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Abstract

Computationabteerings the ultimategoal of interactve simulation:researchershange
parameter®f their simulationandimmediatelyreceve feedbackon the effect. We present
a generaland exible ervironmentfor computationakteering. Within this ervironmenta
researchecaneasilydevelopuserinterfacesand2-D visualizationf his simulation. Direct
manipulationis supported,and the requiredchangesof the simulationare minimal. The
architectureof the environmentis basedn a DataManagethattakescareof centralizeddata
storageand event noti®cationand satellitesthat produceand visualizedata. One of these
satellitesis a graphicstool to de®nea userinterfaceinteractvely andto visualizethe data.
The centralconcepthereis the ParametrizedsraphicsObject: aninterfaceis built up from
graphicsobjectswhosepropertiesare functionsof datain the DataManager The scopeof
thesetools is not limited to computationakteering,but extendsto mary otherapplication
domains.

Keywords: Visualization,computationasteeringjnteractiondirectmanipulation.

1 Intr oduction

1.1 Computational Steering

Scienti®disualizationhasbecomea majorresearctareasince1987,whenthein uential report
of theNSF[1] waspublished.In recentyearsmary new methodstechniquesandpackagefave
beendeveloped.Most of thesedevelopmentsrelimited to post-processingf data-setsUsually
theassumptioris madethatall datais generate®rstandthatnext theresearcheiterateshrough
theremainingstepsof the visualizationpipeline (selection ®ltering,mapping,andrendering)to
achieve insightin thegeneratediata. Hence theinteractionwith the simulationis limited.
Marshalletal. [2] distinguishtwo alternatvesto thispost-procesingapproad to visualization.
The®rststepto moreinteractionwith the simulationis with tracking. After eachtime-stepof the
simulationthe resultingdatafor thattime-stepis sentinto the visualizationpipelineandcanbe
inspectedlf theresearcheconsidergheresultsinvalid, thenthe simulationcanbe stoppedatan
early stage andrestartedvith a differentsetof input parametersThe next step,Computational

1Netherland£ne|gy ResearcHroundatiorECN, P.O.Box 1, 1755ZG Petten,The Netherlands.
2Centrumvoor Wiskundeen Informatica,P.O. Box 4097,1009AB AmsterdamThe Netherlands.



Steeringgoesa lot further, andcanbe consideredasthe ultimategoal of interactve computing.
Computationakteeringenableghe researcheto changeparametersf the simulationwhile the
simulationis progressingAccordingto Marshalletal. [2] : "Interactionwith the computational
model and the resulting graphicsdisplay is fundamentalin scienti®cvisualization. Steering
enhancegproductvity by greatlyreducingthetime betweerchange$o modelparameterandthe
viewing of theresults."

Our aim is to provide researchersvith a ComputationalSteeringEnvironment(CSE) that
encouragesxploratoryinvestigationby the researcheof his simulation. In the following sub-
sectionsve sumup the requirementsye discussexisting solutions,andgive an overview of the
remaindeof this paperin which we presenbur solution.

1.2 Requirements

The data- ow betweenthe researcheand his simulationvia a CSEis shovn in ®gure 1. The
researchecan enternew valuesfor parametersand views visualizationsof the resultingdata.
Hencejnputwidgetssuchastext-®eldssliders,andbuttonsmustbeprovided,aswell asavariety
of visualizationmethodssuchasgraphstext, graphicsobjects.etc. With suchobjectsinputand
outputare separatedFor moredirect control, objectsmustbe providedthat allow for two-way
communicationbothinputandoutput. It mustbepossibldo selectanddragvisualizatiorobjects,
therebydirectlycontrollingparameteref thesimulation.In otherwords,directmanipulatiormust
beprovided.

The simulationreceves from the CSE new parametewalues,and sendsnewly calculated
resultsto the CSE. We assumehatthe simulationcanhandlechangeof parametersnthe y,
andthatit canprovide meaningfulintermediateresultswithin a time-intenal thatis acceptable
to the researcherThe concepwof directmanipulationhasa counterpartn the interfacebetween
CSEandsimulation. Somevariables typically state-ariables,are continuouslyupdatedoy the
simulation,but canalsobe changedrom outsideof the simulation.
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Figurel: Data ow betweerresearcheICSE, andsimulation

As anexampleof aninterfacewith ahighdegreeof interactionconside®gure2. Thisshowvs
aninteractve graphicsnterfaceto a simulationof a setof bouncingballsin two dimensionsThe
ballsaredepictedascircles,eachwith a smallredline thatindicateshe directionandmagnitude



of its velocity. For every time stepthe simulationcalculateghe positionandvelocity of all balls.
Variouscontrol-parametersuchasthesizeof theballs,damping attraction aconstan®eld-force,
canbe set. This canbe donevia sliders, by typing, or by draggingthe arrons. The positions
of the balls (state-ariables)arecontinuouslyupdatedoy the simulation,but canalsobe changed
by the researcheby draggingtheir graphicalrepresentation® otherpositions. This ®gureis a
screen-dumpf aresultof the CSE presentedn this paper In section 4.1 we comebackto this
exampleandshowv how it wasde®ned.
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Figure2: Simulationof bouncingballs

