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ABSTRACT

Thispaperpresentsamulti-perspectiveapproachtoModelingandSimulation(M&S)ofHealthcare
Systems(HS)suchthatdifferentperspectivesaredefinedandintegratedtogether.Theinteractions
betweentheisolatedperspectivesaredonethroughdynamicupdateofmodelsoutput-to-parameter
integrationduringconcurrentsimulations.Mostoften,simulation-basedstudiesofHSintheliterature
focusonspecificproblemlikeallocationofresources,diseasepropagation,andpopulationdynamics
thatarestudiedwithconstantparametersfromtheirrespectiveexperimentalframesthroughoutthe
simulation.Theproposed ideaprovidesacloser representationof the real situationandhelps to
capturetheinteractionsbetweenseeminglyindependentconcerns-andtheeffectsofsuchinteractions
-insimulationresults.ThearticleprovidesaDEVS(DiscreteEventSystemSpecification)-based
formalizationofthelooseintegrationofthedifferentperspectives,anObject-Orientedframework
foritsrealizationandacasestudyasillustrationandproofofconcept.
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INTRodUCTIoN

Being composed of concurrent, fragmented and diverse components interrelated with intricate
processes,modelingthedomainofhealthcarewillrequiretheunderstandingofthebehaviorofthe
overallsystem(Barjis,2011).Decision-makingconcerningquestionsrelatedtotheperformanceof
HS-suchastheextenttowhichthesystemachievesitsmission-havenoclearorsimpleanswers
while the need to produce more with less resource despite the scarcity is becoming a widely-
acknowledgedconcernamongpolicy-makersandhealthcaremanagersworldwide.Thisisproven
byaconsiderablevolumeofworkpublishedinrecentyearsbeingdedicatedtosimulation-based
studyofHS.Frequently,modelingapproachesusedtoinvestigatedifferentaspectsofHSsrelated
tohealthcaresimulationincludediscreteeventsimulation,mixedmethodthatcombinessimulation
withoptimizationtechniques,goalprogramminganddiscreteeventsimulationwithdataenvelopment
analysis(Wengetal.,2011).Arguably,unitspecificstudiesofsimulationmodelinginhealthcare
thatdealswithspecificproblemshavebeenpredominantinthepublishedresearcharticles.Suchunit
specificsincludeA&E(AccidentandEmergencyDepartments),inpatientfacilities,andoutpatient
clinics(Choietal.,2013).Thecommonissuesaddressedintheliteratureinclude,butnotlimitedto
schedulingandpatientflow,sizingandplanningofbeds,rooms,andstaff.
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The main challenge in modeling a complex system such as HS is the large number of its
componentsandtheirdiversity.Tothebestofourknowledgetherehasnotbeenagenericmodelof
healthcaresimulationthatconsidersthedifferentelementsofHSandtheirinteractionstodescribe
acompletewhole.Thispaper investigatesHSthroughmulti-perspectivemodelingandaddresses
thechallengesthatcomewithmodelingsuchacomplexsystem.Multi-perspectivemodelingallows
constructingdistinctandseparatemodelsfromdifferentaspectsofHSforabetterunderstandingof
itscomplexity.Furthermore,anintegrativeapproachbasedonliveupdatesofoutput-to-parameters
translationisdevelopedtoallowthesimulationoutputofamodelofagivenperspectivetoupdate
thesimulationparametersofanotherperspectivedynamically.Arguably,acloserrepresentationof
therealsituationscanbeachievediftheseparametersaresystematicallymodifiedatruntimeinsuch
awaythattheoutputsofthesimulationmodelscorrespondingtodifferentperspectivesprovidelive
updatesoftheirparameter(s)inconcurrentsimulations.Therefore,theformalizationofthebasesof
theproposalisprovidedwithacasestudythatpresentsthemodelsofdifferentperspectivesinHS
andshowshowtheirintegrationisbeingachieved.

Therestof thispaper isorganizedasfollows: thenextsectionpresents theliteraturereview
followedbythemulti-perspectivemodelingofHS.TheDEVS-BasedformalismforintegratingHS
perspectivesisthenpresentedwithacasestudytoillustrateitsapplicationbeforeconcludingthe
paperwithdirectionsforfuturework.

LITeRATURe ReVIew

ModernHSshavebeenexploredwithavarietyofstudiesovermanydecades.Althoughnotexhaustive,
anumberofexamplesofthesestudiesincludediscreteeventsimulation,systemdynamics,agent-
basedsimulation,MonteCarlosimulation,hybridsimulation (combinationofdiscrete-eventand
continuous)andsimulationcombinedwithoptimizationtechniques.Roberts(2011)presentedan
extensivetutorialofsuchsimulationmodelingmethodswitharevisionoftaxonomyoftheuseof
computersimulationinhealthcareintotwocategories:PatientflowoptimizationandAnalysis,and
healthcareassetallocation.Morespecifically,GunalandPidd(2010)enlargedthistaxonomyina
reviewoftheliteraturefordiscreteeventsimulationforperformancemodellinginhealthcareinto
schedulingandpatientflow,sizingandplanningofbeds,rooms,andstaff.Unitspecificstudiesof
simulationmodeling inhealthcare focusingon solving specific problems in individualHSunits
suchasOutpatientclinics,A&E(AccidentandEmergencyDepartment),andInpatientfacilitiesare
predominantinhealthcaresimulationliterature.

Consequently,mostofthepublishedarticleslookintoHSswithfocusonasingleperspective
modelling.Forexample,patientpathwayacrossdifferenthealthcareunitshasbeenregularlyexamined
to identify critical activities and scarce resources representing process bottlenecks. Cote (1999)
examinedthedailyarrivalsandthethroughputofpatientstoanalyzetheutilizationandtheallocation
ofexaminingroomsata familypracticeclinic.Other thanpatient flowandresourcesutilisation
perspectives, is thesimulationmodelling related todemand that includesepidemiology research
and health policy-making. For example, an integrated agent-oriented modelling and simulation
frameworkthatconsidersbothpopulationandhealthcaredeliverynetworkhasbeenintroducedby
CharfeddineandMontreuil(2010).Okhmatovskaiaetal.(2012)presentedontologyforsimulation
modellingofpopulationhealth (SimPHO)a formal,explicitmachine-readablespecificationofa
domainofknowledge integratingbothaspectsof taxonomyandvocabulary ina formof logical
axioms.Aperspectiverelatedtodiseasespreadhasalsobeenconsideredbyseveralmodelstopredict
itspropagationinapandemicandtheeffectofHSsinterventionandisreportedbytheworkofthe
authorsKasaieetal.(2013).

