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Abstract

Integrated[ water[ tesources management[ has[ createdl alheed[toluinderstand and model
catchment(processes/and[particularlytheirlinteractions.[Since the processesinvolved[in
catchment( hydrologyarel complex [ and[ no[ single[ ‘modell ‘or[ modelling system![ can
adequately(represent alllthe[ processeslin[thelcatchmentlenvironment,lalset of! distinct
individual “models[ are[ required! to bel interconnected. Tol address[ this| complex and
fundamentallissuelof'model linking, the HarmonI T [project, [dfesearch project funded by
the [European Commission, is[developing/andlimplementing[a[EuropeanOpenModelling
Interfaceland Environment(OpenMI).

EnsembleKalman filter (EnKF)is[one0flthe thost well known [datalassimilation methods
andit(hasbeenwidelyused/in feducing incertaintyin hydrologicmodel forecasts. Thisis
donelin/most(oflthe models(in(adhoc basis(in(abatch(file 0r by implementing the EnKF
inlal dedicated waylin[modelling[ packages. OpenMI [ offers/ the mechanisms| for[ data
exchangebetween [models(at/tun time. The [EnKFdlgorithm freatedasalseparatemodel
may[bellinked [Wwith[6ther models(in/the[OpenMI[énvironment[for[theldatalassimilation
process.[ Thel suitability [ ofl thel OpenMI[environment! for the application[ofl énsemble
Kalman [filteringhas been [explored|in this[study.

Applicationl ofl EnKF [tequires[asmanycomputations ofl the[ modell as[the humber of
ensembles(at(d/time(step. Therefore, manyinstances(oflthe odel for whichthe @énsemble
Kalman(filtering[is[performed, need(to bellinked [with[the [EnKF. Currently thiskind [of
linkingis not[supported by [OpenMI without an/additional [controlling feature. Therefore
anl additional controlling! feature,[ thel EnKFConfiguration[ class, has[ been[ developed
within [this thesis to[configure an OpenMI composition for [EnKF [application.

Thelconfiguration[¢lass'hasbeenuisedtol¢configure an OpenMIcomposition[for[EnKF
and[dTainfall funoffimodeldalled HY MOD [RR. Boththeihodels, [HY OD[RR [and [EnKF,
aremade/OpenMIcompliant/usingthe wrapper provided by the[OpenMIénvironment(to
facilitate(the migration oflegacy (models/to OpenMIenvironment.

Thelcomposition(hasbeen [tested land [proved that/the results(arethe/same(as/thebatchfile
method/and/hasladvantage 0f'speedand €aseoflcustomizing [for cthermodels.

Keywords:
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1 Introduction

1.1 Background

Water!lis[becominglalarminglyscarce.[Competition[for thisscarce tesource(leads fothe
need [ forlintegrated [Water management.[ The main[waterlissuel wel arelfacing[today![is
concerned with thelsearchforleffective thanagement/methods [that/canfulfil the meeds [0f
bothman/and énvironment.

Integrated/catchment managementhas/arisen becauseanaging/énvironmental [processes
independentlydoesnotlalways(lead/tolan[equitablelor sustainable distribution[ofTwater
resources whenthewider[view[is[taken.

Integrated(water(resources management/(is[theintegrating '¢oncept/for(a mumber oflWwater
sub(sectors/suchashydropower, Water [Ssupply [@and/sanitation, itrigation(and/drainage, and
environment. Anlintegrated [ Wwater[tesources! perspectiveénsures!that/social,[€économic,
environmental [and [technical [dimensions[are(taken(into[accountlin(the management/and
development/ofiwaterresources.

Integrated[ water management/ has[ created[ al heed[toinderstandandmodell catchment
processes(andparticularly [theirlinteractions (Moore ét(al,[2004). Thelincreasing/pressure
on/water[tesources hasfurtherlintensifiedthis meed. [TIntegrated [catchmentmanagement
asksforlintegrated @nalysis/that'canbesupported by integrated modelling systems.

Thel processeslinvolved[in[catchment/hydrologylarelcomplex[and[nolsingle[modellor
modelling[system[ ‘can["adequately[ representall Jofl the[ processesin[ the ‘catchment
environment.

However, [the[problem[for/those[¢harged withlintegrated management!is/the ¢complexity
oflthe process[theylarelattempting[to manage.[ Theylarelthereforeturning[toldecision
support(Systems.

AlDecision[Support[System[combines aspects ofl informationandmodelling[ systems,
and[suits/users wholarenot/hecessarily[expertsin modeling or[datal analysis,[¢onverts
policyland management/decisions/automatically[to[suitable thodel tuns/anddatalanalyses,
allows/theloutcomeloflsuch(decisions(tobelcompared, and [perhapsieven(givesddvice on
theloptimaldecision [to[bemade.

UNESCOIHE (& WL [|Delft Hydraulics 1
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Thelmodelsised(in(decision/support(systems(tend to'address singlelissues. However, the
catchment/manager needs(tounderstandlall'the possible[impacts of pursuing/any[given
policy. Omplicitlin(this[is[afequirement both to[understandlandfo[beablefomodel not
only [theindividual[catchment/processes butalso [their(ihteractions.

Analytical hodels areused to [fepresent/and [simulate[thebehavior(0f physicallandsocial
systems, [suchlasla river(basin.[A[setlofldistinct, individual [models/¢an bel¢ollected to
represent(all thelindividual [activitiesat/geographically(distinctlocations. In[reallife, these
activities/drelinter ¢onnected +they affect(each[other/and are mutually[dependent.[What
islrequired[is[al imechanism[tol allow![thel[ various individual imodels[to[bel similarly
interconnected.

Inine(with(thesefequirementsthe [HarmonIT [project[whichlisa/researchprojectfunded
byl the European[ ICommission, [ is[ldeveloping[and[ implementing[‘al European Open
ModellingInterface ‘and [ lenvironment[ (OpenMI) [ thatwill Csimplify[ the[ linking[ lof
hydrology[related hodels. Itlis[the @ambition [0f the HarmonIT [consortium to [turn OpenMI
into[the [European “standard’ formodel linkage(in the water[domain[(Gijsbers2004).

OpenMI[is[ notl anl integrated imodeling[ system,[ but[it[is[ al standard/ dataléxchange
definition, forwhich[toolsland utilities[are[available,thatlallows[integrated (modeling
systems/ to[ bel built. OpenMI[ provides al mechanism!to allow!thelVvariouslindividual
models/tobelsimilarly linterconnected.

Currently, (@penMIis [inlits beta [testing [stage.

1.2 Researchiscope

1.2.1 Uncertaintylin(modelling and datalassimilation

Models arel[simplified [tepresentations ofthe matural [System.[This[definitionoflalmodel
implies[that models[ arel notl exact! representatives ofl thel system[we want[ tol model.
Becauseoflthese[simplifications[érrors are[associated 'with[modelsand[thereforemodel
outputslareuncertain. [Four/sources0fluncertainty ay [beidentified inmodelling (Butt/et
al,2004);

e random/or(systematiclerrors/inimodellinputs/or/boundary(condition(data;
e random/or(systematic/error(in [therecorded/outputidata;

e uncertainty/due/to/sub/optimal thodel [parametervaluesand

e crrors/dueltoincomplete or biased modelstructure[(Buttlet(al, 2004);
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1.OIntroduction

Oflthe[methods used toreduce model incertainty, datalassimilation/is 'the ‘most/éfficient
and[mostloften[used.Ttlis[amethodology which[canl[optimize(theleéxtraction[oflteliable
information [ from[observationsand[ combinelitwith, “orCassimilate it into, humerical
models. Ttlis/al¢ombination6fthe model [dutput’and measurement/dataltolmakealbetter
prediction forthe future. [Recent(methodsassumethat/the analysis/is [an[optimal (blend [of
thelobserved valueslandlalbackground/state [ (firstguess), given by alprevious/forecast.
Thelweightsthat(prescribe the blend, aredetermined by [€rrorcovariance atrices

Therelarelseveral [datalassimilationmethods in[use.[Auto/Regressive[Moving[ Average
(ARMA), Artificial (Neural INetwork ((ANN), Genetic[Programming (GP), Kalman [Filter
(KF),Extended Kalman [Filter (EKF), Ensemble Kalman Filter (ENKF), [etc.

Kalmanfilter(islonelofl the most well (known[ datalassimilation methods. Tt[vas first
introduced by(R. E. Kalman(in[1960. The Kalman filter(is[a[set 0fmathematical léquations
that provides[anl efficient computational [ (recursive) means/tol estimatel thelstate of’ a
process, inlal way! thatl minimizes[ the[ mean[ of’ thel squared[ error. The! filter[is[ very
powerfullin[ severallaspects: it supports[estimations[ ofl past, present, and[ even! future
states,[and(it[can(do[soéven when/the precise matureloflthe modeled[system/isinknown
(WelchlandBishop,2004a).

However, the Kalman [filter[addresses [the[general [problem [ofTtrying [folestimate[the[state
oflaldiscrete(timelc¢ontrolled[process/thatlis governed/bylallinear stochasticldifference
equation.[ But[what[happens[ifithe[process/to bel estimated and[(or)[the measurement
relationship [fo(the[process(is monlinear? [Toldddress [this[problem KF [has been extended ]
Extended! Kalman[ Filter[in[which[allinearized[and[ approximate[ eéquationis[used/ for
prediction[ofTerrorstatistics. [However, [EKF [is[suitable[for[small mon(linearity.[EKF[is
notoriously instablelif'themonlinearities(are instable (Miller, ét/al [1994).

Ensemble[Kalman![Filter[is developed by[Gier Evensenlin[1994 [whichloriginates from
Standard Kalman [Filter. The [EnKF[is d/sophisticated[sequential [datalassimilation thethod.
ItCappliesCanlensemble ofl model[states toltepresent[thel error(statistics oflthe[ model
estimate,[it[applies énsemblelintegrations(fopredict/the error[Statisticsforwardlin[time,
and/(itluses/anlanalysis[schemelwhichloperates/directlyon[the énsembleloflimodel [states
whenlobservations(arelassimilated. [Themethod usesmon(linear models(to [propagate(the
ensemble! states. Some! ofl thellinearizations! that[ make the EKF[proneltolfailure are
therebylavoided (Miller, 6t[dl[1994). The [EnKF (has [proven tolefficiently handlestrongly
nonlinear/dynamics(andlarge/state(spaces/(Canizares,[1999).
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1.2.2 Rainfalllrunoffimodelling and EnKF

Rainfall[tunoff’(RR)[models arelimportant’¢components[0fl flood éarly [warning[systems.
Thesellmodels, [ like[ ‘any other models, [Joften[ lcontain[ several [ uncertaintiesIduel to
insufficientodellequations, [simplifications(in/considering[spatial land [temporal [Scalesto
reducecomputational fequirements, [and [incorrectland incomplete(dataloflthemodel.

Dueltolall[suchuncertainties(in/the RR [models@ndtheir[inputs, their [prediction [usually
contains(large errors. [ Inlorder(tolestimateland(reduce(the errorstolimprove the model
output,[datalassimilation technique[¢an belapplied. Therefore the[EnKF [¢an belalvery
attractive[datalassimilation(technique forteduction[ofTuncertainty [0f[RR [models[which
are/often(highly monl(linear.

1.2.3 OpenMIiandEnsemble Kalman filtering

EnKF has[been widely isedlin teducing [uncertainty[in hydrologic modelforecasts. This
isldonelin/most oflthe modelslonlanladlhoc[basis((inla/batch(file) or[implementing(the
EnKF/lin/the model. Thismeans the [EnKF [dlgorithmisincorporated/ind[dedicated TWway
forleachmodelling/package.

OpenMlIlofferslanlinterfacel for[datalexchange/between models[at(tun(time. However,
modelsishould be OpenMIcompliant to belable/to [exchangeldata hising thatlinterface.

TheEnKF [algorithm, freated as a separate model, may be[madelalinkable[¢omponent,
andthereforelcan(be linked Wwith other models(sothat theyeéxchangedatalat/tun time[for
theupdate process.

Thisresearchfocusesonlexploring [thelsuitability (0f[OpenMI for linking (0f[EnKF [with lan
OpenMIcompliantmodel.

1.3 Objectives(ofithestudy

Theloveralllobjective[oflthisstudy/istolexplore(the suitability [0f OpenMIforapplication
of EnsembleKalman filteringforreducingincertainty ([0f model (outputs.

Tolachievel this[ objectiveltwolsublobjectiveslarelidentified. [ Firstly, thelstudylaims[at
providing [ theoretical 'insight[into thel openmodeling[interfacel philosophy[(OpenMI).
Whatlis[ OpenMIandwhylitis[tequired. Theltrequirementsto ise[ OpenMIarelalso
discussed.Secondly,[the[studyexplores thelsuitability [of[ OpenMIfor application of
ensembleKalman[filtering. [ Tt[tries tolidentify [ What[is[tobedone[for application of
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ensemblel Kalman! filtering[ for[ reduction[ ofl uncertainty[ in[ model outputs/ using[ the
OpenMllinterface.

1.4 Research(Approach

Tolbelablelto(link[models using[OpenMI,the model components have tobe OpenMI
compliant. ' Modell¢components would[be OpenMI[¢ompliant[when[they [implement the
OpenMl[standard(interface. Therefore(the approach[usedlin(this[study [is[first making(a
rainfall funoffl imodell (in[this[ particular[ casel HYMOD[RR)[and[the[ EnKF [ OpenMI
compliant( lusing/ lutilities[ provided[ by Jthe[JOpenMI[Iconsortium. [JAfter[the[ 'model
componentsbecome[OpenMI[¢ompliant, theltainfall tunoffimodel (will (be linked [tothe
EnKF. This/will[bedone by algeneric ¢configurationof’an[OpenMI composition[of the
rainfall[funoffimodel .components [and the [EnKF [component.

AslthelénsembleKalman(Filter needs(ds many [computations(asthe number oflensembles
atldltimelstep,0one EnKF [componentishould belinked[with[ds many rainfall runoffimodel
components(as(the mumber/oflensembles. [ Thereforelthelsecond(step [is [to try[toldutomate
the ¢creation[ ofl thelinksbetweenl onel EnKF¢omponent[and[the tainfall funoffl model
components.

Following[establishment ofltheselinks, the dataléxchangeprocess/¢an begin.[Tolverify
thesuccessfull¢reation ofl thellinks and[subsequent/éxchangelofldatalfor the ensemble
Kalman(filtering[process,[a[c¢aselstudy will[belcarried [outusing(thel¢onfigured[OpenMI
compositionland[the results will be[compared withresults(ofithe batch [file hethod.

From[ the[loutcomellofl thel Iresearch, conclusions[about! the[suitability [Jof |(OpenMI
environmentfor ensemble Kalman[filteringlandlits[advantagelandldisadvantages[ over
othermethodswill beldrawn. Recommendation [for furtherstudy will[also (be made.

1.5 Organization of(the thesis

Theldissertationis[presented [ih mine[chaptersand (0ne [appendix including the lintroduction
chapter.

Thefirst[chapterlis[Jan[lintroductionwhichigives[ background[information[on[lthe
philosophyoflOpenMI, [the[OpenModelling [Interfaceand [énvironment, [tesearch[scope
and(0bjective0flthe research.
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Chapter[ twol contains[ al theoretical " background on!thel concepts! ofl open’ modelling
interface, [itstequirements, [the[overall[architecture[ 0fl OpenMIland how it[address[the
generallissues/ofmodel(linking[and/its consequences/fora[model. Chapter(three briefly
describes|(the tainfall (funoffimodel and[theoretical (backgroundloflthe ensembleKalman
filterlis[presented (in[chapter [four. [Chapter [five[éxplainsthe methodologyand@pproaches
used to indertakethe study.

Theresults/oflthestudyland(discussion oflthe[results are(given in/chapter(six [and [chapter
seven/c¢ontains(al¢ase/study to[verify[thetesult[obtained in[¢hapter(six. The summary,
conclusionlandlrecommendations @represented [in (chapter(eight, followed by references.
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In(this chapter(theoretical (backgroundloflthe[OpenMIlis[given. [Section(2.1 [provides the
introductionpartand(the(tequirements 0f[OpenMI are(listedin[section(2.2.[Theloverall
architectureland(layering/and how [(OpenMIaddress/thegeneral lissuelofihodel linking[are
provided[in[sections[ 2.3 and[ 2.4 respectively. Section 2.5 gives[ thel consequences
OpenMlI architecturefor[a'modellandfinally[section 2.6 [teasons out[why[OpenMI[is
called/anlinterfacebasedopen(standard|(to [link models.

2.1 Introduction

OpenMl istands(for (@pen Modelling Interfaceand [Environment. Itlis[being/developedand
implemented by the HarmonlIT [project, whichlis[researchproject funded by [the European
Commission. [It[aims(to/deliver[alstandardized [way[tolink [Wwater telated ' computational
models[ thatl tun( parallel. It[ thus[ enables! process[interaction[being[ tepresented more
accurately, compared (tosequential linkages

Almodellapplication[is thelentire[model software system[thatlis/installed[in[a[computer.
Normallylalmodellapplicationconsistlof many[parts, the most[common(being(the[user
interface, [input!files, [theleénginelandloutput/files. Thelenginelis[where[thelcalculations
takeplace. Theluser(supplies/information ‘through [the [userlinterface ipon/which(theuser
interfacegenerates[input(files for(the engine. Theiser(¢anrfun/the model [simulation/e.g.
by [pressing(abuttonin(theiserlinterface, whichWwill[deploythe/éngine((see Figure(2.1).
Thelenginewill (tead thelinput(files and[perform/calculations/and finally the(tesults/dre
written toloutputfiles.[Whenlan[enginehas teadlits input(fileslit[becomes(a model. In
other[words[al modellis[ an[engine populated[with[ data.[ /Al modell canl simulatelthe
behaviour of al specificl physical [ entity[ e.g.[ the River[ Rhine. Ifl an[ engine’ can be
instantiated(separately [dnd hasdWwell definedlinterfacelit(becomes/anéngine/component.
Anlengine component populated with[datalis[a model component. Therelare[ many
variations/ofithemodellapplication[pattern describedabove, butmostimportant fromthe
OpenMl perspectivelistheldistinction (between model [@pplication, [éngine, model, [éngine
component, andmodel [domponent.

