling
/I sub-model  coupling

"in_1" ¥ ‘Influent" . INWWTPTerminal := {:causality <- CIN:},
"out_1" *) “Effluent" ;. outWWTPTerminal := {:causality <- COUT},

: FixVolumeActivatedSludgeUnit,
OBJ Settler : Takacs,
OBJ mixing : TwoCombiner,

connect(interface.Influent, sub_models.mixing.interface.Inflow),
connect(sub_models.mixing.interface.Outflow, sub_models.aeration_tank.interface.Inflow),
connect(sub_models.aeration_tank.interface.Outflow, sub_models.Settler.interface.Inflow),
connect(sub_models.Settler.interface.Outflow, interface.Effluent),
3
B
#endif

OBJ simpleWwTP " "

simpleWWTPClass; /I (* Mod: remove ¥*)

Fkkkkkkk kkkkkkkk *kk

I

Within the CoupledModelformalism,with sub-modelf the DAE type, connectionsare expandedo the
appropriatealgebraicequalities A compilergenerateMSL-EXEC from this modelfor usewithin the ex-
perimentatiorervironment.

It shouldbe notedthata modelbasemay containmultiplereasonableandidatanodelsfor agivenpartof a
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Figure4.6: WWTP influent

WWTP. In WEST++,a modelchoosingroutineretainsfeasiblecandidatenodelsbasedon modelfeatures
anduserrequirementandleavesthefinal choiceto theuser

Without giving quantitatve details,the following figuresdemonstratéown the benchmarknodelabore can
be usedto realisticallysimulateWWTP behaiour. Theinfluentin Figures4.5and4.6 with flowrates(Fig-
ure4.7is brokendown mainly in thebioreactor(Figure4.8) which resultsis a purified effluent (Figure4.9).

Oncethe parametervalueshave beencalibratedto a particularwastewater a modelmay be usedby the
engineerto eliminateinefficient designsandto choosethosealternatve systemconfigurationswhich are
mostlikely to be economicFor a givensystenflowsheetthereis morethanonechoiceof unit sizeswhich
will resultin adesireddegreeof treatment.

For this purpose,the WEST++ ervironmentincludesan optimizationmodule which varies parameters
(within bounds)so asto maximizea goal function. During optimization,sensitvity of the modelto pa-
rametervariations(usuallyin the optimal parameteipoint) can be calculated.Currently this is donein a
Monte Carlofashion thoughthis could be achiezed throughsymbolicmodelmanipulation.
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Summary

In this chapter the conceptsand techniguegpresentedn previous chapterswere appliedin the activated
sludgewastewatertreatmen{WWTP) domain.After anintroductionto actvatedsludgeWWTP concepts,
aphysicalsystemsnodellingmethodologywaspresented@ndappliedto the WWTP domain.In particular
modelknowledgeis representeth MSL-USER,the modellinglanguageusedin the WEST++modelling
andsimulationervironmentpresentedh thepreviouschapterA coreelemenin WWTP modelsis the Acti-
vatedSludgeModel 1 (ASM1) of the InternationalAssociatiorfor WaterQuality (IAWQ). This model,with
its particularmatrix formatencodingstoichiometryandkinetics,is presente@ndsubsequentlyepresented
in MSL-USER.Themostdetailedmodelsof theclarifier partof aWWTP aredescribedn the Partial Differ-
ential Equation(PDE) formalism. The automatic,symbolicdiscretizationbasedon orthogonalcollocation
over finite elementgresentegbreviously is demonstratedfor continuouslyfed aswell asbatch-fedmodels
of theclarifier. Finally, theapplicationof WEST++to WWTP modelling,coveringall phase$rom graphical
modellingto numericalsimulation,is briefly presented.
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Conclusions

This thesishasdevelopeda multi-formalismmodellingandsimulationmethodologyfor complex systems.
As such,its primary contrikution is the unification of differentmodellingand simulationconceptsmeth-
odsandtechniquesTo complementhe theoreticalconcernscomputerimplementationssueswere dealt
with andthe study of activated sludgeWasteWater TreatmentPlants(WWTPs) by meansof modelling
andsimulationwaspresentedsa concreteapplication.A model(interformalism)compileraswell asthe

full-fledgedinteractivemodellingand simulationernvironmentWEST++weredeveloped.A centralpart of

WEST++is thenew declamative modellinglanguage MSL-USER.

In the thesis,someof the needscurrentlyfelt in the modellingandsimulationcommunitywereaddressed.
Theseneedswereidentified by ESPRITS Basic ResearchNorking Group 8467 SIE-WG “Simulation in
Europe”,of whichtheauthorwasa co-foundemndco-ordinator Thework hasgeneralizedeigler's Theory
of Modelling andSimulationby introducingnon-causamodellingandmulti-formalismmodelling.

We now briefly review thethesis pointingout original contritutions.

In the first chapter generalmodelling and simulation conceptssuch as verification and validation were
introduced.In particular a new, unified representatiof modelling errorswasintroduced.The presenta-
tion brings structureto the multitude of differentexisting views andintroducesoriginal classificationof
modellingformalisms.Oneimportantnen dimensionin classificationis whethera modellingformalismis
(computationallyausal As not only theformalismamodelis representedh is important,but alsothe pro-
cessof manipulatingthosemodels,modelsof the modellingand simulationprocesswvere proposed Such
modelsmay be usednot only to describethe processput alsoto prescribethe processandas suchform
the basisfor automatednodellingand simulationervironments.The main contritution hereis the Virtual
ProductLife-cycle (VPL) conceptanda recursve procesanodelfor modellingandsimulationsupporting
bottom-upaswell astop-davn constructioranduseof models.

In the secondchaptera rigourouspresentationvasgiven of diverseformalismswith a descriptionof pos-
sible transformatiorbetweenthese.The transformationsare at the basisof the implementationof model
compilers.Thetransformationgnclude

o transformatiorof eventschedulingdiscreteeventmodelsto DEVS,

o transformatiorof Cellular Automatato DEVS,

e symbolictransformatiorof continuoudgormalismsbasedngraphalgorithmsin particular for causal-
ity assignmenin non-causamodels,Dinic’s algorithmwasintroduced.This algorithmis moreeffi-
cientthancurrentlyusedalgorithms,

o transformatiorbetweerdifferentialequationsandtransferfunctions,

o transformatiorof Forresters SystemDynamicsmodelsto ordinarydifferentialequations,

o transformatiorof acommonlyusedclassof partialdifferentialequationgo ordinarydifferentialequa-
tionsbasedon orthogonalkollocationover finite elements.

As maybeapparenfrom theabove transformationsthe describedormalismsare:1/O datatrajectoriesdis-
creteeventformalimsin theform of four different“world views”, the DEVS formalism,Cellular Automata,
differentialandalgebraicequationformalisms(introducingnon-causamodels,how they enablemodelre-
useand how to processthem efficiently), the transferfunction formalism, Forresters SystemDynamics
formalismanda classof partialdifferentialequations.

This chapterconcludedby presentinganalgorithmfor “flattening” coupledmulti-formalismmodels(mod-
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ular networks). This was achiezed by transformingthe componentso a commonformalism. Knowledge
aboutwhich transformatiorarefeasibleis keptin a FormalismTransformatiorGraph(FTG). Theintroduc-
tion of multi-formalismmodelling,the FTG andthe flatteningalgorithmforms a major contritution to the
meaningfulmodellingof comple systems.

In thethird chapterthe developmentsof the earlierchaptersvereusedin the designof a declaratre Model

SpecificationLanguagegMSL-USER)aswell asa full, interactve modellingand simulationervironment
(WEST++)to createmodify, andsimulateMSL-USER models.The designrequirementfor MSL-USER

weregenericity supportfor re-useandexchangeaswell asfor the representatioof multiple formalisms.
MSL-USERconceptarenow usedin theinternationalmodellinglanguagestandardizatioeffort Modelica.

MSL-USERIs afirst steptowardsmetamodelling (the modellingof modellingformalisms),alsodescribed
in this chapter

In the fourth andlast chapterit wasshavn how in the domainof bio-actvatedsludgewastewatertreat-
mentmodelling,the presente¢onceptsanbeapplied.In particular amethodologyfor constructingnodel
basedor physicalsystemavaspresentedndillustratedfor WWTPs.This leadto a genericmodelbasefor
WWTP modelling. This modelbasehasbeenthe cornerstoneof all WWTP modellingat BIOMATH and
its industrialpartnersFinally, theapplicationof WWTP modelsin the WEST++tool wasillustrated.

The work presentedn this thesisshouldnot be seenasan endpoint,but ratherasa solid basisfor further
researctanddevelopmentCurrentandfuturework will befocussedn:

e Thefurtherdevelopmenbf MSL-USER,megingit with Modelica.Theunificationof metamodelling
with multi-formalismmodelling.

¢ Theapplicationof multi-formalismmodellingto softwaredesign(investigatinghow the Unified Mod-
elling LanguagdJML maybeintegrated).

¢ Detailedproofsfor themappingof discreteaventworld views ontoDEVS. Formalverificationof both
multi-formalismtransformationgndmodelproperties.

e Theinclusionof moreformalismsin the FTG. In particular therelationshipbetweenStatechartend
DEVS needgo beinvestigatedn detail.

e The mappingof Ordinary Differential Equationsonto DEVS using quantization. Apart from per
formanceconsiderationsthis will alsohelp bridgethe gapbetweencontinuousanddiscrete(event)
models(i.e., hybrid modelling).

¢ An efficient, parallelimplementatiorof DEVS ondistributedmemory“Beowulf” clusters.
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Lexical Scoping

—— COMPILER STAGES (passes)

' root

Stmnt> S) —— parse the concete syntax
CurrentScope<— nil —— initially, the outer scopeis nil
CurrentScopeSetOrSeq- seq —— initialise (never usedat level 0 howerer)
CollectDeclarations(S—> Snev) —— setupDeclarations table

—— replaceead declamation by a refeence 10

—— into the table replaceead Identifier

—— by a refeeenceinto the Applications

—— table and attach a list of

—— declaition pointess (to Declarations

—— madein that blok) to ead scopeblod.
InitEnv —— initialise Ervironmentinfo
AssignDeclBApplic(Snav) —— assignappropriately scopedobject

—— declations to applicationgidertifiers
PrintValues(Sne) —— print values(objects)of identifieis

20

—— CONCRETESYNRX (of the prototype mini-language)

"nonterm' StmntListt> STMNT) —— a sequenceof statements
"rule’ StmntListt—> S):
Stmnt(—> S)
"rule' StmntList(—> seq(S1,S2)):
Stmnt(> S1) StmntList> S2)
30
"nonterm' Stmnt(—> STMNT)
"rule’ Stmnt(> scope(setblock(S), nil)): —— set
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" StmntList—> S) "}

"rule’ Stmnt> scope(seqgblock(S), nil)): —— sequence
" StmntList> S) ""

"rule’ Stmnt(> declare(ld,obj(Int))): —— declaation
"OBJ" Ident(> Id) " Number> Int)

"rule’ Stmnt> expr(E)): —— expression
Expr(— E)

"nonterm' Expr(— EXPR)
"rule’ Expr(—> appl(ld)): —— object application
Ident(—> Id)

—— ABSTRAT SYNRX and GLOBAL DECLARATIONS

—— For eadh declamtion, an entry is addedto the

—— object SymbolTable \verhDeclarationg. This entry can be filled

—— with the objects attributes. In different places,a refeence

—— into this table will be usedto accessthe objects attributes.

—— For the time being we only keeptrack of an objects Id (via which we can
—— find out its String representation),and of the value givento

—— the objectin that declamation.

' table’ Declarations(ld:IDENT, Value:OBJECT)

—— For eadh application (in an expression)of an object, an entry is

—— addedto the table \verbApplications$. In this table we

—— refer to the appropriate (scoped)entry \verhDecl in the Declarations table
—— From \verDecl|, the \verbld| as well as \verhValud at declaation time
—— can be retrieved. When,during the \verbCollectDeclaations()| pass,

—— \verhappl(ld) is replacedby \verbappLref(X) referring to

—— \verhX|, an entry in the Applicationstable the \verbld|

—— is enteed into \verhX|, as the appropriate \verhDecl| is not yet known.
—— Only during the \verbAssignDecldApplic() pass,will \vergDecl be

—— assigned.

—— This explains why \verbId:IDENT| is presentin the

—— \verhApplication$ table {\emand} in the \verhDeclarationg table

—— \verbApplication$ also hasa \verbLocal\alug entry which is

—— wheme we can attach “annotations” (lists

—— of attribute-valuepairs) to individual variable/identifie uses

—— (not usedin this prototype).

' table' Applications (Id:IDENT, Decl:OBJECT,LocalValue:OBJECT)

—— For every scope(setor sequence)keep a refeenceto the next
—— enclosingscope

—— (or nil if this is the outermostscope),as well as

—— a list of refeencesto declamations within that scope

' table’ Scopes(Outer:Scopeyipe, Decls:DeclarationList)

—— A list of refeencesinto the table of declaations
—— Sud a list is addedto the \verhscopé node delimiting
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—— a scope

"type DeclarationList
list(Declarations,DeclarationList)

nil

—— the actual ABSTR

"type' STMNT

KT SYNRX

scope(SetOrSed&sTMNT, ScopeVpe)

block(STMNT)

declare(IDENT,OBJECT)
decLref(Declarations)-— replacesdeclae() with a refeence

expr(EXPR)
seq(STMNT,STMNT)
deletedstmt —

"type EXPR
appl(IDENT)
applLref(Applications)

'type’ OBJECT
obj(INT)
obj_ref(Declarations)
noobj

"type' SetOrSeq
set
seq

"type' ScopeVpe
scopeVars(Scopes)
nil

—— into the Symbol@ble “Declarations”

— If declamtions (or any other statement)
—— are deleted,they are replacedby

—— deletedstmtLater, with another pass,all
—— deletedstmtsnay be remaoved.

—— replacesappl() with a refeence
—— into the table “Applications”

—— SCOPENAME ANALYSIS

var

CurrentScopeScopeVpe

"action' CollectDeclarations(STMNT> STMNT)

"rule' CollectDeclar

ations(sp&(SetOrSeq,Stmt, nil)

—> scope(SetOrSedyewStmt, scopeVars(Scope))):

Scope:: Scopes

—— new Scopedable entry for this blodk scope

90

100

110

120

130
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—— LEXICAL SCOPEHANDLING

CurrentScope-> CS —— retrieve current scope
ScopeOuter <— CS  —— set’Outer scopefor the block
ScopeDecls <— nil  —— just enteed scope no declsyet

CurrentScope<— scopeVars(Scope)-— set current scopeto newly created Scope

CollectDeclarations(Stmt> NewStmt) —— recurse down
ScopéOuter —> OuterScope —— the scopeof this level
CurrentScope<— OuterScope —— restoe the current scope

rule’ CollectDeclarations(sp&(SetOrSeq,Stmt,Scope)
—> scope(SetOrSed;tmt,Scope)):
Error(hould have found a nil OldScope !" , 999)
—— during parsing the Scopefield was supposedo be setto nil

rule' CollectDeclarations(déare(ld, Obj) —> declref(Declaration)):

—— decLref() points into the Symbol&ble for that declamation

—— May later wish male one more passto clean up the AST remwing these
—— if declamtions turn out not to be neededany more.

Declaration:: Declarations —— a new decla@ation
Declaratiohld <— Id —— the ld it declaes
DeclaratiohValue <— Obj —— value given at declasation time

CurrentScope—> scopeVars(Sc)

Sc Decls —> DList

Sc Decls <— list(Declaration,DList) —— add declamtion to current
—— scopes$ declamtionlist

"rule' CollectDeclarations(btik(Stmt) — block(StmtNe&v)):
CollectDeclarations(Stmt> StmtNev)

"rule’ CollectDeclarationsggr(appl(ld)) —> expr(applLref(X))):
X :: Applications
X'ld <— Id

"rule’ CollectDeclarations(s€§1, S2) —> seq(S1Ne, S2Nav)):
CollectDeclarations(St> S1New)
CollectDeclarations(S2-> S2Naw)

"type ErnvironmentList—— A list of enclosingLocal ervironments

env(Locals, EnvironmentList)
emptyen

—— Locals consistsof a list of

—— 1. an identifier

—— 2. if the identifier had a meaningin the enclosingscope
—— HiddenObjectrefers to the declastion in the enclosing
——  scopewhich is hiddenin the local scope

"type Locals

locals(IDENT, HiddenObject:OBJECT]|ocals)

140

150

160

170

180
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emptylocals

—— Whentravessing nestedscopes.,CurrentErwv holds
—— the ErvironmentListfor this nestinglevel.
"var' CurrentEn: EnvironmentList

—— Whentravesing nestedscopes,CurrentLevel

—— indicatesthe current nestingdepth. It may be used
—— for indentationetc.

"var' CurrentLeel: INT

—— Whentravesing nestedscopes,CurrentScopeSetOrSeq
—— indicateswhetherwe’re in a setor a sequencescope
—— This will influencethe processingof declref() nodes
—— which giverise to a Define()in a sequencescopeand
—— are ignored in a set scope(as Define()ingwas donein
—— DefineDecls().

"var' CurrentScopeSetOrSe&etOrSeq

—— Initialise the ervironmentat the top level
"action' InitEnv

"rule' InitEnv:
CurrentEr <— emptyer —— no ervironment
CurrentLeel <— 0 —— Nno nestingyet

—— entera nestedscope
—— savethe enclosingervironment
"action' EnterScope

"rule’ EnterScope:

CurrentEr —> Env —— the current ervironment

CurrentEr <— erv(emptylocals,Env) —— becomesghe enclosing
—— environmentin the next
—— nesting

—— Initially, no locals found
CurrentLeel — N
CurrentLerel <— N+1

—— leavea nestedscope
—— restoe the enclosingervironment
"action' LeaveScope

"rule' LeaveScope:

CurrentEr —> erw(Locals, Env)
ForgetLocals(Locals)
CurrentEr <— Env
CurrentLeel — N
CurrentLerel <— N—1

—— Forget local meaning Replaceby outer scopemeaning

190

200
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—— wheme necessary

—— If theselocals are not definedin the outer scope the Id stays

—— undefinedIf a local Id is definedin an enclosingscope

—— (the environment),the meaningfrom the enclosingscopeis restoed
"action' ForgetLocals(Locals)

—— Nno meaningin outer scopes

"rule' ForgetLocals(locals(ldnoobj, Locals)):
UndefMeaning(Id)

ForgetLocals(Locals)

—— forget local, restoe outer scopemeaning

"rule' ForgetLocals(locals(ldHiddenObject,Locals)):
DefMeaning(ld,HiddenObject)
ForgetLocals(Locals)

—— nothing to forget
"rule’ ForgetLocals(emptylocals

—— RESOWNE/BIND NESTEDIDENTIFIER APPLICATION TO DECLARATIONS

' sweep AssignDeclBApplic(ANY)

"rule' AssignDeclbApplic(scope(SetOrSeq,Stnmti)):
Error('Scope should have been assigned by now !" , 999)

"rule' AssignDeclBApplic(scope(seStmts,scpeVars(Scpe)):
CurrentScopeSetOrSeg> SetOrSeq —— this setis nestedin a SetOrSeq
CurrentScopeSetOrSeq— set
CurrentScope<— scopeVrs(Scope)-— set CurrentScopeto blodk’s scope
ScopéDecls —> DeclarationsinScope
EnterScope
DefineDecls(DeclarationsinScgpe
AssignDeclBApplic(Stmts)
LeaveScope
ScopeOuter —> OuterScope
CurrentScope<— OuterScope —— restoe old scope
CurrentScopeSetOrSeq— SetOrSeqg—— restoe the nature of the

—— enclosingscope

"rule’ AssignDeclBApplic(scope(sg, Stmts,sopevarsScops)):
CurrentScopeSetOrSeg> SetOrSeq —— this seqis nestedin a SetOrSeq
CurrentScopeSetOrSeq— seq

CurrentScope<— scopeVrs(Scope)-— set CurrentScopeo blod’s scope
EnterScope

AssignDeclBApplic(Stmts)

LeaveScope

ScopeOuter —> OuterScope

CurrentScope<— OuterScope —— restoe old scope

240
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CurrentScopeSetOrSeq- SetOrSeqg—— restoe the nature of the
—— enclosingscope

rule’ AssignDeclBApplic(decLref(Decl)):
CurrentScopeSetOrSeg> SetOrSeq

eq(SetOrSeqseq) —— only within seqscope

—— in caseof setscope the Defineshave beendone by means
—— of DefineDecls()

Dect ld — Id

Define(ld, Decl)

rule' AssignDeclBApplic(applref(X)):

X'1d — Id

Apply(ld —> DeclObj)

X' Decl <— DeclObj

—— this is where we could copy the declamation’s Value into

—— the applications Local\alue:

where(DeclObj —> obj_ref(Decl))

Decl Value —> Val —— copy of declaed valug may be modifiedlocally
X' LocalValue <— Val —— setthe value from the appropriate declamation

"action' DefineDecls(DeclarationList)

"rule’ DefineDecls(list(DeclDeclList)):
DefineDecls(DeclList)

Dectld — Id

Define(ld, Decl)

"rule' DefineDeclgfil):
"action' Define(IDENT, Declarations)

"rule’ Define(ld, Decl)

CurrentEr —> erw(Locals, Env)

IsUndefined(ld,Locals)

Hides(ld —> HiddenObject)

CurrentEr <— erv(locals(ld, HiddenObject,Locals), Env)
DefMeaning(ld,obj_ref(Decl))

"rule’ Define(ld, Decl) —— only get here if IsUndefined()fails
id_to_string(ld — Name)

print(ldentifier” ) print(Name)print('declared  again" )
print(ignoring  this last declaration” )

" condition' IsUndefined(IDENT ,Locals)
"rule' IsUndefined(ld,locals(Localld,Hidden, ListRest)):
ne (Id, Localld)
IsUndefined(ld, ListRest)

"rule’ IsUndefined(ld,emptylocals):

290
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' action’ Apply(IDENT —> OBJECT)

"rule’ Apply(ld — O):
HasMeaning(ld— O)

"rule’ Apply(ld —> noobj): —— if HasMeaning()fails
id_to_string(ld — Name)
print(ldentifier” ) print(Name)print(".: no declaration

print("(after ~ searching nesting scopes)” )
"action' Hides(IDENT — OBJECT)

"rule' Hides(ld — O):
HasMeaning(ld— O)

"rule’ Hides(ld — noobj): —— if HasMeaning()fails

—— PRINT SCOPEDIDENTIFIER VALUES

' sweep PrintValues(ANY)

"rule’ PrintValues(applref(Applic)):
Applic' Decl — O
PrintObject(O)

"action' PrintObject(OBJECT)

"rule’ PrintObject(noobj):

found" )

print('noobj, this node should be removed from the AST")

"rule’ PrintObject(obj(N)):
print(N)

"rule’ PrintObject(ohjref(X)):
X'1d — ID

id_to_string(ID —> Name)
print(Name)

X' Value —> obj(N)

print(N)

—— BASIC IDENT OPERATIONS (opaque)

"type' IDENT

"action' string to_id (STRING —> IDENT)
"action' id_to_string (IDENT —> STRING)

340

350

360

370

380
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"action' DefMeaning(IDENT, OBJECT) 390
"action' UndefMeaning(IDENT)
' condition' HasMeaning(IDENT — OBJECT)

—— ERROR and I/O HANDLING (opaque)

"action' Error (STRING, INT)

400

—— BASIC TOKENS

'token Ident (—> IDENT)
'token Number(—> INT)
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B.1 MSL-USER Generic Base

Librar y

MSL-USER Libraries

// Description: MSL-USER/Generic/Base definitions.