Theresearchemustbe enabledo createandto re®nethe interfaceto the simulationeasily
andincrementally The processof achieving insight via simulationis an incrementalprocess.
For all stagesf the visualizationpipeline(from simulationto rendering)he cycle speci®cation,
implementationapplicationis continuouslyreiterated. In the processof gaininginsight via
computationasteeringa researchetypically wantsto look atandto control other possiblynen
variablesandto visualizethemin differentways.

TheCSEmustbeableto dealwith multiple processesimultaneouslyTherearethreereasons
for this: First, it mustbe possibleto integrateexisting tools, suchas specialpurposepackages
for grid-editingor visualization,into the CSE. Seconda simulationis often built up of several
processerunningondistantcomputeseners. Third, it would becorvenientif severalresearchers
couldview andcontrolthe datasimultaneously

The®nalrequirementoncernghe underlyingdatamodelandthe amountof datawithin the
CSE. Thetypeof datato be handleddependsery muchonthetypeof simulation,andtherefore
canvary from simple scalardatato large, three-dimensionatime-dependentectorandtensor
®elddata-setsTheunderlyingdatamodelmustbe e xible enougho supportawiderangeof data
typesanddataquantities.



1.3 Relatedwork

An optimalresultfor theresearchecanbeachievedif we build acompletesystemjncorporating
handlingof input, output,aswell asthe simulation,usingbasicgraphicslibraries, suchasfor
instancdRIS GL, or PHIGS.Typical examplesare ight-simulatorsandpackage$or mechanical
engineeringThisapproachequiresalarge effort andconsiderablexperienceandoftenleadsto
anin exible systemwith ®»ed functionality Thus,therequiremenfor easymodi®catiorby the
researcheis violated. However, if the applicationis time-criticaland haswide-spreadise,the
gaincanbeworththecost.

Giventhesetof requirementshow canwerealizeamoregenerakolution,i.e. anervironment
ratherthanaturn-key systent? Basically threeapproachesanbetaken:

considetthedesignandimplementatiorof a CSEasa graphicgroblem,andextendabasic
graphicdibrary;

considerit as a userinterface problemand extend the functionality of a User Interface
Managemengystem(UIMS);

consideiit primarily asavisualizationproblem,andextendanapplicationbuilder.

All theseapproachebave beenpursued.An exhaustve treatmentvould requirefar morespace
thenis availablehere,becauseery mary relatedapproachedgchniquesandconceptexist. We
limit oursehesthereforeto somerelevantexamples.

Graphicslibrariestypically offer only low level functionality To simplify the de®nitionof
interactve applicationswith directmanipulationgraphicdibrariescanbe enhanceavith higher
level interactie objects.With thisapproachatight couplingof applicationobjectsandinteraction
objectscanbe ensured.For example,the Inventortoolkit [3] providesan object-orientedibrary
which simpli®eghe developmentof interactive graphicsapplications.Van Dam et al. [4] take
this a stepfurther They describean extensiblesystemthat primarily aimsat the integrationof a
varietyof simulationandanimationconceptsn thegraphicgoolkit. Objectsmayhave geometric,
algorithmic,or interactive properties Objectsmaysendmessaget® eachotherwhich, afterbeing
storedin the object,canbeedited. The authorsshov how collision detection5], constraintsand
deformation[6] arehandledwithin this framework.

VariousUIMS's have beendescribedhatprovide supportfor couplingtheapplication(repre-
sentedy asetof applicatiorobjectslandtheuserinterface[7, 8,9]. Userinterfaceandapplication
designergandeveloptheir partsindependenthandhave the UIMS managehe dialoguelayerto
integratethetwo parts.SomeUIMS'sallow usergo specifydirectmanipulatiorinterfaceghrough
WYSIWYG editors. An exampleis the Peridotsystem[10], which allows hon-programmerto
createsophisticatednteractiontechniquesWith the help of graphicalconstraintsPeridotallows
a userto draw graphicalobjectsof the userinterface. The userprovidesthe behaior of these
graphicalobjectswith atechniquecalledprogrammingoy example Thisresultsin Peridotgener
ating parameterizegroceduresvhich can,in turn, belinkedin or interpretedby the application
program.

