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Makingscienceasgeneratingmodels

Thegoalsofscientificresearchare:

•Makingsenseobservedevents

•Forecastingfutureevents

•Providingtoolstodesirableresults
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Makingscienceasgeneratingmodels

Whenmakingresearchweneedtobuildamodel.Amodelisa

simplifiedrepresentationofoneormorerealeventsthatwecanuse

foroneofthethreegoals,orallofthem.

Theimportanceofamodelismeasuredbysimplicity,generalityand

accuracy.Thatis,lesselementsituses,thelargerthenumberofreal

eventsitencompasses,andthemorepreciseitspredictions.
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Makingscienceasgeneratingmodels

Let’sseehowamodelisgeneratedandused.Wewillseewhy

mathematicsapowerfulmodellingtool,buthaslimitationsincases

whereitcanbeapplied.Wewillalsodefineinwhichcases

simulationsareabettermodellingstrategy.
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Makingscienceasgeneratingmodels

Ascientificresearchconcernssomereality.Wecandefinesuchreality

asentitiesandactionsthatmodifytheentities.Let’scalltheobjects

andforcesthatinfluenceobjects.

Thefirststepwhenbuildingamodelconsistsinindividuatingwhich

objectsandforcesarerelevantandwhicharenot.Thatis,weselect

fromtherealitysomeobjectsandforcesthatconsidercrucial,and

decidetoignoreothersthatweassumeirrelevantforourgoals.
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Selectingelementsofthemodel

X

Y

Z

f(.)

g(.)

Reality

Theory

Elements

Forces
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Makingscienceasgeneratingmodels

Wecanlabeltheoperationofselectingtheelementsofinterestand

decidingtheirrepresentationasaprocessofabstraction.

Notethatamodelalwayssimplifiesthereality,decidingtoleaveout

oftheanalysissomeelements.Moreover,therepresentationusedin

themodelisanapproximation,thatconsideronlycertainaspectsof

therealworldelementsandignoresothers.
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Makingscienceasgeneratingmodels

Thesecondstepconsistinmanipulatingtheelementsofthemodel

accordingtotherulesofalogicallanguage.

Theelaborationismadeonlyonthesymbols,andmay,ormaynot,

reflecttheactualeventsinrealworld.
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Manipulatingtheelementsofthemodel

X

Y

Z

f(.)

g(.)

Reality

Theory

Elements

Forces

Initial dataTransformation

(unobserved real events)

Apply manipulation rules

X

YZ

f(.)g(.)
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Makingscienceasgeneratingmodels

Eventually,weobtaintheresultsofthemodelasnewsymbolic

elements.Theseresultsarecomparedwiththeobservationofthereal

elementstotestthepredictionofthemodel,oranyothercriterion

usedtoassessthevalidityofthemodel.
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Verifyingtheresultsofthemodel

X

Y

Z

f(.)

g(.)

Reality

Theory

Elements

Forces

Initial dataTransformation

X’=M(X,Y,Z,     ) f(.)g(.)

Y’=M(X,Y,Z,     ) f(.)g(.)

Z’=M(X,Y,Z,     ) f(.)g(.)

(unobserved real events)

Results

Apply manipulation rules

X

YZ

f(.)g(.)

Final elements

(select and measure)(measure and verify)
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Makingscienceasgeneratingmodels

Insummary,makingamodelconsistsinconsideringtwoobservations

oftherealworld,whichmaybethesamesystemintwodifferent

times,orasystemobservedfromtwodifferentperspectives.

Themodelisbuiltthroughtheabstractionprocessthatdetermines

thesymbolstouse.Theelaborationonthesymbolsgeneratesanew

setofsymbols,oradifferentconfigurationofthemodel,asresult.

Then,theresultistestedwiththesecondobservationbycomparing

itsresultwithanotherobservation.
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Makingscienceasgeneratingmodels

Wheneveronetriestomakesenseofsomereal-worldeventsitis

necessarytobuildsomesortofmodel.Wemaysaythatbuilding

modelsistheprocessofunderstandingthereality.

