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Abstract

Specific rendering modes are developed for a combined vi-
sual/haptiénterfaceto allow explorationandunderstandingf fluid
dynamicsdata. The focusis on visualizationof shock surfaces
andvortex cores. Advantagerovided by augmentingraditional
graphicalrenderingmodeswith haptic renderingmodesare dis-
cussed.Particularemphasiss placedon synegistic combinations
of visualandhapticmodeswhich enablerapid,exploratoryinterac-
tion with the data.Implementatiorissuesarealsodiscussed.

CR Categories and Subject Descriptors: H.5.2[Information In-
terfacesandpresentation]iUserinterfaces- Hapticl/O; J.2[Phys-
ical SciencesandEngineering]:EngineeringPhysics}].3.5[Com-
puterGraphics]: ComputationalGeometryand ObjectModeling -
Curwe, Solid, andObjectRepresentations.

Additional Keywords: haptic,interface,vortex, shock,visualiza-
tion, fluid dynamicsyirtual ervironment.

1 Introduction

Wetake theview thatscientificvisualizationis morethanthegraph-
ical display of data. It is the processof understanding physi-
cal systems behaior by developingmentalmodelsof thatbeha-

ior [3, 14]. Numericalmodeling,simulation,anddatadisplaytools
are usedto bring the detailsof the systeminto the users mental
grasp. In this paper we explore nev methodsof scientificvisual-
ization usinga visual/hapticinterface,wheresomeaspectof the
dataaredisplayedgraphicallyandotheraspectaredisplayedhap-
tically by applyingforcesto a stylusheld in a users hand. The
hapticinterfacealso providesthe main meansof interactingwith

the datathroughdirecttactile sensingandmanipulationof the data
display

Figure 1 shaws the visual/hapticinterfaceusedin the devel-

opmentof renderingmodesdescribedin this paper The visual
componenis a SGI ONYX Reality 2 running AVS/Express.The
hapticinterfaceconsistsof 5 linear actuatorsnountedon a hexag-

*This work was supportedby the National ScienceFoundation(IRI-
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Figurel: Visual/haptidnterfacein normaluse.

onalring, meetingeachendof a stylusheldin theusershand[10].
This provides 5 degreesof mechanicafreedom(5 DOF) in mo-
tion sensingandforcesappliedto the hand. (Only rotationabout
the axis of the stylusis neithersensechor controlled). The trans-
lational workspaces a sphereapproximately40 cm in diameter;
andtherotationalDOF areeachcapableof radian. Freespace
(zero) forcesand non-zeroforcesand torquesare accuratelyren-
deredusinga closedforcefeedbackoop aroundeachrod [10], and
Cartesiarpositionis calculatedon-line from rod length measure-
ments[9]. Althoughthis interfacehasuniquecapabilitiesthe hap-
tic renderingmodesdescribedn this paperarenot specificto this
interface,and ary hapticinterfacewhich providesthe sameDOF
couldbeusedinstead.Otherhapticdeviceshave beenusedto aug-
mentcorventionalvisualization. Avila and Sobierajski1] usea 3
DOFinterfacein asimilarmanner HughesandForrestuseatactile
mouse which addsl scalarquantityof informationto the percep-
tualization. Our approactaddsthe ability to interactwith the data
in orientationaswell asin translationDOF, which is particularly



Figure 2: Waverider hypersonicvehicle, shaving a shock wave
containinghigh pressurezolumeon the undersidgvolumedisplay
of density clippedto shav datato theright of thevehiclecenterline

only).

usefulwith vectorfields.

Our initial experiencewith combinedvisual/hapticdataren-
deringis thatsuchaninterfaceworks bestwhenthe hapticcompo-
nentis treatedasa synegisticcompaniorto visualdisplay Thatis,
not to replacethe visual displayof a dataset, but to augmenthis
displaywith reinforcingor disambiguatingnformationthroughthe
users hands.Eachmodeof datadisplayhasits strengths Human
visionis unparalleledor 2-dimensionapatternunderstandingand
for identifying solid objects(surfaces)n unclutteredB-dimensional
spaces.Vision is lessadeptat understandinglatawhich fills vol-
umescontinuously This is true for scalarvalueddata,and even
more so for datathat hasvectoror tensorvalues. Haptic percep-
tion, in contrastjs ratherpoor at determiningglobal shapeof spa-
tial patterns,but it hascomplementarycapabilitiesin discerning
local properties suchassurfacecurvature,vector orientation,and
mechanicapropertiesuchasviscosityandstiffness.