Application builders have emepged as a exible solutionfor scienti®cvisualization. The
usersare provided with a set of modules,which can be connectedand extendedto rapidly
prototypeapplicationsandrecon®gurexisting ones.Someresearcherlave discussedhe useof
computationabteering[11, 12, 2] in this context. With the currentgeneration®f suchsystems
the usercande®neuserinterfacepanels. The simulationhasto be includedasa module. The
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extensionof suchsystemswith directmanipulationhasbeendiscussedn [13]. In generalthe
implementatiornof direct manipulationis cumbersomebecausén data ow ernvironmentsthe
relationbetweerthe original dataandthe geometricobjectsin thevisualizationis notknown.

Finally, a novel approactto exploratoryvisualizationhasbeentakenin VIEW [14]. Thekey
ideaof VIEW is averytight couplingof geometrywith anunderlyingdatabaseTheVIEW system
allows researchert interactdirectly with the visualization.Researchersanselecttoolsfor the
visualizationof their data. This allows andencouragesesearcher® experimentandexplorethe
underlyingdataspacesScriptinglanguagesreusedfor de®ningiew tools.

All approachediscussethave avalueontheirown right. However, we feelthatnonesatis®es
all CSE requirementsimultaneously The extensionsdiscussedf basicgraphicslibrariesare
very corvenientfor graphicsapplicationprogrammersbut are not directly suitablefor useby
researchersThevisualizationof datais outsidethescopeof currentUIMSs. Applicationbuilding
ervironmentsdo not provide direct manipulation,which we consideras animportantissuefor
computationalsteering. In the VIEW systemnew visualizationtools must be speci®ed/ia a
specializedscripting language. Here the graphicsobjects,and the relationsbetweengraphics
objects,data,anduseractionsarespeci®ed.

1.4 Overview

In thefollowing sectionswe presentainernvironmentfor Computationabteeringhatdoessatisfy
our requirements. The spaceavailable here doesnot allow for a detailedtreatment,a more
extensive descriptioncanbe foundin [15]. In section2 we give anoverview of the architecture.
The centralcomponenis a DataManagey which is responsibldor managingdatastorageand
processcommunication.In section3 a generatltool for graphicalinput andoutputis described.
We have takenthe approactof extendinglow level graphics.We usethenotionof a Parametrized
GraphicObject(PGO) asthemainconceptandagraphicseditorasa metaphoffor thedesignof
theinterface.Examplef applicationsaregivenin sectiord, followedby adiscussior{sectionb)
andconclusiongsection6).

2 Architecture

Flexibility impliesthatthe functionalityis spreadver severalseparat@rocessedpr simulation,
for input, output,aswell asauxiliary operation®on data. Theseprocessemusthave accesgo the
samesetof data. We thereforeusethe architectureshovn in ®gure3. The centralprocesss the
DataManager , theotherprocessewe call satellites. Satellitescanconnecto andcommunicate
with the DataManager

The purposeof the DataManagelis twofold:

Managea databasef variables. Satellitescan createand do read/ write operationson

variables. For eachvariableits name,type (' 0ating point, integer, string) andits current
valueis storedandmanagedVariablescanbescalarvariablesor arrays,in which casealso
the numberof dimensionsandsize of the dimensionsds stored. Thesesizescanchange
dynamically

Act asaneventnoti®catiormanager Satellitescansubscribeo a setof prede®neevents.
For example,if a satellitesubscribe$o mutationeventson a particularvariable,the Data
Managemill sendanoti®catiorto thatsatellitewheneverthevariableis updated.
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Figure3: DataManagerandSatellites

The functionality of the Data Manageris purposelylimited: it can be usedby satellitesfor
communicationbut it doesnot controlthesesatelliteshemseles. Thisis in contrasto data ow
orientedapplicationbuilders,in whichtheunderlyingexecutionmodelsdictatewhenmoduleswill
be®red16, 11,17]. A numberof smallbut usefulgenerapurposesatelliteshave beendeveloped.
With thesesatellitesvariablesn the DataManagercanbe updated.Someexamplesare:

dmdumpdmrestoe dumpandrestorethe valuesof the variablesgo andfrom ®le;
dmsliceselectsubset®f arrays;

dmlay maintainsalog of thelast  valuesof avariable;
dmcalcevaluatesarithmeticexpression®n variables;

dmsdiemes a Schemeanterpretewhich is extendedwith the API to the DataManager;

ReadDMand WriteDM are two IRIS Explorer moduleswhich translateData Manager
variablesnto the ExplorerdatatypescxParameter or cxLatticeandback.