Inthisperspective,evenahistory,welltold,isitselfakindofa

model:thehistorianselectssomeevents,andexplainshowthey

interacttogenerateasubsequentevent.
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Mathematicalmodelling

Themostsuccessfultypeofmodellinginsciencemakeuseof

mathematics.Thatis:

•Interpretrealobjectsasvectorsofvariables;

•Defineequationslinkingvariables’values

Thismodellingapproachproducedbasicallyallmodernscience,so

thatitisconsideredtheonlyscientificmethodology.Forexample,

considertheclassicalapplicationofplanets’movements.

MarcoValenteUniversityofL’Aquila



SimulationsinSocialSciences16

'

&

$

%

Exampleofmathematicalapproach

Sun (position, mass)

Jupiter (position, mass)

Mars (position, mass)

g(.)

Reality

Theory

Planets and stars

Movements

Initial dataTransformation

(unobserved real events)

Results

1 Newton’s Law

(select and measure)(measure and verify)

Sun (new position, mass)

Mars (new position, mass)

Jupiter (new position, mass)

Planets and stars

Movements

2 Newton’s Law

3 Newton’s Law
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Mathematicalmodellingaspurelyquantitative

Thestandardscientificmethodologyfocusesonthecapacityto

generatequantitativeresultsthatarerobustlysupportedbythe

observation.Themodeliscorrectifitcanconsistentlygeneratethe

samerelationamongthequantitiesobservedintherealworld.

Notethatthemathematicalmodelsdonotanyclaimontherealism

ofthegeneratingprocess.Theequationofthemodelarenot“true”

ornotinrespectoftherealworld.Theysimplywork,inthatthey

producequantitativerelationsconfirmedbytheobservation.
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Weaknessesofmathematicalmodelling

Themathematicalapproachrequirestwopropertiesinorderto

producesuccessfulresults:

•Thesetofvariablesrepresentingobjectsmustnotchange;

•Therelevanteventsareperfectlydefinedbyquantities.

Inanumberoffields,thesepropertiesarehardlyshown.For

example,considerabiologicalsystemandasocialsystem.
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Examplesofnon-mathematicalsystems

Inabiologicalsystemsanevolvingspecieschangestheveryelements

understudy,inawaythatquantitativemeasurescannotfully

represent.

Wecanmeasuresomeaspectsoftheresultsoftheevolvingsystem,

butcannotpredictorfullyunderstandwhatisgoingon.Abiological

theoremcannotevenbestated.

Also,inaneconomicsystemtheelementsunderstudy,firms,

industries,consumersetc.,changetheirnatureandbehavioursuch

thatdifferentvariablesbecomerelevantorirrelevantthroughtime.

Inanycase,anyquantitativerelationisunreliable,andsubjectto

changesthatdonotdependonlyonstrictlyeconomicevents.
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Complexresearchfields

Wecanstatesomepropertiesthatmakeasystemhardtotreat

mathematically:

•Opensystems.Biologicalaswellaseconomiceventstakeplacein

environmentsthatheavilyinfluencetheunitsunderstudy,but

yetcannotbefullymodelledwithoutmakingitintractable.

•Dynamicalsystems.Whentimeisarelevantaspect,thenitis

morelikelythatourobjectschangetheirnature,andtherefore

noquantitativerepresentationisreliable.

Wecancallthesesystemcomplex.Inacomplexsystemtherelevant

propertiesstemfromtheinteractionsamongelements,arevery

sensibletosmallchangesoftheenvironmentalconditions,andchange

throughtimeinanirreversibleway.
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Whatresultsonmodelsofcomplexsystems?

Mathematicalmodelsprovidedetailedquantitativeresults.Modelsof

complexsystemsgenerallyfailtogivethesametypeofresults.

Yet,modelsofcomplexsystemscanaimatreproducingsomeofthe

complexityoftheirrealcounterparts.Theresearchershopethatthe

studyofthemodelledcomplexitycanhelptobetterunderstand,

forecastandimprovereal-worldsystems.
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Whatresultsonmodelsofcomplexsystems?