We have previously developedvisual/hapticnodesfor scien-
tific visualizationto shav thattheuseof hapticscanhelptheuserto
more easilyunderstandlutteredgraphicaldisplaysof streamlines
in anelectromagnetitield [5]. In this,theappropriate&eombination
of hapticandvisual renderingcanhelp the userto simultaneously
focuson local behaior (e.g.a singlestreamlinelwhile retaininga
globalorientationfrom afield of mary otherstreamlinesHowever,
caremustbetakenin designingcombinedhaptic/visualmodes;if
doneinappropriatelythe resultingcombineddisplay canbe more
confusingthanthegraphicsdisplayalone[5].

Augmentinggraphicalisualizationwith amultiple DOF hap-
tic interfacealsoextendsdatadisplayto allow directmanipulation
of the data. A 5 DOF hapticinterface,suchasthatshavn in Fig-
ure 1, replaceshe 2 DOF mouseand enablesthe userto “grab”
ontothe datasetandmanipulatet for betterviewing preciselyand
efficientlyin 5 DOF (3 translation@&nd2 rotationssimultaneously).
As onaconventionalmouse puttonson the hapticstyluscanbede-
pressedo selectdatato manipulate(objectpicking) or to change
renderingnodesby selectingouttonsor menuitemsonthescreen.

In this paperthefocusof visual/haptiaenderings the explo-
ration of fluid dynamicsmodels. In particular understandinghe

structureof shocksurfacesandvortex coresin theflow abouta su-
personiovaverideris usedto motivatecombinedvisual/haptiaen-
deringmodes.A waverideraircraftusesthe principle of flow con-
tainmentto provide enhancedift. A shockwave originatesalong
theentireleadingedgeof thebody containinghigherpressurdlow
betweenthe compressiorsurface (the undersideof the body) and
theshockwave. Thusthebodyis “riding” onthelift generatedby
the higherpressurerolumebeneattthe aircraft.
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Figure3: Densitygradientforcerendering.

Finite elementmodelsare usedto solve for the flow charac-
teristicsaboutthe waverider Oncethe datasetis computed,it
is displayedusingtraditionalgraphicalvisualizationtools suchas
streamlinego indicateflow directionand color to represenflow
speedlsosurfcesareoftenusedto visualizeshocksuriacesvhere
flow quantitiesvary abruptly An efficient visualizationenviron-
mentwould allow the userto quickly understandsalientfeatures
in the flow, andto easily setparameterso that definitive graphi-
cal displaysof this understandinganthen be created. Suchun-
derstandinganddocumentatiomf flow characteristicenablerapid
designchangego improve the performancef the vehicle. In par
ticular, secondarghocksbranchingoff themainshocksurfaceand
leaksfrom the high pressurevolumearoundthe edgeof the wings
(causingvortices)areundesirabldehaiorsin theflow pattern.We
focusontheseflow featuredn this paper Section®2 and3 discuss
combinedvisual/haptiaenderingnodessuitedto fastvisualization
of shockstructureandvortices,respectiely. In Section4, we dis-
cussimplementatiorof thesemodeswith emphasion issueghat
arecritical for high-quality interactive visualization.Finally, con-
cludingremarksaregivenin Section5.

2 Shock Structure Visualization

Figure 2 exhibits a shockwave on the undersideof the waverider
usingavolumerenderingwith colorindicatingdensity Shocksur
facesare locatedwherethe densityof the flow changesabruptly
seerin thefigureassurfacescreatedy abruptcolorchangeln wa-
veriderdesign.abodyshapéas soughtwhich canproducea smooth
primary shockwave with minimal secondarghocks Visualization
modesmustallow the userto easilydeterminethe shapejocation,
andstrengthof shocksurfaces.

