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Abstract

ComputationalSteeringis theultimategoalof interactivesimulation:researcherschange
parametersof their simulationandimmediatelyreceive feedbackon the effect. We present
a generaland ¯exible environmentfor computationalsteering. Within this environmenta
researchercaneasilydevelopuserinterfacesand2-D visualizationsof hissimulation.Direct
manipulationis supported,and the requiredchangesof the simulationare minimal. The
architectureof theenvironmentis basedonaDataManagerthattakescareof centralizeddata
storageandevent noti®cation,andsatellitesthat produceandvisualizedata. Oneof these
satellitesis a graphicstool to de®nea userinterfaceinteractively andto visualizethe data.
Thecentralconcepthereis the ParametrizedGraphicsObject: an interfaceis built up from
graphicsobjectswhosepropertiesarefunctionsof datain theDataManager. The scopeof
thesetools is not limited to computationalsteering,but extendsto many otherapplication
domains.

Keywords: Visualization,computationalsteering,interaction,directmanipulation.

1 Intr oduction

1.1 Computational Steering

Scienti®cVisualizationhasbecomea majorresearchareasince1987,whenthein¯uential report
of theNSF[1] waspublished.In recentyearsmany new methods,techniques,andpackageshave
beendeveloped.Most of thesedevelopmentsarelimited to post-processingof data-sets.Usually
theassumptionis madethatall datais generated®rstandthatnext theresearcheriteratesthrough
theremainingstepsof thevisualizationpipeline(selection,®ltering,mapping,andrendering)to
achieveinsightin thegenerateddata.Hence,theinteractionwith thesimulationis limited.

Marshalletal. [2] distinguishtwoalternativestothispost-processingapproachtovisualization.
The®rststepto moreinteractionwith thesimulationis with tracking. After eachtime-stepof the
simulationthe resultingdatafor that time-stepis sentinto thevisualizationpipelineandcanbe
inspected.If theresearcherconsiderstheresultsinvalid, thenthesimulationcanbestoppedatan
earlystage,andrestartedwith a differentsetof input parameters.Thenext step,Computational
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2CentrumvoorWiskundeenInformatica,P.O.Box 4097,1009AB Amsterdam,TheNetherlands.
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Steeringgoesa lot further, andcanbeconsideredastheultimategoalof interactive computing.
Computationalsteeringenablesthe researcherto changeparametersof thesimulationwhile the
simulationis progressing.Accordingto Marshallet al. [2] : "Interactionwith thecomputational
model and the resultinggraphicsdisplay is fundamentalin scienti®cvisualization. Steering
enhancesproductivity by greatlyreducingthetimebetweenchangesto modelparametersandthe
viewing of theresults."

Our aim is to provide researcherswith a ComputationalSteeringEnvironment(CSE ) that
encouragesexploratoryinvestigationby the researcherof his simulation. In the following sub-
sectionswe sumup therequirements,we discussexistingsolutions,andgive anoverview of the
remainderof thispaper, in whichwepresentoursolution.

1.2 Requirements

The data-¯ow betweenthe researcherandhis simulationvia a CSE is shown in ®gure 1. The
researchercanenternew valuesfor parameters,andviews visualizationsof the resultingdata.
Hence,inputwidgetssuchastext-®elds,sliders,andbuttonsmustbeprovided,aswell asavariety
of visualizationmethods,suchasgraphs,text, graphicsobjects,etc. With suchobjectsinput and
outputareseparated.For moredirect control,objectsmustbe providedthat allow for two-way
communication:bothinputandoutput.It mustbepossibletoselectanddragvisualizationobjects,
therebydirectlycontrollingparametersof thesimulation.In otherwords,directmanipulationmust
beprovided.

The simulationreceives from the CSE new parametervalues,and sendsnewly calculated
resultsto theCSE . We assumethat thesimulationcanhandlechangesof parameterson the¯y ,
andthat it canprovide meaningfulintermediateresultswithin a time-interval that is acceptable
to theresearcher. Theconceptof directmanipulationhasa counterpartin the interfacebetween
CSEandsimulation. Somevariables,typically state-variables,arecontinuouslyupdatedby the
simulation,but canalsobechangedfrom outsideof thesimulation.