Theaimofthestudy(understanding,modelling)complexsystem

consistsindiscoveringanddescribingtherelativeinfluencethatsome

forceshaveonparticularpropertiesofthesystem.Anyrealcomplex

modelwillnotconfirmourpuredata,since,bydefinition,acomplex

systemisopen,subjecttouncontrolledinfluences.Thetheoretical

analysisoncomplexsystemscanhelptoexplainpartsofthecauses

ofsomeevents.

Themodelofacomplexsystemwillsystematicallyfailtoconformto

anyrealworldobservation,butwillexplainpartofitsprocesses.
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Mathematicalvscomplexmodels

•Mathematicalmodels.Giventheinitialvaluesofvariablesthe

modelpredictsthevaluesofthesameorothervariables.A

modelisacceptedbypurelyquantitativeassessments.

•Complexmodels.Giventhedynamicsoftheenvironmentand

theinteractionsamongmodelelements,themodelpartly

explainshowagivenpatternisdetermined.
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Usingcomplexmodels

Themodelofacomplexsystemcannotbelimitedtoproducefinal

values.Itmustprovideexplanationsforallthestatesassumedbythe

model.Anyobservationofarealsystemwilldifferfromoneanother,

andfromanymodelreproduction.Butthemodelcanexplainwhat

aretherelevantforcesatwork,howasystemcanbemadetodeviate

fromunwantedpatterns,whatarethelikelyoutcomes.
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Methodologyforcomplexmodels

Complexmodelsaregenerallybuiltascomputerprograms,i.e.

computersimulationmodels.However,theycannotbeleftto

programmingexperts,whilethescientistslimittheiractivityin

providinginstructionsandreadingfinalresults.Thereasonisthata

simulationmodels’innerworkingscontaintheactualresultsthe

researcherisaimingfor,andatechnicianwillnotbeableto

recognizethem.
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Methodologyforcomplexmodels

Comparethebuildingofasimulationprogramwiththeprovingofa

theorem.Onceatheoremhasbeenprovedascorrect,anybodycan

useitsresultswithoutunderstandingtheproof.So,aneconomists

canstatetheenunciationofatentativetheorem,passingittoa

mathematicianwhoprovesthetheoremcorrectorfalse.The

economistcanthenusethetheoreminexplainingeconomic

phenomena.

Notsosimulationmodels.Buildingthemodelrequiresadeep

knowledgeoftherealsystem,andtheveryprogramminglogictells

thescientistswhetherearlyhypothesisarecoherentornot.A

computerprogramneedstobelogicallyandtemporallycoherent,and

thescientistslargelylearnshis/hermodelwhilewritingit.
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Methodologyforcomplexmodels

Moreover,whenasimulationcodeiswrittenandasimulationrunis

observed,therearerarelysinglevariablesexplainingwhatisgoing

on.Theanswerstowhydoesthishappen?mustbediscoveredwitha

lengthyprocessoftrialanderror,detailedobservationofmanyseries,

dataanalysis,re-runswithslightlydifferentinitializations,etc.Allof

theserequiresthescientiststobewiththehandsonkeyboardand

mouse,andcannotbeoutsourcedtoaprofessionalprogrammer.
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Methodologyforcomplexmodels

Lastly,scientificresearchrequiresnecessarilythepossibilitytoprove

yourresultstofellowscientistsinordertohaveyourworkassessed

andcontinued.Whenusingasimulationmodel,youthenneedto

passyouexpertiseofthemodeltootherpeople,withdocumentation

andcomments.
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Methodologyforcomplexmodels

Insummary,usingasimulationmodeltostudyacomplex(i.e.open

anddynamical)systemrequires:

•Writeyourowncode.Theresearchermustproducethe

simulationprogram.

•Runyourownsimulation.Theresearcherneedstorunthe

simulationsobservingtheresults,generatingstatistics,andin

generalmakingsenseofseriesproduced.

•Packingthesimulationprogram.Otherresearchersneednot

onlytoruntheprogram,butalsounderstandinghowitwas

built,andbeabletoexploitittothesameextentoftheoriginal

author.
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Userrequirementsofasimulationlanguage

Respectingtheguidelinesforsimulationsofcomplexsystemsmay

seemoverlytoughforpeoplewho,afterall,arenotinterestedina

PhDincomputerscience.Butfailingtocomplywiththemseriously

underminethepotentialusefulnessofsimulationmodels.