Basically,lda[model/can/be(tegarded(as/anlentitythat'can/provide/dataland/orlacceptldata.
Mostmodels receivedata by feadinglinput(files'and provide(data By (writing[output files.
However, [theapproach for[OpenMI is tb[access the hodel [directly [attun[timeland mot[to
uselfilesfor(datalexchange. In(order(to (make(this[possible, theéngine meeds to (be turned
intolanléngine¢component/and(thelénginel component needs(toimplementlanlinterface
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through(which(theldatalinside[the ¢componentlislaccessible.[OpenMI definesalstandard
interface(that/éngine/components must/implement[tobecomeOpenMI[compliant’éngine
components.'When[dn/eéngine/componentimplements|(this/interfacelit(becomes(alinkable
component./Alsimilar[pattern(danbe applied for(databases/or(other kinds[0fldatalsSources.
By[turningthemlinto ¢omponents/and/implementing the (OpenMIinterface they [become
linkablelcomponents that[provide[directlaccesstoits[data at/runtime.

ModelApplication

Userlinterface
Write
Inputfile W
Thislisia
sitelspecific Run
model(i.e.lengine+ Read
schematisation/data)
Engine
Write

Output(File W

Figure(2.1Model/Application(Pattern

[Source:ladoptedfrom(Gijsbers,2004)]

OpenMllis based on'the[‘request(& [teply’ mechanism((Gijsbers, 2004). OpenMIlis(apull
based pipelandfilter architecture which/c¢onsists[0fl¢communicating components[(source
and[target[¢components) whichléxchange datalin[alpredefined[waylandlinla predefined
format.[OpenMI defines [both[the[¢omponentinterfaces as(welllashow theldatalis/being
exchanged.Thelcomponentsin[(OpenMl(are[called linkable components [folindicate[that[it
involves/components [that/dan be(linked together.

From[theldataléxchange perspective, OpenMllis alpurelylsingle/threaded architecture
wherelanlinstanceloflallinkable/component/handles/onlylonedatalrequestiatia timebefore
actingupondnother(request. Dataléxchangelinthe[OpenMI architectureis[triggered by (a
component/atthe ‘eéndlof'the[component(chain. Oncetriggered, components éxchange(data
autonomously [without any [type oflsupervising[authority. Iflnecessary, [¢componentsstart
theirlown[computingprocess/to produce/the tequesteddata. Only whenoutputneeds(to
converge[toacertain (criteria, @lcontrolling[component mightneed[to belincorporated.
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2.2 Requirements

OpenMI (s developed[to[full [fillthe[‘following [ requirements(laddressing[software
technical/implementationfissues(aswellaswater[domain related issues.

Software technical requirements

e OpenMIlishould/énablelinkage ofla/(legacy)model (with@nothermodel, [database
orlother(datalsource.

e TheHarmonlIT [projectlis/targeted/at/linkinglegacy(code. Thereforereengineering
effortsshould'be minimal,[i.e. it[shall[be possible[tomigrate existing model
systems[tocomply [ with[OpenMI[without/necessarily[teprogramming(thelentire
model [system. Tn [addition, lit[should Beleasy [to addin mew models.

e OpenMl(shouldbel'open', whichlhasbeen interpretedas[providingan/complete,
clearlyldefined, and(thus[fopen’,linterface that[énableslalthird [party toldevelop
OpenMI[ compliantl components| that! should coloperate with[ other[ OpenMI[]
componentsin/anOpenMlI(application Without/any [problems.

e Thel OpenMIIspecification[ should belbased on mature’and[proven[paradigms
rather(|than[|currently[ lavailable[Itechnologies.[ | Thellarchitecture! Ishould[ be
componentbased and multilayered.

e Linkagel mechanisms[ should[focus/athighlabstraction[levels, using[ protocols
whichlarelindependentfrom/implementationichoices

¢ AnylOpenMlIenvironmentishould(belasthin(aspossible.

e Implementation(s)ofithe[@OpenMIarchitecture/should/beableto runonWindows,
Linuxand[UNIX 0operating[systems(as well as(onnetworkswith mixed [platforms.

e ThelOpenMllarchitecture/should havelsufficient(flexibility tolenable/ddaptation/to
future Hardware, [Operating [systems [€tc.

e ThelOpenMIlspecificationshouldenablel distributed computing.[It[should[hot
hinder(Iparallel Iprocessing, [ |but[preferably]encourage/support’Ithese needs.
Therefore multi threading/and Concurrency lissuesneedto beladdressed.

e OpenMIlishouldnothinderBatchprocessing/calculations.

e OpenMIllshouldallowcomponents tobe developed usinglatileast/the following
programming[languages: C/C++,[C#,[ Fortran,[ Delphi/Pascal, [ Javaland[ Visual
Basic.

e OpenMlImustlincludelalprotocol [forlexception andlerrorhandling.

Domain velated requirements

e ThelHarmonIT[projectlWwill [providel standards and toolslin order[to[facilitate
linkagesbetween/model [énginesand models(models/populated Wwith data) [during
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execution oflthese[models. Thelfocus(thereforelislonltransfer[ofldata, typically
boundary(donditions.

e OpenMIlwillsupportlinkages ofl thel sequential [linkages[as well[as’ dynamic
linkages[énablinglimplicit, (éxplicitland[weak[implicit[¢oupling. Linkages c¢an be
unildirectional land Bidirectional. [Feedback loops/should be facilitated.

e OpenMlIlshouldnotldictate[ thelsamel timelstep interval whenl[twol[models are
linked.

e OpenMIl shouldl targetl atl exchange ofl boundary[ conditions between[ (model)
components. Preferably, thelarchitecturedanlaccommodate €xchange(oflother(data
setslas well.

e OpenMlishould facilitate .@éxchange of uincertainty (data.

e OpenMIl Ishould[Joffer! lways[ 'tolJaccessl /modellJparameters for[ /(automated)
calibration [purposes.

e Tolenablelthese linkages, OpenMIwill[createlexplicit ways[to definelspatialland
temporal reference, (datatypes, [parameters/quantity, nit, locations/in[space, time;

e (Topological)l information[ describing hetworks and[ grids[ should[be separable
from[objectl (node/branch/cell) properties,[ sol dedicated toolsl canlhandlel them
separately.

e OpenMIlishouldlaccommodatelefficient/éxchange ofbulky(datalsets.

e OpenMI(shouldnot hinder development[ofTautomated(linkagetools, whichl¢an
initiate, link[(process, [domain, [spaceland/time), €xecute[and[terminate metwork [0f
components.

e OpenMlishould/allow that/dataltelated to thelquality [of(the[components[(iflsuch
datal is[ available)[ could[bel passed[ 5ol that! these! datal could[bel available!l for
checkingl(e.g. mhassbalances).

e OpenMIlwill mot/definelda[¢ommon(datamodelfor[persistent/datalobjectslin(the
water/domain((e.g. crosssections[Or structures).

2.3 Overalliarchitecture/and Iayering

Thelinterfaces 0fl thel OpenMI[ architecture,[i.e.[ the[ Open Modelling[ Interfaces, are
specifiedlin'thenamespacelorg.OpenMI.Standard. [Software¢omponents/that[implement
and(usetheselinterfaces properly lare(called OpenMIlcompliant.

Aldefaultlimplementation ofl theselinterfaces(is[provided[in thelorg.OpenMI.Backbone
package((seelFigure[2.2). This[Backbonelis[part ofTthe[OpenMIénvironment[as/being
developed[ byl the[ HarmonIT [ project. This[ environment[ provides! facilities[ tol support
wrapping ofl legacy[ codel (the org.OpenMI.Utilities hamespace), al configuration and
deploymentieénvironment((theorg. OpenMI.Configuration namespace)dnd front'énd[tools
to/enable interactionwithlits users[(theorg.OpenMI.Tools mamespace).
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Inlcasel wrapping[legacymodels[is[chosen! for[the implementation[oflthelsystem, the
architecture imposes/only [few [rulesonhow [the Wwrapper(should (be implemented.

OpenMI architecture

] OpenModelling'Interfaces

org.OpenMIl.Standard

implements

Open|Modelling Environment

]
org.OpenMI.Backbone
1 i i

org.OpenMI.Utilities

org.OpenMlI.Configuration -1 org.OpenMI.Tools

1
org.OpenMI.DevelopmentSupport

Figure(2.2[OpenMl(architecture
[Source:ladopted from[(Gijsbers,(2004)]

2.4 How/OpenMIiaddresses/generalissuesofimodel linkage
The @penMlIistandard addresses [the following/[items required for hodel linkage:

2.4.1 Dataldefinition

Toldefineltheldatalthatlis/éxchanged,[d[distinction[ismade[between[where, when, what
and[the[(numeric)[values itself.[ Theldatais[described[bylidentifying[the[values (data)
itself, [the[geometry [on[which(the[datalis[defined, thetime(s) [for Which(theldatalis [Valid
and(theactualquantity fitrepresents.

Where: Thelspacelwhere!the values applylislindicated in alfinite[element/way[bylan
orderedlist/ofléelements/(thelélementset), Where/conceptually/eéachlelement/consists[ofla
number[ofl connected Vertices. Anlelement holds anlordered(setlof Vertices/ wherelthe
element(shapetypeldetermines [the thinimum Mumberdf Vertices [0flan/élement ds well[ds
the/semanticsoflordering. In(this[way topologyis described. Within[onelelement set(all
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elementsmust/have the same(type. Elementsmay, but/domotneedto [belgeolreferenced.
Elements/describedinmore(detail by vertices(dre(geo [teferenced, as/the[vertices/contain
thedoordinates [to Tocatethe@lement(in/a/geo reference System

When: Timelin[OpenMIlis[defined(either by atime[stamp [Or @ [time [Span. [A time[stamp[i§
alsingle[pointlin(time, whereas/altime[spanlis alperiod from/begin(fo énd time. Eachlof
theseltimesisrepresented by [the Modified Julian/Date.

What: Thelphysicalsemantics(ofithe(values/is/described by [a/quantity,[combined With(a
unitlin[ whichlits[valuelis[ expressed. Water[ level[ (m) and[ amount[ ofl flow[ (cubic
meter/hour) are éxamples[ofiquantities. [Thephysical mature(of’a/quantity(alsotelated to
thelshapeltypeloflan/élement.E.g.[a[water(level [canbe(givenlin/apoint/or(along(alpoly
linelorloverlalplane, butnotlinlalvolume. OpenMIldoes notluselalstandardized data
dictionary.[However, [folénsure(thatlinkages [(between [quantities/arelcorrect, twolaspects
received[specificlattention. [Firstloflall, [for[eévery[quantity, [units(are(defined(asWwellas[a
conversion/formulaloflthe [form [(A*x[+[b)[to enable unit[¢onversion from(the[quantity’s
unit(to/standard[SI[units.[This allows[straightforward[linking ofl quantities of[different
units[ without[ al performancel penalty ofl unnecessary! transformations.[ Secondly,[ the
dimension nheeds[tol bel provided[foreachl quantity. Byl convention,[thisdimension[is
expressed(aslaldombinationofbasequantities.

Values: The(valuesthemselves|are(tepresented/as/aloneldimensional (array oflscalars(or
vectors contained[in alsolcalled[Valuelset. Informationlabout/thelvalues(space, time,
quantity)land/their(orderinglis assumed tobe known by (theiser.[Alsingle/scalar(orvector
value/exists [for/everylelement(in [the element/set/defined.

How: Inlthe[simplest[case, thevalues returned(arelexactly the datalas/it(is[computed byla
computational [ core[ of! thel linkable component.[ Nevertheless, under[ some[ conditions,
specificationlofladditional [dataloperations(is/desired tolobtain the datalin the way!it[is
needed. Most[¢commonlsituation(will 'belthe need for temporal laggregation[overlaltime
span.[This/functionality[¢can[belusedliflonemodel, tfunningla’small[timelstep, heeds to
feedanother(model, 'which(tuns’at(allarge timelinterval. Thelfunctionality[maylalso/be
used(to suppress[altemporalinterpolation methodin(¢ase(the[time[steps of theprovider
and(thelacceptordo/not[¢oincide. Inladdition to temporal [dataloperations, [spatial [data
operationsareforeseen [as wellds/dmiscellaneous[group (of data/operations.

12 UNESCOIHE & WL[[[DelftHydraulics



2..0penMI

2.4.2 Metaldata defining potentially éxchangeable(data

Anllessential [Jpart[lofl istandardizing[ datal lexchange!( lis[ lthe[ 'metaldatal telling[ ‘which
components, modelschematizationsJand["datasets lare[involved[Jand[“what[can[be
exchanged lin/terms/ofl quantities/(what[Idoes[it[tepresent), ¢element(sets[(where[does!it
apply), [time[(when(doeslit/apply)and(dataloperations(how[shouldlit[be[provided). [ The
availability[of'this meta data varies [from[fixed[in [the dode0or[semi(fixed inamodellscript
tolhighly[variable, €.g.[determined by [the ((runtime)[settings (0f the[scenario [to [run.
Forlmostimodels, the hodelcode determines whichquantities/dan potentially be provided
asloutputlor(are(potentially) meeded(as/input. Oftenthecode/determines(the ‘¢lement(set
where(datal¢an[be éxchanged((e.g. on theboundaries, (or on(the[full [ domain). Inla[site[]
specificlimodel, [ thel codelis[ populated with[site[specificl schematization[ datal (e.g.[a
network [or[ grid[ Wwith[attribute[ data). With[this[ data,  thel exactl elements[ are[ known,
including/(their/position(in/thefopology.

Alsolcalled['exchange[model',[is[defined to[describe the[datalitems that[¢anbe provided
orlaccepted/bylalcomponent. Eachlitem that/¢canbeléxchanged/¢ontainsinformation on
the(rolelofltheldatal(inputlor[output), the[quantityit[represents/and ‘thel¢lement(set Where
itlapplies. Thelexchange/model [dlsolcontainsinformation(on(thedataloperations(that/can
belprovided(by(the delivering[component. The combination oflaquantity [on[an[élement
set/has/been(chosen(asonetypicallylinks/the boundaries/oflonemodel to the boundaries
oflanotherimodel((e.g.[the[*bottom’ [ofalriver with [the[‘top’ [0flalground Water thodel).

Anlexchangelmodelis[specific/ for[al combination of al modell code[with[al model
schematization. [However,lone/dombinationofimodel [codeland model [Schematization tay
havelseveraléxchangelmodels, ¢ach[onelfor aldifferent purpose. E.g.[the[Rhine[model
using [the 'SOBEK [¢hannel [flow[¢ode[may havelan exchange model tailored(to[linkage
with [algroundwaterthodel,andanother/eéxchange model forlinkagetolan(dstuary todel.

Theleéxchangemodellismainly used [during(design/configuration[time to/setup[thelinks
between differentmodels.

2.4.3 Genericlmodelaccess

Genericl modellaccess!isl essential for[ the[ component[based[ paradigm[asladoptedlin
OpenMI. [Atlthel¢ore 0f{OpenMI are two basiclinterfaces/folaccess almodel ¢component,
namely(the[fexchange model’ [interface(that[describes the datalthat[potentially[¢can be
exchanged( (seel Section[ 2.4.2)[land[ the[‘linkable[ component’ interfacel to[ link[ the
componentstogether(at tun(timeland/exchange data. Sincelall[access tolalcomponent is
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through (theselinterfaces, generic[OpenMIlimplementations/¢anbemadelindependent[of
underlyingtypeoflenginelor[component/beingused. This/approachlallows/theladdition[of
new [components[tolan(existing[OpenMIrun timelénvironment without/modifications fo
thelenvironment.

GetValues()(is[the[most[important tun/time/method[of allinkable component. Tt[teturns
thedatal requested, [ ifl needed byl invoking[allcomputation.[/Allother imethods[are
supportive, (€.g./duringthelinitialization[phase, 'to handle links,and [toclean[up. For/some
situations, €.g.[to[énableliteration, [itlisuseful iflallinkable component/dan(mhanage its [state
onlrequest. A [state hanagement interface has(been [introduced for this [purpose. [Again it/is
up [to(the[codeldeveloperwhich state related datalis['saved'[andhow!itlis[done(e.g.[in
memory,lin(a[file).[ Tolenablelévent publishing, [d[linkable[component/is[inherited from(a
Publisher(interface.

Basicallyall ‘components/eéxchanging[(model)(datalarelinkable[components. Examples(of
linkablelcomponentsare:

e Simulationlengines[for(rivers, groundwater, general (3 D flow, and rainfall (tunoff
processes.

e Measuring/devicelthatmneed [tobelaccessed online.

¢ Monitoring/databases/containing historic(data.

e Dataldrivenhodels/suchlas(Artificial Neural Networks

Time/related issues

Characteristic[toWwater tesources modelling[and [management!(is the importanceof time.
Often,datalislexchanged for/the(same[quantity [and [spatial[élements, but [for different/time
slots. Therefore, altimelindicationhas[been incorporated [aslalseparateargument(in(the
GetValues()call.

Each[GetValues() fequestlinitiates(aprocessing/dctivity[(e.g.[computation) when needed
tolrespond [properly.[Ashany water related hodels [progress Overtime, the timelargument
is[thelcontrollingVariable for any [processing/activity. Linkable[¢components[that/donot
progress/aver timecan meglectthefimelargument. [They [justido[their Work [and return the
data.

Inlcasethelrequested/timestamp [doesmnotmatch(the time(stepping/in [the computationand
thel computation[isalreadyl ahead[in[its computation,l anl[interpolated(valuelis[to[ be
delivered. Notelthat[the[modell ¢codel developer decides how! this interpolatedValuelis
computed(andifiany buffering(isdpplied/to [increase performance. When the [computation
has[notlyetreached the request time stamp, [twoalternatives/arelavailable:
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o [Initiate/a/computation to/computethe values/attherequested/time.
e [Extrapolate(the/solution

Undermormal conditions(thefirst(alternative is[chosen. [For(bildirectional links, (One[0flthe
components will meed[to extrapolatelits[solution inlorder to [preventdeadlock situations.
Thel ‘abovel 'mentioned [ lobligation[ has( been[ formulated[ from[the[Jperspectivel lofl Ja
simulation( engine.  However,[ (monitoring)  databases[ and[ other[ linkable[ components,
whichldomot[progresslin[time, shouldlalsolbelableto teturn alvalue,[whether itlis the
actual, linterpolated|or/extrapolated(one. [Itis iip [to [the[software[developer tolintroduce [an
intelligent((or [dustomizable) wrapper forthis[purpose.