Simulation

Researcher

state

variables

direct

manipulation

graphical

input
animation

resultsparameters

Computational Steering Environment

Figure1: Data¯o w betweenresearcher, CSE, andsimulation

As anexampleof aninterfacewith ahighdegreeof interaction,consider®gure2. Thisshows
aninteractivegraphicsinterfaceto asimulationof asetof bouncingballsin two dimensions.The
ballsaredepictedascircles,eachwith a smallredline thatindicatesthedirectionandmagnitude
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of its velocity. For every timestepthesimulationcalculatesthepositionandvelocityof all balls.
Variouscontrol-parameterssuchasthesizeof theballs,damping,attraction,aconstant®eld-force,
canbe set. This canbe donevia sliders,by typing, or by draggingthe arrows. The positions
of theballs(state-variables)arecontinuouslyupdatedby thesimulation,but canalsobechanged
by theresearcherby draggingtheir graphicalrepresentationsto otherpositions.This ®gureis a
screen-dumpof a resultof theCSEpresentedin this paper. In section 4.1we comebackto this
exampleandshow how it wasde®ned.
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Figure2: Simulationof bouncingballs

The researchermustbe enabledto createandto re®nethe interfaceto thesimulationeasily
and incrementally. The processof achieving insight via simulationis an incrementalprocess.
For all stagesof thevisualizationpipeline(from simulationto rendering)thecycle speci®cation,
implementation,application is continuouslyreiterated. In the processof gaining insight via
computationalsteering,a researchertypically wantsto look at andto controlother, possiblynew
variables,andto visualizethemin differentways.

TheCSEmustbeableto dealwith multipleprocessessimultaneously. Therearethreereasons
for this: First, it mustbe possibleto integrateexisting tools, suchasspecialpurposepackages
for grid-editingor visualization,into the CSE . Second,a simulationis oftenbuilt up of several
processesrunningondistantcomputeservers.Third, it wouldbeconvenientif severalresearchers
couldview andcontrolthedatasimultaneously.

The®nalrequirementconcernstheunderlyingdatamodelandtheamountof datawithin the
CSE. Thetypeof datato behandleddependsverymuchon thetypeof simulation,andtherefore
canvary from simplescalardatato large, three-dimensional,time-dependentvectorandtensor
®elddata-sets.Theunderlyingdatamodelmustbe¯exibleenoughto supportawiderangeof data
typesanddataquantities.
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1.3 Relatedwork

An optimalresultfor theresearchercanbeachievedif webuild acompletesystem,incorporating
handlingof input, output,aswell asthe simulation,usingbasicgraphicslibraries,suchas for
instanceIRIS GL, or PHIGS.Typicalexamplesare¯ight-simulatorsandpackagesfor mechanical
engineering.Thisapproachrequiresalargeeffort andconsiderableexperience,andoftenleadsto
anin¯exible systemwith ®xedfunctionality. Thus,therequirementfor easymodi®cationby the
researcheris violated. However, if theapplicationis time-criticalandhaswide-spreaduse,the
gaincanbeworth thecost.

Giventhesetof requirements,how canwerealizeamoregeneralsolution,i.e. anenvironment
ratherthana turn-key system? Basically, threeapproachescanbetaken:

� considerthedesignandimplementationof aCSEasagraphicsproblem,andextendabasic
graphicslibrary;

� considerit as a user interfaceproblemand extend the functionality of a User Interface
ManagementSystem(UIMS);

� considerit primarily asavisualizationproblem,andextendanapplicationbuilder.

All theseapproacheshave beenpursued.An exhaustive treatmentwould requirefar morespace
thenis availablehere,becauseverymany relatedapproaches,techniquesandconceptsexist. We
limit ourselvesthereforeto somerelevantexamples.

Graphicslibrariestypically offer only low level functionality. To simplify the de®nitionof
interactive applicationswith directmanipulation,graphicslibrariescanbeenhancedwith higher
level interactiveobjects.With thisapproachatight couplingof applicationobjectsandinteraction
objectscanbeensured.For example,theInventortoolkit [3] providesanobject-orientedlibrary
which simpli®esthedevelopmentof interactive graphicsapplications.Van Dam et al. [4] take
this a stepfurther. They describeanextensiblesystemthatprimarily aimsat theintegrationof a
varietyof simulationandanimationconceptsin thegraphicstoolkit. Objectsmayhavegeometric,
algorithmic,or interactiveproperties.Objectsmaysendmessagesto eachotherwhich,afterbeing
storedin theobject,canbeedited.Theauthorsshow how collisiondetection[5], constraintsand
deformation[6] arehandledwithin this framework.

VariousUIMS'shavebeendescribedthatprovidesupportfor couplingtheapplication(repre-
sentedbyasetof applicationobjects)andtheuserinterface[7, 8,9]. Userinterfaceandapplication
designerscandeveloptheirpartsindependentlyandhavetheUIMS managethedialoguelayerto
integratethetwoparts.SomeUIMS'sallow userstospecifydirectmanipulationinterfacesthrough
WYSIWYG editors. An exampleis thePeridotsystem[10], which allows non-programmersto
createsophisticatedinteractiontechniques.With thehelpof graphicalconstraints,Peridotallows
a userto draw graphicalobjectsof the userinterface. The userprovidesthe behavior of these
graphicalobjectswith a techniquecalledprogrammingbyexample. Thisresultsin Peridotgener-
atingparameterizedprocedureswhich can,in turn,belinked in or interpretedby theapplication
program.