Various methodsexist for the detectionof shocks,includ-
ing normal Mach number[13], directional deriatives threshold-
ing [16], weighteddensity gradient[22], and others(e.g. [12].)
These visualization methodsinvolve displaying the isosurfice
wherethe numericalfunction beingcomputedreachesr exceeds
a particularvalue. However, the shapeof an isosurfice varying



throughouta volume can be difficult to understandrom the 2-
dimensionalgraphicaldisplay with the clarity of the shapeof the
isosurcedependinguponthe view angle,lighting, and shading.
In addition,the desiredshocksuriacemay not bevisible at all un-
lesstheiso-valuesor parameterin the detectionfunctionarecho-
sencorrectly—oftena tedioustrial anderror process.Strongsec-
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Figure4: Secondarghockscanbeeasilyfelt asausermovesalong
aprimaryshockvirtual surface.

ondaryshocksbranchingoff the mainshocksurfaceindicatea sub-
optimal body shape. Whensliced on a plane, this type of plot is

similar in appearancéo physically obtainedSchlierenimagesof

shockwaves[17] (althoughthe latteraredueto projectionontothe
view plane.) Wealer secondaryshocksare difficult to see,espe-
cially sincethey areoften containednsidethe main shockisosur

face.Transparentenderingcanhelp,but correctparametechoices
mustbe madeto ensureall the structuresof interestactually ap-
pear Sincehapticperceptiorof edgesandroughnesss very acute,
it providesa naturalcomplemento this visualview of thestructure
of the shocksurface,which canalertthe userto the presencef a
secondanshock,evenif it is not visible. This canpromptadjust-
mentto viewing parameterto bring the secondanghockinto clear
view.

We describea hapticrenderingnodebasedn the gradientin
the density Whenthe magnitudeof the gradientis lessthansome
threshold: , thennoforceis renderedIn regionswhere

, indicatingthe locationsof strongshocks forcespro-
portionalto the magnitudeof the gradientof densityareproduced
to opposeusermotiontowardsthe higherdensitysideof the shock
wave:

@

wheretheindices enumeratehe consecutie time instancesince
the userhas“entered”the shocksurface. and denotethe
locationsof thetip of the hapticstylusat time steps and ,
respectrely, and istheanglebetweerthevector  from

to  andthegradientdensity at (seeFigure3.)

in (1) is aspringforcethatalwaysactsin thedirectiontowardsthe
lower densitysideof the shocksurface. The absolutevalueof the
sum providesthe distancewithin the shocksurfaceregion, isa
scalefactorthatis adjustedto give appropriatforcesto the user
and indicatesthedirectionof theforceaswell asscaleghe
force to be proportionalto the density gradientat the tip of sty-
lus . Hencethestrengthof the shockis displayedo the uservia
the magnitudeof the densitygradient,which is felt asabruptand

strongforcesguiding the users handto the lower densityside of
thesurface.

As the userexplores a volume with the haptic stylus, free
motionis allowed in regionswherethe densitygradientis small.
Within the shockregion, the forcesappliedto the userresultin
behaior similar to a ball on a hill. As a shockregion (high gra-
dient region) is enteredfrom the high density side (from top to
bottomin Figure 3), the hapticstylusis dravn to the low density
sideof the shockwave. In contrastthe shocksurfacecanonly be
penetratedrom the low densityside by pushingagainstthe ren-
deredforce. Thisdirectionalrenderingof shockwavesallows users
to easilyunderstandvhich regionsrepresenhigh andlow density
without clutteringthe visual displaywith additionaldata. In addi-
tion, no force opposesnotion alongthe shocksurface(normalto
the densitygradient) makingthe shocksurfacea virtual mechani-
cal surfacethatcanbe followed with the handsaswell asthe eyes
if the useris on the low densityside. Our methodof shockwave
renderingjn essenceallows surfacerenderingwithout the needto
parameterizeéhe surfaceoff-line, providing aninteractve capabil-
ity not often possiblewith visualisosurfceextraction. Further if
secondarnshockwaves branchoff the primary shocksurface (as
in Figure4), theuserwill penetrat¢andthereforefeel) this “wall”
asthe main shocksurfaceis traversed.Oncethe secondarshock
existenceandlocationis determinedadjustmentgo graphicalcut
planesor isosurficevaluesmay be performedto moreclearly see
theresult.

