
Proc. IEEEConferenceon VisualizationandComputerGraphics. Salt Lake City, UT, pp. 131-137 and p. 548, Oct. 2000

Shock and Vor tex Visualization
Using a Combined Visual/Haptic Interface
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Abstract

Specific rendering modes are developed for a combined vi-
sual/hapticinterfaceto allow explorationandunderstandingof fluid
dynamicsdata. The focus is on visualizationof shocksurfaces
andvortex cores.Advantagesprovided by augmentingtraditional
graphicalrenderingmodeswith haptic renderingmodesare dis-
cussed.Particularemphasisis placedon synergistic combinations
of visualandhapticmodeswhichenablerapid,exploratoryinterac-
tion with thedata.Implementationissuesarealsodiscussed.

CR Categories and Subject Descriptors: H.5.2 [Information In-
terfacesandpresentation]:UserInterfaces- HapticI/O; J.2[Phys-
ical SciencesandEngineering]:Engineering,Physics;I.3.5 [Com-
puterGraphics]:ComputationalGeometryandObjectModeling-
Curve,Solid,andObjectRepresentations.

Additional Keywords: haptic,interface,vortex, shock,visualiza-
tion, fluid dynamics,virtual environment.

1 Intr oduction

Wetaketheview thatscientificvisualizationis morethanthegraph-
ical display of data. It is the processof understandinga physi-
cal system’s behavior by developingmentalmodelsof thatbehav-
ior [3, 14]. Numericalmodeling,simulation,anddatadisplaytools
areusedto bring the detailsof the systeminto the user’s mental
grasp. In this paper, we explorenew methodsof scientificvisual-
ization usinga visual/hapticinterface,wheresomeaspectsof the
dataaredisplayedgraphicallyandotheraspectsaredisplayedhap-
tically by applying forcesto a stylusheld in a user’s hand. The
haptic interfacealsoprovides the main meansof interactingwith
thedatathroughdirecttactilesensingandmanipulationof thedata
display.

Figure1 shows the visual/hapticinterfaceusedin the devel-
opmentof renderingmodesdescribedin this paper. The visual
componentis a SGI ONYX Reality 2 runningAVS/Express.The
hapticinterfaceconsistsof 5 linearactuatorsmountedon a hexag-�
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Figure1: Visual/hapticinterfacein normaluse.

onalring, meetingeachendof astylusheldin theuser’shand[10].
This provides 5 degreesof mechanicalfreedom(5 DOF) in mo-
tion sensingandforcesappliedto the hand. (Only rotationabout
the axis of the stylusis neithersensednor controlled). The trans-
lational workspaceis a sphereapproximately40 cm in diameter;
andtherotationalDOF areeachcapableof

���
radian.Freespace

(zero) forcesandnon-zeroforcesandtorquesareaccuratelyren-
deredusingaclosedforcefeedbacklooparoundeachrod [10], and
Cartesianposition is calculatedon-line from rod lengthmeasure-
ments[9]. Althoughthis interfacehasuniquecapabilities,thehap-
tic renderingmodesdescribedin this paperarenot specificto this
interface,andany haptic interfacewhich provides the sameDOF
couldbeusedinstead.Otherhapticdeviceshave beenusedto aug-
mentconventionalvisualization.Avila andSobierajski[1] usea 3
DOFinterfacein asimilarmanner. HughesandForrestuseatactile
mouse,which adds1 scalarquantityof informationto thepercep-
tualization.Our approachaddstheability to interactwith thedata
in orientationaswell as in translationDOF, which is particularly



Figure 2: Waverider hypersonicvehicle, showing a shockwave
containinghigh pressurevolumeon theunderside(volumedisplay
of density, clippedto show datato theright of thevehiclecenterline
only).

usefulwith vectorfields.
Our initial experiencewith combinedvisual/hapticdataren-

deringis thatsuchaninterfaceworksbestwhenthehapticcompo-
nentis treatedasasynergisticcompanionto visualdisplay. Thatis,
not to replacethe visualdisplayof a dataset,but to augmentthis
displaywith reinforcingor disambiguatinginformationthroughthe
user’s hands.Eachmodeof datadisplayhasits strengths.Human
vision is unparalleledfor 2-dimensionalpatternunderstanding,and
for identifyingsolidobjects(surfaces)in uncluttered3-dimensional
spaces.Vision is lessadeptat understandingdatawhich fills vol-
umescontinuously. This is true for scalar-valueddata,and even
moreso for datathat hasvectoror tensorvalues. Haptic percep-
tion, in contrast,is ratherpoorat determiningglobalshapeof spa-
tial patterns,but it hascomplementarycapabilitiesin discerning
local properties,suchassurfacecurvature,vectororientation,and
mechanicalpropertiessuchasviscosityandstiffness.

We have previously developedvisual/hapticmodesfor scien-
tific visualizationto show thattheuseof hapticscanhelptheuserto
moreeasilyunderstandclutteredgraphicaldisplaysof streamlines
in anelectromagneticfield [5]. In this,theappropriatecombination
of hapticandvisual renderingcanhelp theuserto simultaneously
focuson local behavior (e.g.a singlestreamline)while retaininga
globalorientationfrom afield of many otherstreamlines.However,
caremustbe taken in designingcombinedhaptic/visualmodes;if
doneinappropriately, the resultingcombineddisplaycanbe more
confusingthanthegraphicsdisplayalone[5].