For(those situations/where(the[éxact[timeinformation/is [fequired, an(ddditional linterface
is[provided[tolobtain(theldiscrete fimestamps(dvailable. Ifnovaluelcanbeprovided, and
no [representation hasbeen(defined [formissingvalues,anlgéxception nieeds to bethrown.

From[almore! detailedtechnicall point of view, it[ could[bel stated! that[ at[ present[the
OpenMlI s limited 'to(d[tfime[stepbased [éxchange [(including[data transformations(and/or
operations ' where necessary)[ofldata’which [formthe interacting boundary¢onditions of
theindividual components

Wrapping(legacy dode

Forllegacy[¢code, Wwrapping will mostloften[bel theltechnological [ choicel tolmigrate!to
OpenMI.[Anlexisting modellengine((i.e. @ [computational [core [often [developed/in Fortran
90)is encapsulated[inlalsol¢alled [wrapper[that meets/the interfacel specification oflan
OpenMI linkable¢omponent.[The OpenMI interface allows[it(fo[befreatedin a generic
way By [an@penMI[runfime €nvironment. [Actually, the'Wrapper'turns/the[computational
corelintoallinkable(component for OpenMI

2.4.4 Dataltransfer

Linkablel¢omponents[¢anleéxchangeldata byla pulllmechanism, meaning thatlal(target)
component thatrequiresinputlasksd/source/component/foral(set(of) value(s) forlalgiven
quantity[on[alset[oflelements[(i.e.locations)[for al given[time. Ifltequired, thelSource
component! calculates these! valuesand! returns/ them.[ This[ pulllmechanism[ has[ been
encapsulated(in(one(single method,the[GetValues() imethod. Dependent(on [the status[of
thel[sourcel component, [ this[ call [ may! require[ associated computation and[ even[ more
requests [for/data. [An/importantfeaturelisthe obligation [that[components [dlways [deal With
requestsin(order(ofireceipt.
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Pullldriven communication

Sincel thel ftarget’ [pulls/thel datal when[heeded, this[mechanism[is[called[pull(driven.
Linkablecomponents(¢anbelconnected ind/chain, where(thelast.component(in/thechain
triggers|thelentirelstack ofldatal exchange. Thelfollowing figurelillustrates(threelc¢chain
layouts:

1.[Linear(chain((unildirectional) 2.[Linear(chain (bildirectional)

GetValues . GetValues i
GetValues Trigger ) Trioger

Alrequests B, Blrequests(C, (ClrequestsD ATrequests(B,Birequests|C,(Crequests'B

D does/itswork@and Feturns(datalto[C,[C Bireturnsiaibestiguess/toC, Cidoes!its
doeslitsiwork/andireturnsidata’to(B, etc. workiand returnsdata(to(B, Bldoes!its
work[andreturns(dataltolA
request

ExampleChainingloptions datareturned

3./lLogicalldecision(¢hain
GetValue

Trigger

GetValue
AlrequestsB,Brequests(C,
Cldoeslitsiworkandreturns/datatoB
if(Cfails/BrequestsD

Blreturnsidatalfo’A

Figure(2.3[Differentchainllayoutswiththepullimechanisms
[Source:adoptedfrom{(Gijsbers,2004)]

2.4.5 Definition ofactually éxchanged data

Thellink: [purpose

Allink[definesactual [ datal éxchangel ofl al semantically [ §imilar quantity[ between[two
linkablel components[(the sourcel componentlorprovider and[theltarget/ component[or
acceptor).

Thellink: (content
Thellink 'specifiesthe following/information:
e Thelsource/component(andithetarget'component.
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e Thelsourcelquantityland(target/quantity,lile. twoldliases[for(a[semantically[Similar
quantity. Thesourcelquantity may differfrom/the(target/quantity By mame aswell
asby[unit,[only(in[that[a initconversionistequired tofransform(the(values. Of
coursethelsemantics/and thedimension(oflbothquantitiesshould Belsimilar.

e Thellistlofldataloperations/thatmust/belapplied by thesource ¢componentbefore
providing [the[data.

e Thelélement(set'onWwhich(thelquantity(is/definedlinternally(in/the/source(linkable
component.

e Thelelement/set/onwhich(the quantity[is fequested by [the[target'component((and
thus(delivered By [the Source[domponent).

Links(areunidirectional((i.e. from [the Source [component [to 'the [farget[component). A [link
referstoalsingle/semantic/quantity [only, which, however, may have two [different mnames
onleachlsidelof thellink. This[means!thatlwith[bildirectional ’¢communicationlor[Wwith
multiplelquantities, multiple links must(be[configured.

Inlwater( related [ datal exchange! thel spatiall geometry[ underlying! thel datal exchange
typicallylis[ persistent/ over[ time.[ Therefore,[ currently, [ thel standardassumes! that the
element/setsihcorporated inlthelink ‘are/¢onstant/over[time. Nevertheless, lit[is [dllowed [to
addlandremovelinks/atrun/fimelinhcase the geometry should/change.

Thelink[asanargument

The(link 'has[alstring 1D [(whichlis[passed(asanargumentlin the (GetValues()[callloflthe
linkablel¢omponent.[This[allows/independent’¢communication over[different(links[from
onelsourcel component[tol multipleltarget/ components.[This means[that/datal éxchange
takes( place overl entirel (target)[ element( sets.[ In[ casel the targetl component[isl only
interestedin[the information on(a(partloflthe ¢element[set, the target[¢component/should
perform[ thel selection/ itselfl or[ thel link[ should[ bel configured! to[ containonly! the
appropriate[part/ofithe target/element(set. [ Both[wayslavoid/the need[to[define generic
geometricldatalselectionlalgorithms,thuskeeping the(standard [simple/and/allowing (high
performanceimplementations. Ofl¢course, Suchlselectionlalgorithms[canbelprovided as
utilities but/they [are notpartof’the[OpenMI standard.

2.4.6 Eventimechanism

Inladdition(tolthe[abovel mentioned ! functionalities tollink components,[allightweight
event[ Imechanism( has[ been! lintroduced! (interfaces( /defined [ in[[Figure 2).[1Vial this
mechanism(aWwiderfange0fimessages/danbelpassed/folenable(call [stacktracing, progress
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monitoring[ and[ tol flag[ status changes! which[ might[ trigger[ other! components[(e.g.
visualization[tools)tolrequest/for/datalvialaGetValues()/call.

Byl ‘convention[Jal linkable[ ‘component has[ to[ throw[an[exception[ifllan[internally
irrecoverablel error[ occurs.[ This[ exception[ should[ bel based onlthel Exceptionclasslas
provided By [the development/environment.

2.5 Consequences(ofithe OpenMI architecturefor(amodel

ThelOpenMIlenablesmodelengines[to[computeandlexchangedatalat/theirlown heartbeat,
withoutlany [éxternal c¢ontrol [mechanism.DDeadlocks(areprevented by [thelobligation[ofla
componentlalways(to[returnlavalue whatever [the situation. [When €ach odel lis[asked for
datalit/decides how to[providelit/=/it(may(already havelthe[datalin'a buffer because/ithas
previouslyrun the[appropriate simulation,[orby [running|its[own simulation [0r [dalculation,
orby[making(albest éstimate vialinterpolation[dr eéxtrapolation. Orlit[may not/beldbleto
provideltherequested(data, [SoWill raisedn/eéxception. Thelexchangelofidatalatrfuntime/is
automated and(driven by [the [predefined links, Withnohuman [intervention.

Tobecomelan OpenMIlinkable component, amodelhas to:

e [belableltolexposelinformation((what, where)to [the(outside world on [the modelled
variableswhichitlis/can/provide,(orwhichit(is[@bleto [dccept;

e submitlto runtimelcontrol bylanloutsidelentity;

e Dbelstructuredlinlalivay/thatlinitialization[is[$eparatel from[computation, Where
boundary conditions arel collected [ in[ thel computation| phasel and[ not! during
initialization;

e belableltoprovidelthevalues(ofithemodelled variables [for[the [fequested [points/in
timeland [space;

e Dbellable tol respondl tolal request,[ even[ when! thel component[litselfl is[ time
independent; [ ifl suchl response!( requires[Idatal from[Janother[lcomponent,[ ithe
component/shouldbeable topass/ontheltimelas well [inlitslOwn [request.

e Inlcase/somelvalueslin/the[Vvaluelset are missing, this[should/belflaggedlin[the
valuelset.

¢ Inltheléxceptional(case/thatldn eéntire valuelset(isinavailable,/daneéxceptionneeds
tolbelthrown. Belaware[thatl suchlexception Wwilll stop thelentirel computation
processland thus/should be prevented whenever possible.
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2.6 OpenMI: anlinterfacebasedopenstandard tolink/models

OpenMI [ provides[ anlintelligent[ mechanism( to[ link[imodels[ at[ tuntime in[terms[ of
describing,[ definingland[transferring/datalwhile[models tun[at[thel same time. It/ thus
enables[processlinteractionbeing(tepresented ‘morelaccurately, ¢compared[tol sequential
linkages. OpenMIis NOT [@alcommon data/model specification, [andlit/certainlyis INOT [an
integrated hodelling [System.

OpenMlis“interfaced based’ [as

e it['standardized’[partlis/defined(as(an(softwarelinterfacelspecification

o thislinterfaceacts/aslal‘contract’ (between/software components

o thelinterface(is mot/limited[tospecifictechnology [platforms(orimplementations

e bylimplementing[thislinterfacel al componentlhas becomelal(technology!l specific)
OpenMIcompliant'component

OpenMlIlis“open’(as:
e its[specificationlis/publiclylavailablevialthe Internet (www.OpenMI.org)

e itl enables/ linkages[ between! differentl kinds[ ofl models,[ differentl disciplines and
different/domains

o itlofferslalcompletelmetaldatalstructure tolfully describelin alrather primitive, but
extensive/way, what(mumerical datal¢an(belexchanged in/terms[oflsemantics, nits,
dimensions, spatial land [femporal representation and(dataOperations.

e itlprovideslalmeans/to/define/éxactly whatlis(linked, Howand when

e it’sldefaultlimplementation and[softwarelutilitiesl asl developed[ by[the HarmonIT
projectlarelavailableinder(an/open(sourcelsoftwarelicense

OpenMlisal‘standard’ as:
e itlstandardizes/the(way!dataltransfer(is(specifiedland/géxecuted;

e itlhencelallowsl anyl modell to[‘talk”[to[ any[ other! imodell(e.g.[ from[ al different
developer)[ithoutl the heed[ for[ coloperation/ between model developers orl close
communication/between integrators & hodel [developers;

e its[generic nature/doesnot(limitlitselfltold[Specific/domainin(the[water(disciplinelor
even/in/thelénvironmental(discipline;
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3 Descriptionlofithe HYMODRRModel

This[chapter(providesthe/description 0of [HY MOD [RR thodel.

3.1 The HYMOD Structure

HYMODlis/a[five[parameter/¢onceptual rainfall ‘tunoffimodel lintroduced by Boyeleland
recently used by (Wangener (Vrugtletial,2003).

Thelmodel consists[oflasimple/fwo parameter [fainfall [éxcess model [connected with [fwo
series/ ofllinear(teservoirs[(three, identical, for[thelquickandlalsingle teservoirlfor the
slow(tesponse)in[parallel(as/a/rfouting[component((see[Figure 3.1).[Themodel [assumes
that/the(soil[moisture storage(capacity, c,varies/dcross/the(¢atchment,(and(therefore, that
the[proportionofl the‘catchment[with[“saturated [ soils[varies overtime.[ The[spatial
variability [0flsoil hoisturecapacity [is[described by [the following distribution function.

F(c):l—(l—%] 0<c(t) < CMAX (0.1)

Thestructurelrequires ‘the loptimization of(five[parameters: [the thaximum/storage [Capacity
inlthelcatchment, CMAX/L], theldegree 0flspatial variability [0f(thesoil oisturecapacity
within[the[¢atchment, BEXP/!], [the[factor[distributing/the flow between twolseries of
reservoirs, ALPHA['], [and[the[resident[times of [the(linear teservoirs, Rg/T]and Rs/T].
Thelactual @évapotranspiration/is(equaltothe [potential (value ifTsufficientsoil ‘moisturelis
available;(otherwiselitlislequal tothelavailable soil moisture/content.
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Figurel3.1(The[HYMODModelistructure
[Source:ladoptedfrom(Wagenerietlal, 2001]

Effectivelrainfall[(ER(¢)[and ER2(t))lis/producedldepending on(thelcurrent/catchment
moisture(state/described by the storagecapacity(distribution F(c).[Thelparameter CMAX
describes! the imaximum/[ storage[ capacityin[thel catchment.[ The[ effectivel rainfalllis
distributed [ Wwith[tespect[tol parameter ALPHA and[ either[touted[through!threellinear
reservoirs/with[tesident/fime Rqlin[series, orlalsingle/teservoir(with/tesidenceltime Rs.
Variable Q(t)lis(the(resulting[stream[flow(attimel[step!t.[ Thertemaining variables(are[the
storage S(2),[ thel precipitation[input[ P(t),‘and[ thel[actuall evapotranspiration AET(t)

(Wagenerletlal,2001).

Thelinput(of HYMOD [modellattime 7 [consistsoflthemean(areal precipitation,
P/mm.d"],andevapotranspiration, E/mm.d "] theasured OveraCertain[catchment(area.

3.2 Thelstatevariables

The[HYMOD modelhas [fivelstates(Vrugtlet(al,[2003). Thelfive thodel states at/time t[are
defined below;

1. Xlossthe@amountldfiexcessrainfall,
2. Xslowlthelamountlofiwater(residing in/theslow flow[tankat(time ¢,
3. Xquickl the'amountlofiwater residing in(the firstquick flow tank at[time ¢,
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4. Xquick2thelamount/ofiwaterresiding[inthe[second[quick flow tank[at[time ¢,
5. Xquick3thelamount/ofiwaterresiding inthelthird [quick flow [tank[at[[time ¢,

The five states aredescribed Wwith(the helpof'the parameters by [the [following €quations.

Firstlthel@amount(ofiwater(in[the[datchment(dt[time ¢lis[dalculated With

(0.2)

1
Do+
o(t)=C._ 1—(1 —(byy +1) xzoss(t)]

max

Thelamount(ofiexcessrainfall,lincasethe(soil linthe datchmentis [saturated, [is[given By;

ER,(t+1) =max (P(t+1)~(C,,. —c(1)),0) (0.3)
P(t+1)=P(t+1)— ER (¢ +1) (0.4)

Where P(t +1) i5lthelamount(ofirainfall(attime ¢#+/and ER, (¢ +1) is[thelwater(that/floods
the catchment![(surfacetunoff). Thelévaporation(atitime ¢+7, E(t +1) lis[calculated [with

thefollowingléquation;
J:mm[w,lj ©5)
Cmax

- Cmax by +1

xloss(t +1) = (1 —(A=J) ) (0.6)
by, +1

ER, (¢ +1) = max Pt +1)~ xloss(t +1) — xloss(t),0) (0.7)
E(t+1)=min xoss(¢ +1), E(t +1) (0.8)

Where E(t+]1) is[thelineasuredamountl ofl évapotranspirationlat(time ¢+/.[From[these
equationslit[ can[bel concluded!that[the amount[ of’ evapotranspiration[depends onlthe
rainfallland[the[measuredévapotranspiration is notlalways[used by the model. After the
value oflthe évapotranspiration Tis[known, [the state x/oss(7+ 1) Wwill be updated as;

xloss(t +1) = xloss(t +1) - E(T +1) (0.9)

UNESCOI(THE & WL ([[Delft[Hydraulics 23



AGenericSoftware Tool for OpenMI[Compliant'Ensemble Kalman Filtering

Thel following[ equation[ tepresents| thel states[ ofl thel teservoirsl orltanks, xslow(t+1),
xquickl (t+1), Xquick2(t+1), and Xquick3(t+1), but/firstithelamountofwater(for(the[quick
and(slow [flow [reservoirs/have [fo beldefined.

Thelamountlofiwater(tolthe [quick flow [(U,)i5;

U,t+D)=alU,(t+1)+ER (t+1) (0.10)
And[the @amount[ofiwater [to [the [Slow [flow [(U) li5;
U,(t+D)=(-a)ER,(t+1) (0.11)

Thelequations[for thelslow[flow[state, xslow(t+1)land[the tun off from[the slow flow
reservoir, O (¢+1) [dannow belwritten!as;

xslow(t +1) = xslow(t)(1-R, )+ U (t+1)(1-R,) (0.12)
O.(t+1) = xslow(t + 1) — (0.13)
] = xslow o .

s

Andlinlalsimilarway [the quick (flow states [and their outflow, O, (¢ +1) [can beldefined,

xquickl(t +1) = xquickl()(1- R, )+ U, (t+ 1) (1- R, ) (0.14)
R

0@+ zxquickl(t+1)1_‘;e (0.15)

xquick2(t +1) = xquick2(t)(1-R, )+ Q,,(t+1)(1-R,) (0.16)
R

Q0,+1)= xquick2(t+1)1_; (0.17)

xquick3(t +1) = xquick3(t)(1-R, )+ Q,,(t + ) (1- R, ) (0.18)
R

O, (t+1) = xquick3(t +1) " —j’? (0.19)

q

The(total[dischargefrom the modellis/calculated (by [Summing(the[resulting fun off from
bothlthelsmallland lastiquick ‘tank.
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O(t+1)=(0,(t+1)+Q,,(t +1))*22.5 (0.20)

Thelaboveldescribed équations arepresented/inthe Matlabcodelofithe HYMOD [program
(Koster,[2004).[(Vrugtlet(al,[2003) [provided[sSomelinformationabout(thedimensions[of
themeasurements/and the [parameters.
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4 Ensemble Kalman Filter

This[Chapter(details the[procedure[of[Kalman/filter(datalassimilation[process. [Section 4.1
provides|thelintroduction[partfollowed by [the[eéxplanation[of the discrete [Kalman!filter,
the extended! Kalman! ffilter and’ the ensemble! Kalman[ filter[in[ sections 4.2[to[ 4.4
respectively.