A similarmethodwasappliedby Avila andSobierajski1] for
hapticisosurficerenderingn thatthey directforcesin thedirection
of thedensitygradientwith magnitudeproportionato density Al-
thoughcomputeddifferently it appearghatboth methodsprovide
a similar spring-like feel nearthe shocksurface. However, since
our methodproducegorcesproportionalto penetratiordistanceas
opposedo density wealer shockamaybeapparentvithout having
to adjustrenderingparametersThis may be more appropriatefor
initial explorationandlocationof regionsof concern.

In combinedvisual/hapticrendering, a glyph (thick arrov
in Figure 1) is displayedvisually on the screento representhe
locationof thehapticstylusin thedataset. Boththeorientationand
thetranslatiorof the stylusareportrayedoy the glyph. As themain
shockwave is traversedhaptically the glyph in the visual display
moves alongthe isosurficerepresentatiomf this shockwave. If
a secondaryshockis discernedthe usercan depressa button on
the haptic stylusto causethe haptic stylusto momentarilyact as
a navigation tool to allow the visual display to be zoomedin or
rotatedto obtainacloservisualview of thesecondarghock.When
thehapticdisplayof thegradientrenderingnodeis resumedqupon
releasingthe button on the stylus), the usercanthen continueto
explorelocally the shapeof the secondangshockandits relationto
themainshocksurface.

3 \Vortex Structure Visualization

Anotherdifficulty in understandinguid flow datais theidentifica-
tion and characterizatiomf vortices. Although the specificques-
tionsvary, generallythe objective is to determineaf vortical flow is
presentandto understandhe location, structure,and strengthof
ary vorticesfound. Vortical flow is identifiedby kinematicrotation
in thefluid. In 2D flow, this is typically easierto identify thanin
3D flow, sincerotationalwaysoccursin the planeof theview. Vor-
ticesin 3D canhave complex structuresmakingit difficult to find
aviewing planethatmalestherotationclear

Four main classe®f techniquesare usedin 3D vortex iden-
tification andvisualization. The first usesscalarmeasure®f vor-
tical behaior. Examplesncludevorticity magnitudeversuspres-
sure[20], helicity densityandnormalizechelicity [11], the  crite-
rion[7], andthe criterion[4]. Theseareusedalongwith suitable



Figure 5: Exploratoryvortex mode: the stylusis usedasa 3D
mouseto probethe datasetandlocatecandidatevortex cores.The
yelllow arrov representshe stylus positionand orientationin the
data.

thresholdvaluesto rendervolumesor surfacesof volumeswhich
have vortical flow correspondingo the measuraised.The second
classusesvectorinformation. The eigervector methodof Sujudi
andHaimeg21] locatesvortex corelinesatpointswheretheveloc-
ity andacceleratiorareparallel. The higherordermethodof Roth
andPeilert[18] locateshevortex corelinesatpointswheretheve-
locity andjerk areparallel. Thethird classof techniquesttemptso
directly visualizethevectorfield of fluid motionusingstreamlines.
The streamlinesare seededht an array of points, and propagated
forward or backward alonglocal vectorvelocity directions. When
the seedpointsaresuitablychosentelltale helix shapesansome-
timesbe obsered in the streamlinesn vortical flow regions. The
fourth classconsistsof curve-basedmethods,which extract geo-
metricalqualitiesfrom streamlinessuchascunaturecenterdensity
andwindingangle[19].

Once a suitable technique (or combinationof techniques)
and correspondingprarametergthresholdsseedpoints) have been
found, vortex behaior can be understoodand communicated
clearly with purely visual displays. The difficulty often comesin
findingjusttheright techniquesandparametesettingsfor eachset
of data.This remainsatime-consumingprocess.

We have beenexploring the useof a hapticinterfaceto im-
prove the vortex visualizationprocess.Two typesof addedcapa-
bility have beenimplemented. The first is an exploratory mode
wherethe intentis to reinforceand clarify visual vector displays
(e.g. streamlinespy providing focuson the vector at the current
pointerlocation.

The secondype of capabilityenabledby the hapticinterface
is realtime explorationandpicking in 3D, with forcesandtorques
appliedto encouragenotiontowardfeaturef interest.Thisability
givesthe userimmediatefeedbackon the natureof the dataat the
probelocation, yet provides completefreedomto quickly explore
interestingfeaturesand/ormove to new locations.

Theseawo capabilitiesaredefinedin moredetailin thefollow-
ing two sections.