1/

// Ghent University

// Department of Applied Mathematics, Biometrics and Process Control
// implementation: Hans Vangheluwe

// topic: generic/base definitions

// contact: Hans Vangheluwe

HAHIHEHE

/1

#ifndef GENERIC. BASE
#define GENERIC.BASE

// Contains generic declarations for the modelling of
// dynamic (DAE based) physical systems.

// Builtin types are the only types for which

// an empty signature is allowed.

// During bootstrapping, the builtin type names
// are loaded into the outermost type namespace.
// The semantics of these types is given implicitly.

1/
// Builtin atomic types

TYPE Generic" builtin: type variable' ;

// The Generic type is a “type variable”. It will unify with any

// other type; any type is a sub-type of Generic which implies any
// object can be an instance of type Generic.

TYPE Integer " builtin: positive and negative Natural Number$;
TYPE Real " builtin: Real number$;
TYPE Char" builtin: ASCII character" ;

TYPE String
" builtin: Char* (implementedas atomic type for efficiency reasons);

TYPE Bottom " builtin: bottomtype' = ENUM {null};

// The Bottom type is a sub-type of any other type.

// By virtue of this, “null", the only object of

// type Bottom, can be used to denote an unassigned value
// for objects of any type.

TYPE Boolean" builtin: Logic type' = ENUM {True, Falsg};

1/

// Builtin composite types

/1

TYPE TypeDeclarationfpe

" builtin: type of TYPE declamtion statemerit;
TYPE ClassDeclarationjpe

" builtin: type of CLASSdeclamtion statemerit;

10

20

30

40

50



240 MSL-USER Libraries

TYPE ObjectDeclarationyipe
" builtin: type of OBJ declamtion statemerit;

TYPE Declarationpe
" type of a declamation (TYPE,CLASS,or OBJ) statemerit
= UNION {TypeDeclarationyipe, ClassDeclarationype, ObjectDeclarationfipe};

60

TYPE Expressionype
" builtin: type of expression$;

TYPE Equationpe
" builtin: type of equation$;

TYPE GenericlnteralType "

GenericInterval. Only meaningfulif used
to specialisewith endpointsof a type for which
an order relation is defined.

= RECORD

lowerBound: Generic;

upperBound:Generic;

lowerlncluded:Boolean; 80
upperincludedBoolean;

TYPE RealinteralType " Interval of real number$
SUBSUMES GenericlnteralType =
RECORD

lowerBound:Real; // Real is sub-type of Generic
upperBound:Real; // Real is sub-type of Generic
lowerincluded:Boolean;
upperincludedBoolean;

90

// type declarations for physical systems

TYPE UnitType

" The type of physicalunits. For the time being, a string’ 100
= String;

TYPE QuantityType
" The different physical quantities. For the time being, string"
= String;

TYPE CausalityJpe

" Causality of entities:
CIN: input (cause)only
COUT: output (consequencednly 110
CINOUT: input and output (causeand consequenceare allowed

= ENUM {CIN, COUT, CINOUT};

TYPE PhysicalNaturejipe

" The nature of physicalvariables

FIELD is used(in the physicalDAE context) to denote
parametersand constants

= ENUM {ACROSS, THROUGH, FIELD}; 120
TYPE PhysicalQuantityy¥pe
" The type of any physical quantity'

RECORD

quantity : QuantityType;

unit : UnitType;

interval : ReallntenalType;
value : Real;

causality : CausalityJpe;
nature  : PhysicalNaturejipe;

1/

// Formalism independent model stuff

130

TYPE InterfaceDeclaratioryipe
" declamtions within an interfacé’ = DeclarationVpe; 140

TYPE ParameterDeclaratiorype
" declamtions within parametersectiorf = Declarationpe;

TYPE ModelDeclarationype
" declamtions within sub"modelssectiori = DeclarationVpe;

TYPE CouplingStatementpe
" parametercoupling and connect()statements = Equationype;

150
TYPE GenericModelYpe
" The signatue of the genericpart of any (whatever the formalism) modet
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RECORD

comments  : String;

interface : SET-OF (InterfaceDeclaratioryipe);
// declared objects must be interfaces
parameter s : SET_OF (ParameterDeclaratiorype);
// declared objects must be parameters

TYPE CoupledModelYpe " The signatue of a coupled(network) modet
EXTENDS GenericModelype WITH
RECORD

suh.models: SET-OF (ModelDeclarationype);
coupling : SET_OF (CouplingStatementipe);

TYPE DAEModelType
" The signatue of a Differential Algebric Equation (DAE) model
within DAEModel¥pe models,connect()has the following
(flattening) semantics:
quantity and unit are cheded for equality
equationsare geneated to equal (=) all algebmic and state variables
all other labels are ignored
EXTENDS GenericModelype WITH
RECORD

independent SET_OF (ObjectDeclaration§ipe); // independent variable (time)
state 1 SET_OF (PhysicalQuantity§ipe); // variables
// those variables occurring in
// DERIV(v, [t]) statements are
// derived state variables
initial ! SET_OF (Equation¥pe);
equations  : SET_OF (Equationpe);
terminal : SET_OF (Equationype);

b

TYPE PhysicalDAEModelType
" within physicalDAEModel§pe models,connect()has the
following
(flattening) semantics:
quantity and unit are cheded for equality
quantity and unit are cheded for equality
equationsare geneated to equal (=) all acrossvariables
equationsare geneated to sumall through variablesto zeo

all other labels are ignored
= DAEModelType;

#endif

160

170

180

190

200

B.2 MSL-USER Generic Quantities

Librar y

// Description: MSL-USER/Generic/SI quantity definitions.

e
// Ghent University

// Department of Applied Mathematics, Biometrics and Process Control

// implementation: Frederik Decouttere

// topic: generic/SI quantity definitions

// contact: Jurgen Meirlaen

/ e

#ifndef GENERIC. QUANTITY _SI
#define GENERIC.QUANTITY _SI

// Sl quantities, units, constants

// Based on the ISO 1000 standard

// Part 1: Space and time

CLASS Angle
" A classfor angle'
SPECIALISES PhysicalQuantityype :

duantity <— "Angle';
unit <— "rad";
displayunit<— " deg" ;

CLASS SolidAngle
" A classfor SolidAnglé
SPECIALISES PhysicalQuantityype :=

quantity <— " SolidAnglé ;
unit <—"sr;
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4

TYPE StringType

"Theclassfor all kind of strings+ someextra’ s*

RECORD

quantity : Quantityype;

value : String;
unit : UnitType;
CLASS Date

" A classfor date'
SPECIALISES StringType :=

{:
quantity <— " Date";
CLASS Time

" A classfor time*
SPECIALISES PhysicalQuantityfpe

quantity <— " Time";
unit < "d";

interval <— {: lowerBound<— 0; upperBound<— PLUS.INF :};

CLASS Length
" A classfor Length'

SPECIALISES PhysicalQuantityype :

('quantity <— "Length';

unit <—"m";
4
CLASS Area

" A classfor Ared'

SPECIALISES PhysicalQuantityype :

quantity <— " Ared';
unit <—"mZ2';
interval <— {: lowerBound<— 0;

4

CLASS Volume
"\olume'

SPECIALISES PhysicalQuantityype :

quantity <— "\olume' ;
unit <—"m3";
interval <— {: lowerBound<- 0;

4

CLASS Angular\elocity
" A classfor Angular\élocity’

SPECIALISES PhysicalQuantityype :

quantity <— " Angular\élocity";
unit <— "rad/d";

4

CLASS Velocity

" A classfor \elocity

SPECIALISES PhysicalQuantityype :

quantity <— " \elocity";
unit < "m/d";
4

// every change of something

// per unit of time is in fact also
// a velocity, also called a rate

CLASS Rate
" A classfor rate"'

SPECIALISES PhysicalQuantityype :

quantity <— " Rate';
unit <— "dUnit/dt";
4

CLASS FlowRate

" Flow rate"

SPECIALISES PhysicalQuantityype :

quantity <— " FlowRaté ;
unit <— "m3/d";
interval <— {: lowerBound<— 0;

// DO NOT forget this is not the same
// e.g. d(volume)/d(pH)
// which is in fact a ratio

CLASS Ratio

upperBound<— PLUS.INF:};

upperBound<— PLUS.INF:};

upperBound<— PLUSLINF :};

as
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" A classfor ratio"
SPECIALISES PhysicalQuantityype :=

quantity <— " Ratid";
unit <— "dUnit/dUnit";
-+

CLASS AngularAcceleration 140

" A classfor AngularAcceleation"
SPECIALISES PhysicalQuantityyfpe :=

quantity <— " AngularAcceleation”;
unit <— "rad/d2';

-+

CLASS Acceleration

" A classfor Acceleation”

SPECIALISES PhysicalQuantityJipe := 150

quantity <— " Acceleation”;
unit <— "m/d2';
+

// Part 2: Periodic and related phenomens

CLASS Frequeng
" The type of frequency

SPECIALISES QuantityType := 160

quantity <— " Frequency;
unit <— "HZ';
interval <— {: lowerBound<— 0; upperBound<— PLUS.INF :};

// Part 3: Mechanics

CLASS Mass
" A classfor Mass$
SPECIALISES PhysicalQuantityype :=

170

quantity <— "Mass$ ;
unit <-"g";
interval <— {: lowerBound<— 0; upperBound<— PLUS.INF; :};

CLASS Density
" A classfor Density

SPECIALISES PhysicalQuantityJipe := 180
(.:|uanlity <— "Density ;

unit <— "g/m3;

intenval <— {: lowerBound<— 0; upperBound<— PLUS.INF; :};

CLASS Specific\blume

" Specificvolume ((density) -1)"

SPECIALISES PhysicalQuantityype :=

: 190
quantity <— " Specificglume';

unit <— "m3/d';

interval <— {: lowerBound<— 0; upperBound<— PLUS.INF:};

CLASS LinearDensity

" A classfor LinearDensity

SPECIALISES PhysicalQuantityffpe :=

quantity <— " LinearDensity ; 200
unit <— "g/m";

intenval <— {: lowerBound<— 0; upperBound<— PLUS.INF; :};
-+

CLASS MomentOfinertia
" A classfor MomentOfinerti&
SPECIALISES PhysicalQuantityype :=

quantity <— " MomentOfinertid;
unit <—"g'm2';

-+

CLASS Momentum

" A classfor Momenturh
SPECIALISES PhysicalQuantityype :=

210

quantity <— "Mass ;
unit <= "g*m/d";
-+

220
CLASS Force

" A classfor Force'

SPECIALISES PhysicalQuantityype :=

quantity <— " Force';
unit <—"N";

-+
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CLASS AngularMomentum

" A classfor AngularMomenturh
SPECIALISES PhysicalQuantityyfpe :=

('quantity <— "Mas$ ;
unit <— "g*m2/d';

4

CLASS MomentOfforce
" A classfor MomentOfrce’
SPECIALISES PhysicalQuantityype :=

quantity <— " MomentOf@rce' ;
unit <— "N*m";

4

CLASS Pressure
" A classfor Pressue"
SPECIALISES PhysicalQuantityffpe :=

quantity <— " Pressue";
unit <— "Pa"';

interval <— {: lowerBound<— 0; upperBound<— PLUS.INF; :};
4

CLASS NormalStress
" A classfor NormalStes$
SPECIALISES PhysicalQuantityype :=

quantity <— " NormalStess ;
unit <—"Pa";

4
CLASS Diffusivity

" A classfor Diffusivity'
SPECIALISES PhysicalQuantityype :=

('quantity <— " Diffusivity';
unit < "m2/d';

4

CLASS DynamicMscosity
" A classfor Dynamic\scosity
SPECIALISES PhysicalQuantityffpe :=

quantity <— " Dynamic\scosity ;
unit <— "Pard";
interval <— {: lowerBound<— 0; upperBound<— PLUS.INF; :};

CLASS KinematicMscosity
" A classfor Kinematic\scosity
SPECIALISES PhysicalQuantityype :

quantity <— " Kinematic\scosity ;

unit <= "m2/d;

intenval <— {: lowerBound<— 0; upperBound<— PLUS.INF; :};
4

CLASS Surface®nsion
" A classfor Surface@nsiori

SPECIALISES PhysicalQuantityype :=

quantity <— " Surface€nsion ;
unit <— "N/ni";

4

CLASS Enegy

" A classfor Enegy"
SPECIALISES PhysicalQuantityype :

quantity <— "Enegy";

unit < "J
4
CLASS Pawer

" A classfor Power
SPECIALISES PhysicalQuantityype :

quantity <— " Power";
unit < "W,

4

// Part 4: Heat
CLASS KelvinTemperature
" A classfor KelvinTempeature"
SPECIALISES PhysicalQuantityffpe :=

quantity <— " KelvinTempeature" ;
unit <= "K";

interval  <— {: lowerBound <— 0; upperBound<— PLUS.INF; :};
4

CLASS CelsiusEmperature
" A classfor CelsiusEmpeature"
SPECIALISES PhysicalQuantityype :=
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quantity <— " Celsius€mpeature" ;
unit <— "dgC";
interval <— {: lowerBound<— —273.15; upperBound<— PLUS.INF; :};
330
CLASS LinearExpansionCoétient
" A classfor LinearExpansionCoé€ient'
SPECIALISES PhysicalQuantityffpe :=

quantity <— " LinearExpansionCo#étient';
unit <= "1/K";

-+

CLASS CubicExpansionCoé€ient

" A classfor CubicExpansionCoféient' 340
SPECIALISES PhysicalQuantityype :=

quantity <— " CubicExpansionCof€ient' ;
unit <— "1/K";

+

CLASS RelatvePressureCofifient

" A classfor RelativePessueCoeficient

SPECIALISES PhysicalQuantityyfpe :=

: 350
quantity <— " RelativePessueCoeficient" ;
unit <= "1/K";

+

CLASS PressureCoétient
" A classfor PressueCoeficient'
SPECIALISES PhysicalQuantityype :=

duantity <— " PressueCoeficient' ;
unit <— "Pa/K"; 360
-+

CLASS IsothermalCompressibility
" A classfor IsothermalCompessibility"
SPECIALISES PhysicalQuantityffpe :=

quantity <— " IsothermalCompessibility" ;
unit <= "1/Pa";
-+
370
CLASS IsentropicCompressibility
" A classfor IsentopicCompessibility"
SPECIALISES PhysicalQuantityype :=

quantity <— " IsentopicCompessibility" ;
unit <= "1/Pa";
+

CLASS Heat= Enepy;
380
CLASS HeatFlavRate
" A classfor HeatFlowRaté
SPECIALISES PhysicalQuantityype :=

quantity <— " HeatFlowRaté;
unit <= "W,
+

CLASS DensityOfHeatFlovRate
" A classfor DensityOfHeatFlowRate 390
SPECIALISES PhysicalQuantityffpe :=

duantity <— " DensityOfHeatFlowRatg
unit <= "Wm2;
-+

CLASS ThermalConductiity

" A classfor ThermalConductivity

SPECIALISES PhysicalQuantityype :=

: 400
quantity <— " ThermalConductivity;

unit <= "W/(m*K)";

-+

CLASS CoeficientOfHeatTansfer
" A classfor CoeficientOfHeatTansfet
SPECIALISES PhysicalQuantityffpe :=

quantity <— " CoeficientOfHeatTansfel' ;
unit <— "W/(m2*K)'; 410
+

CLASS SurfaceCodfcientOfHeatTansfer
" A classfor SurfaceCodicientOfHeatTansfet
SPECIALISES PhysicalQuantityype :=

quantity <— " SurfaceCodicientOfHeatTansfel ;
unit <— "W/(m2*K)';
+
420
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CLASS Thermallnsulance
" A classfor Thermallnsulance
SPECIALISES PhysicalQuantityyfpe :=

quantity <— " Thermallnsulancg;
unit <= "m2*KIW';
4

CLASS ThermalResistance

" A classfor ThermalResistante
SPECIALISES PhysicalQuantityffpe :=

quantity <— " ThermalResistante
unit <= "KW
4

CLASS ThermalConductance
" A classfor ThermalConductan¢e
SPECIALISES PhysicalQuantityype :=

quantity <— " ThermalConductan¢e
unit <— "WIK";
4

CLASS ThermalDifusivity
" A classfor ThermalDifusivity"
SPECIALISES PhysicalQuantityyfpe :=

quantity <— " ThermalDifusivity";
unit <= "m2/d;

4

CLASS HeatCapacity
" A classfor HeatCapacity
SPECIALISES PhysicalQuantityffpe :=

quantity <— " HeatCapacity ;
unit <= "JIK";
4

CLASS SpecificHeatCapacity
" A classfor SpecificHeatCapacity
SPECIALISES PhysicalQuantityyfpe :=

('quantity <— " SpecificHeatCapacity,
unit <= "J(g*K)";

// The specific heat capacity is most often taken in a “direction”
// i. e. at constant pressure or constant volume. which one is meant
// should be specified in the appropriate aliases

CLASS RatioOfspecificHeatCapacities
" A classfor RatioOfSpecificHeatCapacities
SPECIALISES PhysicalQuantityyfpe :=

('quantity <— " RatioOfSpecificHeatCapacitles
unit <="-"

4

CLASS IsentropicExponent
" A classfor IsentopicExponerit
SPECIALISES PhysicalQuantityype :=

quantity <— " IsentopicExponerit;
unit <="-"

4

CLASS Entropy

" A classfor Entropy"
SPECIALISES PhysicalQuantityype :=

quantity <— " Entropy";
unit <= "JIK";
4

CLASS SpecificEntropy
" A classfor SpecificEnopy"
SPECIALISES PhysicalQuantityffpe :=

duanlity <— " SpecificEniopy" ;
unit <= "Jg*K)";
4

CLASS SpecificEnegy
" A classfor SpecificEnagy'
SPECIALISES PhysicalQuantityype :=

quantity <— " SpecificEnegy" ;
unit < "Jlg';
4

// In thermodynamics, energy comes in many flavors. The ones defined
// by the ISO are defined as aliases to the basic one.