Similarly,simulationhasbeenusedasmaintoolfortrainingmedicalstudentsthroughstudies
suchasseriousgames.Bruzzoneetal.(2012)proposedanadvancedseriousgamecalledMARIA
(ModelforAdvancedandRealisticpatientsimulationdrivenbyIntelligentAgents), thataimsat
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supportingandrenewingeducationalprocessesinhealthcarecaresector.Thedevelopedtoolhelps
teachingdoctoral students to takecareof theirpatientsduring theentirepatient lifecyclewhile
overcoming their needs and fears. The virtual patients being simulated are driven by intelligent
agentsandcharacterizedbyrealistichumanbehaviorssuchaspain,fear,andpsychologicalissues.
Bonnetainetal.(2010)presentedastudyonthecrucialroleofcomputerscreen-basedsimulator,
calledMicroSimintrainingmedicalstudentsincardiacarrestproceduresforacquiringbasicskills
duringcardiopulmonaryresuscitation(CPR)procedures.AnothereducationaltoolcalledSimMan,
knownashigh-fidelitypatientsimulatorwasalsointroducedforthetestsessioninthestudy.

Basedontheinformationprovidedinthereviewofhealthsimulationmodels,thelevelofdetails
isofteninsufficientandremainsakeyissuetounderstandpreciselyhowtheelementsofHSare
interrelatedandwhatrelationshipsandinteractionsaredefinedbetweentheunderlyingcomponents.
Asaproofofconcept,mostofthereportedstudiesareeitherfocusingonthespecificproblemsin
individualunitsofHSsorarebuiltforspecifichealthfacility(GunalandPidd,2010).Toaddressthe
issuesoutlinedabove,theauthorspresentamulti-perspectivemodelingapproachthatdescribeshow
thedifferentaspectsofHSscanbemodelledwithspecificfocusatdifferentlevelsofabstractionand
belinkedtogethertoformanintegratedwhole.

Multi-perspective modelling has been successfully applied in other areas to study complex
systems.AccordingtoSeckandHonig(2012),tounderstandcomplexsystemsoneofthecommon
waysistoimposeonthemahierarchicaldesignbyseparatingthesubcomponentpartsanddefining
relationsbetweenthem.ModellingandsimulationapproachessuchasDEVSformalism(Zeigleretal.
2000)rootedinsystemhierarchyspecificationformalism,representssystemsasatomicandcoupled
models.Systemofsystemsapproachisanotherwayusedtostudycomplexsystem.Assuch,ina
systematicviewofhealthcare,Zeigleretal.(2012)presentedanillustrativegeneralframeworkfor
systemsofsystemlevelmodelingtosupportdesignofcoordinatedcarearchitecturesforlinkingup
hospitalsandphysiciansthroughnetworkedinformationsystems.Modelingcomplexsystemwithina
singlemodelwheredifferentaspectsofthesystemarecapturedbydifferentviewshasbeenreported
asdifficult,ifnotimpossibletask.Assuch,SeckandHonig(2012)proposedamulti-perspective
modellingapproachtoovercomethelimitationsofasingle-perspectivehierarchyapproachbasedon
aspectmodelsintegratedwithbridgemodels.Theauthorsadoptedtheideaofmodelingrelationas
introducedbyRosen(2000)thatdefinesabridgebetweentwoworldsasthenaturalworldinwhichwe
liveandthementalworldreferredtoasformalsystemthatrepresentsourperceptionsoftheformer.
Basedonthisidea,theyarguedthatwhentryingtomodelacomplexsystem,itcanbedescribed
asacollectionofperspectiveswhereeachperspectiverepresentsauniqueformalsystemhavinga
uniquedecomposition.Hence,onecouldmodelacomplexsysteminaricherwaybyhavingmultiple
non-isomorphicdecompositionsthatmayinfluenceeachotherandcaptureitscomplexityresulting
fromtheobservationthroughdifferentperspectives.Tekinayetal.(2010)introduceacontext-based
“view”conceptasanenabler tosupportmulti-perspectivemodelinginmulti-actorenvironments
usinganexampleofquaycranesystem.Also,BraunandEsswein(2015)arguedthatstructuring
thedifferentviewsofaninformationsystemthroughmulti-perspectivemodelingismorerelevant
toimprovetheunderstandingofitscomplexity.Multi-perspectivemodelinghasalsobeenusedby
Kingston(2001)inontologytorepresentknowledgefromtheviewpointsof“who”,what”,“where”
and“how”forthepurposeofknowledgevaluation.Theargumentisbasedonawidelyacknowledge
concernwhichstatesthattheprincipleofmulti-perspectivemodelingisthatforany“knowledge
asset”toberepresentedadequately,it’snecessarytorepresentanumberofdifferentperspectiveson
itsknowledgeand,possibly,torepresenttheassetatmultipledifferentlevelsofdecomposition.We
highlightsomekeycontributionsofthepaper:

• Itofferstothemodeller,throughseparationofconcerns,aclearviewonperspectiveslikepatient
flowoptimizationandanalysis,healthcareresourceallocation,anddiseasepropagationcontrol
thataremostoftenintertwined(GunalandPidd,2010).Inthispaper,thedifferentconcernsare
separatedintofourgenericperspectivesforaholisticviewofHSsmodelling.
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• Itproposesamulti-perspectivemodelingapproachofHSstoovercometheproblemsofsingle-
perspectivemodelingusedinsolvingproblemsinindividualHSunitslikeoutpatientclinics,A&E,
andInpatientfacilities,aswellasfacilityspecificproblems.Theproposedapproachpresentsa
broaderviewonhealthcaremodellingincludingvariousperspectivesthantheonesproposedby
CharfeddineandMontreuil(2010)thatdealtspecificallywithpopulationandhealthcaredelivery
networkperspectives.