Communicatiorof asatellitewith the DataManageiis donevia asmallApplicationProgrammers
Interface (API). The abstractionsisedby this low level API aresimilar to standardUNIX 1/0
®lehandling,with variablesinsteadof ®les. Satellitesusehandlesto read,sampleandwrite to
variables A samplecall returnammediatelyareadcall waitsuntil thevalueof avariablechanges.
Eventsareusedto indicatestatechangesn the DataManager Variousroutinesareprovidedto
guerythestatusof variablesandthe DataManager

Thefunctionalityprovidedby thislow level API is compactterseandcompleteput notsimple
to use. Therefore pn top of this APl a Datal/O library wasde®nedwhich is tunedto the needs
of researcherthat wantto integratetheir simulationswithin the CSE. The two main calls are
dioConnect to registeravariablewhosevaluemustbereadand/orwritten, anddioUpdate
which call takes careof updatingthe variablesin the simulation. Entry pointsin existing code
wherethesecalls mustbe addedaregenerallyeasyto locate: connectiorof variablegust before
the main loop, andupdateof variablesat the endof the mainloop, just after the new resultsof
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the time-stephave beencalculated. The applicationprogrammerdoesnot have to changethe
control- ow of his simulation,andcanusea proceduraprogramminganguage.

3 Parametrized Graphics Objects

3.1 Overview

In this sectiona tool for the graphicalinteractionof a researchewith a simulationis described.
As statedbefore,animportantrequiremenfor sucha tool is thatthe visualizationof the data,
the handlingof userinput, aswell asdirectmanipulationareprovided. Oneway to solve thisis
to considertheseaspectsasdisjoint, andto provide ingenious but unrelatedsolutions. We have
choseradifferentsolution: look for the greatestommondivisor of theseaspectsandprovide an
homogeneousolution. Thegreatestcommondivisor of userinputwidgetsandvisualizatiortools
is simply graphics.Buttons,sliders,graphs histogramsall boil down to collectionsof graphics
objects. Therefore we useParametrizedsraphicsObjects(PGGCs ) asthe mainconceptandthe
graphicseditorasa metaphoffor thedesignof theinterface.

The graphicseditor hastwo modes: speci®catiorand application,or shorter edit andrun.
In edit-mode,the researchecan createand edit graphicsobjectsmuchlike in MacDraw-like
drawing editors. The propertief thoseobjectscanbe parametrizedo valuesof variablesn the
DataManager Hence theresearchedraws a speci®cationf theinterface. In run-mode atwo
way communicatioris establishedetweenthe researcheandthe simulationby binding these
propertiedo variables.Datais retrieved andmappedntothe propertiesof the graphicsobjects.
Theresearchetanentertext, dragandpick objectswhichis translatednto change®f thevalues
of variables.Whatyou draw is whatyou control. Theworking methodof aresearcheis thus:

1. Decidewhich parameterareimportantfor controlandvisualization;

2. Adaptthesimulationto connecthoseparametersvith the DataManager;
3. Editaninterface;

4. Runtheinterface:view andcontrolthe simulation;

5. Analyzetheresultsandgo backto oneof the previoussteps.

In addition,standardatellitescanbeusedor new satellitescanbedeveloped.Thegraphicseditor
itself is just a satellite,asshovn in ®gured. Whentheresearcheinteractswith PGGs, datawill
be written to the DataManager Similarly, writes by othersatellitesto variableswill triggerthe
graphicseditorandresultin visualizationf thedata.

Figure5 shavsthattheresearcheis freeto designrepresentationthatcorvey the semantics
of the underlyingvariables: Nine differentwaysto visualizetwo scalarvariables and are
showvn Both the edit- andthe run-modeversionsof the interfacearegiven. Thevariablescanbe
presentedia standardJI-widgets(aandb), or in abusinesgraphicsstyle (c). The parameters
canalsoreferto a position(d), arange(e), or have amechanica(f) or sensua(g) interpretation.
Typicalcomputelgraphicdnterpretationsregivenin (h) and(i). Many morerepresentationsan
beconceved.

Figure 6 providesan overvien of the main objectswithin the PGO editor. For eachobject
one or more examplesof their presentationto the researcheare showvn. VariousParametrized
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GraphicsObjects(PGGs ) areshawvn in thetop row of the ®gure.The geometryof eachof these
objectsis de®nedy points,thenon-geometripropertiesarede®nedy variousattributes. In the
bottomrow of the®gurethe objectsfor local datamanagemerdareshovn. Theobjectresponsible
for thebindingbetweergraphicsanddatais the DegreeOf Freedomshawn in themiddlerow.

In the following subsectionsve ®rstdescribesachobjectin moredetail. After that, we will
describénow they interactwhentheeditoris switchedo run-mode Finally, thehandlingof arrays
is discussedApplicationsaregivenin the next section.

3.2 Graphics objects

The PGO editor offers a set of standardgraphicsobjects: ®ll-area,polyline, rectangle circle,
arc,andtext. The geometryof the objectsis de®neddy oneor more points. Thesepointsare
independentf thegraphicobjectgshemseles,sothatonepointcanbesharedy variousgraphics
objects.