Inthesoftwareindustryitiswellknownthatforany5%ofcode

devotedtoperformagiventask,itisnecessarytowrite95%ofcode

foruserinterfacesanderrorcontrols.Simulationprogramsarenot

exceptions:thescientificallyrelevantpartofamodelisgenerally

verysimpletoexpresswithanyprogramminglanguage;thevery

toughprogrammingtasksconcerntheinterfacestoaccessthemodel

andthecontrolsoferrors.
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Userrequirementsofasimulationlanguage

Alanguagefornon-programmingexpertsneedstoprovide

automaticallyalltheinterfacesthatmaybenecessarytoexploitthe

model.But,atthesametime,neednottoconstrainthetypeof

modelthatcanbeexpressedwithit.

LaboratoryforSimulationDevelopment(Lsd)hasbeenbuiltwiththis

perspective.Lsdisnotamodel,butapurelanguage(basedonC++,

averycommonlanguage),sothatanyconceivablycomputational

structurecanbeimplementedwithit.LsdwrapsaroundtheC++

computationallayeracompletesetofinterfacesrequiredtomanage

simulationmodelsaccordingtotheprotocolsuggestedabove.
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Componentsofasimulationmodel

Asimulationmodelrunsthroughasimulatedtime:a“clock”creates

instantsoftime,sothatanyoperationinthesimulationreferstoa

generictimestepofthesimulation,indicatedwitht.

Duringthesimulationthemodelgeneratesseriesofvaluesasresults

ofcomputations.Let’scallaseriesaVariable,andthevaluesofthe

seriesasproducedbytheequationofthevariable.Theequations

elaboratewithlogicalandmathematicaloperationthevaluesfrom

othervariable,possiblyfromprevioussteps,andfromparameters,

variablesproducingateachtimestepthesamevalue.
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Componentsofasimulationmodel

Forexample,inamodelwemayhaveavariableXthatateachtime

tassumetheresultingvaluefromtheequation

Xt=IF(Yt<0)THEN(Xt−1×α)ELSE(Xt−1×β),wherethe

equationusesthesame-stepvalueofvariableY,thelatestvalueofX

itself,andtwoparametersαandβ.
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Componentsofasimulationmodel

Generally,modelsincludemanycopiesofsomevariables.For

example,consideramodelrepresentingamarketwithmanyfirms.

Allthevariablesrepresentingvaluesofthefirmswillbelabelledwith

thesamename,andcomputedwiththesameequation.Generally

modellersuseObjectBasedlanguages,thatallowtodefineObjects

ascontainersforsetofvariables,parameters,andotherobjects,

resemblingreal-worldentities.

Forexample,wemayhaveanobjectCountrycontaining

country-specificvariablesandparameters,andasetofobjectsMarket

withmarketspecificelements,inturncontainingsetsofobjectsFirm.

Thegroupingofvariablesandparametersinobjectsisnot

technicallynecessary,butithasbeenshowntobeaveryuseful

approachtobuildsimulationprograms.
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Componentsofasimulationmodel

Tokickstartasimulationweneedtohavetheinitialvaluesforthe

parameters.Moreover,someequationsmakeuseofpast,orlagged,

variablesvaluesthat,intheveryfirststepsofthesimulations,need

tobeprovidedbythemodeller.Asinitialdatawealsoneedto

specifyhowmanycopiesofeachsetofobjectsmustbeincludedin

themodel(andthereforehowmanycopiesofthevariables,

parametersandsetsofobjects).

MarcoValenteUniversityofL’Aquila



SimulationsinSocialSciences36

'

&

$

%

Componentsofasimulationmodel

Insummary,theelementsrequiredtorunasimulationmodelare:

•Objects:containersofvariables,parametersandotherobjects

•Variables:namesassociatedtoequationsproducingonevalue

foreachtimestep

•Parameters:namesassociatedtovaluesthatdonotchange

valueduringasimulationrun

•Initialdata:valuesforthenumberofobjects,initialvaluesof

laggedvariablesandparameters
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