// All of these energy forms are also

// defined in a specific, i. e. divided by mass version.
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CLASS ThermodynamicEney = Enengy;
CLASS HelmholtzFreeEngy = Enegy;
CLASS GibbsFreeEngy = Enegy;
CLASS Enthalpy = Enegy;

CLASS SpecificThermodynamicEngy = SpecificEnegy;
CLASS SpecificHelmholtzFreeEngy = SpecificEnegy;

CLASS SpecificGibbsFreeEngy

= SpecificEnegy;

CLASS SpecificEnthalpy = SpecificEnegy;

CLASS PlanckFunction
" A classfor PlandFunctiort

SPECIALISES PhysicalQuantityype :

quantity <— " PlandFunctiort ;
unit <= "Jg";
+

// Part 5: Electricity and magnetism

CLASS ElectricCurrent
" A classfor ElectricCurent'

SPECIALISES PhysicalQuantityype :

quantity <— " ElectricCurent';
unit < "A";
-+

CLASS ElectricChage
" A classfor ElectricChage'

SPECIALISES PhysicalQuantityype :

quantity <— " ElectricChage";
unit <="C";

-+

CLASS ElectricPotential
" A classfor Electrichotential'

SPECIALISES PhysicalQuantityype :

quantity <— " ElectricPotential';
unit <"V

+

CLASS Capacitance

" A classfor Capacitance

SPECIALISES PhysicalQuantityype :

quantity <— " Capacitancg;
unit <= "F";
interval <— {: lowerBound<- 0;

CLASS Inductance
" A classfor Inductancé

SPECIALISES PhysicalQuantityype :

quantity <— " Inductancé;
unit <—"H";
interval <— {: lowerBound<- 0;

CLASS Resistance
" A classfor Resistance

SPECIALISES PhysicalQuantityype :

quantity <— " Resistanck;
unit <— "Ohnt';
interval <— {: lowerBound<— 0;

CLASS Conductance
" A classfor Conductance

SPECIALISES PhysicalQuantityype :

quantity <— " Conductance;
unit <= "S';
interval <— {: lowerBound<— 0;

-+

upperBound<— PLUS.INF; :};

upperBound<— PLUS.INF; :};

upperBound<— PLUSLINF; :};

upperBound<— PLUSLINF; :};

// Part 6: Light and related electromagnetic radiations

CLASS Luminousintensity
" A classfor Luminousintensity
SPECIALISES PhysicalQuantityyfpe

quantity <— " Luminousintensity;
unit <= "cd';

-+

// Part 7: Physical chemistry and molecular physics

CLASS AmountOfSubstance
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" A classfor AmountOfSubstante
SPECIALISES PhysicalQuantityype :=

quantity <— " AmountOfSubstante
unit <— "mol";
intenval <— {: lowerBound<— 0; upperBound<— PLUS.INF; :};

620

// often used in chemistry, so | put it here

CLASS pH
" A classfor pH"
SPECIALISES PhysicalQuantityype :=

quantity <— "pH";
interval <— {: lowerBound<— 0; upperBound<— 14 :};
630
CLASS Concentration
" A classfor concentation”
SPECIALISES PhysicalQuantityype :=

nature <— " ACROSS ;

quantity <— " Concentation" ;

unit <— " g/m3';

interval <— {: lowerBound<— 0; upperBound<— PLUS_INF :};

640

// Part 8: Characteristic numbers
// Momentum transport

CLASS ReynoldsNumber

" A classfor ReynoldsNumber
SPECIALISES PhysicalQuantityype :
{:

quantity <— " ReynoldsNumber; 650
unit <"-";

4

CLASS EulerNumber
" A classfor EulerNumbet
SPECIALISES PhysicalQuantityype :

quantity <— " EulerNumbet;
unit <"y

B3 660

CLASS FroudeNumber
" A classfor FroudeNumber
SPECIALISES PhysicalQuantityype :

quantity <— " FroudeNumber;
unit <="-";

4

CLASS GrashofNumber 670
" A classfor GrashofNumber
SPECIALISES PhysicalQuantityype :

quantity <— " GrashofNumbeér;

unit < "-";

4

CLASS WeberNumber

" A classfor WeberNumber

SPECIALISES PhysicalQuantityJipe := 680

quantity <— " WeberNumber;
unit < "-";

4

CLASS MachNumber
" A classfor MachNumbet
SPECIALISES PhysicalQuantityype :

quantity <— " MachNumbet ; 690
unit < "-";

4

CLASS KnudsenNumber
" A classfor KnudsenNumbér
SPECIALISES PhysicalQuantityype :

quantity <— " KnudsenNumbér,
unit <"-";

+ 700

CLASS StrouhalNumber
" A classfor StouhalNumbet
SPECIALISES PhysicalQuantityffpe :=

quantity <— " StrouhalNumbet;
unit < "-";

4
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// Transport of heat
CLASS FourierNumber
" A classfor FourierNumbet
SPECIALISES PhysicalQuantityype :

quantity <— " FourierNumbe ;
unit <="-"
+

CLASS PecletNumber

" A classfor PecletNumber
SPECIALISES PhysicalQuantityype :

" PecletNumbet;

CLASS RayleighNumber
" A classfor RayleighNumbér
SPECIALISES PhysicalQuantityffpe :=

quantity <— " RayleighNumbér,
unit <="-"y

-+

CLASS NusseltNumber
" A classfor NusseltNumbér
SPECIALISES PhysicalQuantityyfpe :=

quantity <— " NusseltNumbér,

unit <— ;

+

CLASS BiotNumber= NusseltNumber;
// The name Biot number, Bi, is used
// when the Nusselt number is reserved
// for convective transport of heat.

CLASS StantonNumber
" A classfor StantonNumbér

SPECIALISES PhysicalQuantityype :

quantity <— " StantonNumbér,
unit <="-"y

+

// Constants of matter
CLASS PrandtiNumber
" A classfor PrandtiINumbet
SPECIALISES PhysicalQuantityyfpe :=

duantity <— " PrandtiINumbet ;
unit <="-"y

+

CLASS SchmidtNumber
" A classfor ShimidtNumbef
SPECIALISES PhysicalQuantityype :

quantity <— " ShmidtNumbet;

unit <— ;
-+
CLASS LewisNumber

" A classfor LewisNumbet
SPECIALISES PhysicalQuantityype :

" LewisNumbet;

1/
//end SI unit;

// begin constants of nature

/1

// (from: E.R. Cohen, and B.N. Taylor: The 1986 Adjustment of the Fundamental
1/ Physical Constants, CODATA Bulletin, Pergamon: Elmsford, NY, 1986.
// see also: http://physics.nist.gov/PhysRefData/codata86 /article.html

// http:/ /physics.nist.gov/PhysRefData/codata86 / codata86.html)

/1

OBJ C " \klocity of light in vacuuni : Velocity :=

value  <— 299792458;

OBJ G_EARTH " Gravity acceleation on earth' : Acceleration:=

alue  <— 9.81;
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OBJ AvogadroConstant
" The Avogado Constant : PhysicalQuantityype :=

quantity <— " AvogadoConstant' M" ;

unit <— "1/mol';
value  <— 6.0221367E23; 810
4

OBJ UniversalGraityConstant
" Universal gravity constant : PhysicalQuantityype :=

quantity <— "G";
unit <— "m3/(g*s2) ;
value  <— 6.67259E—11;
4
820
0BJ PlancksConstant
" Plands constant : PhysicalQuantity§pe :=

quantity <— "H";
unit <= "J*";
value  <— 6.6260755E—34

OBJ BoltzmannConstant
" Boltzmannconstant : PhysicalQuantity§pe := 830

quantity <— "K";
unit <= "JIK";
value <— 1.380658E—23

OBJ UniversalGasConstant
" Universal gas constant : PhysicalQuantityype :=

quantity <— "RO"; 840
unit <= "J/(mol*K)";
value <— 8.314510

4

OBJ StefanBoltzmannConstant
" StefanBoltzmannconstant : PhysicalQuantity§pe :=

quantity <— " SIGMA';

unit <— "W/(m2*K4) ;

value  <— 5.67051E—8 850
4
OBJ AbsoluteZero€mperature
" Absolutezeo tempeature” : PhysicalQuantityyfpe :=

quantity <— "T'ZERD";
unit <— "degC';
value <— —273.15

4

#endif

860

B.3 MSL-USER System Dynamics Library

/1
// Ghent University
// Department of Applied Mathematics, Biometrics and Process Control

// Project: WEST++/MSL-USER

// File: sd.msl

// Type: MSL

// Author: hv

// Date: $Date: 1999/11/14 13:33:02 $

// Revision: $Revision: 1.5 $ 10

/1

// Description: MSL-USER/System Dynamics model base.

#ifndef SD
#define SD

#include " generic.mgl 20

// don't specify quantity, unit, ...
CLASS SDTerminal SPECIALISES PhysicalQuantity¥pe;

CLASS ConstantClass
(x class = "constant; catgory = " )
" Constant:
Producesat its output' out , the value of the parameter' c*
SPECIALISES PhysicalDAEModelType :=
30

interface <—
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OBJ out (* terminal= "out' *) "out' :
SDTerminal := {: causality<— "COUT" :};

parameters <—

OBJ ¢ "c" : SDTerminal:= {: value <— 0; :};

independent<—

OBJ t "t": Time;
equations <—
{
interface .out = parameter s.c;

4

CLASS PopulationClass
(* class = "levelNmte'; catgory = "™ )
" SystemDynamicsPopulation:
Producesat its output’ level , the solution
of the differential equation
d level/d t = birth'rate - death ate'
SPECIALISES PhysicallAEModelType :=

interface <—

OBJ birth_rate (* terminal = " birth'rate" x) " birth'rate" :
SDTerminal := {: causality<— " CIN"; value <— 0 :};
OBJ deathrate (x terminal = " death mte' x) " death mate" :
SDTerminal := {: causality<— " CIN"; value <— 0 :};
OBJ level (x terminal= "level' x) " populationlevel' :

SDTerminal := {: causality<— "COUT" :};

independent—

OoBJ t"t": Time;

s

state <—

OBJ population” populationlevel' : SDTerminal;
OBJ pop-changerate " populationlevel changerate' : SDTerminal;

equations <—

DERIV(state .population,[independent.t]= state .pop.changerate;
state .pop.changerate = interface .birth_rate — interface .deathrate;
interface .level = state .population;

I

CLASS ProductlClass
(x class = " product® ; category = " x)
" Product:
Producesat its output' out , the product
of oneinput ' in' and one parameter' c"
SPECIALISES PhysicalJAEModelType =

interface <—

OBJ in (x terminal="in" x) "in" : SDTerminal :=

{: causality<— "CIN" :};

OBJ out (* terminal= "out' ) "out' : SDTerminal :=
{: causality<— " COUT" :};

}

parameters <—
OBJ ¢ "c" : SDTerminal;
independent<—
OBJ t "t": Time;
}
equations <—

interface .out = parameter s.c * interface .in;

I
4
CLASS Product2Class
(* class = " product? ; catgory = " x)
" Product:

Producesat its output' out , the product

of its 2 inputs' in'l' and'in’2" and one parameter’ c"
SPECIALISES

PhysicalDAEModelType :=

interface <—

OBJ in_1 (x terminal= "in'1" ) "in'1" :
SDTerminal := {: causality<— " CIN" :};

OBJ in_2 (x terminal="in'2" %) "in'2" :
SDTerminal := {: causality<— " CIN" :};

OBJ out (* terminal= "out' *) "out' :
SDTerminal := {: causality<— " COUT" :};
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I
parameter s <—
130
OBJ ¢ "c" : SDTerminal;
independent<—
OBJ t "t": Time;
I
equations <—
interface .out = parameter s.c * interface .in_1 x interface .in_2;
h 140
CLASS DivisionClass
(* class = "division'; catgory = " x)
" Division:
2 inputs: denominatorand divider
1 output: output
output= mult factor*denominator/divider
SPECIALISES
PhysicalDAEModelType := 150
{:
interface <—
OBJ denominator(x terminal = " denominatot x) " denominatot :
SDTerminal :=
causality<— " CIN";
value <— 1;
4
0BJ divider (« terminal = " divider' =) " divider' : SDTerminal := 160
causality<— " CIN";
value <— 1;
OBJ output (x terminal = "output' =) " output' :
SDTerminal := {: causality<— " COUT" :};
parameters <—
{
0BJ mult_factor " multiplication factor' : SDTerminal; 170
independent—
OoBJ t"t": Time;
equations <—
{
interface .output = parameter s.mult_factor
interface .denominator/ interface .divider;
b 180
CLASS SumClass
(* class = "sunt; catgory = " x)
" Sum:
Producesthe weightedsumof its 2 inputs on its output.
out = weight 1*in'1+ weight 2%in"2
By default the weight factors are both 1 and the 190
inputs are both 0.
For a pure subtmaction, it is suficient to set
weight' 1= 1
weight 2= -1
SPECIALISES PhysicalJAEModelType :=
interface <—
200
OBJ in_1 (x terminal= "in"1" ) "in'1" : SDTerminal :=
causality<— " CIN";
value <— 0;
OBJ in_2 (x terminal= "in"2" ) "in'2" : SDTerminal :=
causality<— " CIN";
value <— 0;
3+ 210
OBJ out (x terminal= " out' =) "out' :
SDTerminal := {: causality<— " COUT" :};
parameters <—
OBJ weight1 " weightfactor of inputin'1l" : SDTerminal :=
{: value <— 1; :};
OBJ weight2 " weightfactor of inputin'2" : SDTerminal :=
{: value <— 1; :};
; 220

iﬁdependenk—

OoBJ t"t": Time;
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s

equations <—

interface .out = parameter s.weight Lkinterface .in_1 +
parameter s.weight 2xinterface .in_2;
I

4

CLASS SwitchClass
(x class = "switch"; category =" x)
" Switch:
Basedon the valuea ' conditiorl input,
produceson its ' output port
the value of the ' in"true’  port if (condition ¢, 0)
the value of the ' in'falsé port if (condition j= 0)

SPECIALISES PhysicalJAEModelType =

interface <—

OBJ condition (x terminal = " conditior’ %) " conditior’ : SDTerminal :=

causality<— " CIN";
value <— 1;

OBJ in_true (x terminal = "in'true" =)
" input whosevalue is copiedin case(condition¢, 0)* : SDTerminal :=

causality<— " CIN";
value <— 0;

OBJ in_false (x terminal= "in'false' x)

" input whosevalue is copiedin case(conditionj= 0)" : SDTerminal :=

causality<— " CIN";
value <— 0;

4 )

OBJ output (* terminal= "output' =) "output' :
SDTerminal := {: causality<— " COUT" :};

independent—

OoBJ t"t": Time;

equations <—

interface .output =

IF (interface .condition > 0) THEN

interface .in_true

ELSE

interface .in_false;

B.4 MSL-USER WWTP Quantities Library

// Description: MSL-USER/WWTP/Quantity definitions.

// Ghent University

// Department of Applied Mathematics, Biometrics and Process Control
// implementation: Frederik Decouttere, Henk Vanhooren

// topic: wwtp quantities

// contact: Henk Vanhooren

/ i

#ifndef WWTP_QUANTITY
#define WWTP_QUANTITY

// vector CLASSES defined for general purposes

// length == NrOfComponents

// type of elements declared in the class-naming

// e.g MassVector == vector containing masses

CLASS Mass\éctor = Mass[NrOfComponents;];

CLASS MassFlux\éctor = MassFlux[NrOfComponents;];

CLASS Concentration¥ctor = Concentration[NrOfComponents;];
CLASS Specific\olume\ector = Specific\blume[NrOfComponents;];
CLASS VelocityVector = Velocity[NrOfComponents;];

CLASS ArealFlux\ector = ArealFlux[NrOfComponents;];

CLASS Length\ector = Length[NrOfLayers;];

// vector CLASSES used in the Takacs model

CLASS TakacsMassittor = Mass[NrOfLayers;];

CLASS TakacsConcentratiom¢tor = Concentration[NrOfLayers;];
CLASS Takacs\locity\Vector = Velocity[NrOfLayers;];

CLASS TakacsArealFlux¥ctor = ArealFlux[NrOfLayers;];

// Contains class definitions for the WWTP domain quantities.
// This is far more messy than the equivalent quantity definitions

HAHIHHE
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// for electrical, mechanical, ... domains.

// Rather than using concentrations, the generic models
// are expressed in terms of masses and fluxes:

CLASS MassFlux
" Mass per time unit’ 40
SPECIALISES PhysicalQuantityype :=

quantity <— " MassFlux ;

unit <—"g/d";

interval <— {: lowerBound <— MIN_INF; upperBound<— PLUS.INF :};
nature <— " THROUGH" ;

4

CLASS ArealFlux

" Mass per unit of surfaceand per unit of time" 50
SPECIALISES PhysicalQuantityffpe :=

quantity <— " ArealFlux' ;
unit <— "gl(m2*d)";
interval <— {: lowerBound<— 0; upperBound<— PLUS.INF :};

// ASM1

// stoichiometric parameters 60

CLASS YieldForAutotrophicBiomass
" A classfor YieldForAutotrophicBiomass
SPECIALISES PhysicalQuantityffpe :=

quantity <— "Y'A";
unit <— "gCOD/gN';
interval <— {: lowerBound<— 0; upperBound<— 4.57 :};
70
CLASS YieldForHeterotrophicBiomass
" A classfor YieldForHeteotrophicBiomass
SPECIALISES PhysicalQuantityype :=

quantity <— "Y'H";
unit <— "gCOD/gCOD ;
interval <— {: lowerBound<— 0; upperBound<— 1 :};

CLASS FractOfBiomassLeadingPartProd 80
" Fraction of biomassleading to particulate product$
SPECIALISES PhysicalQuantityffpe :=

quantity <— "F'P";
unit < "-";
interval <— {: lowerBound<— 0; upperBound<— 1 :};

CLASS MassOfNitrogenPerMassOfCODInBiomass
"Massof N per massof COD in biomas$ 90
SPECIALISES PhysicalQuantityype :=

quantity <— "1'XB";
unit <— "gN/gCOD';
interval <— {: lowerBound<— 0; upperBound<— 0.2 :};

CLASS MassOfNitrogenPerMassOfCODInProdFromBiomass
" Massof N per massof COD in productsfrom biomas$

SPECIALISES PhysicalQuantityJipe := 100

quantity <— " I'XP";
unit <— "gN/gCoD';
interval <— {: lowerBound<— 0; upperBound<— 0.2 :};

// kinetic parameters

CLASS MaxSpecifGravthRateHetero

" Maximumspecificgrowth rate for heteotrophic biomass 110
SPECIALISES PhysicalQuantityype :=

quantity <— "Mu'H";
unit <= "1/d;
interval <— {: lowerBound<— 0; upperBound<— 20 :};

CLASS MaxSpecifGrevthRateAutotr
" Maximumspecificgrowth rate for autotrophic biomas$

SPECIALISES PhysicalQuantityJipe := 120

quantity <— "Mu'A";
unit <= "1
interval <— {: lowerBound<— 0; upperBound<— 5 :};

CLASS HalfSatCoef
" Half-saturation coeficient'
SPECIALISES PhysicalQuantityype :=
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quantity <— "K™;
unit <— "gCOD/m3;
interval <— {: lowerBound<— 0; upperBound<— 1000000 :};

CLASS HalfSatCoefForHetero
" Half-saturation coeficient for heteptrophic biomas$
SPECIALISES PhysicalQuantityffpe :=
{:
quantity <— "K'S';
unit <— "gCOD/m3;
interval <— {: lowerBound<— 0; upperBound<— 100 :};

CLASS OxygenHalfSatCoédfForHetero
" Oxygenhalf-satuation coef for heteptrophic biomas$
SPECIALISES PhysicalQuantityype :=

quantity <— "KOH";
unit <— "g02/m3;
interval <— {: lowerBound<— 0; upperBound<— 10 :};

CLASS NitrateHalfSatCodforDenitrifHetero
" Nitrate half-satuation coef for denitrifying heteotrophic biomas$
SPECIALISES PhysicalQuantityfpe :=

quantity <— "K'NO";
unit <— "gNO3-N/m3g°'NO3-N*-3";
interval <— {: lowerBound<— 0; upperBound<— 2 :};

CLASS OxygenHalfSatCoéfForAutotr
" Oxygenhalf-satuation coef for autotrophic biomas$
SPECIALISES PhysicalQuantityyfpe :=

quantity <— "K'OA";
unit <— "g02/m3;
interval <— {: lowerBound<— 0; upperBound<— 10 :};

4

CLASS AmmonHalfSatCodforAutotr
" Ammoniumhalf saturation coef for autotrophic biomas$
SPECIALISES PhysicalQuantityype :=

quantity <— "K'NH";
unit <— "gNH3-N/m3;
interval <— {: lowerBound<— 0; upperBound<— 10 :};

4

CLASS HalfSatCoefForHydrolSlovBioDegradeSubstr
" Half satumtion constantfor hydmlysis of slowly biodegradable substate"
SPECIALISES PhysicalQuantityyfpe :=

quantity <— "K'X";
unit <— "gCOD/gCOD ;
interval <— {: lowerBound<— 0; upperBound<— 1 :};

CLASS MaxSpecificHydrolysisRate
" Maximumspecifichydmlysis rate"
SPECIALISES PhysicalQuantityype :=

quantity <— "K'h";
unit <— "gCOD/(gCOD*d) ;
interval <— {: lowerBound<— 0; upperBound<— 25 :};

CLASS AmmonificationRate

" Ammonificationrate’
SPECIALISES PhysicalQuantityype :

quantity <— "K'a";
unit <— "m3/(gCOD*d) ;
interval <— {: lowerBound<— 0; upperBound<— 0.25 :};

CLASS DecayCoeHeterotr
" Decay coeficient for heteptrophic biomas$
SPECIALISES PhysicalQuantityffpe :=

quantity <— "B'H";
unit <= "1d';
interval <— {: lowerBound<— 0; upperBound<— 25 :};

CLASS DecayCoefAutotr
" Decay coeficient for autotiophic biomas$
SPECIALISES PhysicalQuantityffpe :=

quantity <— "B'A";
unit <= "1/d";
interval <— {: lowerBound<— 0; upperBound<— 25 :};

4
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/| AsM2

CLASS DissolvedComponent

" A classfor dissolvedcomponents
changequantity in objectto specialize
eg. SO2for dissolvedoxygeri
SPECIALISES PhysicalQuantityype :=

quantity <— "S';

unit <— "g/m3';

interval <— {: lowerBound<— 0; upperBound<— PLUS.INF :};
nature<— " ACROSS ;

4

CLASS ParticulateComponent

" A classfor particulate component
sameremarkas for DissolvedComponeht
SPECIALISES PhysicalQuantityffpe :=

quantity <— "X";

unit <— "g/m3';

interval <— {: lowerBound<— 0; upperBound<— PLUS.INF :};
nature<— " ACROSS ;

4

CLASS Corversionfactor

" A classfor typical conversionfactors for continuity equations
from ASM2

SPECIALISES PhysicalQuantityffpe :=

quantity <—"1";
unit <— "glgCoD';
interval <— {: lowerBound<— 0; upperBound<— 1 :};

CLASS MaxGrownthRate
" Maximumgrowth rate"'
SPECIALISES PhysicalQuantityype :

quantity <— " Mu";
unit <= "d';
interval <— {: lowerBound<— 0; upperBound<— 20 :};

4

CLASS RateConstant
" Rate constanit
SPECIALISES PhysicalQuantityype :=

quantity <— "Q’orB'orK";
unit <= "1/d;
interval <— {: lowerBound<— 0; upperBound<— 20 :};