Application builders have emerged as a ¯exible solution for scienti®cvisualization. The
usersare provided with a set of modules,which can be connectedand extendedto rapidly
prototypeapplicationsandrecon®gureexistingones.Someresearchershavediscussedtheuseof
computationalsteering[11, 12, 2] in this context. With thecurrentgenerationsof suchsystems
the usercande®neuserinterfacepanels. The simulationhasto be includedasa module. The
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extensionof suchsystemswith direct manipulationhasbeendiscussedin [13]. In general,the
implementationof direct manipulationis cumbersome,becausein data¯o w environmentsthe
relationbetweentheoriginaldataandthegeometricobjectsin thevisualizationis notknown.

Finally, a novel approachto exploratoryvisualizationhasbeentakenin VIEW [14]. Thekey
ideaof VIEW isaverytightcouplingof geometrywith anunderlyingdatabase.TheVIEW system
allows researchersto interactdirectly with thevisualization.Researcherscanselecttoolsfor the
visualizationof theirdata.Thisallows andencouragesresearchersto experimentandexplorethe
underlyingdataspaces.Scriptinglanguagesareusedfor de®ningnew tools.

All approachesdiscussedhaveavalueontheirown right. However, wefeel thatnonesatis®es
all CSE requirementssimultaneously. The extensionsdiscussedof basicgraphicslibrariesare
very convenientfor graphicsapplicationprogrammers,but arenot directly suitablefor useby
researchers.Thevisualizationof datais outsidethescopeof currentUIMSs. Applicationbuilding
environmentsdo not provide direct manipulation,which we considerasan importantissuefor
computationalsteering. In the VIEW systemnew visualizationtools must be speci®edvia a
specializedscripting language. Here the graphicsobjects,and the relationsbetweengraphics
objects,data,anduseractionsarespeci®ed.

1.4 Overview

In thefollowing sectionswepresentanenvironmentfor ComputationalSteeringthatdoessatisfy
our requirements. The spaceavailable heredoesnot allow for a detailedtreatment,a more
extensive descriptioncanbefoundin [15]. In section2 we give anoverview of thearchitecture.
The centralcomponentis a DataManager, which is responsiblefor managingdatastorageand
processcommunication.In section3 a generaltool for graphicalinput andoutputis described.
Wehavetakentheapproachof extendinglow level graphics.Weusethenotionof aParametrized
GraphicsObject(PGO) asthemainconcept,andagraphicseditorasametaphorfor thedesignof
theinterface.Examplesof applicationsaregivenin section4, followedby adiscussion(section5)
andconclusions(section6).

2 Ar chitecture

Flexibility impliesthatthefunctionalityis spreadoverseveralseparateprocesses,for simulation,
for input,output,aswell asauxiliaryoperationsondata.Theseprocessesmusthaveaccessto the
samesetof data.We thereforeusethearchitectureshown in ®gure3. Thecentralprocessis the
DataManager , theotherprocesseswecall satellites. Satellitescanconnectto andcommunicate
with theDataManager.
Thepurposeof theDataManageris twofold:

� Managea databaseof variables. Satellitescancreateanddo read/ write operationson
variables.For eachvariableits name,type (¯oating point, integer, string) andits current
valueis storedandmanaged.Variablescanbescalarvariablesor arrays,in whichcasealso
the numberof dimensionsandsizeof the dimensionsis stored. Thesesizescanchange
dynamically.

� Act asaneventnoti®cationmanager. Satellitescansubscribeto a setof prede®nedevents.
For example,if a satellitesubscribesto mutationeventson a particularvariable,theData
Managerwill sendanoti®cationto thatsatellitewheneverthevariableis updated.
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Figure3: DataManagerandSatellites

The functionality of the Data Manageris purposelylimited: it can be usedby satellitesfor
communication,but it doesnotcontrolthesesatellitesthemselves.This is in contrastto data¯o w
orientedapplicationbuilders,in whichtheunderlyingexecutionmodelsdictatewhenmoduleswill
be®red[16, 11,17]. A numberof smallbut usefulgeneralpurposesatelliteshavebeendeveloped.
With thesesatellitesvariablesin theDataManagercanbeupdated.Someexamplesare:

� dmdump, dmrestoredumpandrestorethevaluesof thevariablesto andfrom ®le;

� dmsliceselectssubsetsof arrays;

� dmlog maintainsa log of thelast
�

valuesof a variable;

� dmcalcevaluatesarithmeticexpressionsonvariables;

� dmschemeis aSchemeinterpreterwhich is extendedwith theAPI to theDataManager;

� ReadDMand WriteDM are two IRIS Explorer moduleswhich translateData Manager
variablesinto theExplorerdatatypescxParameteror cxLatticeandback.

Communicationof asatellitewith theDataManageris donevia asmallApplicationProgrammers
Interface(API). The abstractionsusedby this low level API aresimilar to standardUNIX I/O
®lehandling,with variablesinsteadof ®les. Satellitesusehandlesto read,sampleandwrite to
variables.A samplecall returnsimmediately, areadcallwaitsuntil thevalueof avariablechanges.
Eventsareusedto indicatestatechangesin theDataManager. Variousroutinesareprovidedto
querythestatusof variablesandtheDataManager.