• ItpresentsanovelapproachforintegratingtheisolatedperspectivesinHSsbasedondynamic
updateofmodelsoutput-to-parameterintegrationduringconcurrentsimulationcontrarytothe
classicalmodelscouplingthroughoutputsandinputsinterfacingofsimulationmodels(Zeigler
etal.2000)withparametersthatareusuallyassumedtobeconstantthroughoutthesimulation.

• ItprovidesaDEVS-Basedformalizationofthelooseintegrationofthedifferentperspectives,
andanObject-Orientedframeworkforitsrealization.DEVSformalismischosenbecauseitis
universalfordiscreteeventsimulationasprovenbyVangheluwe(2000)whileObject-Oriented
designpatterns are reusable solutions to somegeneral software engineeringproblems.This
solutiondiffers fromtheoneproposedearlierbySeckandHonig(2012) that represents the
dynamicparametersasinputportsthatarecoupledtotherespectivesourcesoflivefeedbacks.
Furthermore,concreteimplementationsofbothaspectsareprovidedwhiletothebestofthe
authors’knowledgetheseaspectshavenotbeenaddressedbothtogetherbefore.

TheauthorsviewHSsasacollectionofperspectives thatareeachassociatedwithaunique
componentsystem.Acasestudyispresentedtoillustratetheconcurrentsimulationofthedifferent
perspectivesthroughliveupdateofsimulationparameters.

MULTI-PeRSPeCTIVe ModeLING oF HS

ThissectionextendstheworkofDjitogetal.(2015)whichproposedadisciplinedstratificationof
thevariousconcernsstudiedinHSsimulationintofourlayers/perspectives:AllocationofHealthcare
Resources(AHR),HealthPhenomenaDynamics(HPD),PopulationDynamics(PD)andIndividual
Behaviour(IB).Theseperspectivesaredescribedbythepositionsfromwhichonecanlookatthe
HSsasdepictedinFigure1showingarrowsthatindicatethecurrentpositionsoftheviewer.Hence,
modellingHSthroughmulti-perspectivemodellingbecomesmorepracticalandricherwithdeep
insights.InFigure1,AHRaddressestheproblemsofscarcehumanandinfrastructuralresources
deployedtoofferhealthcareservices.HPDencompassesproblemslikediseaseoutbreaks,chronic
ailments like cancer, hypertension, diabetes, antenatal program to follow up pregnant women,
assistancetoelderlypeopleandsomeotherimportantissuesrelatedtosocialcaresuchashomecare
andappointmentattendancemonitoring.PDcoverstheinfluencesofimmigration,emigration,birth
anddeathoncommunityhealthwhileIBincludeshumanbehaviour-relatedissueslikeeducational
level,physicalstate,emotion,cognitionandsocialstatus.

Figure2illustratestheproposedintegrationofconcurrentsimulationprocessesofthedifferent
layers(perspectives)ofHS.ConsideringthatthemodelsandexperimentalframesoflayersA,B,
CandDcorrespondtothesimulationsetupforAHR,HPD,PDandIBperspectivesrespectively.
Theparametersp1-pnineachlayerrepresentcertainoutputsofthesimulationprocessesinother
layers.Whiletheseparametersareusuallyconsideredtobeconstantthroughasimulationrun,the
authorsarguethat,inreality,theoriginalpropertiesrepresentedbyanyoftheparameterscanchange
atruntimetherebymakingtheparametervalueoutdatedinsubsequentuse.Forinstance,givena
hypotheticalsimulationmodelMallocforAHRinanhealthcarefacilityasaresponsetoanepidemic
intheimmediateenvironmentofthefacility.ImaginethereisanothermodelMpoftheepidemic
itselfinthecontextofthesameenvironmentandoneoftheoutputs,y,ofMpisthepercentageofthe
infectedpopulation.AssumingMallochasaparameter,x,thatdenotestheestimatednumberofinfected
inhabitants;ratherthankeepingxconstantthroughoutasimulationrun,theideaproposedinthis



International Journal of Privacy and Health Information Management
Volume 5 • Issue 2 • July-December 2017

5

paperistorunthesimulationsofMallocandMpconcurrentlyintheirrespectiveexperimentalframes
suchthat,instantaneousoutputs,y,ofMpareusedtoupdatetheparameter,x,ofMallocatruntime.

Therefore,thispaperproposesanintegrationmechanismtoconnectrelevantoutputsofamodel
to theparameters representing theminother layers.This integrationmechanismis illustratedby
thedashedlinesconnectingsomeoutputportstoparametersinotherlayers.Forinstance,porto1
oflayerAisconnectedtoparameterp2inlayerBwhileo3isconnectedtopnandp2oflayersCand
Drespectively.Thepurposeoftheseoutputport-to-parameterconnectionsistoenableliveupdate
oftheparametersatruntimewhenevertherearechangesinthevaluesoftheactualpropertiesthey
represent.Theauthorsbelievethisapproachgivesabetterrepresentationoftheinfluencesofthe
differentperspectivesofHSononeanotherandwillproducesimulationresultsthatareclosertothe
realbehavioursoftheactualsystemsinthiscontext.ADEVS-basedformalismwillbeprovidedin
thenextsectiontoguidetheapplicationofthisideatoconcurrentDEVSsimulationprocessofthe
differentperspectives.Ofcourse,modelsofdifferentperspectivesmaybebestspecifiedindifferent
formalisms,theauthorshavechosenDEVStopresenttheideainthispaperbecauseitisconsiderably
universalfordiscreteeventsimulationasprovenin(Vangheluwe2000).

A deVS-BASed FoRMALISM FoR INTeGRATING HS PeRSPeCTIVeS

ThissectionpresentsaformalismbasedonDEVStodescribetheoutput-to-parameterintegrationof
differentperspectivesofHSasproposedinFigure2.