// some important terms || abbreviations || parameters
// used in wwtp

CLASS ChemOxDemand

" Chemicaloxygendemandis

the amountof oxygenrequired to completelyoxidize
organic carbonto CO2 by chemical mean$
SPECIALISES PhysicalQuantityyfpe :=

quantity <— " COD";
unit <— "g02/m3;
4

CLASS BiolOxDemand
" Biological oxygendemand(BOD'5'20):

amountof oxygenusedby non-photosynthetienicro-organisms

at 20 C to metabolizebiologically degradable organic compounds
measued over a period of 5 day$
SPECIALISES PhysicalQuantityype :

quantity <— "BOD'5'20';
unit <— "g02/m3;
4

CLASS NitrifOxDemand
" Nitrification oxygendemand
SPECIALISES PhysicalQuantityype :=

quantity <— "NOD";
unit <— "g02/m3;
4

CLASS DissohedOxygen
" A classfor the ammountof dissolvedoxygeri
SPECIALISES PhysicalQuantityffpe :=

quantity <— "DO";

unit <— "g02/m3;

displayunit<— " gO2/m3;

interval  <— {: lowerBound <— 0; upperBound<— 15 :};

4
/1
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L

CLASS Yield
" A classfor Yield"
SPECIALISES PhysicalQuantityype :=

duantity <— "Yeld";

unit <= "-"

interval <— {: lowerBound<— 0; upperBound<— PLUS.INF:};
4

CLASS GrowthRate
" GrowthRaté
SPECIALISES PhysicalQuantityype :=

quantity <— " GrowthRaté ;
unit < "1d;
interval <— {: lowerBound<— 0; upperBound<— 20:};

4

CLASS Fraction
" Fractior!'
SPECIALISES PhysicalQuantityyfpe :=

quantity <— " Fractior!";
unit <"
interval <— {: lowerBound<— 0; upperBound<— 1:};

CLASS SaturationCodicient
" Satuation coeficient'
SPECIALISES PhysicalQuantityype :=

quantity <— "K";
unit <"
interval <— {: lowerBound<— 0; upperBound<— 100:};

4

CLASS DecayCodicient
" Decay coeficient!
SPECIALISES PhysicalQuantityype :=

quantity <— " B";
unit < "1d;
interval <— {: lowerBound<— 0; upperBound<— 20:};

4
CLASS Correctionfactor

" CorrectionFactor*
SPECIALISES PhysicalQuantityyfpe :=

quantity <— "etd";
unit <= "-"
interval <— {: lowerBound<— 0; upperBound<— 1 :};

CLASS Reductionfactor
" Reductionfactdr

SPECIALISES PhysicalQuantityype :=

quantity <— "etd';
unit <"
interval <— {: lowerBound<— 0; upperBound<— 1 :};

CLASS MaxSpecAmmonRate

" Maximumspecificammonificationrate"

SPECIALISES PhysicalQuantityype :=

{:

quantity <— " MaxSpecAmmonRéte

unit <— "m3/(gCOD*d) ;

interval <— {: lowerBound<— 0; upperBound<— PLUS.INF:};

CLASS OxygenTansferCodicient

" OxygenTransfer Coeficient'
SPECIALISES PhysicalQuantityffpe :=
{:
quantity <— "Kla";

unit < "1d';

interval <— {: lowerBound<— 0; upperBound<— 5000 :};

4

CLASS OxygenUptakeRate
" OxygenUptake Rate'
SPECIALISES PhysicalQuantityffpe :=

duantity <— "OUR';
unit <— "g/(m3.d);
4

CLASS ElectricalEnegy
" A classfor electrical enegy"
SPECIALISES PhysicalQuantityype :=

quantity <— " Electrical enegy";

330

340

350

360

370

380

390

400

410



258 MSL-USER Libraries

unit <— "kWH';
-+
420
CLASS Dollar
" dollars’
SPECIALISES PhysicalQuantityype :=

quantity <— "dollar";
unit <~ "$;

3}

// ASM2d classes 430

#ifndef ClassASM2d
#define ClassASM2d

CLASS MonodTerm
" A classfor Monod-like terms'
SPECIALISES PhysicalQuantityffpe :=

quantity <—"S/ (K + S)';
unit <" 440
interval <— {: lowerBound<— 0; upperBound<— 1:};

CLASS InhibitionTerm

" A classfor inhibtion terms of the ASM-models
SPECIALISES PhysicalQuantityyfpe :=

quantity <— "K /(K + S);
unit <="-"

interval <— {: lowerBound<— 0; upperBound<— 1:}; 450

4
#endif // CLASS_ASM2d

#endif

B.5 MSL-USER WWTP Base Library

// Description: MSL-USER/WWTP/Base definitions.

/1

// Ghent University

// Department of Applied Mathematics, Biometrics and Process Control
// implementation: Hans Vangheluwe, Frederik Decouttere,

// Henk Vanhooren, Peter Vanrolleghem

// topic: basic module for wwtp modelbase, extending generic modules
// contact: Hans Vangheluwe, Henk Vanhooren, Peter Vanrolleghem

// 10

#ifndef WWTP_BASE
#define WWTP_BASE

// This library includes non-causal models as well as
// an inheritance hierarchy to separate
// different model aspects and enhance model re-use.

// Contains declarations to describe
// Waste Water Treatment Plants (WWTPs) 20

/1

// With this library as a starting point, the modeller

// only needs to specify relevant biological components
// (e.g., H20, S_S, X_S, ...) as well as Stochiometric
// and Kinetic conversion information (from IAWQ).

// Also, any number of terminals (physical flow

// of matter in/out of a sub-system, but also

// control and information terminals) may be added to
// the model.

// Once the above are specified, the appropriate model 30
// will automatically be expanded. Currently, automatic
// expansion only takes into account the hydrological,
// chemical, and biological aspects.

/1

// The following Components TYPE declaration is commented

// as it will be specified further on.

// As the order of declarations does not matter in MSL,

// the actual place of declaration of the Components TYPE

// does not matter. 40
// We already present a TYPE Components definition here

// as it will make the rest of the generic model

// easier to understand.

// In the Components type declaration, the user indicates
// which components will be used in his/her models.

// A number of assumptions are made:

// 1. In one system, ALL the connections between

1/ sub-models pass exactly those biological components

1/ indicated in the Components declaration. 50
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// 2. In a physical flow, ALL components are explicitly

// considered: H20, dissoved gasses, solids in suspension, ...
1/ The usual assumption that the concentration of H20 is 1
1/ and all the other concentrations are infinite will be put in
// further. This, to allow modelling of systems where

// the above assumption is not valid.

// EVERYTHING is deduced from the Components type declaration !
// From this declaration, appropriate models will be expanded

// automatically.

// As a convention, the component H20 is always written first
// as it is the “main” component in a wWitp.
// next in line are solubles. followed by particulates

//Beginlllustration
//TYPE Components

// The biological components considered in the WWTP models*
//= ENUM {H20, S_S, X_S, X.i};
//Endlllustration

0OBJ NrOfComponents

The numberof biological componentsonsideed in the WWTP models

: Integer := Cardinality(Components);

// The WWTPTerminal class is a template for the
// quantities which will be passed around the system.
// As with the Component type declaration, this declaration
// may be given at the very end by the user. The appropriate
// model will then be expanded.
// Note however that, as long as we're only dealing with
// biological components flowing around the system (as
// declared in TYPE Components), the WWTPTerminal CLASS
// below is sufficient !
// The following assumptions are made:
// 1. The SAME (WWTPTerminal) terminals are used everywhere in
a configuration.
// 2. All terminals of a model have the same cardinality.
//  This is enforced thanks to the way we define Components and
// WWTPTerminal.
// 3. The number of components in WWTPTerminal is the same as the number of
1/ components (columns) in the stoichiometry matrix (which will be
// defined later on). Again, this is enforced thanks to the way we define
//  Components and WWTPTerminal.
//  Note that components which are transported but do not react
//  (i.e., only hydraulics, no chemistry nor biology)
//  just have a column of zeroes in the stoichiometry matrix.
//  This is easy as by default, when a variable was not given a value,
//  the initial value is 0. Thus, if we don't assign anything to
// elements of the stoichiometry matrix, it is a matrix of zeroes,
//  which means no chemical/biological reactions take place.

CLASS WWTPTerminal

The variables which are passedbetweenWWTP model building blocks
Currently, we only considera flux of biochemical material

= MassFlux[NrOfComponents;];

CLASS InNWWTPTerminal SPECIALISES WWTPTerminal; //used to indicate inflow
CLASS OutWWTPTerminal SPECIALISES WWTPTerminal; //used to indicage outflow

CLASS WWTPConcErminal
The variableswhich are passedbetweenWWTPmodel building blocks
Currently, we only considera flux of biochemical material

= Concentration[NrOfComponents;];

CLASS InWWTPConcErminal SPECIALISES WWTPConcErminal; //used to indicate inflow concentrations
CLASS OutWWTPConc&rminal SPECIALISES WWTPConcErminal; //used to indicate outflow concentrations

// These classnames will be used by SelectByType() to determine which terminals
// are inflow and which are outflow. This is necessary to automatically

// generate the volume conservation law for any number (of inflow)

// terminals.

#ifdef ASM1

// some definitions to make the BOD COD transformer work

0OBJ NrOfBODCODComponents
" The numberof biological componentzonsideed in the input of a BODCOD transformet
: Integer := Cardinality(BODCODComponents);

CLASS BODCODTerminal
" The parameterspassedto a BOD COD transformerfrom the influent file"
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= MassFlux[NrOfBODCODComponents;];

CLASS InBODCODTerminal SPECIALISES BODCODTerminal; //used to indicate inflow

0OBJ NrOfBODComponents
" The numberof biological componentsonsideed in the input of a BODCOD transformet
. Integer := Cardinality(BODComponents);

CLASS BODTerminal
" The parameterspassedto a BOD transformerfrom the influent file"
= MassFlux[NrOfBODComponents;];

CLASS InBODTerminal SPECIALISES BODTerminal;

#endif // ASM1

/1
/1

GLOBAL VARIABLES===================

/1

// Begin of ALL GLOBAL variables

// Currently, iteration variables are not implicitly

// declared as being of the type of the range nor are they
// “expanded” as local (to the loop) variables.

// Rather, they have to be declared explicitly.

OBJ Comp.Index " Tempoary iteration variable, index of the componerit : Integer;

OBJ ReactionIndex " Tempoary iteration variable, index of the reactiort’ : Integer;

OBJ In_Comp.Index " Tempoary iteration variable, index of the incomingcomponerit : Integer;
0OBJ Out.Comp.Index " Tempoary iteration variable, index of the outgoingcomponerit : Integer;
OBJ Terminal " Tempoary iteration variable' : WWTPTerminal;

OBJ In_Terminal " Tempoary iteration variable' : WWTPTerminal;

OBJ Out.Terminal " Tempoary iteration variable' : WWTPTerminal;

#ifdef ASM1

OBJ In_BOD_COD_Terminal " Tempoary iteration variable' : BODCODTerminal;

#endif // ASML

0BJ NrOfReactions

" The numberof reactionsbetweenbiological componentsonsideed in the WWTP model$
: Integer := Cardinality(Reactions);

// specific to the Takacs model

//
0BJ

NrOfLayers" The numberof layersin the secondaryclarifier”

. Integer := NR_.OF_LAYERS;

OBJ
OBJ

Layer_Index " Tempoary iteration variable, index of the layer" : Integer;
NrOfLayersButOne

" Secondaryclarifier numberof layers- 1" :
Integer := NR_LOF_LAYERS.BUT_ONE;

OBJ

IndexOfFeedLayer

" Theindex of the layer wheee the influentis fed to the clarifier" :
Integer := INDEX_OF_FEED_LAYER;

OBJ

NrOfLayersPlusOne

" Secondaryclarifier numberof layers + 1" :
Integer := NR_LOF_LAYERS_PLUS.ONE;

/1

// end Takacs

/1
// End of ALL GLOBAL variables

/1

1l
/1

Begin of WWTPAtomicModel hierarchy=======

/1

/1

Begin of components & reactions def.=====

/1

// The components definition.

// Here, the user specifies which components will be considered.

// This will define the size of the wwtp terminal (through NrOfComponents, see above)
// Please note that the sequence of elements in the ComponentsVector
// is of importance !!! This sequence is used in certain models to achieve
// model re-usability.

// The sequence (for this modelbase) has to be:

// H20

// S_1 S_S .. S_NH S_ALK

// Xl XS .. X_P X_.ND

// the safest place to add compenents is in the middle of every subset !l!

TYPE Components

The biological componentsonsideed in the WWTPmodels

#ifdef ASM1
= ENUM {H20, S_I, S_S, S_0O, S_NO, S_ND, S_NH, S_ALK,
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X_l, X_S, X_BH, X_BA, X_P, X_ND};
#endif // ASM1

#if (definedASM2 || defined ASM2d)
= ENUM {H20, S.I, S_O, SN2, S_F, S_A, S_NO, S_PO, S_NH, S_ALK,
X_I, X_S, X_H, X_PAO, X_PP, X_PHA, X_AUT, X_TSS, X_.MEOH, X_MEP, X_ND};

// NOTE: X_ND will always be zero

// it is not mentioned in ASM2

// but is here to take care of model re usability between ASM 1 and 2
#endif // ASM2 or ASM2d

// Here, the user specifies which reactions between biological
// components will be considered

// As with Components this is

// done as an enumerated type so it becomes possible

// to refer to elements in the Stoichiometry and in the

// Kinetics matrices by name rather than by number.
TYPE Reactions
The reactionsbetweenbiological componentonsideed in the WWTPmodels

#ifdef ASM1

= ENUM {
AerGrowthHetero,
AnGrowthHetero,
AerGrowthAuto,
DecayOfHetero,
DecayOfAuto,
AmmonOfSolOgN,
HydrolOfEntrOw,
HydrolOfEntrOgN,
Aeration,

I8
#endif // ASM1

#ifdef ASM2

= ENUM {
AerHydrol,
AnHydrol,
AnaerHydrol,
AerGronthOnSf,
AerGrownthOnSa,
AnGrowthOnSfDenitrif,
AnGrowthOnSaDenitrif,
Fermentation,
LysisOfHetero,
StorageOfXPHA,
StorageOfXPP,
AerGronthOnXPHA,
LysisOfXRA\O,
LysisOfXPP,
LysisOfXPHA,
GrowthOfAuto,
LysisOfAuto,
Precipitation,
Redissolution,
Aeration,

b
#endif // ASM2

#ifdef ASM2d

= ENUM {
AerHydrol,
AnHydrol,
AnaerHydrol,
AerGronthOnSf,
AerGronthOnSa,
AnGrowthOnSfDenitrif,
AnGrowthOnSabDenitrif,
Fermentation,
LysisOfHetero,
StorageOfXPHA,
AerStorageOfXPP,
AerGronthOnXPHA,
LysisOfXRAO,
LysisOfXPP,
LysisOfXPHA,
GrowthOfAuto,
LysisOfAuto,
Precipitation,
Redissolution,
AnStorageOfXPP,
ANnGrowthOnXPHADenitrif,
Aeration,
h

#endif // ASM2d

// Note that also the aeration process, a mass transport process,
// is considered to be a conversion process !!!

#ifdef ASM1

TYPE BODCODComponents
" The numberof biological componentxonsideed in the input of a BODCOD transformet
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= ENUM {H20, COD, BOD5, TSS, TKN};
340
TYPE BODComponents
" The numberof biological componentsonsideed in the input of a BOD transformet
= ENUM {H20, BOD5, TSS, TKN};

#endif // ASM1
/1
// d of defining comp & react=

/1

CLASS WWTPAtomicModel

350

A genericatomic WWTPmodel.

Only specifiesmassbalances(massvariation is

sumof biological massfluxes(bioflux, with incoming =
positive sign, outgoing = negative sign) and a generic
corversionterm (only declaed here. Has to be specified
later).

SPECIALISES PhysicalBAEModelType := 360

parameters <—

// Due to the shape of the equations we use,
// it is more appropriate to work with Specific Volume =
// 1/Density (thus, we deal with specific volume = 0 rather than

// with density = infinity) than with density. 370

// The density (and hence specific volume) of different components

// seems to be global information (i.e., not model instance specific).

// There are however two reasons for NOT declaring

// WWTPSpecificVolume information as a global object.

// 1. WWTPSpecificVolume is a vector of size NrOfComponents.

1/ Obvioulsy, filling in values in this vector can only

1/ be done once we know which components are used.

1/ Example: referring to WWTPSpecificVolume[S_S] if the

// component S_S is not used is pointless. 380
1/ Thus, it seems more reasonable to put WWTPSpecificVolume

1/ in the parameter section of a (generic) model.

// 2. Once MSL-EXEC code is generated, the user

1/ currently only has access (from the Experiment Environment)

1/ to variables and parameters. Global variables (the logical

// C equivalent of global MSL objects) are not accessible

// (and currently not even generated for that matter).

1/ We thus HAVE to put WWTPSpecificVolume with the parameters.
1/ When it is put there, the user will be able to see(including

1/ symbolic information) and even change (though that may not be needed) 390
// Specific Volume data.

1/ Later, it may be meaningful to include a global

1/ constants/parameters section in MSL-EXEC.

// We only declare WWTPSpecificVolume here.

// Actual values will be given by the user in the equations of a model.

// except for WWTPSpecificVolume[H20] := 0.000001

// declared in the initial section

OBJ WWTPSpecificlume (x hidden="1" x)

" \ector containing the specificvolume(= 1/density)for all the components 400
: Specific\blume\éctor;

// Indexing is done by means of the symbolic indices from the
// enumerated type Components.

/]
// WWTPSpecificVolume[H20] := 0.000001;
/!

// By default, if no explicit assignment is done, the value is zero. 410
// Thus, with the assumption that density of H20 = 1 and all the

// other densities are infinite, WWTPSpecificVolume[S_S] = 0;

// etc. must not be written.

}
initial <—

parameter s. WWTPSpecificdlume[H20] := 0.000001;
h 420

independenk— { OBJ t " Time' : Time; };
state <—

OBJ M " \ector containing massedor all the components : Mass\éctor;

OBJ FluxPerComponengx hidden="1" x)

" \ector containing fluxesfor all the componentsthe sumof all incomingand outgoing fluxe$ : MassFlux\éctor;

OBJ InFluxPerComponengx hidden= " 1" x)

" Vector containingincoming fluxesfor all the components: MassFlux\éctor; 430
OBJ CorversionErmPerComponent hidden= " 1" x)

" \ector containing corversiontermsfor all the components: MassFlux\éctor;

OBJ Q_In " Influent flow rate' : FlowRate;
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equations <—

// The FluxPerComponent is the sum of all
// incoming (positive) and outgoing (negative) fluxes

{FOREACH Comp.Index IN {1 .. NrOfComponents:
state .FluxPerComponent[Comjndex] =

// If not only WWTPTerminal type terminals are present in the interface
// (e.g., also ControlTerminal), we have to select only

// those terminals from the interface which are of

// WWTPTerminal type (or any SUBtype such as INWWTPTerminal of it)
// as those are the only ones for which the mass balance law holds.

(SUMOVER In_Terminal IN {SelectByJpe(nterface ,InWWTPTerminal)}:
In_Terminal[CompIndex])+

(SUMOVER Out.Terminal IN {SelectByJpe(nterface ,OutWWTPErminal)}:
Out_Terminal[ComplIndex]); };

// The mass balance equations.

// These are composed of a term due to incoming and
// outgoing fluxes and of a term due to biochemical

// interactions between components.