Thefunctionalityprovidedby thislow levelAPI is compact,terseandcomplete,butnotsimple
to use.Therefore,on top of this API a DataI/O library wasde®ned,which is tunedto theneeds
of researchersthat want to integratetheir simulationswithin the CSE . The two main calls are
dioConnect to registera variablewhosevaluemustbereadand/orwritten,anddioUpdate ,
which call takescareof updatingthe variablesin the simulation. Entry pointsin existing code
wherethesecallsmustbeaddedaregenerallyeasyto locate:connectionof variablesjust before
themain loop, andupdateof variablesat theendof themain loop, just after thenew resultsof
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the time-stephave beencalculated. The applicationprogrammerdoesnot have to changethe
control-¯ow of hissimulation,andcanuseaproceduralprogramminglanguage.

3 Parametrized Graphics Objects

3.1 Overview

In this sectiona tool for thegraphicalinteractionof a researcherwith a simulationis described.
As statedbefore,an importantrequirementfor sucha tool is that the visualizationof the data,
thehandlingof userinput, aswell asdirectmanipulationareprovided. Oneway to solve this is
to considertheseaspectsasdisjoint, andto provide ingenious,but unrelatedsolutions.We have
chosenadifferentsolution: look for thegreatestcommondivisorof theseaspects,andprovidean
homogeneoussolution.Thegreatestcommondivisorof userinputwidgetsandvisualizationtools
is simply graphics.Buttons,sliders,graphs,histogramsall boil down to collectionsof graphics
objects.Therefore,we useParametrizedGraphicsObjects(PGOs ) asthemainconcept,andthe
graphicseditorasa metaphorfor thedesignof theinterface.

The graphicseditor hastwo modes:speci®cationandapplication,or shorter, edit andrun.
In edit-mode,the researchercan createand edit graphicsobjectsmuch like in MacDraw-like
drawing editors.Thepropertiesof thoseobjectscanbeparametrizedto valuesof variablesin the
DataManager. Hence,theresearcherdraws a speci®cationof the interface. In run-mode,a two
way communicationis establishedbetweenthe researcherandthe simulationby binding these
propertiesto variables.Datais retrievedandmappedontothepropertiesof thegraphicsobjects.
Theresearchercanentertext, dragandpick objects,whichis translatedinto changesof thevalues
of variables.Whatyoudraw is whatyoucontrol. Theworkingmethodof a researcheris thus:

1. Decidewhichparametersareimportantfor controlandvisualization;

2. Adaptthesimulationto connectthoseparameterswith theDataManager;

3. Edit aninterface;

4. Runtheinterface:view andcontrolthesimulation;

5. Analyzetheresultsandgobackto oneof theprevioussteps.

In addition,standardsatellitescanbeusedor new satellitescanbedeveloped.Thegraphicseditor
itself is just a satellite,asshown in ®gure4. Whentheresearcherinteractswith PGOs , datawill
bewritten to theDataManager. Similarly, writesby othersatellitesto variableswill trigger the
graphicseditorandresultin visualizationsof thedata.

Figure5 shows thattheresearcheris freeto designrepresentationsthatconvey thesemantics
of the underlyingvariables: Nine differentways to visualizetwo scalarvariables� and � are
shown Both theedit- andtherun-modeversionsof theinterfacearegiven. Thevariablescanbe
presentedvia standardUI-widgets(a andb), or in a businessgraphicsstyle(c). Theparameters
canalsoreferto a position(d), a range(e),or have a mechanical(f) or sensual(g) interpretation.
Typicalcomputergraphicsinterpretationsaregivenin (h) and(i). Many morerepresentationscan
beconceived.

Figure6 providesan overview of the main objectswithin the PGO editor. For eachobject
oneor moreexamplesof their presentationto the researcherareshown. VariousParametrized
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Figure4: ThePGOeditorin theCSE

GraphicsObjects(PGOs ) areshown in thetop row of the®gure.Thegeometryof eachof these
objectsis de®nedby points,thenon-geometricpropertiesarede®nedby variousattributes.In the
bottomrow of the®guretheobjectsfor localdatamanagementareshown. Theobjectresponsible
for thebindingbetweengraphicsanddatais theDegreeOf Freedom,shown in themiddlerow.

In thefollowing subsectionswe ®rstdescribeeachobjectin moredetail. After that,we will
describehow they interactwhentheeditoris switchedto run-mode.Finally, thehandlingof arrays
is discussed.Applicationsaregivenin thenext 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®nedby oneor morepoints. Thesepointsare
independentof thegraphicsobjectsthemselves,sothatonepointcanbesharedbyvariousgraphics
objects.