Theresearchetande®neelationshipdetweerpoints(®gure?). Any pointcanhave another
point asa reference-poindr parent-point. Theserelationsare shavn asgrey lines with yellow
arronvs. Cyclesarenot allowed, thus,the structureis a forestof trees,with pointsasnodesand
leaves. Theserelationsareusedwhenpointsaremoved. How thisis donedepend®n thetype of
the point. Two typesof pointscanbeused:

Hinge points(depictedascircles,andlabeledH). Whena hingepointis moved,the same
translatioris appliedto its child points.

Fixed points (depictedas diamonds,and labeledF). If a ®xed point is moved, thenits
childrenarerotatedsuchthattheanglesetweerthepointsandtheir distanceso theparent
pointremain®xed.

Next thesetransformationsrerecursvely appliedto the childrenof the transformedooints. In
®gure 7 we shaw the effect of moving a pointin run-modealonga Degreeof Freedom.

Graphicsobjectshave four attributes: the hue, saturation,and value of its color, and the
linewidth usedfor the objector its outline. In text objectsreferenceso MappedVvariablescanbe
madeby usinga $, followed by a MappedVariablename.In run-modethis references replaced
by thevalueof thecorrespondingariable.
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Figure7: Pointsandpointstructures

3.3 Degreesof Freedom

Degreesf Freedon(DOFs) areusedo parametriz@ointsandattributesasafunctionof variables.
DOFshaveastandardisualrepresentatiowhichis shavnin ®gures. EachDOFhasaminimum,a

maximum acurrentvalue,andpossiblyaMappedVariablethatis boundto theDOF. In edit-mode
all aspectof the DOFs canbe changednteractiely via draggingandtext-editing,in run-mode
only thecurrentvaluecanbe changed Sevenoptionsareavailablefor assigninddOFs to a point:

no DOFs, CartesiarDOFs in either , , or both,andpolar DOFs in radius angleor both (see
®gureB). PolarDOFs canonly beusedfor pointswith parent-points.

s

Figure8: Degreesof freedomfor points

With theseoptionsin combinatiorwith therelationshetwe pointsawidevariety of coordinate
framescanbe de®nedrelative, absolute Cartesianpolar, hierarchical althoughthe conceptof
acoordinatgrameitself is not provided. Thisis a typical exampleof the mainprinciplethathas
guidedus: provide a setof simpleprimitivesandusefuloperationgo combinethem,sothatthe
usercaneasilyconstruct wide rangeof higherorderconcepts.

DOFs canalsobeusedfor theattributeshue,saturationyalue,andlinewidth, in the sameway
asDOFs wereusedto associata mappedvariablewith geometry Theseattributesarepresented
to theresearchevia aseparatattributewindow (®gures). With thoseDOFs atmostfour variable
valuescanbevisualizedsimultaneously
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3.4 Mapped Variables

Thenamethataresearchecanspecifyfor a DOF refersto a MappedVariable(MVAR ). Thedata
of aMVAR arereferences$o a Map anda Variable,andtwo on/off switchesfor inputandoutput.
With theseswitchegheresearchetcanselectf inputinformation(from theresearcheto the Data
Managerandoutputinformation(from the DataManagetito theresearcherganpassor not.

TheMap containsa speci®catiohow valuesmustbe mappedn thecommunicatiorwith the
DataManager Thecurrentimplementations simple: only linearmappingsaresupportedhence
the speci®catiof a minimum and maximumvalue suf®ces. Furthermorethe Map containsa
speci®catiomf the format for textual output. A Variableis a local copy of the informationin
the DataManager Here somebookkeepinginformation,suchasthe type, size,nameandData
Managelid, andthecurrentvalue(s)arestored.

A simplerimplementationwould be to usejust one object that includesall information.
However, the indirectionvia the MVARSs is very useful. Several Variablescan sharethe same
Maps,thus,to changethe mappingof thosevariablesonly a singlemaphasto be changed.As
an example,supposedhat a simulationcalculatesa variety of watertemperature¢ 1, 2, ...),
all within the samerange(say 0 to 100 C). Herewe canusethe samemap ( )
for all variables.Also, onevariablecanhave severalassociatednappings.For instancea wide
mappingto selecta varietyof valuesanda narrov oneto visualizeif avalueis above or belov a
thresholdvalue. As an example,to visualizeif wateris boiling or not, we canusean additional
map from99.5 t0100.5 Celcius.

3.5 Output

In the previous sectionswe have describedhe objectsin the system,nowv we candescribehow
they interactin run-mode We startwith visualization:theroutefrom datain the DataManageito
imagesandanimations.