{FOREACH Comp.Index IN {1 .. NrOfComponents:
DERIV(state .M[Comp_Index],[independent.t])=
state .FluxPerComponent[Comjndex]
+state .CorversionBrmPerComponent[Commdex]; };

// for efficiency and because most models need it anyway
// we calculate Q_In here

{FOREACH Comp.Index IN {1 .. NrOfComponent}:

state .InFluxPerComponent[Comndex] =
SUMOVER In_Terminal IN {SelectByJpe(nterface ,InWWTPTerminal)}:
(In_Terminal[CompIndex]);

Is

{state.Q_In = (parameter s. WWTPSpecificdlume[H20]
* state .InFluxPerComponent[H20]);
I

// Less general Q_In calculation to avoid algebraic loops in the
// modelling of WWTP’s (Algebraic loops for S_I -> X_ND induced
// by Q.In 1)

+
4

1/

1/ /WTPRAtomicModelWithoutVolume===

/1

// BE CAREFUL
// 1S NOT A SPECIALIZATION OF WWTPATOMICMODEL !I!
// FOR EFFICIENCY REASONS

CLASS WWTPAtomicModelWthoutVolume
SPECIALISES PhysicalIAEModelType :=

¢

parameters <—

OBJ WWTPSpecificlume (x hidden= "1" x)
" \ector containing the specificvolume(= 1/density)for all the components
: Specific\blume\éctor;

initial <—
parameter s. WWTPSpecific\dlume[H20] := 0.000001;
+
independent<— { OBJ t " Time" : Time; };
state <—

{

OBJ InFluxPerComponengx hidden="1" x)

" Vector containingincoming fluxesfor all components : MassFlux\éctor;
OBJ Q_In "Influentflow rate’ : FlowRate;

equations <—

{ FOREACH Comp.Index IN {1 .. NrOfComponent}:
state .InFluxPerComponent[Comjndex] =
SUMOVER In_Terminal IN {SelectByJpe(nterface ,InWWTPTerminal)}:
(In_Terminal[CompIndex]);

{state.Q_In = (parameter s. WWTPSpecific\élume[H20]
* state .InFluxPerComponent[H20]);

Is
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b

HH
/1

// larifier

/1

#include " wwtp.baselarifiermsl'

/1 540
// primary clarifier

/1

// PointSettler

// PrimaryPointSettler

// OtterpohlAndFreundPrimary
/] Tay

// LessardAndBeck

550

#include " wwtp.basgprimary’ clarifiermsl'

/1

// ondary clarifier

/1

// SecondaryPointSettler

// MarsiliLibelli

// OtterpohlAndFreundSecondary 560
// Takacs

#include " wwtp.basesecondary’ clarifiemsl'

/1
/1 pli
/1

// RelTwoSplitter

// AbsTwoSplitter 570
// TwoCombiner

// RelThreeSplitter

// AbsThreeSplitter

// ThreeCombiner

#include " wwtp.basesplitters’ combiners.nis|

/1

// WTPAtomicModelWithVolume=========
// 580

CLASS WWTPAtomicModelWthVolume EXTENDS WWTPAtomicModel WITH
{:

state <—

OBJ V "\Wlumé : Volume;
OBJ C " \kector containing concentations for all the components : Concentration¥ctor;

b 590
equations <—

// volume and conc equations are calculated
// specific to fixed or variable volume

4
#include " wwtp.basebuffertanks.msl 600
//

// WTPAtomicModelWithVariableVolume==

/1

CLASS WWTPAtomicModelWthVariable\blume
EXTENDS WWTPAtomicModelWthVolume WITH

interface <—
610
OBJ Inflow (x terminal="in"1" %) " Inflow" :
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Outflow (x terminal= "out'1' x)" Outflow' :
OutWWTPTerminal := {: causality<— " COUT" :},
h

parameters <—

OBJ N " Numberof weirs on a tank' : PhysicalQuantity§pe :=

{: value <— 100 ; 620
interval <— {:lowerBound<— 0; upperBound<— PLUS.INF; :}

0OBJ A " Surfacearea of the tank' : Area := {: value <— 200; :} ;
OBJ alfa " Parametey function of the weir type or width"

: PhysicalQuantityype := {: value <— 1 :};
OBJ beta" Parameter dependson the weir desigrf
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: PhysicalQuantityype := {: value <— 1 :};
OBJ V_Const" Constanttank volumebeneaththe lowest point of the weir"
. Volume := {: value <— 1900 :};

IS 630
state <—

OBJ Q_Out " Effluent flow rate’ : FlowRate;

I
equations <—

// Q-Out is stated variable and declared as

// Q-Out = Nxalfax(V/A" beta) 640
// for an explanation of these parameters

// see the parameter section above

state.Q_Out = IF (state.V > parameter s.V_Const)
THEN parameter s.N % parameter s.alfa
* pow((state .V — parameter s.V_Const) parameter s.A, parameter s.beta)
ELSE 0;

// The total volume is the sum of the volumes of each

// of the components. The volume of each component 650
// is determined by multiplying its mass by its

// specific volume.

state .V = SUMOVER Comp.Index IN {1 .. NrOfComponent}:
(parameter s. WWTPSpecific\dlume[CompIndex]«state .M[Comp_Index]);

// The concentration of each component is just the mass
// of that component divided by the total volume

{FOREACH Comp.Index IN {1 .. NrOfComponent: 660
state .C[Comp.Index] = state .M[Comp.Index] /state.V;};

{FOREACH Comp.Index IN {1 .. NrOfComponent}:
interface .Outflov[Comp.Index] =
— state.C[Comp.Index] * state.Q_Out ;};

670
// ConversionModel stands for all models where the ConversionTermPerComponent
1/ T
// takes on the form of Stoichiometry % Kinetics * V
// For each component, the reaction term is the sum
// of products of corresponding (one for each reaction)
// factors from the Stochiometry and the Kinetics matrices.

CLASS Var\blumeCorersionModelEXTENDS WWTPAtomicModelWthVariable\blume WITH
{:
#include " wwtp.\blumeConersionModel.bodgns!’ 680

// Below is an ASMConversionModel

// Actually, depending on which Components are used

// only a small part of the IAWQ may be needed.

// The result of a reduced declaration of Components,

// Stoichiometry and Kinetics also become smaller.

// Hence, we only have to (and only can !) refer to

// those Components in Stoichiometry and Kinetics.

// Hence, we will probably build different 690
// ASM1ConversionModels corresponding to components

// used.

// Perhaps more ELEGANT is the following (which relies

// heavily on symbolic elimination of empty (0=0) equations):

// If we define Components and Reactions so that they contain

// ALL components and reactions from IAWQ, then all appropriate

// equations will be generated automatically. This does require

// us to fill in Stoichiometry and Kinetics. If however

// we want a limited IAWQ model ASM1ConversionModelLimited we leave
// almost all elements in Stoichiometry and Kinetics undefined (and 700
// thus by default =0). This is equivalent to a limited IAWQ.

// Currently, there is a performance catch. Even though 0=0

// equations may be eliminated, the state vectors still have

// full dimension NrOfComponents. This implies a heavy burden on

// the integrator.

// Conclusion: for the time being, use previous solution.

// Later, not only eliminate 0=0 equations but also variables.

// We need some heuristic for this or perhaps user annotation

// tagging certain variables for removal. E.g, (x ignore_variable =

// TRUE %) 710
CLASS Var\VblumeASMConersionModelEXTENDS Var\olumeCowersionModelwITH

{:

#ifdef ASM1

#include " wwtp.\6lumeASM1CarersionModel.bodgns!'

#endif //ASM1

#ifdef ASM2
#include " wwtp.\blumeASM2CorersionModel.bodyns!'

#endif //ASM2 720

#ifdef ASM2d
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#include " wwtp.\blumeASM2dCarersionModel.bodnsI'
#endif //ASM2d

// A model with one inflow and one outflow
CLASS Var\olumelnOutlIAVQ EXTENDS Var\olumeASMConersionModelwITH

'initial < 730
{
I

// Below is where we start putting user-specific information
// This will later be put in a separate file

// Add the Specific Volume (=1/density) information to the equations

CLASS Var\olumeASU 740
(x class = " activated sludge’urit catgory = "™ )

SPECIALISES Var\blumelnOutlANQ :=

comments <— " Model for an activatedsludgeunit with a variable volumé ;

initial <—
{
h
750
/1
// WTPAtomicModelVariablePumpedVolume========
/1
CLASS WWTPAtomicModelWthPumpeddlume
EXTENDS WWTPAtomicModelWthVolume WITH
interface <—
760

OBJ Inflow (x terminal="in"1" x) " Inflow" :
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Outflow (x terminal= "out'1' x) " Outflow' :

OutWWTPTerminal := {: causality<— " COUT" :};
h

parameters <—

OBJ Q_-Pump" Desired efluent flow rate' : FlowRate;
OBJ V_Max " Maximumvolumeof the tank' : Volume; 770
OBJ V_Min " Minimum volumeof the tank' : Volume;

h
state <—

OBJ Q_Out " Actual efluent flow rate’ : FlowRate;

equations <—
780
state .V = SUMOVER Comp.Index IN {1 .. NrOfComponent}:
(parameter s. WWTPSpecific\dlume[ComplIndex]:state .M[Comp_Index]);

// The concentration of each component is just the mass
// of that component divided by the total volume

{FOREACH Comp.Index IN {1 .. NrOfComponent}:
state .C[Comp.Index] = state .M[Comp.Index] /state.V;};

state .Q_Out = IF (state.V < parameters.V_Min && 790
parameter s.Q_Pump > state.Q_In)
THEN state.Q_In
ELSE
IF (state.V < parameter s.V_Max)
THEN parameter s.Q_Pump
ELSE
IF (state.Q_In < parameter s.Q_Pump)
THEN parameter s.Q_Pump
ELSE state.Q_In ;
800
{FOREACH Comp.Index IN {1 .. NrOfComponents:
interface .Outflov[Comp.Index] =
— state.C[CompIndex] * state.Q_Out ;};
h

CLASS Pumped¥lumeConersionModelEXTENDS WWTPAtomicModelWthPumpeddlume WITH

{
#include " wwtp.\blumeConersionModel.bodyns!'
4

CLASS PumpeddlumeASMConersionModelEXTENDS PumpeddlumeCorersionModelwITH

810

{:
#ifdef ASM1
#include " wwtp.\blumeASM1CorersionModel.bodnsl'
#endif //ASM1

#fdef ASM2
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#include " wwtp.\6lumeASM2CarersionModel.bodgns!'
#endif //ASM2

#ifdef ASM2d
#include " wwtp.\6lumeASM2dCarersionModel.bodyns!'
#endif //ASM2d

// A model with one inflow and one outflow
CLASS PumpeddlumelnOutlANQ EXTENDS PumpeddlumeASMConersionModelwITH

'initial <=
{
I

CLASS PumpeddlumeASU
(x class = " activated sludge’urit catgory = "™ x)
SPECIALISES PumpeddlumelnOutlANQ =

comments <— " Model for an activatedsludgeunit with a variable pumpedvolumé ;

initial <—
{
I

1/

1/ WTPAtomicModelWithFixedVolurr

/1

CLASS WWTPAtomicModelWthFixed\blume EXTENDS WWTPAtomicModelWthVolume WITH

interface <—

OBJ Inflow (x terminal="in"1" %) " Inflow" :
INWWTPTerminal := {: causality<— " CIN" :};

OBJ Outflow (% terminal= "out'1" *)" Outflow' :
OutWWTPTerminal := {: causality<— " COUT" :};

state <—

// OBJ Q_Out “Effluent flow rate” : FlowRate ;

equations <—

// because of a fixed volume ...
// state.Q_Out = state.Q_In; anyway
// so skip it

// The total volume is the sum of the volumes of each
// of the components. The volume of each component
// is determined by multiplying its mass by its
// specific volume.

state .V = SUMOVER Comp.Index IN {1 .. NrOfComponent}:
(parameter s. WWTPSpecificdlume[CompIndex]state .M[Comp_Index]);

// The concentration of each component is just the mass
// of that component divided by the total volume

{FOREACH Comp.Index IN {1 .. NrOfComponents:
state .C[Comp.Index] = state .M[Comp.Index] /state .V;};

{FOREACH Comp.Index IN {1 .. NrOfComponents:
interface .Outflov[Comp.Index] =
— state.C[Comp.Index] * state.Q_In ;};

4

CLASS FixVolumeConersionModelEXTENDS WWTPAtomicModelWthFixed\olume WITH

{
#include " wwtp.\6lumeCorersionModel.bodgnsl'
4

CLASS FixVolumeASMConwersionModelEXTENDS FixVolumeConrersionModelwITH

#ifdef ASM1
#include " wwtp.\blumeASM1CorersionModel.bodyns!'
#endif //ASM1

#ifdef ASM2
#include " wwtp.\6lumeASM2CarersionModel.bodns!'
#endif //ASM2

#ifdef ASM2d
#include " wwtp.\6lumeASM2dCarersionModel.bodyns!'
#endif //ASM2d
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4

// A model with one inflow and one outflow

CLASS FixVolumelnOutlANQ EXTENDS FixVolumeASMConrersionModelWITH

{:

initial <—

h
4

// Below is where we start putting user-specific information

// This will later be put in a separate file

// Add the Specific Volume (=1/density) information to the equations

CLASS FixVolumeASU

(x class = " activated sludge’urlit cateory =
SPECIALISES FixVolumelnOutlANVQ :=

comments <— " Model for an activatedsludgeunit with a fixed volumé ;

initial <—

End of WWTPAtomicModel hierarchy

// End of WWTPAtomicModel hierarchy

/1

// From this point on, non-WWTPAtomicModels are considered

// like Takacs model, sensors, controllers, ...

// they are mostly non-WWTP specializations of PhysicalDAEModelType

// Begin of non-WWTPAtomicModels

/1

1l

/1
/1

// FlowSensor
// DOSensor
// NH4Sensor
// NO3Sensor

// XSensor

#include " wwtp.basesensors.m$|

1l
/1

/1

ontroller

/P

/] PI

// PID

// onoft

// Backlash

// Saturation

// RateLimiter

// DeadZone

// CoulombFriction

#include " wwtp.baseontollers.ms!

/1

/1
/1

ner

// timer21
// timer22
// timer31
// timer32
// timer4l
// timer42
// timer51
// timer52

#include " wwtp.basgimers.ms!

/1

// orvertor

/1

// CtoF
// FtoC
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// Waste

#include " wwtp.basecorvertors.ms!

/1

// ansformer

/1

// BOD/COD tranformer

#include " wwtp.basdransformers.ms|

/1
/] generator

/1

// sinus
// double sinus

// block

#include " wwtp.basegeneators.msl|

/1

1/ oopbreaker mod
/1

#include " wwtp.basdoopbreakemsl'
/1

// ickling filter
/1

#include " wwtp.baserickling filtermsl'
/1

1/ iver modk
/1

// Bulk_Benthic_River
// BenthicRiver

// #include “river.base.msl”

1/

// 1aerobic digestior

/1

// anaerobic digestion models

//#include “wwtp.base.anaerobic_digestion.ms!”

/1

#endif // WWTP_BASE

1020
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1040

1050

1060

B.6 MSL-USER WWTP ASM Conversion Library

// Description: WWTP/VolumeConsersionModel body.

e
// Ghent University

// Department of Applied Mathematics, Biometrics and Process Control

// implementation: Frederik Decouttere

// topic: general stoichiometry, kinetics, dataflow

// contact: Jurgen Meirlaen

/ e

// body for variable & fixed VolumeConversionModel
interface  <—

OBJ OUR_ASU (* terminal= "out'2' %)" OUR measuementdatd' :
OxygenUptakeRate= {: causality<— " COUT" :};
OBJ Kla-ASU (x terminal= "out'2' x)" Kla measuementdatd’ :
OxygenTansferCodfcient := {: causality<— " COUT" :};
OBJ V_ASU (x terminal= "out'2' )" \blume measuementdatd' :
Volume := {: causality<— " COUT" :};
I

parameters <—

OBJ Stoichiometry(x hidden="1" x)
" A matrix structue containing stoichiometry : QuantityType[NrOfReactions;][NrOfComponents,];

state <—

OBJ Kinetics (x hidden="1" x) " A vector containing kineticsfor all reaction§ : QuantityType[NrOfReactions;];

OBJ OUR (x fixed="1" %) "The OUR == oxygenuptakerate' : OxygenUptakeRate;

10
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equations <—

{FOREACH Comp.Index IN {1 .. NrOfComponents:
state .CorversionErmPerComponent[Commdex] =
SUMOVER ReactionlIndex IN {1 .. NrOfReaction$:
(parameter s.Stoichiometry[Reactiarindex][Comp_Index]
xstate .Kinetics[Reactionlndex])
xstate .V;};

state .OUR =
— (state .CorversionBrmPerComponent[®)] / state.V)
+ parameter s.Stoichiometry[Aeration][SO] = state .Kinetics[Aeration];

interface .OUR_ASU = state .OUR;
interface .Kla_ASU = parameter s.Kla;
interface .V_ASU = state.V;

B.7 MSL-USER WWTP ASML1 Library

// Description: MSL-USER/WWTP/VolumeASM1ConversionModel body.

/1
// Ghent University

// Department of Applied Mathematics, Biometrics and Process Control
// implementation: Frederik Decouttere

// topic: ASM1 model

// contact: Jurgen Meirlaen

/1

// body for variable & fixed VolumeASM1ConversionModel
parameters <—
//Basic biological parameters
OBJ Y_H " Yield For Hetewtrophic Biomas$ : YieldForHeterotrophicBiomass=

value <— 0.67;
interval <— {: lowerBound<— 0; upperBound<— PLUS.INF; :};

4
OBJ i_X_B " Mass Of NitrogenPer Mass Of COD In Biomas$
: MassOfNitrogenPerMassOfCODInBiomass {:value <— 0.086:};

OBJ Y_A " Yield For Autotrophic Biomas$
: YieldForAutotrophicBiomass= {:value <— 0.24:};
oBJ f_P " Fraction Of BiomassCorverted To Inert Matter"

: FractOfBiomassLeadingPartProd:= {:value<— 0.08:};
OBJ i_X_P " Mass Of NitrogenPer Mass Of COD In Products Formed
: MassOfNitrogenPerMassOfCODInProdFromBiomass{:value <— 0.06:};
OBJ mu_H " Maximum SpecificGrowth Rate For Heteotrophic Biomas$
: MaxSpecifGravthRateHetera= {:value <— 4.00:};
OBJ mu_A " Maximum SpecificGrowth Rate For Autotrophic Biomas$
: MaxSpecifGravthRateAutotr:= {:value <— 0.55:};
OBJ K_S " Half-Satumtion Coeficient For Heteotrophic Biomas$
: HalfSatCoefForHetero:={:value <— 20.00:};
OBJ K_OH " OxygenHalf-Satumtion Coeficient For Heteotrophic Biomas$
: OxygenHalfSatCodéForHetero:= {:value <— 0.2},
OBJ K_X " Half Satumtion Coeficient For Hydrolysis Of Slowly Biodegradable Substate’
: HalfSatCoefForHydrolSlovBioDegradeSubstr= {:value <— 0.02:};
OBJ b_H " Decay Coeficient For Heteotrophic Biomas$
: DecayCodHeterotr:= {:value <— 0.40:};
OBJ b_A " Decay Coeficient For Autotrophic Biomas$
: DecayCodfAutotr := {:value <— 0.01:};
OBJ n_h " Correction Factor For Anoxic Hydrolysis'
: Correctionfctor:= {:value <— 0.4:};
OBJ n_g " Correction Factor For Anoxic Growth Of Heteritrophg'
: Correctionfactor := {:value <— 0.8:};
OBJ k-a " Maximum SpecificAmmonificationRate'
: AmmonificationRate= {:value <— 0.06:};
OBJ k-h " Maximum SpecificHydrolysis Rate'
: MaxSpecificHydrolysisRate= {:value <— 2.00:};
oBJ K_NO " Nitrate Half-Saturtion Coeficient For Denitrifying Heteotrophic Biomas$
: NitrateHalfSatCodforDenitrifHetero:= {:value <— 0.50:};
OBJ K_NH " AmmoniaHalf-Satuation Coeficient For Autotrophic Biomas$
: AmmonHalfSatCodForAutotr := {:value <— 1.00:};
0oBJ K_LOA " OxygenHalf-Satuation Coeficient For Autotrophic Biomas$
: OxygenHalfSatCodForAutotr := {:value <— 0.4:};
oBJ Kla " Oxygentransfer coeficient!
: OxygenTansferCodfcient := {:value <— 50:};
OBJ S_O_Sat " Oxygensatumtion concentation”
: Concentration= {:value <— 8:},

0OBJ F_COD_TSS" Fraction COD/TSS : Fraction:= {: value <— 0.75 :};
h

state <—

OBJ X_TSS" Total suspendedsolids' : Concentration;
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initial <—
{
parameter s.Stoichiometry[AerGraithHetero][SS]
= — 1/(parameter s.Y _H);
parameter s.Stoichiometry[AerGravthHetero][X_.BH]
=1;
parameter s.Stoichiometry[AerGravthHetero][SO]
= — (1—parameter s.Y_H)/parameter s.Y_H;
parameter s.Stoichiometry[AerGraithHetero][SNH]
1= — parameter s.i_X_B; 80
parameter s.Stoichiometry[AerGraithHetero][SALK]
1= — parameter s.i_X_B/14;
parameter s.Stoichiometry[AnGravthHetero][S.S]
= — 1/parameters.Y_H;
parameter s.Stoichiometry[AnGravthHetero][X_-BH]
=1;
parameter s.Stoichiometry[AnGravthHetero][SNO]
= — (1—parameter s.Y_H)/(2.86xparameter s.Y_H);
parameter s.Stoichiometry[AnGravthHetero][SNH]
:= — parameter s.i_X_B; 90
parameter s.Stoichiometry[AnGravthHetero][SALK]
= ((1—parameter s.Y _H)/(14x2.86xparameter s.Y_H))—(parameter s.i_X_B/14);
parameter s.Stoichiometry[AerGrathAuto][X -BA]
=1;
parameter s.Stoichiometry[AerGravthAuto][S_O]
:= —(4.57—parameter s.Y_A) /parameter s.Y_A;
parameter s.Stoichiometry[AerGraithAuto][S_NO]
= 1/parameter s.Y_A;
parameter s.Stoichiometry[AerGravthAuto][S_NH]
1= —parameter s.i_X_B—1/parameters.Y_A; 100
parameter s.Stoichiometry[AerGrathAuto][S_ALK]
:= —(parameter s.i_X_B/14)—(1/(7*parameter s.Y_A));
parameter s.Stoichiometry[DecayOfHetero][XS]
:= 1—parameter s.f_P;
parameter s.Stoichiometry[DecayOfHetero][XBH]
= —1;
parameter s.Stoichiometry[DecayOfHetero][XP]
:= parameter s.f_P;
parameter s.Stoichiometry[DecayOfHetero][XND]
:= parameter s.i_X_B—parameter s.f_Pxparameter s.i_X_P; 110
parameter s.Stoichiometry[DecayOfAuto][XS]
:= 1—parameter s.f_P;
parameter s.Stoichiometry[DecayOfAuto][XBA]
= —1;
parameter s.Stoichiometry[DecayOfAuto][XP]
:= parameter s.f_P;
parameter s.Stoichiometry[DecayOfAuto][XND]
:= parameter s.i_X_B—parameter s.f_P«parameter s.i_X_P;
parameter s.Stoichiometry[AmmonOfSol@N][S_NH]
=1 120
parameter s.Stoichiometry[AmmonOfSol@N][S_ND]
= —1;
parameter s.Stoichiometry[AmmonOfSolQIN][S_ALK]
= 1.0/14.0;
parameter s.Stoichiometry[HydrolOfEntrQg][S_S]
=1;
parameter s.Stoichiometry[HydrolOfEntrQg][X _S]
= —1;
parameter s.Stoichiometry[HydrolOfEntrQgN][S_ND]
=1 130
parameter s.Stoichiometry[HydrolOfEntrOgN][X -ND]
= —1;
parameter s.Stoichiometry[Aeration][SO]

=1
I
equations <—

// From here, we assume the
// Specific Volumes to be known 140

state .Kinetics[AerGravthHetero]
= parameter s.muHx
(state .C[S_S]/(parameter s.K_S+state .C[S_S]))x
(state .C[S_O]/(parameter s.K_OH+state .C[S_O]))=
state .C[X_BH];
state .Kinetics]AnGravthHetero]
= parameter s.muHx
(state .C[S_S]/(parameter s.K_S+state .C[S_S]))x
(parameter s.K_OH/(parameter s.K_OH+state .C[S_O]))* 150
(state .C[S_NO]/(parameter s.K_NO+state .C[S_NO]))=
parameter s.n_gxstate .C[X_BH]J;
state .Kinetics[AerGravthAuto]
= parameter s.mMU_Ax
(state .C[S_NH]/(parameter s.K_NH-+state .C[S_NH]))*
(state .C[S_O]/(parameter s.K_OA+state .C[S_O]))x
state .C[X_BA];
state .Kinetics[DecayOfHetero]
= parameter s.b_Hxstate .C[X_BH];
state .Kinetics[DecayOfAuto] 160
= parameter s.b_Axstate .C[X_BA];
state .KineticsfAmmonOfSolOgN]
:= parameter s.k_axstate .C[S_ND]state .C[X_BH];
state .Kinetics[HydrolOfEntrOg]
= parameter s.K_hx
(state .C[X_S]/state .C[X_BH]) /(parameter s. K_X+
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(state .C[X_S]/state .C[X_BH]))*
((state .C[S_O]/(parameter s.K_OH-state .C[S_O]))+
parameter s.n_hx(parameter s.K_OH/(parameter s.K_OH+state .C[S_O]))x
(state .C[S_NO]/(parameter s.K_NO+state .C[S_NO])))x*
state .C[X_BH];
state .Kinetics[HydrolOfEntrOgN]
= (parameter s.k_hx(state .C[X_S]/state .C[X_BH]) /(parameter s.K_X+
(state .C[X_S]/state .C[X_BH]))x((state .C[S_O]/(parameter s. K_OH+
state .C[S_O]))+parameter s.n_h«(parameter s.K_OH/(parameter s. K_OH+
state .C[S_O]))*(state .C[S_NO]/(parameter s.K_NO+state .C[S_NO])))x*
state .C[X_BH])*(state .C[X_ND] /state .C[X_S]);
state .Kinetics[Aeration]
:= parameter s.Klax(parameter s.S_O_Sat-state .C[S_O]);

// calculate X_TSS ...
state X_TSS :=

(state .C[X_BH] + state .C[X_BA] + state.C[X_I] + state .C[X_S] + state .C[X_P])/ parameter s.F_COD_TSS;
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// Description: MSL-USER/WWTP/Base/Primary_clarifier definitions.