Figure 1. Perspectives on HSs
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An overview of deVS
DEVS(Zeigleretal.2000)isasystem-theoreticsimulationformalismforDESs.AnatomicDEVS
model,AM ,hasatimebaseandabstractsetsofstates,transitions,inputsandoutputstodescribe
system’sstructureandbehaviour.

AM X Y S ta
int ext conf

=� , , , , , , ,�δ δ δ λ  (1)

X p v p IPort v dom p= ( ) ∈ ∧ ∈ ( ){ }, , :setofinputeventswhereIPortisthesetofinputports.

Y q v q OPort v dom q= ( ) ∈ ∧ ∈ ( ){ }, , :setofoutputeventswhereOPortisthesetofoutputports.
S:setofdiscretestates.
ta S:

,
→ ∞

+
0

:timeadvancefunction.
δ
int
S S: → :internalstatetransitionfunction

δ
ext

bs e s S e ta s X S: { , | , , }( ) ∈ ∈ ( )



 × →0 :externalstatetransition; e  istheelapsedtimesince

lasttransition.
δ
conf

bS X S: × → :confluentstatetransition.
λ : S Yb→ :outputfunction.

Figure 2. Output-to-parameter integration of HS perspectives
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AM is,atanytime,inastates S∈ .Theinternal,externalandconfluenttransitionfunctions
dictatethemodel’snewstateasfollows:

Whentheelapsedtimee ta s= ( ) expiresbeforeanyexternaleventoccurs,thesystemoutputs
the value y s= ( ) λ  and changes to state δ

int
s( ) . If an external event x X∈  occurs before the

expirationofta s( ) ,thesystemchangestoastateδ
ext
s e x, ,( ) ;iftheeventx X∈ coincideswiththe

expirationof ta s( ) ,thesystemoutputsthevaluey s= ( ) λ andchangestoastate δ
conf
s x,( ) .Note

thatoutputsareonlypossiblejustbeforeinternalorconfluenttransitions.Inanycase,thesystem
assumesanewstates ' withsomenewelapsedtimedefinedby ta s '( ) .

AcoupledDEVSmodel,CM ,isanhierarchicalcompositionofatomicand/orcoupledDEVS
modelstobuildmorecomplexsystemsinwhichthecomponentsinteractviatheexchangeofmessages
betweendesignatedinput/outputports.

CM X Y D M EIC EOC IC
d d D

= { }
∈

� , , , , , ,  (2)

X and Y areasdefinedforAM .
D :setofcomponentnames; ∀ ∈d D ,M

d
isthefullspecificationrepresentedbyd .

EIC M ip d ip ip IPorts ip IPorts
M d M M d d

= ( ) ( )( ) ∈ ∈{ }, , , | , : set of couplings between the input
portsofCM andthoseofsomeofitscomponents.

EOC d op M op op OPorts ip OPorts
d M M M d d

= ( ) ( )( ) ∈ ∈{ }, , , | , :setofcouplingsbetweentheoutput
portsofCM andthoseofsomeofitscomponents.

IC a op b ip op OPorts ip IPorts
a b a a b b

= ( ) ( )( ) ∈ ∈{ }, , , | , : setofcouplingsbetweentheoutputand
inputportsofdifferentcomponentsofCM .DEVSanditsoperationalsemanticsaredescribed
indetailin(Zeigleretal.2000).

A Parameterized deVS Formalism for Loose Integration 
of Multi-perspective HS Simulation Processes
ThispaperproposesaDEVS-basedformalismcalledParameterized Atomic DEVS (PAD)tomodel
differentlayersofHSwithdynamicparametersthatrepresenttheinformationrequiredfromconcurrent
simulationsofother layerssuch that theparametersget liveupdatesfromappropriatesourcesat
runtime.TheproposedPADisnotanothersimulationformalisminitself;rather,itmaintainsDEVS
anditssimulationprotocolsbutbuildsonit,amechanismforrealizingliveupdateofparametersin
concurrentsimulationprocessesasdescribedinFigure2.LikeDEVS,itisalsodefinedatatomic
andnetworklevels.

PAD X Y S ta
int ext conf

=� , , , , , , , ,�P δ δ δ λ  (3)

PAD  introduces an element, P , to the original atomic DEVS definition in (1) where
P = ( )( ) ∈{ , | }p dom p i

i i
 isasetofpairsofdynamicparameters,p ,andtheirdomainsdom p( ) .

Conventionally,thesetS ofstatesinDEVScancontainstatevariableswhoseinstantaneousvalues
determinethestatesofthesystem.Hence,changesinthevaluesofstatevariablesareessentiallydue
toreconfigurationsduringstatetransitions.Incontrast,valuesoftheelementsofP arenotaffected
bythesystem’sinternalprocessesthoughtheymaybeusedforcomputingnewvaluesofstatevariables,
outputeventsandtimeadvances.Rather,elementsofP updatetheirvaluesuponreceivingfeedbacks
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fromexternalsourceswhich,inthecontextofthispaper,aremodelsofotherperspectivesoftheHS.
TheintroductionofP hasbecomenecessaryinthiscasesincethisconceptisnotrepresentedinthe
originalDEVS.

AnearliersolutionproposedbySeckandHonig(2012)istorepresentthedynamicparameters
asinputportsthatarecoupledtotherespectivesourcesoflivefeedbacks.Thisapproachisnotsuitable
inthecontextofthispaperasthereceptionofanupdateatsuchaninputportwilltriggeranundesired
externalstatetransition.Changesinthevalueof p P∈ donotimplychangesofstate;theyonly
ensurethat p  isalwaysuptodate.Sincetheparametersareusedincomputations, theset P  is
introducedintothedomainsofthebehavioralfunctionsofPAD asfollows:
δ
int
S P S P: × → × , � : �δ

ext
bQ X P S P× × → × , � : �δ

conf
bS X P S P× × → × , � :λ S P Yb× → 

andta S P:
,

× → ∞
+
0

.Hence,theformalismisstillconsistentwiththeoriginalDEVSandcanbe
simulatedusingexistingsimulationpackageswithminimaladditionalefforts.