4.1 Introduction

ThelKalman[filter[is[thelstatistically optimal method[ forthe[sequential [assimilation[of
datalinto(linear mumerical modelsand/provides(an(estimate[of the state[of[the[System/at
the current/ time! step[ based[ onl all measurements oflthel system/availablelup[toland
including(the(current/time((Canizares,[1999).

Whenthe filterisdpplied[to monlinear models [successive(linearization [0fthe monlinear
dynamicshaveltolbelc¢arried [out. It isthis[approach(that(is known[as Extended [Kalman
Filter (EKF).

The Ensemble Kalman![Filter [(EnKF)lisbased onlthe[ Monte[Carlo[simulation.It[is[a
sequential [data assimilation method [Where[thelérror(statistics/are predicted usingMonte
Carlolorlensemblelintegration.

4.2 TheDiscrete Kalman Filter

TheProcess[tbbe [@stimated

TheKalmanfilterladdressesthe[general [problem [0ftrying [to[eéstimate[the state x € 97" [of
aldiscrete(time[controlled process| that[is[ governed[by![thellinear!stochastic difference
equation

X, = A x, +Bu, +w, 4.1)

with[ameasurementthatis

Ly = Hi X0 Vi (4.2)
Thelrandom[ variables w, land v,,, [representl thel process and[ measurement! noise
respectively. They drel@assumed/tobelindependent/(ofléach dther), white, and Wwith mormal

probability[distributions.
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p(w)~N(0,0) (4.3)
p(»)~N(O,R) (4.4)

Inlpractice, thelprocess[noise covariance and measurement hoise[ covariance matrices
might[change[with[éach timelsteplor measurement, however here[welassumeltheylare
constant.

The n xn matrix 4, inltheldifference/équation(4.1) relates thelstate at/theprevious/time
step(tolthe(state(at(the/current[step, [in/the(dabsence ofleither(d[driving function or [process
noise.[The nx] matrix B, [relates(theloptional ¢ontrollinput u € 2" [tolthe(state x, ,,.[The
mxn matrix H,,, inlthellmeasurementllequation[|(4.2) relates[ithe Istatelito[Ithe
measurement z,

The[Kalman!filter[estimatesalprocess by usingla form ofl feedback ¢ontrol: the filter
estimates(the[process/state/at/some(time dndthen(obtains/feedbackinthe form [0f[(noisy)
measurements. Aslsuch, thelequations[for[the Kalman!filter[falllinto twogroups: time
updatel equations[ and[ measurement[ updatel equations.[ Theltime[updatel equations/ are
responsiblel for! projecting forward[ (in[ time)[ the current[ state[ and[ error| covariance
estimates [to/obtain the(d[prioriléstimates forthe mext[time(step. Themeasurementipdate
equations|are(responsible for(thefeedback!TiLe. forlincorporating [d iew measurement/into
thelalpriorilestimate to (Obtainanlimproved (alposteriori@stimate.

Thel timelupdatel equations! canlalsol bel thought[ ofl as! predictorequations, whilelthe
measurement ipdate [€équations(canbelthoughtlofias/corrector(equations. Indeedthe final
estimation algorithm[resembles[ that[ ofl lal predictorcorrector[ algorithm![ for[ solving
numerical [problemsasshownbelow [in [Figure 4.1 (Welchland Bishop,2004a).

TheKalman'filter (provides allinearunbiased|estimate of the state [Vector[that'combines
model forecast/and heasurements(whilethe ihherentincertainties are[taken in to[account.
Inlorder[tol obtain’anl optimall$olutionlin/terms[ ofl al minimuml error’ covariance,|the
followinglassumptionshave(to bemhade(Ghilland MalanotteRizzoli, [1991);

1. Thelinitial(state[vector(is[assumed fobe Guassian withknown[mean E{x,} [and
knownerrordovariance matrix P, = Cov{x,}

2. Thelmodellhoise w, lis_alstationary[White hoisel process[ with zerolmeanland
known|covariance matrix Q, = Cov{w, }

3. Themeasurementnoise v, lis[alstationary white noiseprocesswith(zeromean/and
known/covariancematrix R, = Cov{v, }
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4. Thelinitial[state x, ,[thelmodel hoise w, land[the measurement hoise v, [are
mutuallyindependent

Theloptimallstate[¢éstimateand/thelassociated eérror(covariance[matrix [can[belc¢alculated
recursively. (First'during[the[forecast(step, (the[optimal [state[estimateis[propagated [from
time k [toltime k +1.Moreover the modellerrors(arepropagated/during the same(period
using[ thel model dynamics( forced by imodel hoise. This[ step[is[tepresented by the
followingléquation:

X,., = A %, + By, A, 5)
P, =APA +Q, [CIIIIIIITIII4. 6)

where[thehotions X land X ,[indicateltheltimelupdate[ oflthel state estimateland[the
measurement updatel respectively.[ This[ notation[ alsol hold[for[the[ estimate of’ the
covariance matrix, p .

Iflmeasurements[are available[at[time k +1,[thelstate [ VectorLand the érror[¢ovariance
matrixare ipdated [duringtheanalysis step isingthe followingléquations:

X =X +K, (2, — HX, ) ITITI1(4.7)
jskﬂ = (I _KkHH)}_)kH ng)

where K, € 21"*? lis[the Kalman[gain or[weighingmatrix, which[describes the[Wweights
given/to/the/innovation vector[(difference between[observedland forecastedvariables)(in
thelcalculation[ of " thelanalysed [ state[ variables.[ T Thel Kalman[ gain[is[ conventionally
obtained [from [thelequation

Kk+1 = F_;lekTH [HkHF_ZHHIZ-H +Rk+1 ]_1 MA%
where R, € 927" [is/thelerrorcovariance matrix (0f the measurement moise.
Thelprocess/continuesrecursively (with[the time ipdateforthe mext/timestep. [Equations
(4.5)[1(4.9)[constitute the Kalman [gain [filter [algorithm [that[providesthe[Optimal [€stimate
oflthe statelin/dleast/square Sense when(all the [dforementionedassumptions [arefulfilled.
Inlalreal lapplication theldssumptions/are mormallyviolated by (Canizares(1999):

o Nonllinear/system/dynamics/and/or theasurement/équation
o Unknownor(partly knownlinhitial [conditions, E{x,}(and F,
o Unknownorlpartly knownmoise statistics, O, and R,
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"

Time[Update/(*“Predict”)

MeasurementUpdate (“Correct™)

1.[Projectthelstate/ahead
X = A%, + By

2.[Project/thelérroricovariancelahead
Ba= AchAkT +0,

1. Computelthe Kalman/gain
Kk+1 = Pl(+1H[+l [Hk+1Pk+1H:+l + Rk+1 ]7l

2.[Updatelestimate Wwithmeasurement
X =% + Ky (2 — HXy)

3.[Updatelthelerror(dovariance
Pk+1 = (l _KkHH)BcH

Initial @stimates for %, and P,

Figurel4.1/Alcompletelpicture(ofitheoperationofithe Kalman(filter
[Source:ladopted from(WelchiandBishop,2004a)]

4.3 The Extended Kalman Filter

Asldescribedlabove, the Kalman [filterladdresses [the[general [problemoftrying[to [€stimate
thel state  oflal discrete(timel controlled [ process!that/is/ governed/bylalinear stochastic
differencel equation.[ Butl what[happens[ifl the[ process to bel estimated and[ (or)[the
measurement relationship [folthe[process/ismon(linear? [Someloflthe mostlinteresting and
successful [applications[of Kalman filteringhavebeenlsuchlsituations. A [Kalmanfilter
that! linearizes about[ the current’ mean( and[ covariancelis|teferred/ tol asl anlextended

Kalmanfilter(or EKF.

Inlsomething akin(tola[Taylor[series, the éstimation[around(thel¢urrent(estimate[¢an be
linearized [ using [ thel partial [ derivatives[ ofl the process and[ measurement! functions|to
compute estimates/éven(intheface df on(linear relationships.

TheProcess[tbbe [@stimated

X = S (X0, w,)

with [d[measurement [that[is

(ITI1(4.10)
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L =H (X005 V) [ITI4.11)

where[the random(variables w, [and v,,, [again(represent the process and ‘measurement

noiseldslin[discrete[KalmanTfilter. In[this[case thenon linearfunctionlin[the difference

equation(4.10)[relates(the(statelat(the previous timelstep [folthe(statelat/the[c¢urrent/fime

step. Ttlincludes(asparameters(any [driving function [u;and [theZero mean [process moise wy.
Themnonlinearfunction Hj+;linthemeasurement/équation((4.11)(telates thestate/to the

measurement.

In[practice oflcourse oneldoes not knowthelindividual [values [oflthe noise andlatleach
timelstep. However, lonelcan/approximate [the[state [@and measurement vVector Without/them
as

X = S (%1, 0) (TIITTI(4.12)

and

Z, =H.,(%.,,0) (T4, 13)
where x, is[Someaposterioriléstimate 0flthe state[(fromalprevious fimestep k).

Itlis[important(tonote that/a fundamental [flaw[of[the [EKF [is/that[the distributions/(or
densities(in/the[¢ontinuous/c¢ase) oflthe various/tandom[variables/are(nolonger normal
afterlundergoing|their respective nonlinear transformations. The EKFis[simplyan
ad['hoclIstate[ Jestimator[ that[ lonly[ approximates[ the[ loptimality [ lofl Bayes’[rule[ by
linearization. Somelinteresting  Wwork has[been[ donel[ by Julier[ et al.[in[ developing a
variation [to the[EKF, ising tethods/that/preservethe mormaldistributionsthroughoutthe
non linear[transformations((Julier(et(al,[1996).

4.4 TheEnsemble Kalman Filter

TheEnsembleKalman [Filter[(EnKF)lintroduced (by[Evensen[isbased onMonte[Carlo
simulations. Thel EnKF[is[ sequential [ datal assimilation[ wherel the  error! statisticsl are
predicted uising[Monte[Carlolorlensemblelintegration (Evensen,[1994).[Anlénsemble of
modell states[is[ integrated| forward[in[ time.[ From[ the[ ensemble, [ all[ thel statistical
informationtogether Wwith[statistical [ moments[(suchlas/meanlandl covariance)l canlbe
calculated.

The [EnKF [presents [two importantddvantages as/compared [to ‘thelextended [Kalman filter:
It[solves[thel¢losure problem[presented/in[(Evensen,[1994)and(teduces drasticallythe
computational loadandthe storage requirement(Canizares1999).
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TheEnsemble Kalman Filter Scheme

Aslthemodelfis mon linear, the definition [0flthe [process (0flthe [state [Spacelisas[follows:

X =M(x)+w, [TI(4.14)

where M [is[thenonlinearmodelwiththelihputistate Vector x, .[Andtheléquationforthe
measurement/(is[:]

Zia =H(x )+ v ((4.15)
Thel first[ procedure ofl using the EnKF[is[tol createlinitial ensemble,[ then[ for[ each
ensemblethember, the [procedure (can beldivided [into [two steps:

e Timelorsystem[update(phase
e Measurementiipdate phasel:lusingmeasurement(data to lipdate the odel[output

Modellerror(Q) Measurement((R)

— Model > —>
g

— ¥ Model — > é —AV

Xik Xl,k+1 § X[k-*—l

> Model > @ —>
(]

— Model > @ >
2

> Model » 5 —

[Figure4.2[Thelprocedureof[EnKF

Firstly,[an[initial ([éensemblehas[fo be ¢reated. [Consider(an[eénsemble oflsize N [oflinitial
state x,, (with i =1,..., N is[generated. The lensemblelthean is/an e€stimate 0fithe best/guess
initial Icondition E{x,} land[ItheJensemblellcovariancel represents./the[Juncertainty
P, = Cov{x,} inlthefirst/guessihitial state. It means isingthe[covariance F, [[generate the
white noise to[perturb (the[state[vector X .
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Givenlanlérror covariancel matrix, anl ensemble  ofl finitesize[ will lalways[ provide an
approximation(tothe érroricovariancematrix. However, when [the[size[ofthe €énsemble N
increases, [thelerrors[in/the[Monte[Carlo[sampling[will[decreaseproportional to 1/ JN
(Evensen,2003).

Secondly, the time update of'éachlensemble hember!isdone by [the followingequation:
Xy =M (x, )+ w, [TITTI(4.16)
where M [represents|thenon(linearimodelland/the w, , [is/thewhite[noise.

Anyl[quantilel ofl the énsemble(forecast/ ¢can[belused as thelforecast/ oflthestate vector
(Canizares,[1999).[(Evensen,[2003)ises/the hean value, Whichis[calculated as

_ 1 &
X1 = Fz Xs,i [I(4.17)
=1

Thelexpectation(oflthe errorlin/everylénsemble member/is formulated tising:

E =X =X Xy — %] [TT1(4.18)

Thelerroricovariance matrix [0f'the [forecast(is [Obtained [from:

1
B= EEI{HEI{TH [TITTI(4.19)

The[Kalman[ gain[ canl[ bel calculatedaslin[ Equation[(4.9). Finally[ byl comparing[the
measurement z,, [folthelmodelestimates (thetheasurementupdatelis:

fckw =X Ko (2 —H (X 00) for i=1..,N [TTT1(4.20)

where Hx,,, , isltheloutputicalculated by the(model for/€achlensemble memberland

Zpoy = Zgn YV Jor i=1L..,N ([TIT1(4.21)

where z,,, lis[theldctual measurement(vectoriand v, , [is[themeasurement error(generated
fromlal distribution with[zerolmean[ and[ covariance matrix R, .[/Aslintroduced[by
(Burgersletlal,[1997)litlis  essential [toladd[atandom[perturbation[to/the measurements
otherwisethel@ssumption beingrandom(variables will ot belvalid
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S Methodology

This[chapter(describes|thelapproachused(toleéxplore(suitability [of[OpenMI forénsemble
Kalman!filtering. Thel theoretical [ background![ for[ each( step [ ofl thel approach(is[ also
discussed.

5.1 Approach

Thelapproachedised [toléxplore the suitability 'of[OpenMlI[forlensembleKalman filtering
islasfollows.

First[themodels whichlare[supposed/toléxchange datalusing/the[OpenMl interfacelare
madeOpenMI¢ompliant,(i.e.they areturned(in(to linkable[components. Therefore, the
HYMODIRR model and/the [EnKFlalgorithms[are[wrapped[toturn/them in[to[linkable
component.

Next[thellinkable[ components[ should bellinked, that means[links[should bel created
between!thel eéxchangelitems of’theltwollinkablel components. However[ for[ énsemble
Kalman/filtering[many [instances[0f'd linkable componentfor Wwhich[the [filteris[going [to
beperformed(should bellinked [tolthe EnKF linkable [component. [Thereforelthe mext/step
is[tol@automatically (establish these links.

Now,when(thesel(links(dre @stablished, HYMODIRR [can(éxchangelitsvariables with[the
EnKF (50l that thel EnKF canl makel the updatesl and returnl the updated[variableslto
HYMOD/RR.[Thesevariableswill (belinputtfothe HYMODIRR [for the next[fime[step.
This[cycleldontinues until 'the final time[step [forthe[HYMOD [RRlis[reached.

5.2 Makingllegacy models OpenMIcompliant

Anlimportant/ tequirementlin[ thel design[ofl the[ OpenMI | standard[Wwas[ that[ migrating
legacyWwater[ simulation[$oftware  ¢codelshould/belasl ¢asylasl[possible. Migration ofla
model(should onlyfequire/somel[smallchangesdndmnotld[complete rewritelinlaldifferent
programming language on(adifferent/platform[(Westenet(al, 2004).

Tolmigratelallegacylcodelanl existing[ modell enginel(i.e.[al computational [ coreloften
developed(Jin[ Fortran[ 90)[lis[Jencapsulated [ lin[la[ lwrapper[ ithat[ 'meets[the [ linterface
specification oflan OpenMI(linkable[¢component. The[OpenMIlinterfacelallows!it[to be
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treated[inlal generic[way by anOpenMI[tun(timelénvironment.[Actually,[the'wrapper'
turns ‘the[computational coreintold(linkable (component for [OpenMI(Gijsbers, 2004).

Inlorder(to[facilitate[ model (migration, [ the OpenMI[¢consortium(implemented aldefault
wrapper[with[all[the necessaryfunctionalitytolinterface with[the[OpenMIframework.
Thisldefaultwrapper, the (SSmartWrapper”, implementthe TLinkable[component interface.
ThelSmartWrapper!(talksfolthe ¢computational [¢ode[using anlinterface thatliscalled/the
Engine APIAccess/interface/inthe[(OpenMIproject.

Themain requirement(ofitheuser 0flthe wrapper is to inderstand low [the model is [going
tobeused whilelitfisrunlin(the OpenMI environment.

Then [the(task0fimakingthe model (OpenMIcompliant(is then [to;
1. Reorganizelthe odelenginelsolit[canbelcompiledtolaWIN32[dll whichlexports
functions/closeto themethods/inthe TEngineAPIAccess,
2. Createlal.Net/domponent/thatlimplements/the TEngineApiAccessland iises the
enginelcoredllthroughthe[WIN32Api.