Theresearchercande®nerelationshipsbetweenpoints(®gure7). Any pointcanhaveanother
point asa reference-pointor parent-point.Theserelationsareshown asgrey lines with yellow
arrows. Cyclesarenot allowed,thus,thestructureis a forestof trees,with pointsasnodesand
leaves.Theserelationsareusedwhenpointsaremoved.How this is donedependson thetypeof
thepoint. Two typesof pointscanbeused:

� Hingepoints(depictedascircles,andlabeledH). Whena hingepoint is moved,thesame
translationis appliedto its child points.

� Fixed points (depictedas diamonds,and labeledF). If a ®xed point is moved, then its
childrenarerotatedsuchthattheanglesbetweenthepointsandtheirdistancesto theparent
point remain®xed.

Next thesetransformationsarerecursively appliedto thechildrenof the transformedpoints. In
®gure7 we show theeffectof moving a point in run-modealongaDegreeof Freedom.

Graphicsobjectshave four attributes: the hue, saturation,and value of its color, and the
linewidth usedfor theobjector its outline. In text objectsreferencesto MappedVariablescanbe
madeby usinga $, followedby a MappedVariablename.In run-modethis referenceis replaced
by thevalueof thecorrespondingvariable.
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3.3 Degreesof Freedom

Degreesof Freedom(DOFs) areusedtoparametrizepointsandattributesasafunctionof variables.
DOFshaveastandardvisualrepresentationwhichisshownin ®gure6. EachDOFhasaminimum,a
maximum,acurrentvalue,andpossiblyaMappedVariablethatisboundto theDOF . In edit-mode
all aspectsof the DOFs canbechangedinteractively via draggingandtext-editing,in run-mode
only thecurrentvaluecanbechanged.Sevenoptionsareavailablefor assigningDOFs to apoint:
no DOFs , CartesianDOFs in either � , � , or both,andpolar DOFs in radius, angleor both (see
®gure8). PolarDOFscanonly beusedfor pointswith parent-points.

x

y

x

y

r

a

ra

Figure8: Degreesof freedomfor points

With theseoptionsin combinationwith therelationsbetweenpointsawidevarietyof coordinate
framescanbede®ned:relative, absolute,Cartesian,polar, hierarchical,althoughtheconceptof
a coordinateframeitself is not provided. This is a typical exampleof themainprinciplethathas
guidedus: provide a setof simpleprimitivesandusefuloperationsto combinethem,sothat the
usercaneasilyconstructa widerangeof higherorderconcepts.

DOFscanalsobeusedfor theattributeshue,saturation,value,andlinewidth, in thesameway
asDOFs wereusedto associatea mappedvariablewith geometry. Theseattributesarepresented
to theresearchervia aseparateattributewindow (®gure6). With thoseDOFsatmostfour variable
valuescanbevisualizedsimultaneously.
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3.4 Mapped Variables

Thenamethata researchercanspecifyfor a DOF refersto aMappedVariable(MVAR ). Thedata
of a MVAR arereferencesto a Map anda Variable,andtwo on/off switchesfor input andoutput.
With theseswitchestheresearchercanselectif input information(from theresearcherto theData
Manager)andoutputinformation(from theDataManagerto theresearcher)canpassor not.

TheMapcontainsa speci®cationhow valuesmustbemappedin thecommunicationwith the
DataManager. Thecurrentimplementationis simple:only linearmappingsaresupported,hence
the speci®cationof a minimumandmaximumvaluesuf®ces.Furthermore,the Map containsa
speci®cationof the format for textual output. A Variableis a local copy of the informationin
theDataManager. Heresomebookkeepinginformation,suchasthe type,size,nameandData
Managerid, andthecurrentvalue(s)arestored.

A simpler implementationwould be to use just one object that includesall information.
However, the indirectionvia the MVARs is very useful. Several Variablescansharethe same
Maps,thus,to changethemappingof thosevariablesonly a singlemaphasto bechanged.As
an example,supposethat a simulationcalculatesa variety of water temperatures( � 1, � 2, ...),
all within the samerange(say, 0 to 100 � C). Herewe canusethe samemap( �������	��
�����
�
�� )
for all variables.Also, onevariablecanhave severalassociatedmappings.For instance,a wide
mappingto selecta varietyof values,anda narrow oneto visualizeif a valueis aboveor below a
thresholdvalue. As anexample,to visualizeif wateris boiling or not, we canuseanadditional
map ������������������
�����
�
�� from 99.5 � to 100.5 � Celcius.

3.5 Output

In theprevioussectionswe have describedtheobjectsin thesystem,now we candescribehow
they interactin run-mode.Westartwith visualization:theroutefrom datain theDataManagerto
imagesandanimations.

Upon switchingfrom edit to run-modethe PGOeditor ®rstmakesa connectionto the Data
Manager. For eachMVAR that is usedby a DOF (or that is referencedin a text object), and
for which the switch output is on, the PGOeditor expressesinterestin mutationeventsfor the
associatedvariables.Thealgorithmfor updatingtheimageis asfollows:

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

2. Via themap(say � ) a normalizedvalue ��� is calculated:

�
�! 