// Ghent University

// Department of Applied Mathematics, Biometrics and Process Control
// implementation: Frederik Decouttere, Henk Vanhooren

// topic: primary clarifiers

// contact: Henk Vanhooren

#ifndef WWTP_BASE_CLARIFIER
#define WWTP_BASE_CLARIFIER

CLASS PointSettler
" Pointsettlet

// The modelling of a settler by means of a pointsettler is a large

// simplification of the actual process. The settler is only a phase

// separator, and has no real volume. Hence, the model does not take into
// account the retention time in the settler. It is not a dynamical model

// but only based on mass balances.

// The effluent particulate concentration is calculated as a fraction of the

// influent concentration to the settler. The central equation is : X_Out = f_ns * X_i
// To calculate the underflow

// concentration a mass balance over the settler is solved.

EXTENDS WWTPAtomicModelWthoutVolume WITH
I

interface <—

OBJ Inflow (x terminal = "in'1" x) " Inflow" :
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Outflow (x terminal= "out'1" %) " Overflow :
OutWWTPRrminal := {: causality<— " COUT" :};
OBJ Underflav (x terminal= "out'2' x) " Underflow :
OutWWTPTerminal := {: causality<— " COUT" :};
h

parameters <—

0OBJ f_ns " Non-settleableraction of suspendedsolids' :
Fraction:= {: value <— 0.005 :};
0OBJ Q_Under" Underflowrate’ : FlowRate:= {: value <— 10 :};
0OBJ F_COD_TSS" Fraction COD/TSS0.75' : Fraction:= {: value <— 0.75 :};
h

state <—

OBJ f_Out (% hidden= %) " Fraction of the influent flux going to the overflow : Fraction;
OBJ f_Under (x hidden="1" %) " Fraction of the influent flux going to the underflow : Fraction;
OBJ X_Out " Effluent suspendedolids concentation” : Concentratior;

OBJ X-Under" Underflow suspendedolids concentation" : Concentration

h
equations <—

// The underflow rate is a parameter, so the effluent flow rate has to
// be calculated as a state variable

// Soluble components (including water itself) are split into the two
// streams (effluent and underflow) according to the ratio between
// the flow rates.

state .f_Out := (state.Q_In — parameter s.Q_Under) / state.Q_In ;
state .f_Under := parameter s.Q_Under/state .Q_In ;

{FOREACH Comp.Index IN {H20 .. S_ALK}:
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interface .Outflov[Comp_Index] = 70
— state .InFluxPerComponent[Comfndex] * state.f_Out ;};

interface .Underflav[H20] = — parameter s.Q_Under /
parameter s. WWTPSpecificdlume[H20] ;

{FOREACH Comp.Index IN {S_I .. SLAALK}:
interface .Underflav[Comp.Index] =
— state.InFluxPerComponent[Comjndex]s state.f_Under ;};

// Particulate components are split according to the non settleable 80
// fraction f_ns.
// X-Out = f_ns = X_i has to be transformed to an equation using fluxes !!
// Outflow = Q_Out % X_Out = a flux
= Q_Out * f_ns * X_i
// = Q_Out * f_ns x Inflow / Q_In
= Inflow * Q_Out / Q_In % f_ns ==> see equations below
// Underflow = Inflow - Outflow

{FOREACH Comp.Index IN {X_I .. X_ND}: 90
interface .Outflov[CompIndex] =
— state.InFluxPerComponent[Comjndex] * state.f_Out *
parameter s.f_ns ;};

{FOREACH Comp.Index IN {X_I .. X_ND}:
interface .Underflav[Comp.Index] = — (state .InFluxPerComponent[Comjndex]
+ interface .Outflov[Comp.Index]); };

#ifdef ASM1 100
{state . X_Out =
(SUMOVER Comp.Index IN {X_I .. X_P}:
(— interface .Outflov[Comp_Index])) / ((state.Q_In — parameter s.Q_Under)parameter s.F_COD_TSS);};

{state . X_Under =
(SUMOVER Comp.Index IN {X_I .. X_P}:
(— interface .Underflav[Comp_Index])) / (parameter s.Q_Under = parameter s.F_.COD_TSS);};

#endif // ASM1 110

#f (definedASM2 || definedASM2d)
state .X_Out = interface .Outflov[X _TSS] / (state.Q_In — parameter s.Q_Under);
state .X_Under = interface .Underflav[X_TSS] / (parameter s.Q_Under);

#endif // ASM2 or ASM2d
I

#endif // WWTP_BASE_CLARIFIER
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// Description: MSL-USER/WWTP/Base/Splitters_combiners definitions.

/ HAHIHEHE
// Ghent University

// Department of Applied Mathematics, Biometrics and Process Control

// implementation: Frederik Decouttere, Henk Vanhooren

// topic: splitters, combiners

// contact: Henk Vanhooren

// R

10
#ifndef WWTP_BASE_SPLITTERSCOMBINERS
#define WWTP_BASE_SPLITTERSCOMBINERS
CLASS RelTwoSplitter
(* class = "two splittel’ ; catggory = " x)
" relative splitter*

// Dividing a flow in two fraction, based on the flow fraction parameter.

EXTENDS WWTPAtomicModelWthoutVolume WITH

{ 20
comments <— " A modelfor a relative splitter into two flows';

interface <—

OBJ Inflow (x terminal="in"1" %) " Inflow" :
INWWTPTerminal := {: causality<— " CIN" :};

OBJ Outflowl (x terminal= "out'1" %) " Outflowl' :
OutWWTPTerminal := {: causality<— " COUT" :};

OBJ Outflow2 (* terminal = "out'2' ) " Outflow2
OutWWTPTerminal := {: causality<— " COUT" :};

h 30

parameter s <—

oBJ f_Out2 " Fraction of the fluxesgoing to outflow2 : Fraction:= {: value <— 0.9 :};

+
equations <—

{
{FOREACH Comp.Index IN {1 .. NrOfComponents:
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interface .Outflovl[Comp.Index] =
— state.InFluxPerComponent[Comjndex] * (1—parameter s.f_Out2);};

{FOREACH Comp.Index IN {1 .. NrOfComponent}:
interface .Outflov2[Comp.Index] =
— state .InFluxPerComponent[Comfndex] *
(parameter s.f_Out2);};

h
4

CLASS AbsTwoSplitter
( class = "two splittel’ ; category = " x)
" absolutetwo way splitter’

// Dividing a flow in two flows.

// Attention should be given to the possibility that in case of an
// absolute splitter the flows never go negative.

// Attention is given in the model

EXTENDS WWTPAtomicModelWthoutVolume WITH

comments <— " A modelfor an absolutesplitter into two flows';
interface <—

OBJ Inflow (x terminal = "in'1" x) " Inflow" :
INWWTPTerminal := {: causality<— " CIN" :};
0BJ Outflowl ( terminal= "out'1" x) " Outflowl' :
OutWWTPTerminal := {: causality<— " COUT" :};
OBJ Outflow2 (* terminal = "out'2' %) " Outflow2 :
OutWWTPRrminal := {: causality<— " COUT" :};
h

parameters <—

OBJ Q_Out2 " Outflow2rate’ : FlowRate:= {: value <— 50:};
h

state <—

OBJ Q_Outl " Outflowlrate' : FlowRate;
OBJ f_Out2 (x hidden="1" %) " Fraction of the influent flux going to outflow2 : Fraction;
OBJ Q_Out2Help (x hidden="1" x) " Help variable for outflow2rate' : FlowRate;

equations <—

state .Q_Outl = |F(parameter s.Q_Out2 > state.Q_In)
THEN 0

ELSE state.Q_In — state .Q_Out2_Help ;

state .Q_Out2_Help = IF(parameter s.Q-Out2 > state.Q-In)
THEN state .Q_In
ELSE parameter s.Q_Out2;

state .f_Out2 = state.Q_Out2_Help / state.Q_In ;

interface .Outflov1[H20] = — state .Q_Outl
/ parameter s.WWTPSpecificdlume[H20] ;
interface .Outflov2[H20] = — state .Q-Out2.Help
/ parameter s.WWTPSpecificdlume[H20] ;

{FOREACH Comp.Index IN {2 .. NrOfComponents:
interface .Outflov1[Comp.Index] =
— state.InFluxPerComponent[Comjndex] = (1 — state.f_Out2) ;};

{FOREACH Comp.Index IN {2 .. NrOfComponents:
interface .Outflov2[Comp.Index] =
— state .InFluxPerComponent[Comjndex] = state .f_Out2 ;};

Is

CLASS TwoCombiner

(* class = "two combinet; catgory = " x)

" two combinel

EXTENDS WWTPAtomicModelWthoutVolume WITH

comments <— " A modelfor a combinerof two flows';
interface <—

0BJ Inflowl (x terminal= "in'1" =) " Inflow1" :
INWWTPTerminal := {: causality<— " CIN"
OBJ Inflow2 (x terminal= "in"2" x) " Inflow2'
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Outflow (x terminal = "out'1' %) " Outflow' :
OutWWTPRrminal := {: causality<— " COUT" :};
h

equations <—

{FOREACH Comp.Index IN {1 .. NrOfComponent}:
interface .Outflov[Comp.Index] =
— state.InFluxPerComponent[Comjndex]; };
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4
CLASS RelThreeSplitter
(x class = "three splittel' ; catgory = "™ x)

" relative three splitter"
// Dividing a flow in three fractions, based on the flow fraction parameter.
EXTENDS WWTPAtomicModelWthoutVolume WITH

comments <— " A modelfor a relative splitter into three flows';
interface <—

OBJ Inflow (x terminal = "in'1" x) " Inflow" :
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Outflowl (* terminal = "out'l" %) " Outflowl’ :
OutWWTPRrminal := {: causality<— " COUT" :};
OBJ Outflow2 (* terminal = "out'2' %) " Outflow2
OutWWTPTerminal := {: causality<— " COUT" :};
OBJ Outflow3 (* terminal = " out'3" %) " Outflow3
OutWWTPTerminal := {: causality<— " COUT" :};
+

parameters <—

0oBJ f_Out2 " Fraction of the fluxesgoing to outflow2 : Fraction:= {: value <— 0.1 :};
0oBJ f_Out3 " Fraction of the fluxesgoing to outflow3 : Fraction:= {: value <— 0.8 :};

+
equations <—

{FOREACH Comp.Index IN {1 .. NrOfComponents:
interface .Outflov2[CompIndex] =
— state.InFluxPerComponent[Comjndex] *

(parameter s.f_Out2)};

{FOREACH Comp.Index IN {1 .. NrOfComponents:
interface .Outflov3[Comp.Index] =

— state.InFluxPerComponent[Comjndex] *
(parameter s.f_Out3)};

{FOREACH Comp.Index IN {1 .. NrOfComponents:
interface .Outflov1[Comp.Index] =
— state.InFluxPerComponent[Comindex] = (1 — (parameter s.f_Out2 + parameter s.f_Out3) );};

}
4

CLASS AbsThreeSplitter
(x class = "three splittel' ; catgory = "™ x)
" absolutethree way splitter*

// Dividing a flow in three flows.

// Attention should be given to the possibility that in case of an
// absolute splitter the flows never go negative.

EXTENDS WWTPAtomicModelWthoutVolume WITH

comments <— " A modelfor an absolutesplitter into three flows';
interface <—

OBJ Inflow (x terminal = "in'1" x) " Inflow" :
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Outflowl (x terminal= "out'1" %) " Outflowl' :
OutWWTPTerminal := {: causality<— " COUT" :};
OBJ Outflow2 (x terminal = "out' 2" %) " Outflow2' :
OutWWTPRrminal := {: causality<— " COUT" :};
0OBJ Outflow3 ( terminal = "out'3" x) " Outflow3 :
OutWWTPRrminal := {: causality<— " COUT" :};
+

parameters <—

0BJ Q_Out2 " Outflow2rate’ : FlowRate:= {: value <— 50:};
0BJ Q_Out3 " Outflow3rate’ : FlowRate:= {: value <— 50:};

state <—

{

OBJ Q_Outl " Outflowlrate' : FlowRate;

OBJ f_Outl (x hidden="1" x) " Fraction of the influentflux going to outflow : Fraction;
OBJ f_Out2 (x hidden="1" x) " Fraction of the influentflux going to outflow2 : Fraction;
OBJ f_Out3 (+ hidden="1" x) " Fraction of the influentflux going to outflow3 : Fraction;
OBJ Q_Out2Help (x hidden="1" x) " Help variable for outflow2rate' : FlowRate;

OBJ Q_Out3.Help (* hidden="1" x) " Help variable for outflow3rate' : FlowRate;

I

equations <—

//creating zero outflow is potentially dangerous because the Q_In in the next block is zero,
// so when something is divided by Q_In it gives NaN (luckily caught by the solver now) !!!

state .Q_Outl = state.Q_In — (state .Q-Out2_Help + state .Q-Out3.Help);

state .Q_Out2_Help = IF( parameter s.Q_Out2 > state .Q_In)
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THEN state.Q_In
ELSE parameter s.Q_Out2;

state .Q_Out3.Help = IF( (parameter s.Q_Out2+parameter s.Q_Out3) > state .Q_In)
THEN state.Q_In — state .Q_Out2_Help
ELSE parameter s.Q_Out3;

state.f_Outl = 1 — (state.f_Out2 + state.f_Out3) ;

state .f_Out2 = state.Q_Out2_ Help /state.Q_In ; 240
state .f_Out3 = state.Q_Out3_Help / state.Q_In ;

interface .Outflov1[H20] = — state .Q_Outl
/ parameter s. WWTPSpecificdlume[H20] ;
interface .Outflov2[H20] = — state .Q_Out2_Help
/ parameter s. WWTPSpecificdlume[H20] ;
interface .Outflov3[H20] = — state .Q_Out3_Help
/ parameter s. WWTPSpecificdlume[H20] ;

{FOREACH Comp.Index IN {1 .. NrOfComponent: 250
interface .Outflovl[Comp.Index] =
— state.InFluxPerComponent[Comjndex] = state .f_Outl ;};

{FOREACH Comp.Index IN {1 .. NrOfComponent}:
interface .Outflov2[Comp.Index] =
— state.InFluxPerComponent[Comjndex] = state .f_Out2 ;};

{FOREACH Comp.Index IN {1 .. NrOfComponent}:
interface .Outflov3[Comp.Index] =

— state.InFluxPerComponent[Comfndex] = state .f_Out3 ;}; 260

CLASS ThreeCombiner

(x class = "three’combiner; catgory = " %)

" three combinet

EXTENDS WWTPAtomicModelWthoutVolume WITH

comments <— " A modelfor a combinerof three flows';
interface  <— 270

OBJ Inflowl (x terminal= "in'1" %) " Inflow1" :
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Inflow2 (x terminal= "in'2" %) " Inflow2' :
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Inflow3 (x terminal= "in"3" x) " Inflow3" :
INWWTPTerminal := {: causality<— " CIN" :};
OBJ Outflow (x terminal= "out'1" %) " Outflow' :
OutWWTPTerminal := {: causality<— " COUT" :};

b 280

equations <—

{

{FOREACH Comp.Index IN {1 .. NrOfComponents:
interface .Outflov[Comp.Index] =
— state .InFluxPerComponent[Comjndex]; };

4

#endif // WWTP_BASE_SPLITTERS 290
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C.1 Discretization result: contin uous case, effluent overflo w

OBJ literator: Integer;
OBJ Kiterator: Integer;
CLASS pdeClass SPECIALISES PhysicalDAEModelType =

{
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il

PDE model before discretisation: cont.msl

Il

Il cont.msl

Il

Il Acceptance test for the MSL compiler:

Il a sedimentation PDE model

/I The Dirac deltas have been concretised by

/I a square pulse of width 2*sigma

/I This should NOTbe seen as the width of the inlet
/I which is abstracted as a point in this 1-D model
Il

Il HV 23/ 3/1999

Il

OBJ pdeClass "acceptance test of PDE" :
SET Generic END_SET:=

{

/I The declarations
il

/I constants
il

OBJ z_f ‘inlet  position" . PhysicalQuantityType =
{OBJ value: Real:=0.35,
OBJ variability . Variability;= constant},
OBJ sigma "half  width of the Dirac delta" : PhysicalQuantityType =
{OBJ value: Real:=0.25,
OBJ variability: Variability;= constant},

/I 1-D independent variables
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i

/I OBJt "time" . PhysicalQuantityType =

I {OBJ variability: Variability;= indep_time_var},

/' OBJ z "space" : PhysicalQuantityType =

I {OBJ variability: Variability:= indep_space_var,

I OBJ DIM1: Integer := 999},

Il

Il Il inputs

i

/I OBJ Q_f "influent flow" : PhysicalQuantityType =
I {OBJ variability: Variability:= input_var},

/I OBJ X_f "influent concentration" . PhysicalQuantityType =
I {OBJ variability: Variability;= input_var},

/I 0BJ Q_u "underflow" . PhysicalQuantityType =

I {OBJ variability: Variability;= input_var},

Il

/I Il outputs (just for testing, not needed)

i

/I 0BJ Q_e "effluent flow" : PhysicalQuantityType =
I {OBJ variability: Variability:= output_var},

Il

/I Il physical parameters

i

/I OBJ A "cross section area" : PhysicalQuantityType =
I {OBJ value: Real:=700.0,

I OBJ variability: Variability:= parameter},

/I OBJL "height of settler" . PhysicalQuantityType =
I {OBJ value: Real:=5.0,

I OBJ variability: Variability:= constant},

Il

/I 0BJ D_0 "diffusion constant" . PhysicalQuantityType =
Il {OBJ value: Real:=0.165,

I OBJ variability: Variability;= parameter},

/I 0OBJ n "Vesilind settling" . PhysicalQuantityType =

Il {OBJ value: Real:=0.306,

I OBJ variability: Variability;= parameter},

/I OBJv_0 "Vesilind settling" . PhysicalQuantityType =
Il {OBJ value: Real:=7.625,

I OBJ variability: Variability:= parameter},

Il

/I Il dependent variables

i

/I OBJ X "concentration X(zt)" : PhysicalQuantityType =
I {OBJ variability: Variability:= algode_var},

Il

/I Il The PDE (after  function  substitution and Dirac approximation)
/I Il HV: function  substitution is not necessary

i when (future) we allow a SET of equations as
I/ 3rd argument of foreach()

i

/I Il Equations and Boundary Conditons are given "over" a domain
/Il The domain may be a range or a single point

i

Il Il foreach(<variable id>  <domainrange>,  <equation>)

Il

/I Il The equations

i

Il foreach(z, range(-(0),-(1.5)),

Il DERIV(X, [t]) = - ((1-n*X)*v_0*exp(-n*X) + Q_U/A PDERIV(X, [z)])
Il + D_O*DERIV(X, [z,2])),

/I foreach(z, range(-(1.5),-(2.0)),

Il DERIV(X, [t]) = - ((1-n*X)*v_0*exp(-n*X) + Q_U/A*DERIV(X, [z)]))

I + X_f*Q_f/(2.0*sigma*A)
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Il + D_O*DERIV(X, [z,2])),

Il foreach(z, range(-(2.0),+(5.0)),

Il DERIV(X, [t]) = - ((1-n*X)*v_0*exp(-n*X) + Q_WA)*DERIV(X, [z)])
Il + D_O*DERIV(X, [z,2])),

Il

/I /I The Boundary Conditions

/I Il convention in BCs only:

Il write C+ X*.. + DX*.. + D2X*..

I Il ie, the X-term up front in a product

/.