Upon switchingfrom edit to run-modethe PGO editor ®rstmakesa connectionto the Data
Manager For eachMVAR thatis usedby a DOF (or thatis referencedn a text object), and
for which the switch outputis on, the PGO editor expressesnterestin mutationeventsfor the
associatedariables.Thealgorithmfor updatingtheimageis asfollows:

1. Whena noti®cationevent arrives for a variable,its value (say ) is sampledand stored
locally.

2. Viathemap(say ) anormalizedvalue is calculated:

0

1
If isoutsidetherangeof themap, isclamped.
3. Forall DOFs boundto MVARs thecurrentvalue is updatedvia:
1

4. The correspondingbjectsare updated. Colors are recalculated:mappedfrom HSV to

RGB-space.The coordinate®f pointsandall their childrenareupdatedaccordingto the
typeof DOF.
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5. Finally, the graphicsobjectsareredravn, usingthe changedointsandthe new valuesfor
attributes, andtherebydisplayingthe changesn the data. Referenceso MVARS in text
objectsarereplacedy theformattedvalueof thevariable.

Redraving theimagefor eachchangeof the dataof the DataManagelis expensve,andcanlead
to erroneousinimations As anexample consideranobjectwith coordinates and . Typicallya
simulationwill changeboth and in asingletime-step.If theimageis redravn for eachchange
in the value of one of the variables,the obsened trajectoryof the objectwill have a staircase
form. Thereforetheresearchetanspecifyatriggervariable.If atriggervariable(say ) hasbeen
speci®edhenthe PGOeditoronly awaitschangesn . When changesall relevantvariablesn
the DataManagemaresampledandtheimageis redravn.

3.6 Input

Theprocessingf userinputin run-modeis very similar to the handlingof output,exceptthatthe
directionof thedata ow is reversed.Pointscanbe draggedbut now, in contrastto edit-mode,
only along the direction(s)speci®edy the associatedOFs . Changesdn the corresponding
MVARSs aredealtwith in the reverseway asdescribedn the previous subsection.Child points
move alongjustasthey would in edit-mode:the DOFs move alongwith the point.

The researchecanalsochangeattribute-valuesof graphicsobjectsin the attribute window,
providedthatDOFs have beende®nedor them. This is doneby draggingthe currentvalueof the
DOFin theattribute window to a new value.

Pickingis a usefulinteractionprimitive for the selectionof objectsandfor invoking actions.
We have de®nedicking in line with the data-drven conceptof the system: a pick resultsin a
changeof data. Onestandardactionis prede®nedSetthe valueof a variable to a value For
eachgraphicsbjecttheresearchecanspecifywhichvariablehasto beassignedvhatvalue,both
for press-gents(a mouse-hbttonis pressedvith the pointerinsidethe graphicsobjects)andfor
release-gents(amouse-httonis released).

Text objectscanbe changedn run-modeby the researcheif thetext objectcontainsoneor
morereference$o MVARs, andif the'input'-switchesof the MVARs areon. Theresearchecan
click at suchan object,the string is replacedoy an input box, andthe researchecanenternen
text. Next thistext is scannedthevalueof thevariableassociateevith the MVAR is updatedand
this new valueis sentto the DataManager Also, theimageis redravn to shav updatesn other
graphicsobjectsthatdependnthesamevariable.

3.7 Arrays

Often the major part of datato be visualizedwill be arrays. The manualspeci®catiorof a
large numberof similar PGGs , with DOFs parametrizeds indexed elementsof the array is a
tediousprocess.Thereforewe automatedt. Eachgraphicsobjectin edit-modeis considereds
a template from which instancesare generatedfter binding with the DataManager Fromall
graphicsobjectsmultiple instancesanbe generatedln addition,polylinesand®ll-areagoints
canbe expandedn-line within a singleobject(see®gure 9).

13



Multiple instances In-line expansion

Figure9: Two differentexpansion®f arraysfor polyline object

4 Applications

4.1 Balls

In ®gure 10 an edit-modeversionof ®gure 2 is shovn. We usedarray-e&pansionfor the balls.
Only asinglecirclewith asinglevelocity-lineis de®nedEachof thevariables , , ,and
isanarray Themappedvariable is boundto thevariable , with theinput-switchto off. Thus,
whenaball is draggedtheradiusis notin uenced. Thevariable is scalar If wereanarray
(eachball hasa differentsize),still the sameinterfacecouldbe used. The color of theenclosing
boxis parametrizedio the dampingfactorof thevelocity.

Thestandardatellitedmlag in combinatiorwith array-expansiorwasusedto make thegraph
of the total kinetic enepgy in the lower-left corner A polyline for a singlepoint with a suitable
parametrizationvasde®nedlIf loggingis active, the pointis expandedn a seriesof points,and
henceaslidinggraphis displayed.Thisexampleshovsthatstandardcienti®graphicgrimitives
caneasilybede®ned.