Augmentinggraphicalvisualizationwith amultipleDOFhap-
tic interfacealsoextendsdatadisplayto allow directmanipulation
of the data. A 5 DOF hapticinterface,suchasthatshown in Fig-
ure 1, replacesthe 2 DOF mouseandenablesthe userto “grab”
ontothedatasetandmanipulateit for betterviewing preciselyand
efficiently in 5 DOF(3 translationsand2 rotationssimultaneously).
As onaconventionalmouse,buttonsonthehapticstyluscanbede-
pressedto selectdatato manipulate(objectpicking) or to change
renderingmodesby selectingbuttonsor menuitemson thescreen.

In thispaper, thefocusof visual/hapticrenderingis theexplo-
ration of fluid dynamicsmodels. In particular, understandingthe

structureof shocksurfacesandvortex coresin theflow abouta su-
personicwaverideris usedto motivatecombinedvisual/hapticren-
deringmodes.A waverideraircraftusestheprincipleof flow con-
tainmentto provide enhancedlift. A shockwave originatesalong
theentireleadingedgeof thebody, containinghigherpressureflow
betweenthe compressionsurface(the undersideof the body) and
theshockwave. Thusthebodyis “riding” on thelift generatedby
thehigherpressurevolumebeneaththeaircraft.
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Figure3: Densitygradientforcerendering.

Finite elementmodelsareusedto solve for the flow charac-
teristicsabout the waverider. Oncethe dataset is computed,it
is displayedusingtraditionalgraphicalvisualizationtools suchas
streamlinesto indicateflow directionandcolor to representflow
speed.Isosurfacesareoftenusedto visualizeshocksurfaceswhere
flow quantitiesvary abruptly. An efficient visualizationenviron-
mentwould allow the userto quickly understandsalientfeatures
in the flow, andto easilysetparametersso that definitive graphi-
cal displaysof this understandingcanthenbe created. Suchun-
derstandinganddocumentationof flow characteristicsenablerapid
designchangesto improve theperformanceof thevehicle. In par-
ticular, secondaryshocksbranchingoff themainshocksurfaceand
leaksfrom thehigh pressurevolumearoundtheedgeof thewings
(causingvortices)areundesirablebehaviors in theflow pattern.We
focuson theseflow featuresin this paper. Sections2 and3 discuss
combinedvisual/hapticrenderingmodessuitedto fastvisualization
of shockstructureandvortices,respectively. In Section4, we dis-
cussimplementationof thesemodes,with emphasison issuesthat
arecritical for high-quality, interactive visualization.Finally, con-
cludingremarksaregivenin Section5.

2 Shock Structure Visualization

Figure2 exhibits a shockwave on the undersideof the waverider
usingavolumerendering,with color indicatingdensity. Shocksur-
facesare locatedwherethe densityof the flow changesabruptly,
seenin thefigureassurfacescreatedby abruptcolorchange.In wa-
veriderdesign,abodyshapeis soughtwhichcanproduceasmooth
primaryshockwavewith minimalsecondaryshocks.Visualization
modesmustallow theuserto easilydeterminetheshape,location,
andstrengthof shocksurfaces.

Various methodsexist for the detectionof shocks,includ-
ing normal Mach number[13], directionalderivatives threshold-
ing [16], weighteddensitygradient[22], and others(e.g. [12].)
These visualization methods involve displaying the isosurface
wherethe numericalfunctionbeingcomputedreachesor exceeds
a particularvalue. However, the shapeof an isosurfacevarying



throughouta volume can be difficult to understandfrom the 2-
dimensionalgraphicaldisplay, with the clarity of theshapeof the
isosurfacedependinguponthe view angle,lighting, andshading.
In addition,thedesiredshocksurfacemaynot bevisible at all un-
lesstheiso-valuesor parametersin thedetectionfunctionarecho-
sencorrectly—oftena tedioustrial anderror process.Strongsec-
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Figure4: Secondaryshockscanbeeasilyfelt asausermovesalong
aprimaryshockvirtual surface.

ondaryshocksbranchingoff themainshocksurfaceindicateasub-
optimal body shape.Whenslicedon a plane,this type of plot is
similar in appearanceto physicallyobtainedSchlierenimagesof
shockwaves[17] (althoughthelatteraredueto projectionontothe
view plane.) Weaker secondaryshocksaredifficult to see,espe-
cially sincethey areoftencontainedinsidethemainshockisosur-
face.Transparentrenderingcanhelp,but correctparameterchoices
must be madeto ensureall the structuresof interestactuallyap-
pear. Sincehapticperceptionof edgesandroughnessis very acute,
it providesanaturalcomplementto thisvisualview of thestructure
of theshocksurface,which canalert theuserto thepresenceof a
secondaryshock,even if it is not visible. This canpromptadjust-
mentto viewing parametersto bring thesecondaryshockinto clear
view.