/I /I Note how the factors of the X-terms may not

/I /I contain X (except in the condition of and ifThenElse())
II Il If the factors do contain X, the matrix approach

/I /I can no longer be used which results in a consideble

II Il slowdown, less accuracy, .. It is better to employ

/I /I a suitable  piecewise linearisation of the F(X)

II Il factor.  (see the batch case example)

/.

Il foreach(z, range(+(0),-(0)), DERIV(X, [z]) = 0.0),

Il foreach(z, range(+(5),-(5)), DERIV(X, [z]) = 0.0),

Il

Il Il Later: discretisation information here too ?

/I /I Thus: EXTENDPDE model with different

Il Il discretisation schemes

Il

/I Il End of contmsl

Il

Il

/I Discretisation file: cont.inf

Il

I3

I 0

I 10015

I 10020

I 20050

Il

Il

/I Discretised model

Il

interface <-

{ OBJ Q_f "influent flow"  :PhysicalQuantityType = {:causality <- CIN}
OBJ X_f "influent concentration” :PhysicalQuantityType = {causality <- CIN}
OBJ Q_u "underflow" :PhysicalQuantityType = {causality <- CIN};

OBJ Q_e "effluent flow"  :PhysicalQuantityType = {:causality <- COUT:}

parameters  <-
{ OBJQinv (* hidden = "1" * "Qinv matrix = inv(Q)" :PhysicalQuantityType [4004.];

OBJ C (* hidden = "1" * "C matrix of constants (not X dependent)" :PhysicalQuantityType [4];
OBJ Q (* hidden ="1" * "Q matrix of U coefficients" :PhysicalQuantityType [4704.];

OBJ P (* hidden ="1" * "P matrix of W coefficients" :PhysicalQuantityType [4004.];

OBJ Al (* hidden = "1" * ‘“collocation matrix ~ A1" :PhysicalQuantityType [3.18.]:= [

[

[

[

]

OBJ B1 (* hidden = "1" * ‘“collocation matrix ~ B1" :PhysicalQuantityType [3.18.]:= [
value <- 4.0}, { value < -8.0} { value <- 4.0}

[ {
[ {{ value < 4.0}, { value < -8.0} { value <- 4.0}
[ { value <- 4.0}, { value < -80} { value <- 4.0]]

{ value <- -3.0}, { value < 4.0}, { value < -10};
{ value <- -1.0}, {{ value < 0.0}, { value < 1.0}
{{ value < 1.0}, { value < -4.0} { value <- 3.0J]

1

OBJ A2 (* hidden = "1" * ‘“collocation matrix ~ A2" :PhysicalQuantityType [3.18.]:= [
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[ { value <- -3.0} {{ value < 4.0}, { value < -10J;

[ { value < -1.0} {{ value < 0.0}, { value < 1.0}

[ {{ value < 1.0}, { value < -4.0} { value <- 3.0J]
]

OBJ B2 (* hidden = "1" * “collocation matrix  B2" :PhysicalQuantityType [3.18.]:= [
[ {{ value <- 4.0}, { value < -8.0} { value <- 4.0
[ {{ value < 4.0}, { value < -80} { value <- 4.0}
[ {{ value < 4.0}, { value < -8.0} { value <- 4.0]]

]

OBJ A3 (* hidden = "1" * "collocation matrix ~ A3" :PhysicalQuantityType [4][4.]:= [

[ { value <- -7.0} { value <- 8.196152422707:}, { value <- -2.196152422707:},

{ value <- 1.0}

[ {{ value <- -2.732050807569:}, { value <- 1.732050807569:}, { value <- 1.732050807569:},
{ value <- -0.7320508075689:}];

[ { value <- 0.7320508075689:}, { value <- -1.732050807569:}, { value <- -1.732050807569:},
{ value <- 2.732050807569:}];

[ { value <- -1.0}, { value <- 2.196152422707:}, { value <- -8.196152422707:},

{ value <- 7.0}]

]

OBJ B3 (* hidden = "1" *) “collocation matrix ~ B3" :PhysicalQuantityType [4004.]:= [
[ {{ value < 24}, { value <- -37.17691453624:}, { value <- 25.17691453624:},
{ value <- -12.0];
[ { value <- 16.39230484541:}, { value <- -24.0}, {{ value < 1203},
{ value <- -4.392304845413};
[ { value <- -4.3923048454133}, {{ value <- 123}, { value <- -24.03,
{ value <- 16.39230484541:}];
[ { value <- -12.0}, { value <- 25.17691453624:}, { value <- -37.17691453624:},
{ value <- 24}
]

OBJ z "space" :PhysicalQuantityType [8.]= [ {{ value < 00}, { value < 075}
{ value <- 15}, { value <- 175}, { value <- 20}, { value <- 2.633974596216:},
{ value <- 4.366025403784:}, {{ value <- 5.0}];

OBJ z_f "inlet  position" :PhysicalQuantityType = { value <- 035}

OBJ sigma "half width of the Dirac delta" :PhysicalQuantityType = {0 value <- 0.25}
OBJ A "cross section area” :PhysicalQuantityType = { value <- 700.0}

OBJ L "height of settler" :PhysicalQuantityType = { value < 5.0}

OBJ D_0 "diffusion constant"  :PhysicalQuantityType = { value <- 0.165}

OBJ n "Vesilind settling” :PhysicalQuantityType = { value <- 0.306}
OBJ v_0 "Vesilind settling” :PhysicalQuantityType = {i value <- 7.625}}
independent  <-

{ OBJt "time" :PhysicalQuantityType }

state  <-

{ OBJR (* hidden = "1" * "R matrix = P*W+C" :PhysicalQuantityType [4];

OBJ U (* hidden = "1" * "X(zt) at Finite Element Boundaries" :PhysicalQuantityType [4]=
[ { value < 1.0}, { wvalue < 1.0}, { value < 10}, { value < 1.0}

OBJ W"X(z,t) at Internal  Collocation Points"  :PhysicalQuantityType [4]=

[ { value < 1.0}, { value < 1.0}, { value < 10}, { value < 1.0}

OBJ X "concentration X(z,t)"  :PhysicalQuantityType [8.]=

[ { value < 1.0}, { value < 1.0}, { value < 10}, { value < 1.0}
{{ value < 10}, { value < 10}, { value < 10}, { value < 1.0}}

initial <-

{ parameters.Q[4][3]:= ((1/3.0)*parameters.A3[4][1]);
parameters.Q[4][4]:= ((1/3.0)*parameters.A3[4][4]);
parameters.Q[1][1]:= ((1/1.5)*parameters.A1[1][1]);
parameters.Q[1][2]:= ((1/1.5)*parameters.A1[1][3]);
parameters.Q[2][1]:= ((1/1.5)*parameters.A1[3][1]);
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parameters.Q[2][2]:= (-(((2/0.5)*parameters.A2[1][1])) + ((1/1.5)*parameters.A1[3][3]));
parameters.Q[2][3]:= -(((2/0.5)*parameters.A2[1][3]));
parameters.Q[3][2]:= ((1/0.5)*parameters.A2[3][1]);
parameters.Q[3][3]:= (-(((1/3.0)*parameters.A3[1][1])) + ((1/0.5)*parameters.A2[3][3]));
parameters.Q[3][4]:= -(((1/3.0)*parameters.A3[1][4]));
parameters.Qinv[1][1]:= invert_td(ref(parameters.Qinv[1][1]) , ref(parameters.Q[1][1])
parameters.C[1][1]:= -(0.0y;
parameters.C[4][1]:= -(0.0y;
parameters.P[1][1]:= ((1/1.5)*parameters.A1[1][2]);
parameters.P[2][1]:= ((1/1.5)*parameters.A1[3][2]);
parameters.P[2][2]:= -(((2/0.5)*parameters.A2[1][2]));
parameters.P[3][2]:= ((1/0.5)*parameters.A2[3][2]);
parameters.P[3][3]:= -(((1/3.0)*parameters.A3[1][2]));
parameters.P[3][4]:= -(((2/3.0)*parameters.A3[1][3]));
parameters.P[4][3]:= ((1/3.0)*parameters.A3[4][2]);
parameters.P[4][4]:= ((1/3.0)*parameters.A3[4][3])}
equations  <-
{

{FOREACH literator IN {1 .. 4}

state.U[literator]:= -((SUMOVER Kiterator IN {1 .. 4}
:(parameters.Qinv[literator][Kiterator]*state.R[Kiterator])));}

{FOREACH literator IN {1 .. 4}

state.R|[literator]:= ((SUMOVER Kiterator IN {1 .. 4}
:(parameters.P[literator][Kiterator]*state.W[Kiterator])) + parameters.Cl[literator]);}

DERIV(state.W[A],[independent.t])

= ((-((((1 - (parameters.n*state.W[4]))*parameters.v_0)*exp((-(parameters . N)*state.
(interface.Q_u/parameters.A)))*((state.U[4]*((1/3.0)*param ete rs.A3[3][4  ])

((state.W[4]*((1/3.0)*parameters.A3[3][3])) + ((state.W[3]*((1/3.0)*parameters.A3[3][2]))

(state.U[3]*((1/3.0)*parameters.A3[3][1]))))))

(parameters.D_0*((state.U[4]*(((1/3.0)*(1/3.0))*parameter s.B3[3 ][4])

((state.W[4]*(((1/3.0)*(1/3.0))*parameters.B3[3][3]))

((state. W[3]*(((1/3.0)*(1/3.0))*parameters.B3[3][2]))

(

state.U[3]*(((1/3.0)*(1/3.0))*parameters.B3[3][1]))))) );
ERIV(state.W[3],[independent.t])

(@ - (parameters.n*state.W[3]))*parameters.v_0)*exp((-(parameters . N)*state.
+ (interface.Q_u/parameters.A)))*((state.U[4]*((1/3.0)*param ete rsA3[2]4 1)

((state.W[4]*((1/3.0)*parameters.A3[2][3])) + ((state.W[3]*((1/3.0)*parameters.A3[2][2]))
(state.U[3]*((1/3.0)*parameters.A3[2][1]))))))

(parameters.D_0*((state.U[4]*(((1/3.0)*(1/3.0))*parameter s.B3[2 ][4])
((state.W[4]*(((1/3.0)*(1/3.0))*parameters.B3[2][3]))

(

(

(state.W[3]*(((1/3.0)*(1/3.0))*parameters.B3[2][2]))

state.U[3]*(((1/3.0)*(1/3.0))*parameters.B3[2][1]))))) );
RIV(state.W[2],[independent.t])

(@ - (parameters.n*state.W[2]))*parameters.v_0)*exp((-(parameters .n)*state
+ (interface.Q_u/parameters.A)))*((state.U[3]*((1/0.5)*param ete rsA2[2]3 1)
((state.W[2]*((1/0.5)*parameters.A2[2][2])) + (state.U[2]*((1/0.5)*parameters.A2[2][1])))))
((interface.X_f*interface.Q_f)/((2.0*parameters.sigma)*parame te rs.A)))
(parameters.D_0*((state.U[3]*(((1/0.5)*(1/0.5))*parameter s.B2[2 ][3])
((state.W[2]*(((1/0.5)*(1/0.5))*parameters.B2[2][2]))

(state.U[2]*(((1/0.5)*(1/0.5))*parameters.B2[2][1]))))) );
RIV(state.W[1],[independent.t])

(C-Ccex - (parameters.n*state.W[1]))*parameters.v_0)*exp((-(parameters . N)*state.

+ (interface.Q_u/parameters.A)))*((state.U[2]*((1/1.5)*param ete rs.AL[2]3 ])

((state.W[1]*((1/1.5)*parameters.A1[2][2])) + (state.U[1]*((1/1.5)*parameters.A1[2][1])))))
(parameters.D_0*((state.U[2]*(((1/1.5)*(1/1.5))*parameter s.B1[2 ]3])
(

) +
+
+
+
+
+
+
D
)
+
+
+
+
+
+
DE
)
+
+
+
+
+
DE
)
+
+
+ ((state. W[1]*(((2/1.5)*(1/1.5))*parameters.B1[2][2]))

Wi4))

WI3))

W[2]))

WD)
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+ (state.U[1]*(((1/1.5)*(1/1.5))*parameters.B1[2][1]))))) );
state.X[1]:= state.U[1];

state.X[2]:= state.W[1];

state.X[3]:= state.U[2];

state.X[4]:= state.W[2];

state.X[5]:= state.U[3];

state.X[6]:= state.W[3];

state. X[7]:= state.W[4];

state.X[8]:= state.U[4]}

B

OBJ pde "pde. " pdeClass; // (* Mod: remove *)

C.2 Discretization result: contin uous case, effluent pumped

OBJ literator: Integer;

OBJ Kiterator: Integer;

CLASS pdeClass SPECIALISES PhysicalDAEModelType =
{

I

/I PDE model before discretisation: cont_theta.msl
I

I/

/I /I PDE model before discretisation: cont_theta.msl
I/

i

Il Il /I cont_theta.msl

i

/I Il Il Acceptance test for the MSL compiler:

Il Il Il a sedimentation PDE model

/I Il /I The Dirac deltas have been concretised by

I Il /I a square pulse of width 2*sigma

Il Il Il This should NOTbe seen as the width of the inlet
/I Il /I which is abstracted as a point in this 1-D model
imnn

I Il HV 23/ 3/1999

imnn

Il

/I OBJ pdeClass ‘"acceptance test of PDE" :

I SET Generic END_SET:=

I/

i

/I Il /I The declarations

I/

i

i1l Il constants

I/

I OBJ z_f ‘inlet  position" . PhysicalQuantityType =
Il {OBJ value: Real:=0.35,

I OBJ variability . Variability:= constant},

!

I OBJ sigma "half width of the Dirac delta" : PhysicalQuantityType =
Il {OBJ value: Real:=0.5,

I OBJ variability: Variability;= constant},

Il

I /I 1-D independent variables

Il Il

I OBJt “time" . PhysicalQuantityType =

I {OBJ variability: Variability:= indep_time_var},
I OBJ z "space" : PhysicalQuantityType =

I {OBJ variability: Variability:= indep_space_var,

I OBJ DIM1: Integer := 999},
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i

Il inputs

Il

/I OBJ Q_f "influent flow" : PhysicalQuantityType =

I {OBJ variability: Variability:= input_var},

/I OBJ X_f "influent concentration" . PhysicalQuantityType
/I {OBJ variability: Variability:= input_var},

/I OBJ Q_u "underflow" . PhysicalQuantityType =

/I {OBJ variability: Variability:= input_var},

/I outputs  (just for testing, not needed)

Il

/I OBJ Q_e "effluent flow" : PhysicalQuantityType =
I {OBJ variability: Variability:= output_var},

Il physical  parameters

Il

OBJ A "cross section area" : PhysicalQuantityType
{OBJ value: Real:= 700.0,

OBJ variability: Variability:= parameter},
OBJ L "height of settler" . PhysicalQuantityType =
{OBJ value: Real:=5.0,

OBJ variability: Variability:= constant},
OBJ D_0 "diffusion constant" . PhysicalQuantityType =
{OBJ value: Real:= 0.165,

OBJ variability: Variability;= parameter},
OBJ n "Vesilind settling" . PhysicalQuantityType =
{OBJ value: Real:= 0.306,

OBJ variability: Variability:= parameter},
OBJ v_0 "Vesilind settling" . PhysicalQuantityType =
{OBJ value: Real:= 7.625,

OBJ variability: Variability:= parameter},

OBJ Q_f "influent flow" : PhysicalQuantityType =
{OBJ value: Real:= 872.0,

OBJ variability: Variability;= parameter 1},

OBJ X_f ‘influent concentration" . PhysicalQuantityType
{OBJ value: Real= 4.0,

OBJ variability: Variability:= parameter},

OBJ Q_u "underflow" . PhysicalQuantityType =

{OBJ value: Real:= 397.0,

OBJ variability: Variability:= parameter},

OBJ dQ_f "influent flow step" : PhysicalQuantityType =
{OBJ value: Real:= 400.0,
OBJ variability: Variability:= parameter 1},

OBJ dX_f "influent concentration step” : PhysicalQuantityType

{OBJ value: Real= 3.0,

OBJ variability: Variability:= parameter},

OBJ dQ_u "underflow  step" : PhysicalQuantityType =
{OBJ value: Real:= 100.0,

OBJ variability: Variability:= parameter},

OBJ tQ_f1 "influent flow step start time" : PhysicalQuantityType

{OBJ value: Real= 3.0,
OBJ variability: Variability:= parameter },

OBJ tQ_f2 "influent flow step end time" : PhysicalQuantityType

{OBJ value: Real= 6.0,
OBJ variability: Variability:= parameter 1},

OBJ tX_f1  “influent concentration step start time" : PhysicalQuantityType

{OBJ value: Real= 2.0,
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OBJ variability: Variability;= parameter},

OBJ tX_f2 ‘influent concentration step end time" : PhysicalQuantityType =
{OBJ value: Real= 5.0,

OBJ variability: Variability;= parameter},

OBJ tQ_ul "underflow step start time" : PhysicalQuantityType =
{OBJ value: Real:= 10.0,

OBJ variability: Variability:= parameter},

OBJ tQ_u2 "underflow step end time" : PhysicalQuantityType =
{OBJ value: Real= 12.0,

OBJ variability: Variability:= parameter},
dependent variables
Il
OBJ X "concentration X(z,)" . PhysicalQuantityType =
{OBJ variability: Variability;= algode_var},
The PDE (after  function  substitution and Dirac approximation)
/I HV: function  substitution is not necessary
Il when (future) we allow a SET of equations as
I 3rd argument of foreach()
Il
/I Equations and Boundary Conditions are given "over" a domain
/I The domain may be a range or a single point
Il
Il foreach(<variable id>  <domainrange>,  <equation>)
/I The equations
Il
foreach(z, range(-(0),-(1.5)),
DERIV(X, [t]) = - ((I-n*X)*v_0*exp(-n*X) +

Q_u/A + dQ_u/A*(theta(t-tQ_ul) - theta(t-tQ_u2)))
*DERIV(X, [z]) + D_O*DERIV(X, [z,z])),
foreach(z, range(-(1.5),-(2.0)),
DERIV(X, [t]) = - ((1-n*X)*v_0*exp(-n*X) +
Q_u/A + dQ_u/A¥(theta(t-tQ_ul) - theta(t-tQ_u2)))
*DERIV(X, [z,)
+ (X_f+dX_f(theta(t-tX_f1)-theta(t-tX_f2)))
* (Q_f+dQ_f*(theta(t-tQ_f1)-theta(t-tQ_f2)))
/(2.0*sigma*A) + D_O*DERIV(X, [z.2])),
foreach(z, range(-(2.0),+(5.0)),
DERIV(X, [t]) = - ((I-n*X)*v_0*exp(-n*X) +
Q_u/A + dQ_u/A*(theta(t-tQ_ul) - theta(t-tQ_u2)))
*DERIV(X, [z))
+ D_O*DERIV(X, [z,2]),

/I The Boundary Conditions
/I convention in BCs only:
Il write C+ X*.. + DX*.. + D2X*..
Il ie., the X-sterm wup front in a product
Il
/I Note how the factors of the X-terms may not
/I contain X (except in the conditon of and ifThenElse())
/I If the factors do contain X, the matrix approach
/I can no longer be used which results in a consideble
Il slowdown, less accuracy, .. It is better to employ
/I a suitable  piecewise linearisation of the F(X)
Il factor.  (see the batch case example)
Il
foreach(z, range(+(0),-(0)), DERIV(X, [z]) = 0.0),
foreach(z, range(+(5),-(5)), DERIV(X, [z]) = 0.0),
Il Later. discretisation information here too ?