"#

$

#%

0 �'&(�*),+-�

.

�0/1�
),+2�43�5

.

�
),687

/1�
)9+-�43

�
),+2�0:

�;&(�
)<6�7

1 �'=(�*)<6�7

If � is outsidetherangeof themap, �
� is clamped.

3. For all DOFsboundto MVARs thecurrentvalue >@? is updatedvia:

>�?
 

.

1 /A�B�
3

>�)9+-�DC(�B�E>�),6�74F

4. The correspondingobjectsareupdated. Colors are recalculated:mappedfrom HSV to
RGB-space.Thecoordinatesof pointsandall their childrenareupdatedaccordingto the
typeof DOF .
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5. Finally, thegraphicsobjectsareredrawn, usingthechangedpointsandthenew valuesfor
attributes,andtherebydisplayingthe changesin the data. Referencesto MVARs in text
objectsarereplacedby theformattedvalueof thevariable.

Redrawing theimagefor eachchangeof thedataof theDataManageris expensive,andcanlead
to erroneousanimations.As anexample,consideranobjectwith coordinates� and � . Typically a
simulationwill changeboth � and � in asingletime-step.If theimageis redrawn for eachchange
in the valueof oneof the variables,the observed trajectoryof the objectwill have a staircase
form. Therefore,theresearchercanspecifyatriggervariable.If atriggervariable(say� ) hasbeen
speci®ed,thenthePGOeditoronly awaitschangesin � . When � changes,all relevantvariablesin
theDataManageraresampled,andtheimageis redrawn.

3.6 Input

Theprocessingof userinput in run-modeis verysimilar to thehandlingof output,exceptthatthe
directionof thedata¯o w is reversed.Pointscanbedragged,but now, in contrastto edit-mode,
only along the direction(s)speci®edby the associatedDOFs . Changesin the corresponding
MVARs aredealtwith in the reverseway asdescribedin the previoussubsection.Child points
movealongjustasthey would in edit-mode:theDOFsmovealongwith thepoint.

The researchercanalsochangeattribute-valuesof graphicsobjectsin the attribute window,
providedthatDOFshavebeende®nedfor them.This is doneby draggingthecurrentvalueof the
DOF in theattributewindow to a new value.

Pickingis a usefulinteractionprimitive for theselectionof objectsandfor invoking actions.
We have de®nedpicking in line with the data-driven conceptof the system:a pick resultsin a
changeof data. Onestandardactionis prede®ned:Setthe valueof a variable to a value. For
eachgraphicsobjecttheresearchercanspecifywhichvariablehasto beassignedwhatvalue,both
for press-events(a mouse-buttonis pressedwith thepointerinsidethegraphicsobjects)andfor
release-events(amouse-buttonis released).

Text objectscanbechangedin run-modeby theresearcherif thetext objectcontainsoneor
morereferencesto MVARs , andif the'input'-switchesof theMVARs areon. Theresearchercan
click at suchanobject,thestring is replacedby an input box, andthe researchercanenternew
text. Next this text is scanned,thevalueof thevariableassociatedwith theMVAR is updated,and
this new valueis sentto theDataManager. Also, theimageis redrawn to show updatesin other
graphicsobjectsthatdependon thesamevariable.

3.7 Arrays

Often the major part of data to be visualizedwill be arrays. The manualspeci®cationof a
large numberof similar PGOs , with DOFs parametrizedas indexed elementsof the array, is a
tediousprocess.Therefore,we automatedit. Eachgraphicsobjectin edit-modeis consideredas
a template,from which instancesaregeneratedafter bindingwith the DataManager. From all
graphicsobjectsmultiple instancescanbegenerated.In addition,polylinesand®ll-areaspoints
canbeexpandedin-line within asingleobject(see®gure9).
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Figure9: Two differentexpansionsof arraysfor polylineobject

4 Applications

4.1 Balls

In ®gure 10 anedit-modeversionof ®gure 2 is shown. We usedarray-expansionfor theballs.
Only asinglecirclewith asinglevelocity-lineis de®ned.Eachof thevariables� � , � � , � � , and � �

is anarray. Themappedvariable
�� is boundto thevariable
 , with theinput-switchto off. Thus,
whena ball is dragged,theradiusis not in¯uenced. Thevariable 
 is scalar. If 
 wereanarray
(eachball hasa differentsize),still thesameinterfacecouldbeused.Thecolor of theenclosing
box is parametrizedto thedampingfactorof thevelocity.

Thestandardsatellitedmlog in combinationwith array-expansionwasusedto makethegraph
of the total kinetic energy in the lower-left corner. A polyline for a singlepoint with a suitable
parametrizationwasde®ned.If loggingis active, thepoint is expandedin a seriesof points,and
henceaslidinggraphis displayed.Thisexampleshowsthatstandardscienti®cgraphicsprimitives
caneasilybede®ned.