4.2 Cars

Figure 11 shavsthatthe CSEcanbeusedfor multi-dimensionalisualization andasa front-end
to databasesWe usedour CSEto visualizea tableof 400 differenttypesof cars,wherefor each
cara numberof attributessuchasdisplacementhorsepwer, andacceleratioraregiven . We
developeda smallsatellitethatreadsin the data,writesthesedatato the DataManageyandthat
canbe usedto make selectionf the data. The dataarevisualizedvia threescattefplots. Each
itemin thescattesplot representa cartype. For eachitemwe usedcolorto visualizethe country
of origin, andtwo linesto indicatemiles pergallonandweight. Eachaxisof the scattefplotshas
anassociatedange-slideto make selection®f the cars. Further theusercanclick at eachitem,
andthe propertiesof this cartype areshavn in thelowerright corner

1The datasethasbeenprovided by the Committeeon StatisticalGraphicsof the AmericanStatisticalAssociation
for its Second1983)Expositionof StatisticalGraphicsTechnology
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4.3 Atmospheric simulation

We have appliedour techniquego a modelfor smogpredictionover Europe. The full blown
modelforecastghelevelsof air pollution,whichis characterizety approximatelyl04reactions
betweenca. 70 species.For example,the concentration®f ozone( 3), sulphurdioxide( )
andsulphateaerosol  4) arecalculated.Thevericalstrati®catiolis modelecby four layers;the
surfacelayer, themixing layer, thereserwir layerandtheupperlayer Thephysicalandchemical
modelis describedoy a setof partial differential equationgthat describeadvection, diffusion,
emissionwetanddry depositionfumigationandchemicalreactions.

Animportantnumericalutility to solvetheseequationss localgrid re®@nementThistechnique
is usedto improve the quality of the modelcalculationsn areaswith large spatialgradientgfor
examplein regionswith strongemissionsandin areasof interest, speci®edy the researcher
Thetradeof to bemadein localgrid re®nemerns calculatioraccurag versussomputatiorspeed.

We have usedour ervironmentto steervariousaspect®f thelocal grid re®@nemenrtechnique.
We nameonly afew of theseaspects:

theresearchemayselecthespeciesandthelayerto which grid re®@nemenwill beapplied.
de®nathetolerancevaluewhich determinesvherere®nemeris necessary

de®nea boundingbox asaregion of interestto drive thegrid re®nement.

interactize controlover simulationtime.

Figure 12 shows a snapshobf the ongoingsimulation. On theleft, in the PGOeditor, only
there®nedyrid within aregion of interestis shovn. Visualizeds onespeciegin thiscasepzone)
atonelayerandthewind ®eld.Ontheright, in the IRIS ExplorerRendemodule,all four layers
of thesamespeciess shovn. We usedthe satellite to senddatato IRIS Explorer The

satelliteis shovn onthelowerright.

The amountof dataproducedper time stepof the simulationis substantial. For eachgrid
pointthe concentratiorof eachspeciess calculated Dependingon the grid re®nemerievel, the
amountof datacanvary betweenl to 4 megabytegertime step. Thereareapproximately500
time stepsn ourtestsimulations.

Thegeometryof thegrid-cellsandall concentrationarestoredasvariablesn the DataMan-
ager Thedmslicesatelliteis usedo interactizely selectaparticularconcentrationConcentrations
arevisualizedvia speci®cationf asinglerectangldhatis parametrizedvith thesevariables.The
wind ®eldis visualizedvia speci®catiomf a single polyline. Both the rectangleand polyline
speci®cationareexpandedhroughthe arrayexpansiormechanism.

5 Discussion

In the previous sectionwe have presente@pplications.In this sectionwe stepbackto a higher
level of abstraction. We discussthe underlyingconceptsof the developedCSE, compareour
work with relatedwork, considerfuture extensionsandthe scopeof the methodsandtechniques
described.
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Figurel2: Visualizationof a smogpredictionmodelwith the PGOeditorandIRIS Explorer
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5.1 Concepts

The presentedCSE hastwo major componentsthe DataManagerandthe PGO-editor. Several
conceptaresharediy bothcomponents:

The useof low-level primitives a simpledatamodelandgraphicsobjects. Theinterfaces
to theseprimitivesarefamiliar to the end-user:a simplel/O library for datamanipulation
anda graphicseditorfor graphics.

No higher level semanticsare de®nedor the graphicsand the data. As a result, the
ervironmentis generalnd exible. Theresearchetaneasilyaddmeaningo thegraphics
anddata.With thePGOeditortheend-usecaneditandcombinePGGsto realizemeaningful
widgets. Changego existing simulationsoftwareareminimal. Thelocationswherehook
functionsmustbe addedare easyto locate,datastructuresand programstructuresio not
have to be changed.Summarizing:the CSEitself is not a tool for, say physicallybased
modelingandanimation but it couldbea greatervironmentfor thedevelopmenif sucha
system.