OpenMI .
Components ILinkableComponent
SmartWrapper [EngineApiAccess
EngineApiAccess Win32API

EngineCore Win32dll

Figure(5.1(Therelation betweenthe[OpenMIicomponentsiandtheEnginelcore
[Source:ladoptedfrom(Sindinglet(al,2004)]

OpenMIlcomponents [ Wwill[access thel SmartWrapper[throughlits[ILinkableComponenet
interface. [ The 'SmartWrapper[ will[Jaccess[ the[ EngineApiAccess[object through! the
IEngineApiAccess! interface,[ land[ 'the|EngineCorel Iwill[Ibe[ laccessed [ through[ithe
WIN32APIL
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«interface»
IEngineApiAccess

+[Create(properties :Hashtable):void

+[Finalize() LIvoid

+MDispose()void

+[PerformTimeStep() :Ibool

+[GetCurrentTime() I ITime

+GetlnputTime(QuantityID [tring, [ElementSetI D =string) L1 Time
+Initialize():void

+IGetEarliestNeeded Time() LITimeStamp
+[SetValues(QuantityID[:string, [ElementSetID [5tring, [values :1ValueSet) [Ivoid
+[GetValues(QuantityIDCstring, ElementSetID Cstring) [TValueSet
+dproperty» ID() Tstring

+d&property» [Description() Istring

Figure(5.2(ThelEngineAPiAccesslinterface
[Source:ladoptedfrom(Sindinget(al,2004)]

LinkableComponent

LinkableComponent

org.OpenMI.Standard.IManageState
SmartWrapper

+SmartWrapper()

+«property» [EarliestNeededTime() ZITimeStamp
+/AddLink(newLink[:ILink,rolezorg.OpenMI.Standard.SourceTargetRole)zIvoid
+/Dispose():Ivoid

+GetValues(timelzITime, [LinkID Zstring) :1ValueSet
+(«property» Description():Istring

+«property» ID():Istring

+Create(properties ZIComponentArgument[]) :Ivoid
+(Initialize()[:Ivoid

+Finalize():Ivoid

+PrepareForComputation():lvoid
+RemoveLink(LinkID[:string):lvoid
+GetFactory():IEngineApiFactory
+[GetFactory(urlstring)ZI[EngineApiFactory
+«property» [EngineApiAccess():IIEngineApiAccess
+KeepCurrentState()[Istring
+RestoreState(statelDstring) Zivoid
+[ClearState(statelD(:string) zIvoid

Figure(5.3[TheSmartWrappericlass
[Source:ladoptedfrom((Sindinglet(al,2004)]
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Normallyla'modelapplication(¢onsistofTmany[parts, the most[¢ommon beingthe user
interface, [input(files, theeénginelandloutput(files. Thelengine is[where[thelcalculations
take[place.Theluser supplies/information/through the userlinterface ipon(which theuser
interfacegenerates [input!files for the(eéngine. Theluser canrunthe odel(simulation(e.g.
by [pressing(abutton(in(theluserinterface, which(will[deploy [the[engine. Theléngine[will
read[thelinput(filesandperform(dalculations/and finally(the resultsare[written [fo[output
files.

Thelapproach(for OpenMIlis[fo [access(the modelldirectly attun time and mot(fo use(files
for(datalexchange.Inlorder(to[make this[possible, thelengineneeds to beturned into/an
enginelcomponent/and[thelengine componentneeds to implementanlinterface/through
which(theldatalinside[the [component/is/accessible

However(legacy/dodes meed to [belstructuredin alway[that[initialization[is/Separate from
computation, ' where boundary [¢onditions[are[collected in the .¢computationphaseand mot
during initialization.

User/Interface

Write \l,

Inputlfile
| |

Read ||

<K

Engine ——() <<ILinkableComponent>>

Write ¥

Outputlfile —|
I

Figure(5.4(TypicallModellArchitecture when(uising[OpenMI

Thel first{ step[in[ migrating legacy[ imodels[ iis[ to[Iseparate[ reading the static[ data
(schematization)from[thefime[step/c¢alculationand(rteading/ofldynamicldatal(boundary
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conditions).[ Instead [ 0f" calculating[all[time[steps[at oncel thel codel should/belablelto
compute justlone time[step [and return.

The mextistepisto/convert/the mainlbopinto[d/subroutinethat/canlexecute One [time[step
atlaltime.[ This[may [require making[somelocal variables static[because otherwise their
value will belost when [the [subroutine returns.

Thelfollowing[stepis/tomake surethe/inputidatalcan/beltransferredtothe[computational
code.[This/will usuallylinvolve(deplacing the(filereading[toutines(with[d[small buffer to
hold the boundary[¢onditions for[thel current(time(step. Theltesults forleachltimelstep
should/alsobe keptlina/small buffer(inthe[code.

Main Function(Initialize
Main { {
{ ' *Open(files
o] Openffiles
*Readlinput(files
o[1 Readlinput(files }
([Tt
0 FunctionPerformTimeStep

o[1 Timelstepioop 0 ﬂ{
}

FunctionFinalize
|ﬁ{

} ) }

o[ closeffiles

*Closeffiles

Figure5.5[Changestothelenginelcore

5.3 ExchangeTtems between HYMOD (and the EnKF

Tolapply[the[EnKF [to[thelHYMOD[model, the[imodel ‘must[be able[to[pass/the state
variables/andthemeasurements at(time &+ 1/, [after[performing[thetfimestep(calculation(at
time 4, tolthe(EnKF. The[EnKF[shouldalsopass(thelstatestothe model @fter performing
itslupdate, thus/these willlbe inputs [tothe thodel forthe mext/time[step.

Whilemaking(the model, [for[which[the énsemble Kalman(filteringlis[to [be[performed,
OpenMlI¢ompliant, onelshould (bearlinmind that(the model[shouldbelablefolexchange
alllitsstate[variables/and/theobserved Values/and/themodelloutput/as/well[because/the
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ensemblel IKalman/[filtering[ Iprocess/ Jis[ lal lcombination[ofl /the[ imodel[Joutputland
measurement data(to hake(abetter prediction [forthefuture.

Thelinput/éxchangelitems/[for(HYMOD (are[the five imodel [states as/described|in(section
3.2[and[the[ measurements ofl rainfall, evapotranspiration and[ the[ discharge and[the
calculateddischarge.[The[HYMOD [modelthen [performs/its/time[step computationand
outputs(thesel¢xchangelitems for the next timelstep. Theseloutputs from the HYMOD

then(will be ihput/éxchangelitems [for the [EnKF.

Theloutputs(ofithe [EnKF, which(are(the updatedvalues, then(will (be the/input/éxchange
items for [HYMOD [for [the next time step

» | REF
> | PET
|| Xloss
Xslow
Xquickl
> Xquick2 [[at time
Xquick3
" Q
HYMOD
REF
PET
Xloss
atltimegr1 | Xslow
Xquickl
Xquick2
Xquick3
Q

bvdbavlie

bybiidie

REF
PET
Xloss
Xslow
Xquickl
Xquick2
Xquick3
Q

EnKF

REF
PET
Xloss
Xslow
Xquickl
Xquick2
Xquick3
Q

VYvvvbve

Figure(5.6[Exchangelitemsbetween HYMOD modelland [EnKF
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5.4 Configuring/an OpenMI(composition for EnKF

Theldatalexchangeland[Synchronizationmechanism[ofOpenMI is[designed[in[such[Ta
way [that[LinkableComponentscanlautonomously [éxchange(datalwithout(any[centralized
functionality [tomanagethe dataléxchange. [However,[in Somelspecificlsituations, extra
controlIcapacity[lis[ Ineeded[Ito[ Idirect[ Iconvergencel lof! lcomputational [ results.[ /This
functionalitytypicallylis(desired forliteration[purposes, as/well[as forloptimizationland
calibration((Sinding/(étlal, 2004).

OpenMlI[currently [doesmotsupport(alinkingechanism[ofmanyinstances(of’alinkable
component!tol al singlel another[ linkable[ component[ Wwithout[ anadditional controller.
However, [ forlapplication| of’ thel ensemblel Kalman[filtering, instances as[manylas/the
number(ofiénsembles, 0flTthe(linkable/componentfor which [the Kalman filteringis to be
performed, meed to belinked with[oneensemble Kalman filter linkable component.

Tolbelablelfollink ‘manylinstances[of allinkable[¢omponent(with[the énsemble[Kalman
filter[ linkable[ component, | al separatel lconfiguration class[ fisl needed.[ This[ separate
configuration/class/should (be ablelto [provide algeneric hmechanism/forautomaticcreation
oflthelinks between[the [EnKF [linkable ¢component andtheRR [linkable[¢components(as
many [as mumber(oflensembles.

Thel following![ tasks[ should[ bel performed[ byl thel configuration! class[ for automatic
creation 0fTthelinks;

1. InstantiatelasimanyRR [linkablelcomponentsasthe fumber/ofiénsembles;

2. Queryltheléxchangelitems/of’the RR [linkable component;

3. ModifylthelquantityIDslandélementSetIDs[ofthe€éxchange items/according o the
number[of’eénsembles(for the [purposeofimaking ‘thelquantity [ids(ofleachlofithe RR
linkable[componentsinique. This/canbeldoneby[attaching the énsemblemumber
to/both thequantitylDsandlelementSetIDs!;]

4. Createlexchangeitems [for(the EnKF (linkable domponent;

5. Createland[add(linksbetween outputlexchange items oflthe RR modelllinkable
components and[inputl éxchangelitems[ o0fl thel EnKF[linkable component with
similar(Semantics;

6. Createl and[add[links[ between! butputl exchange items[ of the[ EnKF[linkable
component/andlinputiéxchange items[oflthe [RR model linkable ¢components [with
similar[Semantics;

7. Instantiatelaldomputationlofithe[dompositionbyinvokingthe GetValues() tethod
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6 Results/andDiscussion

This[ chapter[ presents! thel results[ obtained[ in[ this[ study. This[includes/ making[ the
HYMODIRR inodelland[the[EnKF algorithm linkable[¢omponents and[¢configuringlan
OpenMIicomposition/for [EnKF.Discussion(of'the results/and(difficultiesiéncountered [are
alsopresented here.

6.1 Making(themodelsLinkable/components

Aslitlis[discussedlin[the methodology[¢chapter[thelapproach,[thelfirst thing to do[for
configuringan(@penMIdomposition/for/eénsemble Kalman filtering[isto thake[the model
for[which[the[Kalman filtering[is[to[be performed((in[this/¢caselalconceptuallrainfalll]
runoffimodelicalled HMYMOD) and[the EnKF[algorithm [(@penMIcomponents.

6.1.1 HYMOD

The MYMODIRR [codelwhichwas(originally writtenin FORTRAN(90(is hade(a(linkable
componentby performingthe following steps.

[Stepl. Identifying(theléxchangelitems. Tolmake either input(or output/dorrection
for(the[RR model,lit(is fequiredto[exchange thelitems, in[addition[fo[the
five[state[ variables[as[described[in[section[B.2,[the ineasurements oOf
rainfall, [évapotranspiration(andtheldischargeand(thelcalculated [Valueof
the(discharge by(the RR [hodel;

[Step2. Thelmodellcodelis/testructured/so thatlinitialization, time[step[calculation
and(finalization[partsare separate subroutines. Tolset[Values[oflthe[state
variablesland[ getl the computed[values[ofl thelstate[ variables with[the
measured Values [forthe time[step [two[subroutines [areladded. [Functions/to
return(thel¢urrent/timeloflthemodelléngineland the timelfor which(the
nextlinput/is needed [arealsoladded;

[Step3. Aldynamicink ibrary[(dll)is prepared(toéxport(all the subroutines/and
functions [fo [the [C# platform;

[Step4. Writing/the[EngineApiAccess ¢odeltolimplementsthe TEngineApiAcess
interfaceWhichlactually(dreates/the[communication between [the [wrapper
andthecomputational code. The[EngineApiAccess islalvery/thin Wwrapper
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whichmainltesponsibility[isltol makelthel énginel core dll'behavellike
al.Netlcomponent(that/implements the TEngineApiAccess/interface. The
IEngineApiAccess/interfacelis much(closerto(thelinterfacelas compared
totheILinkableComponent/interface (Sinding/(etlal,2004);

[Step/5. [Preparing[] thel] LinkableComponent! ] code! | which[ implements(] the
[linkableComponentlinterface.

Theltelationshiplamong[the [wrapper, (the[EngineApiAcess/and/thelenginelcorel for the
HYMODIRR lis[shown/in [Figure(6.1.

neApiAcess

Hymod openMI.dll

Initialize;

SetValues(“quant.”[,”elmet.” values)

PerformTimeStep())

GetValues(“quant.”(,”elmet.” values)

Finalize;

Figure(6.1Relationlamongthewrapperithe[EngineApiAccessandlthelenginelcore(forillinkable
HYMOD

6.1.2 EnKF

ThelénsembleKalman [filter[algorism(is[dlso hade@penMI compliant/in @'similarway[as
HYMODIRR [except(that(an(engine core dll 'was mot[prepared. Instead ‘executable(file [of
the EnKF [whichwas(customized for the HYMODRR [modellisused. Thisexecutable[0f
the EnKF needs!input!files/containing[values oflthelstate[variables and(the measured
variables/including/the[discharge[for eachlénsemble. The EnKF[¢xecutable teads[input
files[whichlactually[¢ontainthemodel [outputs from eachlinstance of[the HYMODIRR
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linkable/component, made(theupdateland[writes/theupdated [valueslin/tothesamelfiles
usedas(inputfiles.

Therefore, the EngineApiAccess [forlthe[EnKF is [prepared (to [perform the [following [tasks;

1. Preparelthelfilesusedtolinitialize/the EnKF;

2. Preparelthelinput! files byl writing[the imodel outputs from[eachl instancel of
HYMODIRR linkable/component/to @/separatelihput/files;

3. Startia/process/tolexecutethe EnKF [éxecutableinlthe command lineandl;)

4. Reads thelupdate[valuesloflexchangelitem[from[the output files tolmakelthem
accessible(forthe wrapper.

Theltelationship’among the 'wrapper, the EngineApiAcess and(the [EnKF[éxecutable is
shownin Figure6.3.

ﬂgﬂpenﬂl Configuration Editor ¥1.0 Beta - FinalTry - |O] x|
File Edit ‘iew Toolz Help

_’] % L@ H| [ | INew Composition j |
New Composilion| 4 b x || Messages PP Properties P | Solution Explorer 1x
Alffmme | = 4= = 3 FinaTy
Hymod - SomeSchematization 3/11/2005 1:03:12 PM =-# Models
31200510312 P || Bl General =% Hymod
i - 341172005 1:09:12 PM Mame  Mew Composil =7 Input
3/20051:0913PM B Bun Parameters B @ RF
3| PET B Qe 3652d. 0h, Om a PET
Begin  1/1/1985 @ oss
4 REES End 17171995 8 Yelow
+ Hslow TimeStep 86400 @ Xguickl
+ squickl 3 Xguick2
: 3 Xguick3
+| nquickz? d Omed
+ %quick3 d@ Ocal
B Ouitput
| Qrsrd @ RF
+ GQeal a PET
d Hoss
RF -+ 3 Xshow
PET 4 d Xquickl
# Xguick?
Rloss + d Houick3
Hslow + & Qmsrd
: @ (cal
Haquickl + =4 Compositions
rquick2 + - Mew Composition
: B Models
#quick3 -+ ‘-'f" Hymod - SomeSche
Qmerd I TimeRange Links
Cical + i
Al ] | | - |
Status bar 4

Figure(6.2(LLinkable [HYMODIin the(OpenMI[Configuration Editor(Userlinterface
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EnKF(Executable

Figure[6.3[Relation[amongthewrapperithe EngineApiAccesslandtheengineldoreforilinkable
EnKF

6.2 Configuring OpenMIfor EnKF

Aslitlislexplained(in/section(5.4,[OpenMI(doesnot/support(alinking hechanism/ofmany
instances ofl al linkablel component[to[ al single[ another! linkable[ component[ without
additional [dontroller.

Therefore, anladditionall class[isldeveloped(tolconfigure the OpenMI[composition[ for
ensemble[ Kalmanfiltering.[This(¢lass,[¢alled[the[EnKFConfiguration'¢lass, itselflisla
linkable[ ‘component[ providing[ default implementation[ for imost[ of’ thel methods in
ILinkableComponent/interface.Allthe(tasksoutlined[in[section(5.4 [areimplemented(in
thelinitialize(() 'and[GetValue(() hethods.

Thel EnKFConfiguration[is[like[ al hard[coded[ system. Hard ¢coded[ systemsarelthose
systems[ where[ the[establishment ofl links and[the deployment[and[execution ofl a
combinationoficomponentsis[completely encapsulated in the[sourcecode(Blind M (¢t al,
2004).[Thel establishment[ofl links between[thelexchange items of the EnKF[linkable
component/and(the[MYMOD Ilinkable componentlinstances, deployment/andlexecution of
theirl[dombination/is[completelyéncapsulated [in the[EnKFConfiguration class.
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component

EnKF |IConfiguration
Trigger

N instances(ofla

HYMODILC

Instance 1[0f
HYMODIIC

EnKF Instance 2 of
Linkable HYMOD LC

Instance 3[of
HYMODIIC

Figure6.4[Schematicldiagram(ofithe EnKF[Configuration

O EnKFConfigure LinkableEnKF LinkableHYMOD
ILinkableComponent ILinkableComponent ILinkableComponent
MainProgram
i : i :
1 CreatAndPopulate i ' :
EnKFConfigure H ! :
] 1
1 ! 1
]
Initializel) - ! !
» CreateExchangeltems |
» ]
1
] Instantiate HYMOD

components

GetInputExchangeltems

A 4

Return InputExchangeltems

Modityquantity IDs

Createlandpopulate links

Validatel[()

|

AddLinks

Figure(6.5[Sequenceldiagramiofithe EnKF[Configuration
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step(l Createand/populatethe[EnKFConfiguration
step2
— Instantiate[the HYMOD linkablecomponents;
— Instantiate(the [EnKF linkable/component;
— Initializethellinkable components with [properinputidata;
— Create/Quantityand [ElementSet/objects by [querying [Exchangeltems;
— Createland/populatelinks;
Addllinks between [similarquantitylDs/and €lementSetIDs
step/3 Validatethe[EnKFConfiguration(ILinkableComponent

ﬂgl]penldl Configuration Editor v1.0 Beta - testl _ Ol x|
File Edit “iew Tools Help

_;] & L@ H| P B INew Composition 'l ‘
Mew Composiliun| 4P % | Messages 3 x || Properties 3 x H Solution Explorer 3 ox |
Time =5 2 3 test]
3/11/2005 12:22:05 PM -7 Models
31172005 12:22.06 M| |B Beneral - 2% EnkFConfiguration
3A11/200512:22.06 PM | Name  New Composil Input
311/200512:22:06 PM Bl Bun Parameters =) Dutput
EnKFConfiguration - <not set> EMBIERER 103d.0 b, Om, & dummy quant
Begin  1/1/1985 5% Compositions
dummy quant [ - End | 4/14/1985 -4 Mew Composition
TimeStep 86400 - WModsls
"‘!E EnKFConfiguration
Links
TimeR ange
KIN| 2 l |

Statug bar

S

Figure®6.6[EnKF [Configuration(inithe OpenMIConfiguration [Editor(WUserlinterface

6.3 Discussion of the results

Beforelmigrating[the models orin[other [ Words making/them[OpenMI[¢ompliant, itlis
importanttohavelal clearinderstanding[ 0f’ thelintendeduise oflthe model when[itlis
running(as/OpenMIlcomponent. [ This[will(helplin[identifying[the[éxchangelitems andlin
restructuring(the model.
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Inlthe[present(case, thepurpose 0fmaking the hodels((both HY MOD[RR land the EnKF)
OpenMIcdompliant/istomake possiblethe/énsemble Kalman filtering[process/forthe[RR
modelih[@penMl[environment.