4.2 Cars

Figure 11showsthattheCSEcanbeusedfor multi-dimensionalvisualization,andasa front-end
to databases.We usedour CSEto visualizea tableof 400differenttypesof cars,wherefor each
car a numberof attributessuchasdisplacement,horsepower, andaccelerationaregiven 1. We
developeda smallsatellitethatreadsin thedata,writesthesedatato theDataManager, andthat
canbeusedto make selectionsof thedata. Thedataarevisualizedvia threescatter-plots. Each
itemin thescatter-plot representsacartype. For eachitemweusedcolor to visualizethecountry
of origin, andtwo linesto indicatemilespergallonandweight. Eachaxisof thescatter-plotshas
anassociatedrange-sliderto make selectionsof thecars.Further, theusercanclick at eachitem,
andthepropertiesof thiscartypeareshown in thelower right corner.

1Thedatasethasbeenprovidedby theCommitteeon StatisticalGraphicsof theAmericanStatisticalAssociation
for its Second(1983)Expositionof StatisticalGraphicsTechnology.
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Figure11: Visualfront-endto amulti-dimensionaldatabase.
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4.3 Atmospheric simulation

We have appliedour techniquesto a model for smogpredictionover Europe. The full blown
modelforecaststhelevelsof air pollution,which is characterizedby approximately104reactions
betweenca. 70 species.For example,theconcentrationsof ozone(

�

3), sulphurdioxide( �

�

2)
andsulphateaerosol( �

�

4) arecalculated.Thevericalstrati®cationis modeledby four layers;the
surfacelayer, themixing layer, thereservoir layerandtheupperlayer. Thephysicalandchemical
model is describedby a setof partial differentialequationsthat describeadvection,diffusion,
emission,wetanddry deposition,fumigationandchemicalreactions.

An importantnumericalutility tosolvetheseequationsis localgrid re®nement.Thistechnique
is usedto improve thequality of themodelcalculationsin areaswith largespatialgradients(for
examplein regionswith strongemissions)andin areasof interest, speci®edby the researcher.
Thetradeoff to bemadein localgrid re®nementis calculationaccuracy versuscomputationspeed.

Wehaveusedourenvironmentto steervariousaspectsof thelocalgrid re®nementtechnique.
We nameonly a few of theseaspects:

� theresearchermayselectthespeciesandthelayerto whichgrid re®nementwill beapplied.

� de®nea thetolerancevaluewhichdetermineswherere®nementis necessary.

� de®neaboundingboxasa regionof interestto drive thegrid re®nement.

� interactivecontroloversimulationtime.

Figure 12 shows a snapshotof theongoingsimulation.On the left, in thePGOeditor, only
there®nedgrid within aregionof interestis shown. Visualizedis onespecies(in thiscase,ozone)
at onelayerandthewind ®eld.On theright, in theIRIS ExplorerRendermodule,all four layers
of thesamespeciesis shown. Weusedthesatellite�D� �E>���� to senddatato IRIS Explorer. The

>���� ��� ��� satelliteis shown on thelower right.
The amountof dataproducedper time stepof the simulationis substantial.For eachgrid

point theconcentrationof eachspeciesis calculated.Dependingon thegrid re®nementlevel, the
amountof datacanvary between1 to 4 megabytesper time step. Thereareapproximately500
timestepsin our testsimulations.

Thegeometryof thegrid-cellsandall concentrationsarestoredasvariablesin theDataMan-
ager. Thedmslicesatelliteisusedto interactivelyselectaparticularconcentration.Concentrations
arevisualizedvia speci®cationof asinglerectanglethatis parametrizedwith thesevariables.The
wind ®eldis visualizedvia speci®cationof a singlepolyline. Both the rectangleandpolyline
speci®cationsareexpandedthroughthearrayexpansionmechanism.

5 Discussion

In theprevioussectionwe have presentedapplications.In this sectionwe stepbackto a higher
level of abstraction.We discussthe underlyingconceptsof the developedCSE , compareour
work with relatedwork, considerfutureextensionsandthescopeof themethodsandtechniques
described.
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Figure12: Visualizationof a smogpredictionmodelwith thePGOeditorandIRIS Explorer
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5.1 Concepts

ThepresentedCSEhastwo majorcomponents:theDataManagerandthePGO-editor. Several
conceptsaresharedby bothcomponents:

� Theuseof low-level primitives: a simpledatamodelandgraphicsobjects.Theinterfaces
to theseprimitivesarefamiliar to theend-user:a simpleI/O library for datamanipulation
anda graphicseditorfor graphics.

� No higher level semanticsare de®nedfor the graphicsand the data. As a result, the
environmentis generaland¯exible. Theresearchercaneasilyaddmeaningto thegraphics
anddata.With thePGOeditortheend-usercaneditandcombinePGOsto realizemeaningful
widgets. Changesto existing simulationsoftwareareminimal. Thelocationswherehook
functionsmustbeaddedareeasyto locate,datastructuresandprogramstructuresdo not
have to be changed.Summarizing:the CSE itself is not a tool for, say, physicallybased
modelingandanimation,but it couldbea greatenvironmentfor thedevelopmentof sucha
system.