3.1 Explorator y Vortex Mode

In the exploratory vortex mode, the graphicaldisplay consistsof
streamlineseededht anarray of points,andthe hapticstylusacts
as a 3D mouse. Mimicking the stylus motion, a glyph (arrow)

moves throughthe graphicaldatasetdisplayedon the screen. A
thick streamlinds continuouslyseededrom the glyphtip, indicat-
ing thelocal velocity streamlingseeFigure5.) Theusercanfreely
explorethefield andsearchfor vortices. If spiral-like streamlines
collapse,the usercan surmisethe presencef a vortex coreline.
Also, while the usermovesthroughthe dataset,the local value of
the variable[7] is displayednumericallyto the screenonline.
This givesfurtherinsightinto vortical locations.Anotheroptionis
tofirsthighlightregionsof negative  graphicallyto pointtheuser
toward likely vortex locations. Oncea candidatevortical areahas
beenidentifiedroughly theusercanthenengagehe secondnode,
calledthevortex coreidentificationmode.
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Figure6: Vortex identificationmode: forcesare appliedto orient
the stylus along the vorticity directionandto translateit towards
thevortex core

3.2 Vortex Core ldentification Mode

The vortex core identification mode is actvated when the user
pressesneof thetwo buttonson the stylus. In this mode,a restor
ing torqueis appliedto the stylusto orientit alonga chosenvector
quantity This vectorquantitycanbethevorticity, theacceleration,
or the jerk. Our currentimplementatiorusesthe vorticity . The
torqueis of theform

where and arefixed spring and dampingconstants, is a

derivative operatoiin thefrequeng domain,and is theunit vec-
tor describingthe axis of rotation,normalto the planein which lie
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Figure7: To maintainhigh hapticinterfacerefreshrates the haptic
interfaceis runfrom aDSPfarm.

the currentand desiredorientationg(seeFigure 6). It is desirable
for the restoringtorqueto be strongeras one approaches vorti-
cal region. For this reasonwe scalethe torqueby the normalized
helicity [11]

As the userresponddo the torqueapplied,two vectorfields will
be portrayedgraphically: the vorticity  (asthe glyph of the sty-
lus) andthevelocity (asthethick streamlineseededrom thetip
of the glyph). When and are parallel, a vortex coreline is
presenf11]. Althoughconcernsaboutclutterin 3D visualization
aregenerallywell-founded clutteris reducedn this casebecause
the vorticity is portrayedby a single small arrov, as opposedto
a secondoverlappingfield of vectorglyphsor streamlines.Also,
sincethe orientationof the hand-heldstylusis felt kinesthetically
it is easierto comprehendhe relative directionsof the two fields
thanit would bewith graphicalrenderingalone.Concurrento this
orientationconstraint,a force is also appliedto the stylusin the
directiondescribedy

where isagainthatis settoyield appropriatéorcelevels. In the
vicinity of avortex, this forcewill tendto pointtowardsthe vortex
core.For example,if thevelocityis locally helical,thisforcepoints
to the centerof thelocal helix (seeFigure6.)

Initial testswith thesetwo modeson a data set basedon
modified Lorenzequationsshav promisingresults. Whenthe ex-
ploratorymodeis engageda generalunderstandingf the datais
possibleby probingwith the stylusthroughthe dataset. Oncecan-
didatevortical regions are identified visually and throughthe use
of the  criterion,thevortex identificationmodeis turnedon, and
the stylusfirmly alignsitself with the vortex core. Motion of the
stylusis thenconstrainedo the vortex core,but freein the direc-
tion tangentto it. If the vortex identificationmodeis engagedn
areaswith no vorticity, and particularlyif the flow is very turbu-
lent, renderings vagueandconfusing.Herewe find againthatthe

propercombineduseof visual and haptic modes,oftenin a par
ticular sequentiabrder providesaddedvaluein understandinghe
data. A particularvisual or hapticmoderarely makesa significant

differenceby itself.
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in dataset

Orientation Constraini Force to Vorte:
mode

Core mode

Calculate Jacobiaﬂw

Convert Cartesial

forces to rod force]

Implement controller

Figure8: DSPprogrammingarchitecture.
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4 Implementation Issues