Tomake either(input(or lOutput correction forthe[RR model, itis fequired 'to léxchange [the
items, in(addition [fo thefive[State[vVariables(as(describedin(section (3.2, the theasurements
oflrainfall, '€vapotranspirationdnd/the(dischargeland/thelcalculated Waluelof'the[discharge
by[the RR model.

Thelink between ‘the [EnKF [linkable [domponent/and the [ HYMOD [Linkable[components

isbildirectional.[When(the [composition/is[tun, the triggering .component(is ‘the EnKF. Tt

thereforelasks/the HMYMOD [RR [linkable domponents/for the values 0f'the [éxchangelitems,
thelTHYMODRR [linkable[¢omponents[asksback [the [EnKF [linkable¢component for the

same. However!(dt(thelinitial [fime, Since[no[¢computation (has(started, [the bufferlis[émpty

andthis/creates/an/exception. Tolovercomethisproblem the EnKF [linkable component/[is

madel[tolprovidelinitial Values[of(the éxchangelitems[thelsame forlalllthelénsembles.

Theselinitialvalues/areread from(afile.

Though!thelmainlidealof OpenMI is[notlto[uselfiles forldataleéxchange,in(the[¢ase of
EnKFlinkable[¢omponent!fileslare(uised [to[set[and[ get values for(theléxchangelitems.
Thislis[becauseat(the[time[the ¢odelof the [EnKF [wasmotlyetlavailable(to produce(the
enginelcoreldll.[ Aslaltesultlmany!files havelto[belopened and[¢losed speciallylas(the
number(oflénsembleslincreases. Exception(ofithefilelis beingused by anotherprocess”
hasbeenléncountered(few[times. Thisproblem[can/beldvoided by makinglanleéngine core
dll'notl toluisel files[ for[ datal exchange.[ However, this[haslalso[proved!that,[itlis[ hot
mandatory[tolimakelaldlll enginelcorel tol makel models OpenMIl compliant using[ the
wrapper[provided by the(OpenMI énvironment/as[longlas themodell¢anlexecute forla
time step land [returnthe valuesmeeded.

HYMODIRRIis(alsimplelumped(conceptual [rainfall tunoffimodel. Thismeans that/the
wholelcatchment(arealis[treated as/apointlis'space. Forlthis feason the mumber0flelement
setlis[one. However for(more/complex[physically[based models/the mumberofl¢lement
setsWwould[bemorelthan(one. [Inthis/case, the way [inputlfilesare(readland [output files are
written ' would(also (be[different. Therefore, (preparing(anlengine(¢ore(dll for the[EnKFis
necessary [to hakela/generic linkable(dcomponent.
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7 CaselStudy

This[Chapter(describesthe case study uindertaken [to [testthe[configuration 0f (OpenMI
for[énsembleKalmanfiltering. [ Thellogical[wayfo[prove[whether the ¢onfiguration
works[properly, that[means[to provelactually[thel[link[between!the EnKFand(the
instances of(thelHYMODRRlis[¢reated andthe models/belable toléxchangeldata
using the (OpenMl (interface, [is[toundertake alcase study land [compare [the Fesults with
the results lobtained [from applicationofithe[EnKFto[HYMOD [RR lin(@[batch file.

7.1 Theldata

Thelcaselstudy [used[for thispurposelis/the application of [EnKF [to[the(HYMODIRR
model(ofithe Leaf Riverwatershed. The Leaf Riverwatershed is ahumid 1944 km®
catchment(located morth[of[Collins, Mississippi. [ HY MODRR [was(applied tomodel
therainfall[runoffiprocessofithe Wwatershed. The heasurement(datathatwas[available
andusedisthe[samelastheldataisedin[Vrugtlet/al[(Vrugtletldl,[2003). It consists [0f
hydrologic(datalofltheLeaf Riverwatershed/dpproximately(foria period(ofl11[years
(28 July[1952[to[ B0 September[ 1962). Thel data, which[was[ obtained from![the
National [ Weather[ Services! Hydrology! Laboratory[ (HL),[ consistsl ofl imean[ areal
precipitation((mm/d), [potential [@vapotranspiration (imm/d), @nd stream flow (m>/s).

Formostlof'the(considered period HYMODRR model [performs very [well, therefore
using EnKF[wouldnot[teallybenecessary.[Nevertheless therelare[some[periods/of
extensiverainfall, wherelthe odel/does mot[perform so [perfectly [((Koster, 2004).

Figure(7.1[shows|the observed/discharge versus/the[predicted/discharge by themodel
for(the wholeperiodland [Figure 7.2 [shows thelsame for(the[periodinwhichthemodel
doesperformancelis/low,[this(is[the[period from[the[datapoints3100 to[3200.
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ObservedivsModelled Discharge forithe Leaf(River(Watershed
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Figure(7.2[Observed(versusmodelleddischargeforthe lLeaf(Riverwatershed
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7.[CaseStudy

7.2 Application(ofthe EnKF

EnsembleKalman (filtering is [performed [for outputcorrection(of'the HY MOD [RR hodel
for[the[ Leaf River[ watershed[ for[al selected[ period[ where the[ model showed low
performance.This period/is from[theldata point3100to[3200 as plotted inFigure(7.2.

Standard'deviations! forthelobserved[dischargel(measurement!error), for the ' modelled

dischargeland for(the[fivemodel states/(modelerror)(arelassumed(arbitrarily [fo[have(the
values/shown Table(7.1.

Table(7.1(Standarddeviationfor(the states

States Standard/deviation

[IQdbserved [10.01

Xloss 110.0

MXslow 110.0

Xquick1 10.1

MXquick2 110.0316

X quick3 10.0316
QIcalculated 110.0

First,[the[EnKF [is [@pplied/in(d[batchfile, taking the number(oflénsemblestobe30. Then
the [EnKF [is[applied using/the[OpenMI[composition for [EnKF for(the same mumber[of
ensembles. The plots(ofithe observed(discharge, [the model loutput Wwithout(the update and
the(resultlafter the updateldre shownlinFigure[7.3[and[7.4 Kespectively [forthebatch file
method (dand forthe(OpenMIcomposition for [EnKF.[The values(ofithe(fivestates/arelalso
plotted forleach methodlinFigure[7.5and (7.6 respectively.

Aslitlisevidently 'shown[from[the comparison(ofithe[plots and[from/the computed/toot
mean(squared/errors (RMSE), [the two methodshave [shown[almost/identical (results. This
proved (thatthe link [between(theinstances (0f[the HYMOD [RR [and the [EnKF[is[actually
created(andthe(linkable[components/(themodels) exchange(their(datausing/the OpenMI
environment.
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Table(7.2[Rootmean(squaredierrors

Method of EnKF
application RMSE
Batchlfile 55.55852
OpenMI énvironment 55.12199
Model lwithouthipdate 92.00113

Resultsof the EnKF with 30 .ensemble foritheLeafRiver Watershed

‘ 1 Rianfall EnKF1130[ensembles

Observed - - - - Modellwithout update
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Figure(7.3[Observed, modelledlandupdated(dischargesforthe (batch file[method
Results ofthe EnKF (with(30 ensemble forthe LLeaf(River Watershed
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Figure(7.4Observed, modelledandupdatedidischargesforithe OpenMIlicomposition
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States(ofthe model
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Figure(7.6[Values(ofithe(statevariables forithe[OpenMIcomposition

The[OpenMIl¢compositionlislalso/found(to[be faster[than(the Batch(file method. In(the
considered case morethan(40%(less ¢omputational [time[was[tequired/for[the [OpenMI
composition.[This[is[due(to the fact/that[in[the[OpenMIl¢composition[¢ase(the rainfalll]
runoff'’components|initialized[only[oncelat thelinitial [fime[step Where[as(inthe batch file
method(dasethe rainfall[funoffimodel initialized[@very fime step for(éachlensemble.

After[proving/that/the(OpenMI[¢omposition for [EnKF 'works[properly,(the composition
was run for[different mumberdflensembles. Ensembles0f13,[10,30,[50 [and Q9 were fried.
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Aslitlislexpected, the ipdated[discharge becamelcloser to the observedone(as [the mumber
oflensembles/increased. The computation [timelalsoincreased/as [theénsembles/increased.
However, [thepercentage [0f feductionofthe RMSE teducesds/the énsembleslincreased.
The RMSEreducedby(14.26% Wwhenthe mumber [0flensembles(increased from[10(to(30,
whileitreduces(only by (4.05% when(the iumber lofiensembles/increased [from(50to99.

Table7.3[Rootimeanisquared(errorsicorresponding
tothelnumberioflensembles

%

EnI::I.nf]‘es RMSE Reduction

of RMSE
without
update 92.00113 0.000
° 75.153 18.313
10 64.43219 14.265
30 55.12199 14.450
>0 49.2958 10.570
” 47.30092 4.047

The[plots ofithelobserved(discharge, the model loutput withouttheupdateand thelresult

aftertheupdate/are'showninFigure(7.7and[7.8 respectively [for[the iumber ofiensembles
equallto10land99.

Results(of the[EnKF with(10.ensembleforithe LLeaf Riverwatershed
‘l:|RianfaII EnKF([110(ensembles Obsered - - - -Modeljlvithoutmpdate‘
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Figure(7.7[0Observed, modelledandupdateddischarges(for(10lensembles
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Results ofthe EnKF (with[99 ensemble forthe LLeaf(River Watershed
| Rianfall EnKF T99/ensembles Observed - - - -Model without update|
ZOOOHWUM H”W 0 U”HLF T 70
=707 0 O -1 40
@
€ 1200 | - 80
E
(]
2
(]
£ 800 - - 120
(7]
2
400 1 L 160
0 200
0 10 20 30 40 50 60 70 80 90 100
Time([d]

Rainfall [mm/d]

Figure(7.8[0Observed, modelledlandlupdatedidischargesfor/99iensembles
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8 Summary,Conclusionsand Recommendations

This[chapter(presents[(i)[alshortlSummaryloflthelstudy,((ii) conclusions/drawn[from the
study, [ (ii1)[ somel recommendations/ for[ further study[ on[issues which[couldn’t[be
accomplishedlin the present(study[due(folshortage[of(time and[Scarcity [of(tesources/and
(iv) few recommendations [forthe HarmonI T [project fromanend iser point(0fview.

8.1 Summary

Integrated water[ resources managementhas[ created[alheed[to[inderstandandmodel
catchment(processes/and[particularlytheir[interactions. Since theprocesses/involved in
catchment( hydrology[arel complex [ and[ nol single[ ‘modell or[ modelling[ system![ can
adequately(represent[all the[processeslinlthel catchmenténvironment,[alset! ofl distinct
individual ‘models [tepresenting[theindividual [activities[inthe/¢catchmentlare [tequired to
belinterconnected [inlalsimilar Way [as[thelactivities areinterconnected.

Toladdress/this[complex[and [fundamental [issue[0fmodel linking, [the [HarmonIT [project,
alresearchproject/funded By [the [European [Commission, is/developing/andimplementing
alEuropean@penModelling Interface and [Environment((OpenMI).

Datalassimilationlis[thelefficient’and[oftenused imethod to[reducemodel uncertainty.
EnsembleKalman filter (EnKF)lisone0flthe host well known[datalassimilation tethods.
EnKFhas/beenwidely usedlin feducinguncertaintyinhydrologicmodel forecasts. This
is[donelin mostloflthe todels/in/ad hoc(basisinlabatch [filelor by implementing [the EnKF
in/dldedicatedway inmodellingpackages.

OpenMlIoffers the hechanisms [for(dataléxchange between models atruntime. The EnKF
algorithm/(treated[as alseparate[model may[be(linked 'with[other models(in(the[OpenMI
environmentfor(thedatalassimilation [process. Thelsuitability l0fithe (OpenMI environment
for(thelapplication 0flénsembleKalman/filteringhas [been [€xplored [inthis[study.

For[linking[ models uising the OpenMI[environment, the modelshavelto be OpenMI
compliant.[Model[componentswouldbe[OpenMI[¢ompliant/ wWhen[they [implement the
OpenMI [ standardlinterface.[ The OpenMI[ environment[ provides[al default[ wrapper(to
facilitatethe process/oflmaking/legacytmodels [ OpenMI[¢ompliant. Using(this [wrapper,
which implementsthe ILinkableinterface(oflthe (OpenMIstandard, [and by [creatingal.Net
component/thatimplements the TEngineApiAcess/interface, arainfall funoffimodelcalled
HYMOD (and the [EnKF have beenmade @penMIicompliant.
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Application[ ofl EnKF [ tequires[as[many[ computations[ of’ the[ modellas[the humber[of
ensemblesat/atime(step. Therefore, many [instances0flthe(linkable component forwhich
theénsemble Kalman/filtering[is [performed, meed to [belinked/and (beableto éxchange
datalwith[the [EnKF [linkable[¢omponent. 'However, [the(OpenMI[environment[currently
doesmot/support/this kindofllinkingwithlan'additional [controllingmechanism.

Anladditional [¢ontrolling[feature, 'the EnKFConfiguration ¢lass, has been[developed(to
configurean OpenMI [ compositionfor EnKF Capplication. [ This[ configuration[class
performs/the following tasks;
1. Createlandlinitializethe HYMOD [RR [linkable/dcomponent(ds/many(as/the number
oflénsembles;
2. Initializethe EnKF linkable component;
3. Modify[the[Quantitylds'andlelementSetIDs tol makelthe them[uniquelforleéach
instances0flthe[ HYMODI[RR llinkable/component;
4. Createlthe[Exchangeltems/forthe EnKF [linkable(component;(and
5. Establish/thellinksbetween éxchange items 0flsimilar(semantics;

Thel[OpenMIcomposition[for[EnKF 'hasbeen tested iflit[hasaccomplished thetequired
task [that[is Whether(the[EnKF andthe HY MOD [RR [linkable[componentséxchange[their
datalin(the way [fequired for theénsemble Kalman filtering[process(ormot. This hasbeen
done by [comparing the results 0fithe .énsemble Kalman filtering[process for HYMODIRR
model oflthelLeaflRiver[watershed [using/the[ OpenMI[compositionfor EnKF[and[the
batch(file[methods. The two[methods/have[producedthe same tesults. [ This proved that
with[alrelatively simpleadditional[ configuration! class,[ thel OpenMI[ environment! is
suitable for[application0flensemble Kalman/filtering.

8.2 Conclusions

Inlthis[tesearchl anl attempt[hasbeen[made[tolexplore!thelsuitability[ ofl OpenMI[for
ensemble Kalmanl filtering.[ From! the[study[it[ has[ been found![ that[ an[ladditional
controlling featurelis required [to [donfigure an [OpenMIicomposition forlensemble Kalman
filtering. [ The[OpenMIénvironment currently ‘'withoutandadditional [¢ontrolling[feature
does[notl supportllinking[ ofl severalinstances[oflallinkable[component[tolother[single
linkable[ component, [ which[is[ the main[ requirement[ for[ ensemblel Kalman! filtering
process.

Thetoolsland ltilities[provided by [the[@OpenMIenvironment to thigrate Tegacy odels/are
found!fobeveryusefullinmaking(the models/OpenMI[compliant(andare relatively[easy
tolusethem than/tewriting[theWhole model[codes/from[scratchlinanew[programming
language.
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Thel OpenMI[ composition! for[ EnKFhas[ advantage over[ thel batch! file[ method! for
ensembleKalman filteringbecause;

1.

Inlthe[OpenMI [ ¢case the(HYMOD[RR[needs(tolbelinitialized only[oncelatl the
initial time[step [Whilelin[thelcaseloflthe batch file[method the model has/to be
initialized[each [time step;

By[preparingaldll[for(the EnKFtheneed forlopening and ¢losing/filesatléach
timel$tep(tolsetlandl get/the values of theléxchangelitems!can[belavoidedland
therefore the computational[timedan further be reduced [significantly.

Making[ 'OpenMI [ suitable( Ifor[lensemble[ Kalman[ filtering[ /by [ justl/developing[la
configuration(class(can(betaken ds part/ofia/demonstration(that OpenMI has/achieved!its
goalloflprovidingdmechanism/for(dataleéxchange between todels/at funtime.

8.3 Recommendations

8.3.1 Recommendations for further study

Although'thelidealoflusing[OpenMIlis[not/touse!filesfor/datalexchange,in[the
caselofithepresentistudy [for[EnKF [files/arenised. Therefore, [itfis fecommended/to
developlanlengine(core dll[for the EnKF [codelandavoidlusingfiles for[the data
exchange. By /doing(sothe/¢omputation [time can be feduced [significantly because
themeedtolopenland/close many files(to readland Wwritethevalues 0flthelexchange
items[canBelavoided;

Inlthe[present[study(HYMODIRR [which(is[alsimplel¢onceptual [tainfall[funoff
modelisused.[Sincelit[is[demonstrated(thatthe[(OpenMI [énvironment[is suitable
forlensemble Kalman/filtering, it[is tecommended[to[fry[thel same[for[almore
complex [physically based models/suchas[SOBEK RR land others;

The OpenMIcompositionfor [EnKF [always starts from[theinitial time [and rfun/till
thelend[time step specifiedlinthe[graphical iser interface. Theremay belaneed[to
stopthe process/somewhere(in [the iddle(and continue from[wherelitstopslater.
In[this[kindofT situation,[ the values[ ofl thel exchangel items[ at[ the timel the
composition[stops[shouldbelsavedandusedlas(initial[values[for[the next[tun.
Addingthis[feature inlthe[OpenMI[compositionis recommended.

. Inlthe[OpenMI[compositionfor[EnKF, the filter can belactivated [or[deactivated.

However, [the [Wholelinstances[0fl the (model[tun[eéven(thelfilter[isdeactivated.
Whenlthe(filter[is[deactivated, [only onelinstanceloflthe model[tunlis[sufficient
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8.3.2

because! Jall[Ithe[Jinstances[ Jare[ produce( IthelIsamel Iresults[ | Thereforellit[]is
recommended [foladd[features(tobelable totunonly onelinstances oflthe model
whenthe filter[is/deactivated.