C.2 Discretization

result: contin uous case, effluent pumped

285

il
Il
1l
1l
il
il
il
1l
il
il
1l
il
il
1l
1l
1l
1l

/I Il Thus: EXTENDPDE model with different
Il Il discretisation schemes

}
/I Il End of cont theta.msl

Discretisation file:  cont_theta.inf

NP PO W
o O o
o O o
o e
o O ol

Discretised model

interface <-

t}

1

parameters  <-
{ OBJQinv (* hidden = "1" * "Qinv matrix =

OBJ C (* hidden
OBJ Q (* hidden
OBJ P (* hidden

OBJ Al (* hidden = "1" *) "collocation matrix

[

[

[
]

{ value <- -30}, { value < 40}, {
{ value <- -10}, { value < 00}, ¢
{ value <- 1.0}, { value < -40} {

OBJ B1 (* hidden = "1" *) "collocation matrix

value <- 4.0}, { value <- -8.0} {:

[ {
[ {{ value < 4.0}, { value < -8.0} {:
[ {

]

value <- 4.0}, { value < -8.0} {

OBJ A2 (* hidden = "1" *) "collocation matrix

value <- -3.0}, {{ value < 4.0} {

[ {
[ { value < -1.0} { value <- 0.0}, {
[ {

1

value <- 1.0}, { value < -4.0} {:

OBJ B2 (* hidden = "1" *) "collocation matrix

value <- 4.0}, { value <- -8.0} {:

[ {
[ {{ value < 4.0}, { value < -80} {:
[ {

1

value <- 4.0}, { value < -8.0} {

OBJ A3 (* hidden = "1" *) "collocation matrix

[ {
{

value <- 1.0

"1" ¥ "C matrix of constants
"1" %) "Q matrix of U coefficients"
"1" ¥ "P matrix of W coefficients"

inv(Q)”

Al"
value
value
value

B1"
value
value
value

A2"
value
value
value

B2"
value
value
value

A3"

value <- -7.0}, { value <- 8.196152422707:},

:PhysicalQuantityType
(not X dependent)"
:PhysicalQuantityType
:PhysicalQuantityType

:PhysicalQuantityType
< 1O
< 1.03);
<- 3.0}

:PhysicalQuantityType
< 4.03);
< 4.03);
<- 4.0}

:PhysicalQuantityType
< 1O
<- 1.0
<- 3.0}

:PhysicalQuantityType
< 4.03);
<- 4.0
<- 4.0}

:PhysicalQuantityType

{{ value <- -2.196152422707:},

[ { value <- -2.732050807569:}, {{ value <- 1.732050807569:}, {

{:

value <- -0.7320508075689:}];

[ { value <- 0.7320508075689:}, {{ value <- -1.732050807569:}, {:

{

value <- 2.732050807569:}];

[ { value <- -1.0}, { value <- 2.196152422707:},

{

]

value <- 7.0}

OBJ B3 (* hidden = "1" *) "collocation matrix
[ { value <- 24}, { value <- -37.17691453624:},

{:

value <- -12.03];

B3"

{{ value <- -8.196152422707:},

:PhysicalQuantityType

[4]14.];

:PhysicalQuantityType

[3138.):=

[313.:=

[313.:=

[B13.:=

[4][4.]:=

[4]14.];
[4]14.];

[

[

[

[

[

value <- 1.732050807569:},

value <- -1.732050807569:},

[4][4.]:=

{ value <- 25.17691453624:},

[
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[ { value <- 16.39230484541:}, {{ value <- -24.0}, {{ value <- 12.0},
{t value <- -4.392304845413};
[ {{ value <- -4.3923048454133}, {{ value <- 123}, { value <- -24.03,
{ value <- 16.39230484541}];
[ { value <- -12.0}, { value <- 25.17691453624:}, { value <- -37.17691453624:},
{ value <- 24}
]

OBJ z "space" :PhysicalQuantityType [8.]= [ { value < 00}, { value < 075}
{{ value < 15}, { wvalue < 175}, { value < 20}, { value <- 2.633974596216:},
{ value <- 4.366025403784:}, {{ value <- 5.0}

OBJ z_f "inlet  position" :PhysicalQuantityType = { value <- 035}

OBJ sigma "half width of the Dirac delta" :PhysicalQuantityType = { value <- 05}

OBJ A "cross section area" :PhysicalQuantityType = { value <- 700.0:}

OBJ L "height of settler" :PhysicalQuantityType = { value <- 5.0}

OBJ D_0 "diffusion constant"  :PhysicalQuantityType = { value <- 0.165}

OBJ n "Vesilind settling” :PhysicalQuantityType = { value <- 0.306:}

OBJ v_0 "Vesilind settling” :PhysicalQuantityType = { value <- 7.625}

OBJ Q_f "influent flow"  :PhysicalQuantityType = {0 value <- 872.0}

OBJ X_f "influent concentration” :PhysicalQuantityType = { value < 4.0}

OBJ Q_u "underflow" :PhysicalQuantityType = { value <- 397.0}

OBJ dQ_f "influent flow step" :PhysicalQuantityType = { value <- 4000}

OBJ dX_f ‘"influent concentration step" :PhysicalQuantityType = { value < 3.0}

OBJ dQ_u "underflow  step" :PhysicalQuantityType = { value <- 100.0:}

OBJ tQ_f1 "influent flow step start time" :PhysicalQuantityType = { value <- 3.0}

OBJ tQ_f2 "influent flow step end time" :PhysicalQuantityType = { value < 6.0}

OBJ tX_f1  "influent concentration step start time" :PhysicalQuantityType = { value < 20}
OBJ tX_f2  "influent concentration step end time" :PhysicalQuantityType = { value <- 50}
OBJ tQ _ul "underflow  step start time" :PhysicalQuantityType = { value < 10.0}

OBJ tQ_u2 "underflow step end time" :PhysicalQuantityType = { value <- 120}

independent  <-
{ OBJt "time" :PhysicalQuantityType }

state  <-

{ OBJR (* hidden = "1" * "R matrix = P*W+C" :PhysicalQuantityType [4];

OBJ U (* hidden = "1" * "X(zt) at Finite Element Boundaries" :PhysicalQuantityType [4]=
[ { value < 1.0}, { value < 1.0}, { value < 10}, { value < 1.0}

OBJ W"X(z,t) at Internal  Collocation Points"  :PhysicalQuantityType [4]=

[ { value < 1.0}, { value < 10}, { value < 10}, { value < 1.0}

OBJ X "concentration X(z,t)"  :PhysicalQuantityType [8.]=

[ { value < 1.0}, { wvalue < 1.0}, { value < 1.0}, { value < 1.0}
{{ value < 10}, { value < 10}, { value < 10}, { value < 1.0}}

initial <-

{ parameters.Q[4][3]:= ((1/3.0)*parameters.A3[4][1]);

parameters.Q[4][4]:= ((1/3.0)*parameters.A3[4](4]);

parameters.Q[1][1]:= ((1/1.5)*parameters.A1[1][1]);

parameters.Q[1][2]:= ((1/1.5)*parameters.A1[1][3]);

parameters.Q[2][1]:= ((1/1.5)*parameters.A1[3][1]);

parameters.Q[2][2]:= (-(((2/0.5)*parameters.A2[1][1])) + ((1/1.5)*parameters.A1[3][3)]));
parameters.Q[2][3]:= -(((2/0.5)*parameters.A2[1][3]));

parameters.Q[3][2]:= ((1/0.5)*parameters.A2[3][1]);

parameters.Q[3][3]:= (-(((1/3.0)*parameters.A3[1][1])) + ((1/0.5)*parameters.A2[3][3)]));
parameters.Q[3][4]:= -(((1/3.0)*parameters.A3[1][4]));

parameters.Qinv[1][1]:= invert_td(ref(parameters.Qinv[1][1]) , ref(parameters.Q[1][1]) , 4
parameters.C[1][1]:= -(0.0y;

parameters.C[4][1]:= -(0.0y;

parameters.P[1][1]:= ((1/1.5)*parameters.A1[1][2]);

parameters.P[2][1]:= ((1/1.5)*parameters.A1[3][2]);

parameters.P[2][2]:= -(((2/0.5)*parameters.A2[1][2]));

parameters.P[3][2]:= ((1/0.5)*parameters.A2[3][2]);
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parameters.P[3][3]:= -(((1/3.0)*parameters.A3[1][2]));
parameters.P[3][4]:= -(((2/3.0)*parameters.A3[1][3]));
parameters.P[4][3]:= ((1/3.0)*parameters.A3[4][2]);
parameters.P[4][4]:= ((1/3.0)*parameters.A3[4][3])}

7 equations  <-

{

{FOREACH literator IN {1 .. 4}

state.U[literator]:= -((SUMOVER Kiterator IN {1 .. 4}
‘(parameters.Qinv[literator][Kiterator]*state.R[Kiterator])));}
{FOREACH literator IN {1 .. 4}

state.R[literator]:= ((SUMOVER Kiterator IN {1 .. 4}
:(parameters.P[literator][Kiterator]*state.W[Kiterator])) + parameters.C[literator]);}

DERIV(state.W[4],[independent.t])

= (2 - (parameters.n*state.W[4]))*parameters.v_0)*exp((-(parameters .ny*state  .\W[4]))
) + (parameters.Q_u/parameters.A)) + ((parameters.dQ_u/parameters.A)*(theta((independent.t

- parameters.tQ_ul)) - theta((independent.t - parameters.tQ_u2))
))))*((state.U[4]*((1/3.0)*parameters.A3[3][4])) + ((state.W[4]*((1/3.0)*parameters.A3[3][3]))
+ ((state.W[3]*((1/3.0)*parameters.A3[3][2])) + (state.U[3]*((1/3.0)*parameters.A3[3][1]))))))
+ (parameters.D_0*((state.U[4]*(((1/3.0)*(1/3.0))*parameter s.B3[3 1[4])

+ ((state.W[4]*(((1/3.0)*(1/3.0))*parameters.B3[3][3]))

+ ((state.W[3]*(((1/3.0)*(1/3.0))*parameters.B3[3][2]))

+ (state.U[3]*(((1/3.0)*(1/3.0))*parameters.B3[3][1]))))) ));
DERIV(state.W[3],[independent.t])

= ((-(((((1 - (parameters.n*state.W[3]))*parameters.v_0)*exp((-(parameters .ny*state  .\W[3)]))
) + (parameters.Q_u/parameters.A)) + ((parameters.dQ_u/parameters.A)*(theta((independent.t

- parameters.tQ_ul)) - theta((independent.t - parameters.tQ_u2))
))))*((state.U[4]*((1/3.0)*parameters.A3[2][4])) + ((state.W[4]*((1/3.0)*parameters.A3[2][3]))
+ ((state.W[3]*((1/3.0)*parameters.A3[2][2])) + (state.U[3]*((1/3.0)*parameters.A3[2][1]))))))
+ (parameters.D_0*((state.U[4]*(((1/3.0)*(1/3.0))*parameter s.B3[2 ]14])

+ ((state.W[4]*(((1/3.0)*(1/3.0))*parameters.B3[2][3]))

+ ((state.W[3]*(((1/3.0)*(1/3.0))*parameters.B3[2][2]))

+ (state.U[3]*(((1/3.0)*(1/3.0))*parameters.B3[2][1]))))) );
DERIV(state.W[2],[independent.t])

= (- - (parameters.n*state.W[2]))*parameters.v_0)*exp((-(parameter s.n)stat  e.W[2)))
) + (parameters.Q_u/parameters.A)) + ((parameters.dQ_u/parameters.A)*(theta((independent.t

- parameters.tQ_ul)) - theta((independent.t - parameters.tQ_u2))
))))*((state.U[3]*((1/0.5)*parameters.A2[2][3])) + ((state.W[2]*((1/0.5)*parameters.A2[2][2]))
+ (state.U[2]*((1/0.5)*parameters.A2[2][1])))))

+ (((parameters.X_f + (parameters.dX_f*(theta((independent.t - parameters.tX_f1))

- theta((independent.t - parameters.tX_f2))

)))*(parameters.Q_f + (parameters.dQ_f*(theta((independent.t - parameters.tQ_f1))

- theta((independent.t - parameters.tQ_f2))

)))/((2.0*parameters.sigma)*parameters.A)))

+ (parameters.D_0*((state.U[3]*(((1/0.5)*(1/0.5))*parameter s.B2[2 ][3])

+ ((state.W[2]*(((2/0.5)*(1/0.5))*parameters.B2[2][2]))

+ (state.U[2]*(((1/0.5)*(1/0.5))*parameters.B2[2][1]))))) );
DERIV(state.W[1],[independent.t])

= ((-(((((1 - (parameters.n*state.W[1]))*parameters.v_0)*exp((-(parameters .ny*state  \WI[1]))
) + (parameters.Q_u/parameters.A))

+ ((parameters.dQ_u/parameters.A)*(theta((independent.t - parameters.tQ_ul))

- theta((independent.t - parameters.tQ_u2))

))))*((state.U[2]*((1/1.5)*parameters.A1[2][3]))

+ ((state.W[1]*((1/1.5)*parameters.A1[2][2])) + (state.U[1]*((1/1.5)*parameters.A1[2][1])))))

+ (parameters.D_0*((state.U[2]*(((1/1.5)*(1/1.5))*parameter s.B1[2 ][3])

+ ((state.W[1]*(((1/1.5)*(1/1.5))*parameters.B1[2][2]))

+ (state.U[1]*(((1/1.5)*(1/1.5))*parameters.B1[2][1]))))) );

state.X[1]:= state.U[1];
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state.X[2]:= state.W[1];

state.X[3]:= state.U[2];

state.X[4]:= state.W[2];

state.X[5]:= state.U[3];

state.X[6]:= state.W[3];

state. X[7]:= state.W[4];

state.X[8]:= state.U[4]}

h

OBJ pde "pde. " pdeClass; // (* Mod: remove *)

C.3 Simulation results: contin uous case

In additionto thevaluesabore, theinitial concentrationatthefour interior collocationpoints {w?, w9, w3, w3},
have to be specified Threedifferentinitial concentratiorprofileswereconsidereda uniform concentration
profile, with (W2 = w3 = w§ = w?), andwith actualvalues(9,9,9,9)kg/m?; a positive concentratiorgradi-
entupward,with (w9 > w3 > w3 > w?), with values(11,8,6,5)kg/m?; andapositve concentratiorgradient
downward, correspondingo (W9 < w3 < w8 < w), with values(5, 6,8, 11)kg/m?.

Onesetof simulationgSetl) wasperformedwith the Wattsdefault parameterabove. In addition,different
limits of the PDEswere examinedin orderto verify that the implementationgives physically meaningful
results.Theseothersetsof simulationscanbetreatedasfurthertestcasedor theimplementatiorof PDEs
within WEST++usingorthogonalcollocation.

Thesedifferentlimits were:

e Setll: purediffusion,with Do = 1, andvp = Qs = Qu = 0 (in appropriateunits);

e Setlll: diffusionwith thesourcepresentwith Do = 1, Qs = 100,vo = Q, = 0;

¢ SetlV: only gravitational settling,with Dg = Q; = Q, = 0, andwith the Wattsvaluesfor the Vesilind
parameters;

e SetV: settlingvelocity with diffusion,with Q; = Q, = 0, andDy, vp, n with the Wattsdefault values.

For all sets thethreedifferentinitial concentratiorprofilesdescribedabore wereused.

Simulationscorrespondingo Setsl andlll abore were performedfor both casesof effluent overflov and
effluentpumping ,wheretheir differencewould be apparentThe othersetswould yield the sameresultsfor
both,andthereforenave beenperformedior the casewith effluentoverflow only.

In thefollowing graphsthe concentrationsit the nodesandinterior collocationpoints,
X1, X2, X3, X4, X5, Xg, X7, Xg, areplottedasa functionof time. Thatis, theseconcentrationsirealongthey—
axis,with time alongthe x— axis.Units arealreadymentionedabore.

C.3.1 Effluent overflow

1. Setl: Full PDE:

Thethreefiguresbelov shav thatthereis indeedsomesettlingachiesed, for all threeinitial concentration
profiles.Theseresultsareonly qualitatively correct,sincethe asymptoticconcentratiorvaluesareall within
anorderof magnitudeof theinitial concentratiorvalues.(Theasymptoticconcentrationgreactuallyin the
order (X1 < X < X3 < X4 < Xs5), with (X5 = Xg = X7 = Xg), for the casef uniform concentrationanda
downward positive concentratiorgradient).

2. Setll: PureDiffusion:

Thethreefiguresbelov shav the familiar resultsexpectedfrom the simplediffusion equation Notice that
whenthereis noinitial gradientthe concentratiodoesnotevolve in time.Whenthereis aninitial gradient,
however, diffusionensuresghatauniform concentratioris achiezed acrosghe clarifier, correspondingo the
averageinitial concentration.

3. Setlll: Diffusionwith sourcepresent:
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FigureC.1: Effluentoverflow: Full PDE: Setl. uniform concentration

FigureC.2: Effluentoverflon: Full PDE: Setl: positve concentratiorgradientupward

FigureC.3: Effluentoverflon: Full PDE: Setl: positve concentratiorgradientdownward
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FigureC.4: Purediffusion: Setll: uniform concentration
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FigureC.5: Purediffusion: Setll: positve concentratiorgradientupward
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FigureC.6: Purediffusion: Setll: positive concentratiorgradientdownward
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FigureC.7: Diffusionwith source:Setlll: uniformconcentration
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FigureC.8: Diffusionwith source:Setlll: positive concentratiorgradientupward

Thesethreefiguresshav what happpensn the clarifier, if thereis no settling velocity or underflav, but

thereis diffusion alongwith a sourceinflux. As expected,for all threeinitial concentratiorprofiles,the

concentratiorat all pointsincreasesAlso noticethatwhenthereis aninitial concentratiorgradient,there
is aninitial diffusive regime, which smoothsout the gradients followed by the increasan concentration
uniformly atall points.Thisis exactly whatoneexpectsby examiningthe corresponding?DEin this limit.

4. SetlV: Only gravitational settling:

Thesefiguresshav the effect of gravitational settlingin the clarifier, with no othertermsaffectingthetime
evolution of theconcentrationThereis no changen theconcentratiomprofileif theinitial profileis uniform.

However, whenthereis an initial gradientpresentthe evolution of the profile dependson the direction
of the gradient.Whenthe initial concentratiorincreasesipward, thereis more or lessa net decreasen

concentratioracrossthe clarifier. If the concentratiorincreaseslovnward, thereis a netincreasen the
concentrationThisis becaus¢hegradientermappearsn the PDEwith a nggative sign.It mayalsodepend
ontheform of the Vesilindsettlingvelocity.

5. SetV: Gravitational settlingwith diffusion:

Thesefiguresare similar to thosein SetlV abore. The magnitudeof the diffusivity is smallcomparedo
the settling velocity, hencethe diffusion doesnot have a major contrikution, exceptto provide a diffusive
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FigureC.9: Diffusionwith source:Setlll: positve concentratiorgradientdowvnward
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FigureC.10:0nly settling: SetlV: uniform concentration
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FigureC.11:0nly settling: SetlV: positive concentratiomgradientupward
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FigureC.12:0nly settling:SetlV: positive concentratiorgradientdovnward
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FigureC.13:Settlingwith diffusion: SetV: uniform concentration

envelopeonthe puresettlingvelocity curves.
C.3.2 Effluent pumped

1. Setl: Full PDE:

In this setof figures,the effect of explicitly draving outthe effluentcanbe seen.The concentrationglong
the clarifier do not settleto differentasymptoticvalues.Instead,they all decayto the value of the source
concentratiorasymptotically

2. Setll: Diffusionwith source:

Here againwe seethe effect of pumpingthe effluent out, with only diffusion andthe sourceterm being
presentlt canbe seenthatall concentrationslecayultimatelyto the sourcevalue.

C.4 Simulation results: batch case

C.4.1 Group 1: Taylor series approximation

The threefiguresin both Setl and Setll demonstratéhat the simple linearizationschemeusing Taylor
expansions not sucha goodapproximation.
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FigureC.14:Settlingwith diffusion: SetV: positve concentratiorgradientupward
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FigureC.15:Settlingwith diffusion: SetV: positve concentratiorgradientdovnward
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FigureC.16:EffluentpumpedFull PDE: Setl: uniform concentration
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FigureC.17:Effluentpumped:Full PDE: Setl: positve concentratiorgradientupward

FigureC.18:Effluentpumped:Full PDE:Setl: positve concentratiomgradientdovnward
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FigureC.19: EffluentpumpedDiffusionwith source:Setll: uniform concentratiorgradient
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FigureC.20: EffluentpumpedDiffusionwith source:Setll: positve concentratiorgradientupward
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FigureC.21:EffluentpumpedDiffusionwith source:Setll: positve concentratiorgradientdownward
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FigureC.22:Group1: Setl: uniform concentration
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FigureC.23:Groupl: Setl: positive concentratiorgradientupward

1. Setl: Both settlinganddiffusion:

We seefrom the figuresthat the boundaryconcentrations; andXg remaincloseto zero,with in fact Xg
stayingslightly belov zero,which is not physicallymeaningful. The intermediateconcentrationsettleto
asymptoticvaluesin the order (X, > X3 > X4 > Xs). Thisis truefor all threeinitial concentratiorprofiles.
Obviously, theseresultsdo not bearary resemblancto the simulationsof SetV in the continuouscase.

2. Setll: Only settling:

Againin Setll, we seethatthe boundaryconcentrationarealwaysat zero. The otherconcentrationgo to
asymptoticvaluesin the sameorderasin Setl, (X, > X3 > X4 > Xs).

C.4.2 Group 2: Piecewise linear approximation

1. Setl:

We seethatthepiecaviselinearapproximatiorschemendeedyieldsthe bestresults Theconcentrationslo
not go negative, andthe resultsare,in fact, similar to thoseobtainedin SetV for the continuoussedimen-
tation case.This validatesthe factthatin thelimit thatthereis no influx into, or outflow from, the clarifier
in the continuoussedimentatiorcase,it mustreduceto the batchcase(with the correspondindoundary
conditions).
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FigureC.24:Groupl: Setl: positve concentratiorgradientdowvnward
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FigureC.25:Groupl: Setll: Only settling:uniform concentration
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FigureC.26:Group1: Setll: Only settling:positive concentratiorgradientupward
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FigureC.27:Groupl: Setll: Only settling:positve concentratiorgradientdownward

Batch : All parameters with default values: C=10,10,10
11—
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FigureC.28:Group2: Setl: uniform concentration

Batch : All parameters with default values: C=11,8,6
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FigureC.29:Group2: Setl: positive concentratiorgradientupward
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Batch : All parameters with default values: C=6,8,11
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FigureC.30:Group2: Setl: positive concentratiorgradientdownward

C.4.3 Concluding remarks

Our resultsfor the testcasePDEs,andtheir variouslimits, leadusto the following remarkson the imple-
mentationof PDEswithin WEST++usingorthogonalkollocation:

e Evenwith thesimplestpossiblediscretizatiorschemdtwo andthreeelements)andasmallnumberof
collocationpoints(threeandfour), we wereableto simulatethetestcasePDEswell enoughto obtain
physicallymeaningfulresultsin thevariouslimit casesWe alsousedthe simplestpossiblevaluesfor
(a,B), settingthemto zero,which meansthat the collocationpointswere uniformly locatedwithin
eachelementTheeffect of varying (a, B) needgo beinvestigatedurther

¢ Wewereableto handlenon-linearboundaryconditionsin ameaningfulway by performingpiecavise
linearizationon the non-linearfunctioninvolved, whensimplelinearizationfailedto yield reasonable
results.We could shav that the batchsettling resultsusing this piecavise linear approximationare
similar to thoseof a particularlimit caseof continuoussedimentationyhich is to be expectedfrom
physicalconsiderationsHowever, the piecavise linearizationschememustbe testedon othernon-
linearboundaryconditions.

¢ In conclusionPDEscanindeedbesimulateceffectively within WEST++usingorthogonatollocation
with matrices.

e ThePDEstransformednto ODE form areeasilyintegratedin the WEST++classhierarchyfor re-use.
Thanksto the efficient solutionof ODEsin WEST++,simulationperformanceandaccurag is high.
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