ThemechanismofcommunicationamongdifferentperspectivesofHSisdefinedasanetwork,
N ,ofPAD ssendingliveupdatestooneanotherviaautomatedtransmissionofoutputsfromeach
PAD toitsrepresentativeparameter(s)inothers.

N G M
g g G

= { }
∈

� , ,£  (4)

£ = ( ) ( )( )( ) ∈ ∈ ∈ (i j i j G OPorts P dom
i j

, , , , | , , , , :α β α β ααβ αβΘ Θ ))→ ( ){ }dom β  (5)

In(4),G isthesetofnamesofPAD sinthedifferentlayersthatcommunicatewithoneanother
andevery g G∈ referstoacompletePAD specificationdenotedbyM

g
.Theintegrationset, £ ,

isarelationthatmapsoutputportsofaPADtothedynamicparametersofotherPAD(s)inother
layersofHS.Mathematically, £ (5)isasetof2-tupleswherethefirst(resp.second)entryofeach
element represents theoutputport-parametermapping (resp.output-parameter transformer).The
outputport-parametermapping(i.e., i j, , ,α β( ) ( )( ) )isalsoanorderedpairofpairs;thefirstpair
points toaPADandoneof itsoutputportswhile theotherpairpoints toaPADandoneof its
parameters.Thus,theoutputportintheformerupdatestheparameterinthelatter.Theoutput-parameter
transformerfunction,Θαβ α β: dom dom( ) → ( ) ,mapsthedomainoftheoutputporttothatofthe
parameterforeachspecificoutputport-parametermapping.Inessence,thetransformerspecifiesthe
instantaneousoperationthatmayberequiredtoconvertoutputvaluesfromα tolegalvaluesinthe
domainofβ .

Itisimportanttonotethattheintegrationdescribedin(4)and(5)isdifferentfromDEVS’coupling
mechanism.Whilethelatterestablishesconnectionsbetweeninput/outputportsofcomponentsof
thesamecomplexsystemforthepurposeofexchangingeventsand,asconsequence,excitation,the
formercreateslinksbetweenoutputportsandparametersofcomponentsofisolatedsystemsforthe
purposetransmittingliveupdatestotheparameters.Therefore,(4)canbere-writtenusingCoupled
DEVSformalismas:

N X Y G M EIC EOC IC
g g G

= { }
∈

� , , , , , , ,�£  (6)

X Y EIC EOC IC= = = = = {}     andG M
g

, and£ areasdescribedpreviouslyin(4)and(5).
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SincethisintegrationmechanismisnotpartofconventionalDEVSformalismanditsoperational
semantics,thenextsubsectionpresentsaguidetoimplementtheparameterupdatesmechanismasa
patchforusewithexistingDEVS-basedsimulationpackages.

Semantics of PAd
TheimplementationoftheliveupdatemechanismsofPADpresentedinthissubsectionisbased
ontheobject-orientedobserverandcommandpatterns(Gammaetal.,1994);itisfairtoprovidean
overviewofthepatternstoputthereaderinperspective.Object-Orienteddesignpatternsarereusable
solutionstosomegeneralandrecurrentsoftwareengineeringproblemsthatcanbeadaptedtosuitable
contextstomodelsolutionstocontextualproblems.

Observer Design Pattern
Theobserverdesignpattern,abehavioralpattern,is“aone-to-manydependencybetweenobjects
sothatwhenoneobjectchangesstate,allitsdependentsarenotifiedandupdatedautomatically”
Gammaetal.(1994).

Figure3illustratesthepattern.SubjectmaintainsafinitelistofreferencestoObserverobjects
thatareconstantlymonitoringits(subject’s)state.Wheneveritsstatechanges,subjectnotifiesall
itsobservers ina loopvia theirupdatemethods.Eachconcreteobserver implements theupdate
methodaccordingtoitsownreactiontothenotifications.Thispatterniswidelyusedingraphical
userinterfaceprogramminganditprovidestheunderlyingprinciplefortheModel-View-Controller
(MVC)architecturesothatallviewsareautomaticallyupdatedwheneverthereisachangeofstate
inthemodel.

Command Design Pattern
Thecommanddesignpattern(Gammaetal.,1994)providesamethodologytoencapsulateacommand
(methodcall)inanobjectandissueitinsuchawaythattherequestedoperationandtherequesting
object donot knoweachother. InFigure4,Client and theaction()methodofReceiver are the
requestingobjectandrequestingobjectandrequestedoperationrespectively.

Figure 3. Observer design pattern
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Clientdelegatestheinvocationtoacommandfromapoolofrequestcommandsmanagedbythe
Invoker.Thecommandrunsbyidentifyingandinvokingtherequestedoperation.Commandpattern
providesamethodologyforasynchronous(non-blocking)methodcallandhasbeenusedtodecouple
clientsfromservermethodsinAsynchronousRemoteMethodInvocation.Itwillbeusedlaterinthis
sectiontorealizeasynchronousupdateofdynamicparametersinPADssothatsimulationprocesses
sendingupdatesarenotblockedbytheparameterupdateoperations.

Dynamic Update/Feedback Framework of PAD
Figure5presentstheframeworktoimplementtheoutput-parameterintegrationinPAD.Thedynamic
parameterupdatemechanismisdescribedbasedonobserverpatternwithinthedashedbox.

Theauthorsdefine twogenericclassesDynamicParameter (resp.PseudoPort)whichextend
theObserverinterface(resp.Subjectclass).ObjectsofDynamicParametercanbecreatedtodefine
parameterswhilesubstitutingthegenerictypeTwiththeappropriatedomain(type)ofthedeclared
parameter.Similarly,instancesofPseudoPortarecreatedtoemulateeachDEVSoutputportthat
needstosendupdatestosomeparameters.