Recommendations for the HarmonIT project

. Forleaseloflusing(thewrapperprovided by the[OpenMI eénvironment,litiWwouldbe

advisable(folincludelexamplesand(detailed [procedures to[prepareland [implement
the EngineApiAcess/andILinkableComponent(classes/in theguide bBook;
(afterlcompletion|ofithethesisitwas notedthat this isincludedlin theguidebook)

Tolimplement(a/generic [EnKF [configuration class as[part/of'theladvanced(control
package[0f[OpenMI; [inlthis Wway[it[can[be possibleto ise thisclass With any [0ther
linkablelcomponent forwhicheénsembleKalman [filteringis [to be [performed;

Toluselthe OpenMlleénvironmentcomfortably(avery(good tinderstanding 0fiobject
orientedprogrammingis[tequired by theuser. It'wouldbe quite useful for end
users| ifl this[ldependency [ lon[Jobjected! loriented! Iprogramming!(Iskill[ican[ Tbe
minimized(asmuch(aspossible.
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Appendix/A

data definitions

Data(definitionsinthe(OpenMI interface specification

aenumearations
DimensionBase

Length: int=0
Mas= int=1

Time: int=2
ElectricCument: int =
Temperature: int = 4
AmcuntOfSubstance: int=5
Lumingusintensty: int =4
Cumency: int=
NUM_BASE_DIMENSIONS: int

W hat sinterfaces sinterfaces
1Quandny IDimension
+ «properys D : sting + EgualsfotherDimension :iDimension) : bool
+ «properys Descripfion|) - sting + GelPowerbase Quantity DimensionBase) - int
+ «properys ValueType| alueType
+ gproperdyr Dimension() | Dimension
+ erfys Unitf) : ILini S
) Lz L sinterfaces
aENUMErations [Unit
ValueType + aproperyr D - sing
+ #properys Description() : sting
+ Scalar int=1 + #properys Gonversi wToSK) : double
+ Vector, int=2 + #properys OffSefTaSi) : double
ainterfacen
IValueSet
+
+

ainterfaces ainterfaces zinterfaces
IScalarSer IVestorSer IVector
+ GefScalarelementindex i double + GefVechorfelementindex int) . Mector| + dpropertys XConpoenent() - double
+ «pmopertys YCompoenent]] - doubls
+ apmopentys Zhonpons doublz
When winferfaces
ITime
sinterfacen zintzrfaces
ITimeSpan ITimeStamp
+ apmoperfyx Star) - MimeStamp + aproperys ModifiedjulianDay() - double
+ apmperfyx End]) : ITimeStanp
Where IMEEE senumerations aineriaces
[ElementSer ElemeniType I5patiaiReference
+ apropery: D) : sting + wpmoperys D - sfhing
+ aproperys Descrption() - sting + |DBased
+ apmoperys SpatialReference(] - ISpafia/Reference + XYP
+ aproperys ElementType() - ElemeniType + XYL =2
+ uapmoperys ElementCount|) : int + XYPolyLine: int=3
+ apropentys Versio int + XYPolygon: int=4
+ GefElementindexjeiementiD -sting) + 5
+ GetElementiDislementindey Jnf) - sh + XYZline: int=0
+ GefVedexCountielementindex + XY¥ZPolyline: int=7
+ GetFaceCounfielementindex - t + XY¥ZPcolygon: int=8
+ GefFaceVerexindicesfzlementindzx + XY¥ZPolyhedron: int=8
+ GefiCoomlinate f sint, vertexing
+ Gef¥Coomlinateelementindex -int, verexinde
+ GefZCoondinatefelementindex inf, vertexind)
ainterfaces
lArgument
+ apmpetys Kep
+ apmoperys Value(] - sting
HO"-’V + apmoperys ReadOnly) : bool
+ apmoperys Descrption() : sting

ainterfaces
IDaraOperaton

gproperfys 0] : sting

gproperfys AmgumeniCount]
GetAmgument{angumentindex
IsValidiinputExchangefem inp

- Mrgument
tExchangefem oufputExchangefem OuipufExchangetem SelecledDafa Opemtions DatsOperation(f) - boo!

Figure1Dataldefinitionslinthe[OpenMliinterface(specification
[Source:/Adlleafletioflorg.OpenMIl.Standardv.0.99(byGijsbers, P.]
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Appendix B

meta data to express what can be
exchanged

ainterfaces
IExchangelem

+ #properyr Guantityl - KRuantity
+ gproperyr ElementSel() : ElemeniSet

£ £

ainterfaces
NnpurExchangelrem

ainterfaces
10uipuExchangelrem

+ apropertys DataOperationCount(] - int

+ GetDataOperation(dataOperafionindex sint) - DataOperation

specification what will be
exchanged and how

sinterfaces
ILink

apopertys D) - siing

apropertys Descrpfion() - sting

apmpertyr DafaOperationsCount])  int
GetDatalperation(dataOperstionindex :int) : IDafaOperafion
apmpertys TangetQuantity) © Quantify

apropertys TangetElemeniSeif) - ElementSet

apropertys SourceElementSet(] - Element3et

apropertyr SourceComponent(] - LinkabieComponent
apropertyrs SourceGQuantify) - IGuantity

apmpertys TangetComponent(] : LinkableComponent

o F o F ok ko

zintzrfaces
IPublisher

Subscribeflistener -lListener, eventType :EventType] - void
UnSubscrbe (listener -l isfener, evenfType -EveniType) : void
SendEventiEvent -Event] : void

GefPublishedEvenfType Count{) - int
GefPublishedEvenfTypeprovidedEvent Typendex :inf) : EventType

+ ko

B

zintzrface s
ILinkableComponent

sproperyr ComponentiDy) © sting
sproperys ConponentDesciption() - sting
aproperys Mode!iD]) - sting

sproperys ModelDeserpiion() - sfing
sproperys hputExchangeffemfount{) - int
sproperyr OufputExchangefemCound]) : int
sproperys TimeHorizonf] - IMmeSpan
sproperyr Eadiestinpwt Time() - Mime Stanmp
itializeforoperies [ Mrgument(]) - void

AddLink{link :Link] - woid

Removelink{linkiD :sting) : void

Validate() - sfing

Prepare() - void

GefValues(time :Time, linkiD :sting) : IWalue Sst
Finishy{) - void

Dispose() - void

E I T T S R R A A A A A A L

GefinputExchangefeminpuiExchangefemihdex tint) - InputExchangelem
GefOutpuiExchangeemiouipufExchangefemndex finf) ; I0wputExchangefem

Other interfaces(ofthe OpenMI

message definition

ainterfaces
IEvent

P

wpropertys Type() : EvenfType

upropertys Descriplion() - sting
wpropertys Senderf) : Linksble Component
apropertyy SimulationTime() : ITime Stamp
Getdtinbute (key :shing) - object

nenumerations
EvenfType

‘Waming: int=0
nfomnative: i
ValueDutOfRange: int=2
GlobalProgress: int=3
TimeStepProgres: int =4
DataChanged: int=5
TargetBeforeGetValuestall: int=8
SourceAfterGetValuesCall: int =
SourceBefore GetValussRetum
TargetAfterGetValuesRetum: int=9
Other: int=10

zinterfaces
IListenar

+ OnEwvenifEvent :Event] . vaid
+ GetAccepltedEvent TypeCount() - int
+ GetAsceptedEvent TypefacceptedEventTypeindes tint) - EventType

component interfaces for generic component access

advanced component interface extensions (optional)

ainterfaces
ManageSomne

ainterfaces
IDiscreteTimes

+ KeepGuwentState() - siing
+ ResforeSiatefsfatell siing) © void
+ learSiate{statell -sting) - void

+ HasDiscrele Timesiguantity [iQuantity, elementZel [ Element3et] - boal
+ GetDiscrefe TimesGCounfguantity iQuantify, elementSef :IElementSef) - inf
+ GetDiscrete Timejguaniity Muanfity, elemeniSef [ElementSet discrete Timeindex int) - Mime

Figure2[OtherlinterfacesofitheOpenMI
[Source:/Adlleafletioflorg.OpenMI.Standardv.0.99byGijsbers, P.]
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Appendix(C org.OpenMI.Standard APl specification

[Source:ladopted from (Gijsbers,2004)]

org.OpenMI.Standard API[specification
org.OpenMI.Standard.IArgument

Argument[ Interface, key[valuel pairs, applied[ as[ arguments| for[ al datal operation[ or
arguments [fo [populate domponentsat/instantiation with[(model specific)(data

Keyproperty{get}
Argument/identification((Key'in: [Key=Value pair)
Value property [{get}

Argumentvaluel('Value'lin: Key=Valuepair)

Descriptionproperty {get}

Description(ofithelargument
ReadOnly [property [{get}
Booleandetermines [iflargument valuecan(bemodified by(the[user

org.OpenMI.Standard.DimensionBase

Enumeration [forbase/dimensions
Lengthfield

Dimension base length

Mass field

Dimension basemass

timefield

Dimension Basetime
ElectricCurrent(field

Dimension(baselelectriclcurrent
Temperaturefield

Dimension basetemperature
AmountOfSubstance field

Dimensionbase@mount/ofisubstance

Luminouslntensity [field

Dimension base luminous|intensity
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Currency field
Dimension/baselcurrency

NUM_BASE_DIMENSIONS ffield

Total mumber[ofbasedimensionsinvolved

org.OpenMI.Standard.IDataOperation

DataOperation[ Interface, [ identifies datal bperation/ and! contains associated[ argument
values

Getnlthlargument, key
Returns
argument/object
Initialize((called [to ‘populate [dataloperation with[specific Hlile.Selected [[linformation)
Arguments
properties
Array [0flargument(objectstobe used for(ihitialization

Indicates[ifT thel combination[ of’ datal operations[is/ valid/ for[thelselected input/output
combination

Arguments
inputExchangeltem

ThelinputExchangeltem as(selected/ina(GUI(i.e.the[content[will beatthe [target(side
oflthelink)

outputExchangeltem

TheloutputExchangeltem(as(selectedin[a[GUII(i.e. the ¢content/will belat/the source
side(oflthe(link)

SelectedDataOperations
Thelarrayoflalready [selected[dataloperations [(excluding thecurrentone)
Returns
Boolean
ID [property [({get}

Identification[string

68 UNESCOIHE & WL[[[DelftHydraulics



Appendices

ArgumentCountproperty Jget}

Number oflarguments [for(thisdataloperation

org.OpenMI.Standard.IDimension

Dimension[ interface, describes[ thel dimension, expressed[ in[ base! dimensions, of a
Quantity

Getlpower [for(the[selected (basedimension
Arguments
baseDimension

baseDimension/instance [to[dompare with
Returns
integer, power 0f'selected basedimension
CheckiflaDimension ihstance/équals toanother Dimension [instance.
Arguments
otherDimension

Dimensionlinstance [to[compare with
Returns

Boolean, Dimensionlinstances/are €qual

org.OpenMI.Standard.IDiscreteTimes

DiscreteTimes!Interface, fo[obtain[discrete[timelinformation[associatedfo the[quantity
element/set/combination/oflallinkable/component

Getm(th(discrete timelstamp [Or[Span/for/Quantity/Elementset
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Arguments
quantity
The quantity
elementSet
Thelelement
discreteTimelndex
index [ofltimeStep
Returns

Discrete timelstamp [Or(span

org.OpenMI.Standard.ElementType
ShapeTypeloflanElementSet

IDBased/field

Identifierbased

XYPoint/field

Pointslin(the(horizontal) XY [plane
XYLinelfield
Lines/Linesegments(inthe(horizontal) XY [plane
XYPolyLinelfield

Polylines/inthe(horizontal) (XY [plane
XYPolygonfield

Polygons/inthe(horizontal ) XY [plane
XYZPoint(field

Points/in[the3dimensional [Space
XYZLinelfield

Lines/Line/segments/inthe 3 dimensional space
XYZPolyLine field

Polylines/in[the 3 [dimensional space
XYZPolygon field

Polygons/in/the 3 [dimensional space
XYZPolyhedronfield
Polyhedron((volume)/inthe3[dimensional space
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org.OpenMI.Standard.IElementSet

ElementSet(Interface(, rigid[interface(to query[anleélement(set(forlits[¢ontentlin termsof
elements, [Optionally [composed oflvertices

Number ofvertices [forthe lelement/specified by:
Arguments
ElementIndex
elementlindex [in/element set
Returns
Numberlofiverticeslinelement Wwith[ElementIndex
Xl¢oordforlthe Wertex with[VertexIndexoflthelelement with [ElementIndex
Arguments
ElementlIndex
elementlindex
VertexIndex
vertex [index [inlthe €lement with index [ElementIndex
Y [¢oord[forthe vertex with [VertexIndex [0flthe €lement with [ElementIndex
Arguments
ElementlIndex
elementlindex
VertexIndex
vertex [index [inlthe €lement[with index [ElementIndex
Z[¢oord[forthe Vertex with[VertexIndex [0fithe [€lement Wwith ([ElementIndex
Arguments
ElementIndex

elementlindex
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VertexIndex

vertex [index [inlthe €lement[with index [ElementIndex
ID [property {get}
Identification string

Description(property [ get}

Additional [descriptivelinformation
SpatialReference property [{get}
Spatial reference system [for(theelement/set

ElementType property [{get}
ShapeTypelofithelélement(set

ElementCount(property [{get}
Number(oflelements(ih[set

org.OpenMI.Standard.EventType

Shape! Typeloflan[ElementSet,[ extensions for[ shapeltypes/lin[Z[direction/need[tol[be
defined

Warning|(field
Warninglevent

Informative field

Informative@vent
ValueOutOfRange field
ValueOutOfRange event
GlobalProgress field

Indicates[progressaspercentage(df’global timeHorizon

TimeStepProgressfield

Indicates/progress(as/percentage (of requested/timestep
DataChanged field

Indicates change (of(computed) datalinthe[component
TargetBeforeGetValuesCall(field

Call by [target/¢component tolinform[source component(on an ipcomingtequest. Useful
whileldebugging.

SourceAfterGetValuesCall field
Call By source/domponent tolihdicatethatrequest/has been received
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SourceBeforeGetValuesReturn (field

Callbysourcecomponent(to ihdicatethatlis[aboutto [return the valueset
TargetAfterGetValuesReturn (field

Call by [target [component/tolindicatethatvalues/have been received

org.OpenMI.Standard.IEvent

IEvent. Interface, [generic metaldata structure(to [pass/event/information

Getlthe valueloflaKey=Value/pair,(containingladditional information on/the leévent
Type property [{get}
Typeloflevent

Description[property [ get}

Additional descriptivelinformation

Sender property{get}
LinkableComponent/that/generated the évent

SimulationTime[property [{get}
Current[SimulationTime[(" " if Mot applicable)

org.OpenMI.Standard.IExchangeltem

Exchangeltem(Interface/,lholds/Quantity [ElementSeticombinationsthat/dan (beexchanged
Quantity[property [{get}

Quantity

ElementSetproperty {get}

ElementSet

org.OpenMI.Standard.lInputExchangeltem

InputExchangeltem(Interface, [sub(classof IExchangeltem, holding/quantity Helement(set
combinations/thatlactlasinput/tolalspecificlinkable[component
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org.OpenMI.Standard.ILink

Link[Interface,[ holds[the actuall information[ ofl thel link,[ including[the components,
quantityand/element(set/onboth(thelsourceland target(side, daswell as[theselected data
operations to (beexecuted by [the Source[component

Getln(th/dataloperationlitem
Returns

Dataloperation

ID[property [({get}

Identification[string

Descriptionproperty {get}

Additional descriptivelinformation

DataOperationsCount[property Jget}

Numberlofidataloperations
SourceComponent property {get}

Soucelinkable[component

SourceQuantity property {get}

Source(quantity

SourceElementSet[property Jget}

Sourcelelementset

TargetComponentproperty [{get!

Target/linkable/component
TargetQuantity [property Jeet}

Target/quantity
TargetElementSetproperty [{get}

Targetlelementset

org.OpenMI.Standard.ILinkableComponent

LinkableComponent[ Interface, implements org.OpenMI.Standard.IPublisher. [ Interface
for[generic modelaccess to thelcomponentland(thedataliticaneéxchange

Initialize(called [to populate componentwith[specific/information)
Arguments

properties
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array[0fTArguments(to behised for(initlization
Get(thinputiexchangelitem
Returns
Inputléxchangelitem
Getn(thloutput/éxchangelitem
Returns
Outputlexchangelitem
AddlanInputlorOutput/LLink[(Called when linitialize has been called[for all [domponents)
Arguments
link
Linkto beladded
Removelallink
Arguments
LinkID
Linkto beladded
Yalidate method
Validation/of'the[componentistatusand fits[links
Returns
Returns/an/émpty [string|ifithe [componentis valid (otherwise returns/amessagestring

Preparefor[computation(Called[just before [computation starts,[Galled when all[links have
beenladded)

Get[Valuesforlalcertain [ TimeStamp [0r [TimeSpan, [for(alcertainLLink [(=[Quant./Elm.set)
Arguments
time
timestamp [Or timespan
LinkID

involvedlink
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Returns
ValueSet/(scalar(or(vector)
Finish/method

Finish[(Called[when[¢omputation[is[done,[ ¢lose!files, hetwork ¢onnectiosn, dealloate
memory where@asible)

Disposel(i.e.[cleanup;called when[deployment[stops)
ComponentID property [{get}

Identification(stringof'the[component/engine

ComponentDescription property [ get}

Additionaldescriptivelinformation0fithe domponent/engine

ModellD [property [{get}

Identification(stringofTthe[site specificihodel/study area
ModelDescription [property [{get}

Additionaldescriptivelinformation oflthe [sitespecific model/study [area

InputExchangeltemCountproperty Jget!