Both the Data Managerandthe PGO editor rely on late binding of names. As a result,
it is possibleto de®nenew visualizationsof the dataoutputby the simulation,while the
simulationcontinuedo run.

All operationsn both the Data Managerandthe PGO editor are basedentirely on data
Dragging, picking andtext input aretranslatednto changef data. The main type of
eventwithin thesystenis thedatamutation.Procesgontrol(®ringalgorithmsor execution
models)canbeimplementedn top of thoseeventsby the satellites.

5.2 Comparison

In sectionl.3weconsiderethreeapproachewrealizeanenvironmentfor computationasteering.
Our approacttalls in the classof extensionof graphicstool-kits. Most relatedto our work are
thereforaghelnventorsystenandthe3-Dinteractive systenbeingdevelopedat Brown University.
However, thereare alsoimportantdifferences.An obvious differenceis thatthosetwo systems
are3-D. We will discusghe extensionof our systemfrom 2-D to 3-D in thenext section.

Our startingpoint wasthe researcheasan end-user:how canwe offer an ervironmentthat
suitshis needsandis easyto use? Thisis re ectedin the contentsof the paper We extensiely
discussedhow the ervironmentlooks from the end-usepoint of view, andpaidlessattentionto
thecomputersciencemethodsandtechniquesised. Thiswasa deliberatechoice: for usthis was
themostimportantissue.Theapproachakenby Inventorandat Brown Universityis primarily of
interestfor applicationprogrammersindnotfor end-users.

Anotherinterestingdifferenceis the handlingof userinput and hence direct manipulation.
In bothInventorandat Brown University separat@bjectsareusedfor this: adistinctionis made
betweengeometricobjectsand manipulators. Relationsbetweenthosetwo catejoriesmustbe
speci®ediatext. ForthePGGsthisdistinctionwasnotmade.In theirterms:eachgraphicobject
cansene asa manipulator Feedbacksia the manipulatedobjectis always provided. If sucha
manipulatiormusthave aneffecton otherobjectsthentheuseof thesamenamesn DOFs suf®ces
for linearmappingsIf morecomplex behaior is requiredthiscanbeaddedasaseparatsatellite.
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5.3 Futurework

Concerningthe Data Manager we will considerthe useof sharedmemoryand point-to-point
communicationrschemedor more ef®cientinterprocessommunication. In the currentimple-
mentationa write will alwaystransportdatato the DataManagerwhich, in turn, will transport
thedatato all subscribingsatellites.Thisindirectmethodof communicatiorcanbe prohibitively
expensve for large datasets. This problemin the currentimplementatiorwill be overcomeby
allowing point-to-pointchanneldbetweersatellites.In this way, the DataManagemwill actonly
asarouterfor large data-sets.

Inthecurrentervironmentall graphicaretwo-dimensional Thisallowedarapiddevelopment
of theervironment,andanearlyvalidationof theunderlyingconceptsTwo-dimensionaPGGs do
notrenderthe CSEuselessMary real-timesimulationsaretwo- or evenone-dimensionakothat
a 2-D PGOeditoris morethanjusti®ed.Further theresultsof three-dimensionaimulationscan
be mappedon two-dimensionablata(slices),or dataof lower dimensionality Finally, we have
showvn thatwe canincludeexistingtoolsfor 3-D visualizationin ourervironment.Neverthelessa
3-D versionof thePGGswould bewelcome.Thiswouldmearthatwe havetoimplementsolutions
for viewing, directmanipulationand cursorpositioningin 3-D. But thatis primarily a problem
relatedto 3-D, andnotto our ervironment. We expectthatthe basicconceptsandespeciallythe
one-dimensiondbOFs, canbetransposedb 3-D withoutmajorproblems.

We havetailoredourernvironmentto Computationabteeringsee®gurel). It is aninteresting
exerciseto replacereseacher by userand simulationby application We expectthatthe ervi-
ronmentandits underlyingconceptwill beusefulfor mary otherapplicationareas.We hopeto
investigatethis in the future. Someexamplesof possibleapplicationsof our visual speci®cation
techniques:customwidgetsin UserInterface Managemengystems;jnteractve animationand
simulationfor ComputerAided Educatiorandhypermediaandtemplate-dsrengraphicseditors.

6 Conclusions

We have shawvn thatthe combineduseof:
anarchitecturevith a centralDataManager;
parametrizedraphicsobjects;

resultsin anervironmentthatprovides
easyintegrationof differentprocesses;
easyde®nitiorof visualizations;
easyde®nitiorof customizediserinterfacewidgets;
directmanipulatiorby default.

The primary target applicationfor the ervironmentis computationakteering,but the sameen-
vironment,and at leastthe sameconceptscan probablybe appliedin mary otherapplication
areas.In short,we have developeda systemhatmalesit easyfor anend-useto specifyanduse
interactve computergraphics.
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