Themappingofoutputstoparametersasdescribedin(4)-(6)isactualizedattheCoupledDEVS
levelbyaddingalldynamicparametersthatdependonapseudoporttoitslistofobservers.The
ideahereisthatwheneverthereisanoutputinthesimulationofanHSperspective,thesamevalue
isautomaticallytransmitted,throughthepseudoportattachedtotheoutputportconcerned,tothe
appropriateparameters.Thisismadepossiblebythesemanticsoftheobserverpattern.i.e.,thechange
inthevalueofthepseudoport(asubject)resultsintheexecutionofitsnotifyObservers()method,
and consequently, the transmissionof thenewvalue to all observingparameters.Unfortunately,
subject will naturally notify its observers in sequential blocking method calls. The impending
shortcomingsofthisisthatthesimulationprocesssendingupdateswillhavetowaittillallparameters
intargetperspectivesareupdatedbeforeitcancontinue.Thisproblemcanberemovedbyusing
the command design pattern to achieve asynchronous notification process. This is illustrated in
Figure5asPseudoPort (throughSubject)delegates theinvocationof theupdatemethodofeach
DynamicParametertoaFeedbackCommandasdescribedpreviouslyinthecommandpattern.This
designcanbeimplementedingeneralpurposeprogramminglanguagesasanAPI/plug-intobeused
withexitingDEVSsimulatorsinthesamelanguages.Theauthorshavedoneanimplementationin
JavawhichisusedwithaJava-basedDEVSsimulatorpackagetoimplementthecasestudytobe
presentedinthenextsection.

Figure 4. Command design pattern
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CASe STUdy

Thissectionpresentsanexample(inFigure6)todemonstratetheproposedPADformulti-perspective
M&SofHS.SimulationmodelsofthefourHSperspectivearechosenfromtheliteratureandtranslated
intoPADformalismtorealizetheoutput-parameterintegration.InlayerA,theoutput,o1,oftheHPD
(diseasespread)modelupdatestheparametersoftheotherthreelayersasshowninthediagramwhile
theparameterofHPDitselfreceivesliveupdatesfromtheoutputsoftheAHRmodelinlayerD.

Sequeltoequations(4)and(5),thenetworkofPADsinFigure6anbedescribedas:

N G M
g g G

= { }
∈

� , ,£ whereG HPD IB PD AHR= { }, , , andtheintegrationset £  is:

Σ={(((HPD,O1),(IB,µ)),(µ=10*b) | b∈dom(O1)),(((HPD,O1),(PD,τ)),(τ=3.5*a) | a∈
dom(O1)),(((HPD,O1),(AHR,ψ)),(ψ=log7*c) | c∈dom(O1)),(((AHR,O1),(HPD,m)),(m
=1.5*d) |d∈dom(O1))}.

Thesethasfourelementseachspecifyingtheupdatemechanismofoneparameterinthediagram.
For instance, the first element, HPDO IB µ µ b b dom O, , , , * |

1 1
10( ) ( )( ) =( ) ∈ ( )( ) , specifies the

transmissionof theoutputs b  fromportO
1

of HPD  toupdate theparameter µ of IB witha
transformeroperation µ b� � *=10 .ThePADM

g
 for each g G∈ will bedescribed, followedby

discussionsof thesimulationresults,under thefollowingsub-headingswhile theirmathematical
specificationsarepresentedintheAppendix.

Figure 5. Semantics framework of PAD
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AHR Model
TheAHRmodelinFigure6(layerD)reusestheworkofPerezetal.(2010),aDEVS-basedsimulation
modeltostudythemanagementandallocationofhumanresourcestodeliverspecializednuclear
medicineservices.Themodelparticularlydescribesthetransitionsofanuclearmedicinetechnologist,
TECH,betweendifferentworking states - “idle”, “get_schedule”, “update_schedule”, “waiting”,
“travel_to”,“serve_patient”,“wait_here”,“travel_from”-torenderspecializedhealthcareservices.
IntheoriginalmodelofPerezetal.(2010),thetimeadvanceof“idle”state(i.e.,idletimeofTECH)
isobtainedfromaconstantparameter È throughoutthesimulation;theauthorsofthispaperargue
thatinreality,itismostlikelythatthevalueof È variesdueto,interalia,theinstantaneousnumber
ofpatientswaitingforTECH’sservice.ThiswaitingqueuecanbesignificantlyaffectedbytheHPD
intheenvironmentofthehealthcarefacility.Hencethemodelisreusedinthispaperbytranslating
ittoaPADwith È asdynamicparameterthatgetsliveupdatesfromtheoutputofHPDmodelin
layerA.

HPd Model
TheHPDmodelinFigure6(layerA)reusestheworkofWhiteetal.(2009),CellularAutomata
(CA)modeltosimulateanepidemicinanenvironment.ThestatevariableofeachcelloftheCA
takesrealvaluesintherange[0,1]anditcomputedbasedonalocaltransitionfunction,thecurrent
statesofitseightneighboringcellsandthatofthecellitselfateachsimulationstep.Thetransition
functionusesthreerealconstantsm,v,andcascoefficientsofmovementofpopulationbetween
cells,connectionbetweenthecellsandvirulenceofthediseaserespectively.Theauthorsofthispaper

Figure 6. Parameterized DEVS Coupled model
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arguethatthesecoefficientswillmostlikelynotremainconstantinrealsituation;forinstance,the
parameterv,virulenceofthediseasewilleventuallychangeduetotheimpactofhealthserviceslike
vaccinationduringanoutbreak.UsingtheCA-to-DEVStranslationtechniquesproposedbyWainer
(2009),themodelistranslatedintoaPADwithadynamicparameterv,whichgetsliveupdatesfrom
theAHRmodel(layerD).

IB Model
ThisisadaptedfromtheworkofSalimifardetal.(2013),amodelbasedoncoloredPetriNets(PN)
tostudypatients’flowthroughdifferentservicestagesattheemergencyunitofahospital.They
representedthepatients’arrivalratesbyaconstantparameter.Again,theauthorsofthispaperopine
thattheratemayvarydynamically,inrealsituation,withfactorsdeterminedbytheHPDinthat
environment.ThePN-to-DEVStranslationmethodproposedbyJacquesandWainer(2002)wasused
toexpressthemodelinPADwithadynamicparameterλ thatgetsliveupdatesfromtheHPDmodel
inlayerA.