Number oflinputiéxchangelitems
OutputExchangeltemCountproperty [{eet}

Number ofloutputleéxchangeitems
TimeHorizon property [{get}
time horizon[(begin/andlend(date(forwhich(datalcan be retrieved)

EarliestInputTime[property [{ get}

Earliest neededinput/time[(Queried by providing[component' whenthey[want(tol¢lear
theirbuffers)

org.OpenMI.Standard.IListener

ListenerInterface, [eénables/components/tograbevents
Methodcalled when eventlisraised
Arguments
Event
Eventlthat(has/been/raised

Getmumberoflaccepted/eéventitypes
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Returns
Numberoflaccepted@ventltypes
Getlaccepted lévent(typewithihdexacceptedEventTypelndex
Arguments
acceptedEventTypelndex
index/in/acceptedievent(types
Returns
Acceptedleventtype

org.OpenMI.Standard.IManageState

Manage![State Interface, topreserve, testore and ¢lear the[internal state (0fla[component.
(Tobelimplemented optionally, inladdition [to[the [linkable/componentlinterface.)

Store(the(linkable[component's(current[State
Returns
Statelidentifier
Restorel(thelinkablelcomponent's Current State
Arguments
statelD
Statelidentifier
Clears alstate([from thelinkable [component's hemory
Arguments
statelD

org.OpenMI.Standard.IOutputExchangeltem

OutputExchangeltem Interface, holds/theloutput/combinations[oflalquantity [élement(sSet,
including(aldescription(ofidataldperations that/can beloffered(on/thelassociated valueset

Getmlth(dataloperation
Returns

Dataloperationdescription
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DataOperationCount/property [{get}
Getmumber0fldataloperations

org.OpenMI.Standard.[Publisher

Publisher(Interface, provides(metadatalon(available[évents,[accommodates/subscription
tothose@ventsand [publishes the €vents

Subscribesalistener
Arguments
Listener

Thellistener
EventType

Theleventltype
Unsubscribes/allistener
Arguments
Listener

Thellistener
EventType

Thelevent(type
Sends/anevent(tolall/subscribedlisteners
Arguments
Event

Thelevent
Getmumber 0fpublishedlevent types
Returns
Numberlofiprovidedéventtypes
Getlprovidedlevent/type withlindexprovidedEventTypelndex
Arguments
providedEventTypelndex

index(inprovided(event types
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Returns
Providedlevent/type

org.OpenMI.Standard.IQuantity

Quantity Interface, [describes[the [(physical)[quantity [thatcan(beeéxchanged
ID [property [{get}
Identifier

Descriptionproperty get}

Additional descriptivelinformation

ValueType property[{get}
Quantity'svaluetiypel(vector, scalar)

Dimensionproperty [ get}

Quantity'sDimension
Unit [property [{get}
Unitlin which(quantitylislexpressed

org.OpenMI.Standard.[ScalarSet

ScalarSet(Interface, holds/an(array(ofidoubles (for(a(certain/quantity [On/alcertain/élement
set[] (ordering[! corresponds] to[] elements[] in[] element!] set).[] Implements
org.OpenMI.Standard.IValueSetlinterface

Value [foroneloflthelelements ihthe Set
Arguments
ElementIndex
index in/thescalar set
Returns

double(Scalarvalue

org.OpenMI.Standard.ISpatialReference

SpatialReference Interface, Holdsalstring reference [to (known) [spatial reference [Systems
ID [property [({get}
Identifierlindicating whichspatial referencetouise
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org.OpenMI.Standard.ITime

TimeInterface, 'Abstract'interface, base for TimeStampland [TimeSpan

org.OpenMI.Standard.ITimeSpan

TimeSpanInterface, [describesalcontinuous/period over(time
Startproperty[{get}

Time/span's/begin [timestamp

End property {get}

Timelspan's begin[time stamp

org.OpenMI.Standard.ITimeStamp
TimeStamp [Interface, describesanlinstantaneoustoment/in [time
ModifiedJulianDay [property [{get}

Get[ITimeStamp [ Jexpressed[ las[ IModifiedJulianDateAndTime [ I(JulianDateAndTime ][]
2400000.5)Number ofldays[since1858/11/17112:00:00.00, and fraction[of[24hr.[Seefor
examplehttp://aa.usno.navy.mil/data/docs/JulianDate.html

org.OpenMI.Standard.IUnit

UnitlInterface, describesthe init[in which @[quantity [is[éxpressed
ID [property {get}

Identification[string

Descriptionproperty {get}

Additional descriptivelinformation
ConversionFactorToSIproperty[{get}
Conversion(factorto[SI[('A'lin: [SIvalue =[A % [quant value +B)
OffSetToSI property [{get}

OffSetto[SII('B'lin: SIlvalue=A*Iquant(value +B)

org.OpenMI.Standard.IValueSet

ValueSet/Interface holds(an(array [0fldoubles for(alcertain quantity[on(alcertain/eélement
setl(ordering[corresponds/toelements/in(element/set). Base for VectorSetland ScalarSet

Countlproperty Jget!
Numberoflelements [in the Set
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org.OpenMI.Standard.IVector
Vector(Interface, containingthe valuesofithe X, Y [and ZIcomponent(ofiavector
XComponent property{get}

Vectorlcomponent/in X direction

Y Componentproperty {get}

Vectorlcomponent(in[Y [direction
ZComponent[property[{get}

Vectoridcomponent/ih[Z[direction

org.OpenMI.Standard.IVectorSet

VectorSet(Interface, holds/anlarrayofivectors for(a certain[quantity on(alcertain[element
set. Implements/org.OpenMI.Standard.IValueSetlinterface

Vector[for/oneof thelelements intheset
Arguments
ElementIndex
index [inlthe Vector set
Returns

vector

org.OpenMI.Standard.ValueType
Value(Set) Typefor[Quantity

Scalar(field

Scalar

Vector|field

Vector

UNESCOI(THE & (WL ([[Delft[Hydraulics 81



AlGenericSoftware(Tool for OpenMICompliant [Ensemble Kalman Filtering

AppendixD org.OpenMI.Utilities. Wrapper [package

[Source:ladoptedifrom(Sindinget(al,2004)]

org.OpenMl.Utilities.Wrapper.lEngineApiAccess:

ThelTEngineApiAccess|isl thelinterfacelthe[ ModelEnginel component[ must/ implement
when ised (with the[SmartWrapper.

Methods:

The[Create[method [Wwill belinvoked justlafter c¢reation of the object/that implements ‘the
IEngineApiAccessinterface

Parameters:

o Properties:[JHashtablewith the same/dontents/as(the Component/arguments!/in/the

ILinkableComponent/interface. Typicallylanyinformation meeded for initialization [0f
the modelwill belincluded/inthis[table. This[could belpath/and(file names for/input
files.

Returnvalues:
e none
Exceptions:

® nonc

Thismethod[will(belinvoked after(theCreatemethod has/beenlinvoked[and beforelany
othermethods/inthe TEngineApiAccess/interfacehas/beenlinvoked. Typically,the hodel
enginelwill[bepopulatedwhen[the Initialize method islinvoked.(E.g. by teadinginput
files.

Parameters:
e Nong
Return values:
e none
Exceptions:

e None

Thismethodwilllbeinhvoked after(all computations/are completed.
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Parameters:
* none
Return(values:
e none
Exceptions:

e None

This[method will[belinvokedafter(all[¢computations(are completed[andafter(the method
Finalizehas/beenlinvoked.

Parameters:
e Nong
Return(values:
e none
Exceptions:

e None

Thismethod[will makethe model [€ngine [perform/oneltimelstep.
Parameters:

* Nong

Return values:

e Returnsltruelifithe timelstep was/dompleted, [0therwise it will [return false
Exceptions:

e None

Getlthelcurrenttime(oflthe model €ngine
Parameters:

e Nong

Returnvalues:

e Thelcurrenttimefor(the odelléngine
Exceptions:

e None
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Getltheltime[for[whichthe nextlinputlis needed forlalspecific[Quantityand [ElementSet
combination

Parameters:

e quantitylD/[(string):.

e clementSetID/(string)
Return values:

e Timelforthenextirequiredvalues/associated [tolaQuantiyland [ElementSet
combination

Exceptions:

e None

Getlearliestineeded(time, Whichlcanbeuised to clear[the buffer. For(mostfimelstepping
model éngines [this time will Bethe [timefor[the previoustime step.

Parameters:
e None

°
Returnvalues:
e Time
Exceptions:
e None

Getlvalues/fromthe hodelléngine.
Parameters:
o String;/QuantityID [@ssociated [to/the requested values

o String: ElementSetID associated 10/ the/requested values
Return values:

e Thelvalues

Exceptions:

e None
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Setvalueslin/the modeléngine.

Parameters:

o String;/QuantitylD/[Associated to/the values

o String; ElementSetID [associated to/the values

e IValuesSet:[Thevalues/fo/set

Returnvalues:
e Void

Exceptions:

e None

Description/string for(the modeleéngine.
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Appendix E Thelorg.OpenMI.Utilities.AdvancedControl [package

[Source:ladoptedfrom((Sindingletal,[2004)]
1/General(description
1.17/Advanced/control functionality why [and (when

Theldatalexchangedand Synchronization mechanism(of[OpenMl|is[designed/in[such way
that[ LinkbaleComponents| canl autonomously[ exchangel datal without[ any! centralized
functionality [to[managethe[dataléxchange.[However, in [Some[Specific[Situations, éxtra
control capacity( lis[ lneeded to[ directllconvergencel ofl lcomputational results. 'This
functionality [typically [is/desired forliteration [purposes,aswell[asfor(optimization and
calibration.

Alseparatelutility [package has/been(designed to supporttheseddvanced control [features.
Thelpackage, hamed[ org.OpenMI.Utilities. AdvancedControl,[utilizes the GetValues
mechanism/oflthe(LinkableComponent, as welllas[thelstate[management functionality
(implemented ! through! tthel TManageStatel[ linterface)[ ito[ Idirect( lthe[ iconvergence!l lof
computational [esults. [Thecontrollersthemselves(are[LinkableComponentsas/well, so
their(data/(i.e. the new parameter(values(or/boundary donditions)(c¢anbeldccessed by a
modelbased ILinkableComponent!as well.

Thefollowing/control functionality Hasbeenlidentified:

o TheiterationIcontrollerJis[Ineeded J'when[limplicit[Jmodels[Jare Jlinked [1bi[]
directionally land [[Titerations withintime[stepsare nieeded

o Thelcalibration[controller[componentlisresponsiblefor(calibratinglone thodel lor
alsetlofllinked[simulation[engines. The optimisation controller(¢an(belused to
find[Values(oflvariables[that/minimize[or maximizelan/objective function while
satisfyinglalsetlofl¢onstraints. In[the[OpenMIframeworkthis[will normally [(be
usedlin/conjunction with/alset(oflinked hodels.

o Thellogicallswitchlallowsswitchinginputs/dependingon(anlinputicdondition
1.2Tteration controller

When multipleimplicitmodel lengines (are linked bi!directionally, literations Within [time [ |
stepsmaybeltequired tolobtain¢correctl numerical  values. Animplicitimodel[eéngine
requires/thelinputValuelon[the mext[fime(stepinlorderfolcalculate[theoutputvalueon
the mext/timel(step.[Anlexplicitimodel [€ngine requires(only [the input/on[thedurrent/time
step(tolcalculatetheloutput/on(themext[time(step. [When[simulation[éngines/are linked
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bildirectionallyand[holiterations[ within[ time(steps/arel ised, [ thellink[is effectively
explicit.[Thismay[mean(that/thesSimulation/éngineshave(to uise/a[much(smaller[time! |
step.

Anlalternative[may(belto useliterations within[time[steps. Thelsimulation(éngines have
to/supportisavingand(restoring 0ftheéngine(state When(theliteration/controller(is used.
Whentheliteration[controller(is/used, the models donotléxchangevalues|directly [but
through(theliteration[controller((see(Figure14).[Theliteration controller(is[in[¢ontrol [of
theCiterations and[ requests the modelsto[ step[ back onel timelstep.[ Thellteration
controller(decides/whenl[theliterations/havel¢converged. Theliteration controller throws
an/exception/whentherelis moconvergence inltheliteration.

Model A Model C

= & T

lteration controller

Lo 1

Model B

Figure A [1(Position of iteration(controller withinamodel ¢combination
Therequirements/0flan TterationController are;

o Allbildirectional links(are linked[through/theliteration [controller/and mot(directly.
Thislis[necessary becauseltheliteration[¢ontrollerislin[¢ontrol[ofTiterations. It
allowsltheliterationcontroller to[check thatthe values/are converging.

o Theliteration[ controller[ decides when![tol stop iterating, based[ onlal stopping
criterion.

o Theliteration(controller has al¢onfigurable[number of minimum (andmaximum
iterations. [ /A[ flag[is[ used[ to[ indicate[ ifl thel iteration[ controller throws[ an
exceptionwhen the haximummumber ofliterations fislexceeded.

o Theliteration[controlleris[tesponsiblefor(managing thesimulation eéngine [states
during|(theliterations.

o Theliteration(dontrollerfislitselfTlinkable [componentland/itfis friggered [€xternally.
From(theloutsidelthe iteration controller/and(thelinked [simulationengines look
like@ILinkableComponent.
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o Thelliteration[controllerldoes! not! havellal Graphicall User! Interfacel (GUI),
althoughla’simpleléxample GUIIwouldbe useful [for testing. [ The GUI and[the
iteration[controllerishouldbe completely 'separate components.

1.3[Calibration(controller

Althoughmodels/can(belcalibratedindividually, whenmodels(are(linked ‘togetherinto a
linked modell(this/linkedmodel has/to(becalibrated (as well. Thelcalibration(controlleris
algeneric[¢component(focalibratelinked (models. [Tt[will [(providelalgenericinterfacelso
that! specificl calibration! algorithms[ can[ beused.  In[ most[ cases! thel objective of
calibration(is[tominimise an eérror function. Theleérror function is usually (defined(ds the
differencebetween heasured(dataland (calculateddata.Thepurposeofithelcalibration[is
tofind[the[set/of[parameter [Values/thattinimise(the error function. Calibration(¢an be
seen! as[ anl optimisation! problem[ because! the! error! function[ is/ optimised[ andthe
parametervalueslare[the unknowns(intheloptimisation.[Figure[A 2 lillustrates(the data
flowlaround acalibration(controller.

Measured values

Calibration controller

Models

FigurelAl2[Position(of(¢alibrationicontroller
TherequirementsoflaCalibrationControllerare:

o Manuallland[ Jautomatic(Icalibration! Ishould! /bel Ipossible.[ /With[Ithe[ Imanual
calibration, [theuiser shouldbelablelto[ change[parameter[Values and tun the
simulation. With[automatic[ ¢alibration, theuiser[should[be[able to ¢choose[the
parametersthat(are going(to be(calibrated.

o Thelcalibration[component/shouldbelablefo[comparecomputed With[measured
valuesland/calculate statistics forthe calibration.

o Almechanismsneeded(tospecify(thefollowing:
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o O O O O

Modelparameters(that/¢anbel¢hanged. Thelsimulation/éngines/will (perform(a
GetValues()/callltolthe[calibration Controller to[retrieve [the model [parameters.
Minimum/(andtaximum Value for @ach [parameter.

Initial value[for(€ach [parameter.

Almechanismis meeded to/changethe [parameter values after/€ach literation.
Amhechanismlis meeded foldecide when [fo[stop[dalibrating.
Althechanisml(tomakel(thelcalibrated values *fixed”,le.g. [to Write[themoutto 'the
input/file. Oncevalues/areldalibrated, the[parameters [are motinputs [any longer. It
shouldbelpossibletomakelcalibrated values [persistent.

Thellcalibration[ lcontroller willlsend [ levents about calibration[ progress!Jand
statistics

1.4/Optimization controller

Themain(differencebetween Optimization(and(calibration[is thatlin Calibration isually @
large humberloflValueslis calibratedandin[optimization usuallyla small[number of
values!is! calibrated.[ Optimization[ canl alsolbel tol makelalchoicel betweenl different
scenarios(instead[offinding [the best valueoflaparameter. Optimization tay [dlso belthe
choicelbetween different/dontrol strategies [orto [Optimize(a/control strategy.

Optimizationproblemsare madehip [0fthree basiclingredients:

O

Anlobjectivel function/that welWwant[to  minimize[or maximize. Thelobjective
function[can(belinear(ormon(linear.

Alsetloflunknowns[orvariables Wwhich(affectthe Walue[of(the[objective function.
Thevariables/can(bedontinuous [or(discrete [Ormixed.

Alsetlofl constraints[that[allow[the inknowns[to[take on[certain[values[but
excludelothers. Thedonstraints (Canbelinear or mon(linear.

Theloptimization[ controller isal genericl component! for[ finding[ thevalues[ ofl the
variables[that[minimize or[maximize anlobjective function/ whilel$atisfyinglalsetl of
constraints. Theoptimization controller (will"havealgenericlinterface sol that[any
optimization algorithm can Be(linked tolit.

Model A : Model B
—
model

new output
parameters

Optimization controller

Optimization
algorithm

Objective
function

performance
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FigurelAlB3[Positionofthe@ptimization(controller (Graylis{OpenMIicompliant)

Therequirements/thathavebeen kept(in ind for/the(OptimizationController are:

Specifylanlobjectivefunction. Theobjectivefunction/could beld model initself,
withlonel output! value.[ This[would[allow! for[ good! flexibility[in[thel system
because/itlis[¢asy(fol¢change thelobjectivefunction by justplugginglinanother
one.

Specifylifithelobjective function(should[beminimized ormaximized. This/could
belset/during theinitialization(ofthe (Optimization/controller.
Specifythevariables/tobe optimised. This/dould be/done by linking variables(in
models(totheloptimisation controller.

Specifylconstraints

e Specifylalmhinimum and/maximum/for(variables

e Specifyllinear(constraints

e Specifymnon(lineariconstraints

Specifyalstartingvalue for(variables.

Theloptimization dontroller will raise[€ventsaboutloptimization [progress.
Theloptimization[¢ontrollerwill (faise[anérror[évent when[no[solution[¢anbe
found that(satisfiesall [donstraints.

Manualland automatic optimizationshould be possible. For(manual [Optimization,
itishould/bepossiblefoladjustvalues.

ThelJoptimization[Jalgorithm[(linear! Jprogramming, [ Jdynamic /programming,
conjugatel gradient, [ etc.) should!be uiser[ definablel and[should[pluglin(to[the
optimization[controller(so thatlitlis[éasy [fo [pluglin[different/algorithms.

1.5Logicallswitch

Thellogical [switchlis[used[to switch[between[differentinputs depending/on’allogical
condition. Anl examplel oflallogicallconditionlis[ althreshold[forlaliater(level orla
threshold for(aflow.
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