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

� All operationsin both the DataManagerandthe PGO editor arebasedentirely on data.
Dragging,picking and text input are translatedinto changesof data. The main type of
eventwithin thesystemis thedatamutation.Processcontrol(®ringalgorithmsor execution
models)canbeimplementedon topof thoseeventsby thesatellites.

5.2 Comparison

In section1.3weconsideredthreeapproachestorealizeanenvironmentfor computationalsteering.
Our approachfalls in the classof extensionof graphicstool-kits. Most relatedto our work are
thereforetheInventor-systemandthe3-D interactivesystembeingdevelopedatBrownUniversity.
However, therearealsoimportantdifferences.An obviousdifferenceis that thosetwo systems
are3-D. We will discusstheextensionof oursystemfrom 2-D to 3-D in thenext section.

Our startingpoint wastheresearcherasanend-user:how canwe offer anenvironmentthat
suitshis needsandis easyto use? This is re¯ectedin thecontentsof thepaper. We extensively
discussedhow theenvironmentlooksfrom theend-userpoint of view, andpaidlessattentionto
thecomputersciencemethodsandtechniquesused.Thiswasadeliberatechoice:for usthiswas
themostimportantissue.Theapproachtakenby InventorandatBrown Universityis primarily of
interestfor applicationprogrammersandnot for end-users.

Anotherinterestingdifferenceis the handlingof user-input andhence,direct manipulation.
In bothInventorandat Brown Universityseparateobjectsareusedfor this: a distinctionis made
betweengeometricobjectsandmanipulators.Relationsbetweenthosetwo categoriesmustbe
speci®edvia text. For thePGOsthisdistinctionwasnotmade.In theirterms:eachgraphicsobject
canserve asa manipulator. Feedbackvia the manipulatedobjectis alwaysprovided. If sucha
manipulationmusthaveaneffectonotherobjects,thentheuseof thesamenamesin DOFssuf®ces
for linearmappings.If morecomplex behavior is required,thiscanbeaddedasaseparatesatellite.
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5.3 Future work

Concerningthe DataManager, we will considerthe useof sharedmemoryandpoint-to-point
communicationschemesfor moreef®cientinterprocesscommunication. In the currentimple-
mentationa write will alwaystransportdatato the DataManagerwhich, in turn, will transport
thedatato all subscribingsatellites.This indirectmethodof communicationcanbeprohibitively
expensive for large datasets. This problemin the currentimplementationwill be overcomeby
allowing point-to-pointchannelsbetweensatellites.In this way, theDataManagerwill actonly
asa routerfor largedata-sets.

In thecurrentenvironmentall graphicsaretwo-dimensional.Thisallowedarapiddevelopment
of theenvironment,andanearlyvalidationof theunderlyingconcepts.Two-dimensionalPGOsdo
not rendertheCSEuseless.Many real-timesimulationsaretwo- or evenone-dimensional,sothat
a 2-D PGOeditoris morethanjusti®ed.Further, theresultsof three-dimensionalsimulationscan
be mappedon two-dimensionaldata(slices),or dataof lower dimensionality. Finally, we have
shown thatwecanincludeexistingtoolsfor 3-D visualizationin ourenvironment.Nevertheless,a
3-Dversionof thePGOswouldbewelcome.Thiswouldmeanthatwehaveto implementsolutions
for viewing, direct manipulationandcursorpositioningin 3-D. But that is primarily a problem
relatedto 3-D, andnot to our environment.We expectthatthebasicconcepts,andespeciallythe
one-dimensionalDOFs , canbetransposedto 3-D withoutmajorproblems.

WehavetailoredourenvironmenttoComputationalSteering(see®gure1). It isaninteresting
exerciseto replaceresearcher by userandsimulationby application. We expectthat the envi-
ronmentandits underlyingconceptswill beusefulfor many otherapplicationareas.We hopeto
investigatethis in thefuture. Someexamplesof possibleapplicationsof our visualspeci®cation
techniques:customwidgetsin UserInterfaceManagementSystems;interactive animationand
simulationfor ComputerAidedEducationandhypermedia;andtemplate-drivengraphicseditors.

6 Conclusions

We haveshown thatthecombineduseof:

� anarchitecturewith acentralDataManager;

� parametrizedgraphicsobjects;

resultsin anenvironmentthatprovides

� easyintegrationof differentprocesses;

� easyde®nitionof visualizations;

� easyde®nitionof customizeduser-interfacewidgets;

� directmanipulationby default.

The primary target applicationfor the environmentis computationalsteering,but the sameen-
vironment,andat leastthe sameconcepts,canprobablybe appliedin many otherapplication
areas.In short,wehavedevelopeda systemthatmakesit easyfor anend-userto specifyanduse
interactivecomputergraphics.
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