Pd Model
ThePDmodelinFigure6(layerC)wasadaptedfrom(Ngetal.,2011),asystemdynamicsmodel
disaggregatedintothreestocksofagegroups:0-14,15-64,and65+forademographicstudyofan
environmentwithfocusonbirth,agingandmortalityrates.Whiletheoriginalmodelmaintainsa
constantmortalityratetosimulatetheevolutionofthedifferentagegroups,thispaperexploresa
situationwhere themortalitymayvarydynamicallyhealthphenomenalikeepidemic.Hence the
modelwastranslatedintoaPADwithadynamicparameter τ representingthemortalityrateand
whichgetsliveupdatesfromtheHPDmodelinlayerA.

Results and discussions
ThesimulationofthenetworkofPADsinFigure6wascarriedoutusingaJavaimplementationofthe
DEVSsimulationalgorithmandapatchimplementingthePADintegrationframeworkpresentedin
Figure5.Duetospaceconstraints,detailsofthesimulatorandsimulationcodesarenotprovidedin
thispaper;thereaderisreferredto(SarjoughianandZeigler,1998)foranexampleofDEVSsimulator.

EachPADwassimulatedinisolationwithconstantparameterfor60simulationtimeunits,then
theintegratedPADSweresimulatedconcurrentlyforthesameperiodandallowedtosendupdates
toappropriateparameters.ThetworesultsforeachofthefourHSperspectiveswillbecompared
underthefollowingsub-subheadings.

AHR Simulation Results
Figure7presentsthesimulatedactivitiesofthetechnologist,TECH,inAHRovertimewithconstant
ψ (shownashorizontallineatEvent=3)anddynamicψ (shownascurvefluctuatingbetween2
and6)ontheleftandrightgraphsrespectively.Ineithercase,TECHvisitseightsequentialstates
startingfrom“Get_schedule”through“serve_patient”to“idle”intheprocessoftreatingeveryservice
request.Weseefromthetwographsthat,withtheconstantψ ,TECHtakesabout20timeunitsto
servicearequestandhecouldservicelessthanthreerequestswithinthechosensimulationperiod.
Onthecontrary,whenψ islefttoadjustbasedonenvironmentalforces,hewasabletooptimizehis
throughput,serviceeveryrequestwithin15timeunitsandhasstartedservicingthefourthrequestat
theendof thesimulationperiod.Thedynamic ψ graphcangive insights intoTECH’soptimal
performanceundervaryingloaddensitiesduetoenvironmentalinfluencesunliketheconstant ψ 
graphthatassumesauniformloaddensitythroughoutthesimulation.
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HPD Simulation Results
Figure8presentsthesimulationresultsoftheHPDmodelwithconstantparameterv (in red)onthe
leftgraphanddynamicvontherightgraph.Thecurve(bluecolor)representsthepercentageofthe
populationthatisinfectedduringtheoutbreak.Inthegraphattherightsidethesuddenincreaseof
theparameter(v)fromthesimulationtime(20)tosimulationtime(55)causesthediseasecurveto
maintainitsmaximumashighasat0.9(cellstate)whileinthegraphatleftsidethemaximumcan
beaslowas0.4(cellstate)withinthesamerangeofsimulationtime.Thatis,themorethevirulence
increasesthemorethepeopleareinfected.However,thevalueofcellstatewithdynamicsparameter
thatremainsunder0.9isduetosomemedicalinterventionsincontrollingtheoutbreak.Thisvalue
isbeingupdatedbyAHRmodel.

IB Simulation Results
Figure9presentsthesimulationresultsoftheIBmodelwithconstantparameterλ (patient’s arrival 
rate)ontheleftgraphanddynamicλontherightgraph.TheplacesP1,P2,P3andP4inthefigure
represent the statewhere eachpatientmay tobe exposed there.E.g.PlaceP1 andP2 represent
statefornon-urgentpatientandstateforurgentpatientrespectively.Intheleftsidegraphwhenthe
parameterλ(lightblue)remainsconstant,thehighestnumberofpatientsarrivinginthehospitalat
atimeisupto28(blueline).Contrarytothat,ontherightsidegraphwhentheparameterλisbeing
updatedbyHPDmodelandbeginstofluctuatetheresultshowssignificantincreaseinthenumber
ofpatientarrivinginthehospitalreachingupto65atatime.Thisincreaseonthearrivalismainly
duetothepropagationofthediseasecausingmoreandmorepeopletoseekforhealthcareservices.

PD Simulation Results
Figure10showstheresultsofsimulatingthePDmodelwithconstant τ (mortalityrate)ontheleft
anddynamic τ ontherightgraph.Thereisasignificantriseinthelevelof τ inthegraphonthe
rightsidebetweensimulationtime20andabout42duetotheacceleratedspreadofadiseaseduring
thisperiod(seeourpreviousdiscussionsonFigure8);expectedly,thisraisedthestockofdeathsto
about40duringthisperiodandabove50towardstheendofthesimulationunlikeintheleftgraph
wherethestockofdeathsdidnotgobeyond40throughoutthesimulation.Thoughnotexplicitly
stated, thesuddenrisein τ appears toaffect theactiveagegroup15-64themostwithitsstock
droppingsignificantlybelow10duringthisperiodandrecoveringtoabout48towardstheendofthe
simulation;theresultintheleftgraphisslightlydifferentforthisagegroup.Theagegroup65+is
secondmostaffectedasitsstockiskeptatabout10throughoutthesimulation;thisvalueisjustabout
halfofwhatisreportedintheleftgraph.

Figure 7. Simulation traces of AHR models
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Validation
Asimulationmodelisconsideredtobevalidifitsaccuracyiswithinthepurposeandthequestion
itisdesignedtoanswer(Sargent,2003).Theauthorsconsideredinthispaper,theconceptualmodel
validationwhichensuresthefacevalidityofthemodelanditsunderlyinglogic.Abatteryofmodel
testswasconductedwithdomainexperts’opiniononmodelparametervariationstoensurethatthe
resultsobtainedarecloser to therealityandhelp todocumentmorerealistichealthcarepolicies.
The simulation models representing the four perspectives of HSs were run under two scenarios
observation. Firstly, the model parameters were maintained constant throughout the simulation.
Secondlythemodelparametersweredynamicallyupdatedinaconcurrentsimulationtoreflectthe
interactionsbetweenhealthphenomena.Theseparametersincludevirulenceoftheepidemic,patient
arrivaltimeataclinic,idlenesstimeofamedicalstaff,andmortalityrate.Thetestsindicatedthat
thesimulationresultswithliveupdateofmodelsoutput-to-parameterintegrationduringconcurrent
simulationswere“reasonable”fortheintendedpurposeofthemodel.Theauthorsareintheprocess
ofconductingamorecompleteobservationalstudyanddatacollectiontoexploreothervalidation
technics.However,thesedatawerenotavailableatthetimeofthewritingofthispaper.