The value of the visual/hapticmodesdiscussedn this paperis
severely reducedwhenthe renderingis of poor quality Render
ing hererefersto both the graphicsand hapticsinterfaces. True
interactvity with thedatarequireshatchangesn thegraphicsdis-
play resultingfrom usermotionshave latencieswell belov 1 sec.
For largedatasets this oftenrequiresareductionin the sizeor res-
olution of thedatadisplayedo maintaintheillusion of arealobject
beingmanipulatedyy the user The hapticrenderingquality is de-
pendenbn anextremelylow lateny betweensensednotionsand
correspondingppliedforces e.g.asthestylusorientationis moved
away from thenominalpositionpointingalongthelocalvectorfield
direction. Typically, latenciesbelon 1 msecarerequiredto avoid
poorly-dampeddynamicsin the hapticinterface. Otherwise,an-
noying oscillatorybehaior can maskthe feeling renderecby the
data.

In our currentimplementationywe managehedisparatecom-
putationalrequirementsf thevisualandhapticinterfacesby using
separateomputerdor each. The visualdisplayis provided by an
SGIONYX Reality 2 running AVS/Express.Onecopy of thedata
setis importedinto AVS anddisplayedaccordingo themodedeter
minedby avisualprogramwhichconnectstandardAVS functions
for creatingstreamlinesisosuracesetc.

The hapticcomputeris a multiprocessinddSP systembased
on TMS320C40processors.Parallel C provides real-time oper
ating systemfunctionsneededor task schedulingand consistent
cycle timesbetweensensorsaand actuatorson the hapticinterface
hardware. A secondcopy of the datasetis loadedinto DSPmem-
ory, providing real-timerenderingof dataasthe usermovesthe
stylusthroughthe datafield. The currenthapticmodesareimple-
mentedwith cycle timesof 0.455msec. A typical programming



architecturediagramis shavn in Figure 8, wherethe Jacobians

the kinematictransformationmatrix relating actuatorrod lengths
to Cartesian position. A numberof sub-algorithm®f the
codecanbe parallelizedto save computationatime and maintain
forcerenderingoandwidth.For example,if oneis runningthe vor-

tex coreidentificationmode,thenthe orientationconstraint,force
to vortex core,andJacobiarcalculationroutinescanbe run simul-
taneously Forcecontrollerdesignis discussedn greaterdetailin

[10].

A PChoststhe DSPfarmonits ISA andPCl bussesandpro-
videsacommunicatiorink betweerthevisualandhapticcomput-
ers(seeFigure?.) Sincethedatasetis storedon bothsystemsyery
little informationpassedetweerthem.Only the currentstyluspo-
sition within the datais sentfrom haptic computerto the visual
computer alongwith selectorswitch (button) state. This enables
thestylusglyph on thevisualdisplayto follow the users handmo-
tions, actingasa 5 degreeof freedommouse.Whenthe mouseis
usedasawindows pointerto selectmenuitems,this stateinforma-
tion is alsosentto the DSPcomputeito enablethe properrendering
mode.A single9600baudserialline providesthislink.

4.1 Cell Search and Interpolation

Fastand smoothhapticrenderingis relatvely easywhenthe data
canbe determinedas an explicit function of position. This, how-
ever, is not the casein most applications,sincethe datafield is
usuallygeneratedby afinite elemenprogram.Thus,thedataexists
asvalues(scalar vector tensor)specifiedat eachnodein a three-
dimensionabrid. In addition,this grid is likely to beirregular (el-
ementedgesvary in length)and/orunstructuredelementsof dif-
ferenttopologiesarepresent.Onemustinterpolatethesegrids ex-
tremelyfastin orderto maintainthe sub-milliseconayclesneeded
for quality hapticrendering.

A brief overview of our approachis asfollows; moredetails
canbefoundin [15]. First, we determinewhich dataelementcon-
tains the currentinterrogationpoint (tip of the stylus). Thenwe
interpolatethe positionwithin theelementandapplythesanterpo-
lation coeficientsto thedatavaluesassociatedvith elemeninodes.
It turnsout thatfinding the containingelements the key difficulty
inirregularmeshe$2, 8]. Thisis accomplishedy adirectedsearch
in aregular, non-dimensiongbarametrispacewheretheelements
aresuccesskly testedfor containmenbf the stylusposition. The
parametriccoordinatesare obtainedby approximatingthe inverse
of the elements shapefunction usinga Newton-Raphsommethod.
Oncecomputedthe parametriccoordinatewill eitherindicatethe
containmenibf the test point within the given element,or direct
thesearcho oneof the 26 neighboringcells (we areusinghexahe-
dronelementsat present.)Our algorithmis basedon the approach
in [6], but modifiedfor betterspeedandstorageefficiencgy in real-
time hapticrendering.