Figure 8. Simulation traces of HPD models

Figure 9. Simulation traces of IB models
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CoNCLUSIoN ANd FUTURe woRK

Thispaperproposedamethodologyforsystematicintegrationofmodelsofdifferentperspectivesof
HStoallowforliveinteractionsamongthemduringconcurrentsimulationprocesses.Thenovelty
oftheworkisthatitrevealstheimportantandsubtleintertwinementoftheprocessesofdifferent
HSperspectives,anaspectthatisseldomconsideredintheusualpracticeofisolatedstudiesofthe
differentperspectives.

The paper extends a previous work on a disciplined stratification of major HS problems
studiedbysimulationintofourperspectives:allocationofhealthcareresources,healthphenomena
dynamics,populationdynamics,andindividualbehavior.Theusualpracticeistostudyproblems
ineachperspectiveinisolationwithsomeconstantparametersrepresentingtheinfluencesofother
perspectives;theauthorstookaslightdeparturefromthisapproacharguingthat,inreality,processes
ofallperspectivesrunconcurrentlyandinfluenceoneanothercontinuously.Theyproposedasoftware
engineeringmechanismtointegratethesimulationprocesses,basedonDEVSformalism,ofthefour
perspectivesatruntimethroughsuchthateachperspectiveprovidesliveupdatesofitsrepresentative
parameter(s) in other perspectives without disturbing their internal processes. They presented a
casestudytodemonstrate theeffectsof the integratedsimulationapproachincomparisonto the
resultsofisolatedsimulationsofeachperspective.Aconceptualmodelvalidationwaspresented.
Furthermore,theauthorsintendtoproceedondatacollectionforhistoricaldatevalidation.Itwould
alsobeinterestingtoapplythisapproachtosimulation-basedstudiesofnon-healthcaredomainslike
publictraffic,defense,emergencyevacuations,etc.

Figure 10. Simulation traces of PD models
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APPeNdIX

TheappendixpresentsthespecificationsofthePADsoftheHSperspectivespresentedinthecase
study(Figure6).

HPDSpecification

HPDPAD=<X,Y,P,S,δint,δext,δcon,λ,ta>
X={IN0∈ℝ,IN1∈ℝ,IN2∈ℝ,IN3∈ℝ,IN4∈ℝ,IN5∈ℝ,IN6∈ℝ,IN7∈ℝ}
Y={OUT∈ℝ}
P={v∈ℝ}
S={CurrentState,Computing}×ℝ
δext(((CurrentState,Θ),e),x,p)=((Computing,0),p),∀Θ∈ℝ,∀x∈Xb,∀p∈P,e∈[0,ta(s)]
δconf((phase,Θ),x,p)=δext(δint(phase,Θ),0,x,p),∀phase∈{CurrentState,Computing}
δint((Computing,Θ),p)=((CurrentState,∞),p),∀Θ∈ℝ,∀p∈P
λ((Computing,Θ),p)=v,∀v∈ℝ,∀Θ∈ℝ,∀p∈P
ta((s,Θ),p)=Θ,∀s∈S,∀Θ∈ℝ,∀p∈P.

IBSpecification(PADforPlace)

IBPAD=<X,Y,P,S,δint,δext,δcon,λ,ta>
X={IN∈ℕ}
Y={OUT∈ℕ}
P={λ∈ℝ}
S={Receiving,Sending}×ℕ×ℝ
δext:(((s,n,Θ),e),x,λ)=((s,n+x,0),λ),∀s∈S∧s≠sending,∀n∈ℕ,∀Θ∈ℝ,∀x∈Xb,∀λ∈

P,e∈[0,ta(s)]
δext:(((s,n,Θ),e),x,λ)=((s,n,Θ-e),λ),∀s∈S∧s=sending,∀x∈Xb,∀n∈ℕ,∀Θ∈ℝ,λ∈P,

e∈[0,ta(s)]
δcon((phase,n,Θ),x,λ)=δext(δint(phase,n,Θ),0,x,λ),∀phase∈{Receiving,Sending}
δint((Sending,n,Θ),λ)=((Receiving,n,∞),λ),∀n∈ℕ,∀Θ∈ℝ,∀λ∈P
λ((Sending,n,Θ),λ)=n,∀n∈ℕ,∀Θ∈ℝ,∀λ∈P
ta((s,n,Θ),λ)=Θ,∀s∈S,∀n∈ℕ,∀Θ∈ℝ,∀λ∈P

PDSpecification

PDPAD=<X,Y,P,S,δint,δext,δcon,λ,ta>
X={IN0∈ℕ}
Y={OUT∈ℕ}
P={τ}
S={Idle,Updating}×ℕ×ℝ
δext:(((Idle,stock,Θ),e),x,p)=((Updating,stock,0),p),∀stock∈ℕ,∀Θ∈ℝ,∀x∈Xb,∀p∈P,e∈

[0,ta(s)]
δcon((phase,stock,Θ),x,p)=δext(δint(phase,stock,Θ),0,x,p),∀phase∈{Idle,Updating}
δint((Updating,stock,Θ),p)=((Idle,stock,∞),p),∀stock∈ℕ∀Θ∈ℝ,∀p∈P
λ((Updating,stock,Θ),p)=v,∀stock∈ℕ,∀Θ∈ℝ,∀p∈P,∀v∈ℝ
ta((s,stock,Θ),p)=Θ,∀stock∈ℕ,∀s∈S,∀Θ∈ℝ,∀p∈P
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