4.2 Data Manipulation and Indexing

The ability to grabdataon the screenand move it asone would
manipulatea real objectis importantif dataexploration is desired
ratherthandatadisplay By giving the usercompletecontrol over
view orientation,position, and scalingthrough naturalhand mo-
tions,thefocusis shiftedto the dataratherthantheinterfaceitself.
A thick arrov glyph on the screerfollows the users handmotions
atall times. Whenthe “index” buttonon the stylusis pressedthe
glyph becomesttachedo the databeingviewed, andsubsequent
handmotionscauseboth dataand glyph to move with the hand.
Note that arbitrary motions of the datacan be accomplishedby
this method despitdimited rangeof motionof the hapticinterface
(andthe users wrist). By releasingthe index button and maving
the glyph to anothemart of the dataor to anotherorientation,re-

indexing causes ratchetingmotion of the data,exactly analogous
to “lifting the mouse”. This malkesit easyto find the bestvisual

view, or to bring the datainto the rangeof motion of the haptic

interface,e.g.sothatvectorsin the datacanbe renderedasstylus

orientationswithin a comfortablewrist/handpose.

It is vitally importantthat boththe visualandhapticdataori-
entationandscalecorrespondiuring datamanipulation.Feelinga
datafeatureat oneorientationandseeingit at anotheiis almostal-
waysconfusing unlessheorientationgiffer by only afew angular
degrees. Someusersare ableto resole large disparitiesbetween
visualandhapticviews, but this is mentallyfatiguinganddetracts
from a mentalfocuson the dataitself. Disparatescalesarelessof
anissue aslongasthey arenotchangeaften. Again, thisis analo-
gousto thecorventionalmousewherephysicalmotionandpointer
motionscaledisparityis easilyaccommodatedftera few seconds
of experimentingoy theuser

The datamanipulationandindexing capabilitiesin the com-
bined visual/hapticinterface are typically learnedin the first 15
minutesby novice usersandarewell-retainedn periodicuse.This
enablessophisticatedrisualizationfor the casualuser relying on
naturalhumanmanipulatiomabilities ratherthanon the learningof
arbitraryrelationshipbetweerinterfacecontrolsandtheir effecton
thedatadisplay

5 Discussion and Conclusion

We have developedcombinedvisual/hapticrenderingmodesthat
enableshockwavesandvorticesto be morenaturallyexploredand
understoodby users.Theresultsfrom our initial implementatiorof
thesemodeshave beenencouragingln orderto implementandtest
our shockandvortex visualizationmodeswe have initially chosen
relatively non-compl& datasets.For thesenon-complg datasets,
the addition of the haptic modesto the traditional graphicalren-
deringnot only increaseshe speedwith which a userunderstands
thedata,but alsoallows the userto morenaturallymanipulateand
morepreciselylocateinterestingaspectsuchasshockwave loca-
tion andvortex corelocationwithin the data.We arecontinuingto
testthesemodeson morecomplex andlargerdatasets.We arealso
lookinginto new hapticmodes suchasthe constrainingof the sty-
lus motionto the shockwave. Sinceno singleshockidentification
methodseemgo alwayswork best it malkessensdo male avariety
of modesg.g.asin [13], availableto theuser

Further we arein the processof exploring other data sets
in fluid dynamicsaswell asfrom otherfields suchas earthqua&
groundmotionsimulationsandmedicalimages.As we aredesign-
ing andimplementingnew visual/hapticrenderingmodes,we are
working to involve domainexpertsin evaluatingthemodessothat
thesemodeswill indeedbeusefulin theserealapplications.

As we work with differentdatasetsanddevelop new render
ing modesusefulfor particularapplicationswe believe thatsome
commonfeatureswill emege in the different renderingmodes.
Uncovering thesecommonalitiesmay allow the developmentof a
“basis” setof modesfrom which more complex renderingmodes
canbe constructed.This would allow a wide variety of modesto
bemadeavailablewith arelatively simpleimplementation.
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