Wedescribea hapticrenderingmodebasedon thegradientin
thedensity. Whenthemagnitudeof thegradientis lessthansome
threshold:
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, indicatingthe locationsof strongshocks,forcespro-
portionalto themagnitudeof thegradientof densityareproduced
to opposeusermotiontowardsthehigherdensitysideof theshock
wave: �����! �	� �#" $$$$$

�% &
'
(
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wheretheindices5 enumeratetheconsecutive time instancessince
theuserhas“entered”theshocksurface. 6 �87:9 and 6 � denotethe
locationsof the tip of thehapticstylusat time steps;  �

and ; ,
respectively, and

2 �
is theanglebetweenthevector

) �
from 6 �87#9

to 6 � andthegradientdensity
�	� �87#9

at 6 �<7:9 (seeFigure3.)
� �

in (1) is a springforcethatalwaysactsin thedirectiontowardsthe
lower densitysideof theshocksurface.Theabsolutevalueof the
sumprovides the distancewithin the shocksurfaceregion,

"
is a

scalefactorthat is adjustedto give appropriateforcesto the user,
and

 ��� �
indicatesthedirectionof theforceaswell asscalesthe

force to be proportionalto the densitygradientat the tip of sty-
lus 6 � . Hencethestrengthof theshockis displayedto theuservia
the magnitudeof the densitygradient,which is felt asabruptand

strongforcesguiding the user’s handto the lower densitysideof
thesurface.

As the user explores a volume with the haptic stylus, free
motion is allowed in regionswherethe densitygradientis small.
Within the shockregion, the forcesappliedto the userresult in
behavior similar to a ball on a hill. As a shockregion (high gra-
dient region) is enteredfrom the high densityside (from top to
bottomin Figure3), the hapticstylusis drawn to the low density
sideof theshockwave. In contrast,theshocksurfacecanonly be
penetratedfrom the low densitysideby pushingagainstthe ren-
deredforce.Thisdirectionalrenderingof shockwavesallowsusers
to easilyunderstandwhich regionsrepresenthigh andlow density
without clutteringthevisualdisplaywith additionaldata. In addi-
tion, no forceopposesmotion alongthe shocksurface(normalto
thedensitygradient),makingtheshocksurfacea virtual mechani-
cal surfacethatcanbefollowedwith thehandsaswell astheeyes
if the useris on the low densityside. Our methodof shockwave
rendering,in essence,allowssurfacerenderingwithout theneedto
parameterizethesurfaceoff-line, providing an interactive capabil-
ity not oftenpossiblewith visual isosurfaceextraction. Further, if
secondaryshockwaves branchoff the primary shocksurface(as
in Figure4), theuserwill penetrate(andthereforefeel) this “wall”
asthemain shocksurfaceis traversed.Oncethesecondaryshock
existenceandlocationis determined,adjustmentsto graphicalcut
planesor isosurfacevaluesmaybe performedto moreclearly see
theresult.

A similarmethodwasappliedby Avila andSobierajski[1] for
hapticisosurfacerenderingin thatthey directforcesin thedirection
of thedensitygradient,with magnitudeproportionalto density. Al-
thoughcomputeddifferently, it appearsthatbothmethodsprovide
a similar spring-like feel nearthe shocksurface. However, since
our methodproducesforcesproportionalto penetrationdistanceas
opposedto density, weakershocksmaybeapparentwithouthaving
to adjustrenderingparameters.This maybemoreappropriatefor
initial explorationandlocationof regionsof concern.

In combinedvisual/hapticrendering,a glyph (thick arrow
in Figure 1) is displayedvisually on the screento representthe
locationof thehapticstylusin thedataset.Boththeorientationand
thetranslationof thestylusareportrayedby theglyph. As themain
shockwave is traversedhaptically, theglyph in the visualdisplay
movesalong the isosurfacerepresentationof this shockwave. If
a secondaryshockis discerned,the usercandepressa button on
the hapticstylus to causethe hapticstylus to momentarilyact as
a navigation tool to allow the visual display to be zoomedin or
rotatedto obtainacloservisualview of thesecondaryshock.When
thehapticdisplayof thegradientrenderingmodeis resumed(upon
releasingthe button on the stylus), the usercan thencontinueto
explorelocally theshapeof thesecondaryshockandits relationto
themainshocksurface.

3 Vor tex Structure Visualization

Anotherdifficulty in understandingfluid flow datais theidentifica-
tion andcharacterizationof vortices. Although the specificques-
tionsvary, generallytheobjective is to determineif vortical flow is
present,andto understandthe location,structure,andstrengthof
any vorticesfound.Vorticalflow is identifiedby kinematicrotation
in the fluid. In 2D flow, this is typically easierto identify thanin
3D flow, sincerotationalwaysoccursin theplaneof theview. Vor-
ticesin 3D canhave complex structures,makingit difficult to find
aviewing planethatmakestherotationclear.

Four main classesof techniquesareusedin 3D vortex iden-
tification andvisualization. The first usesscalarmeasuresof vor-
tical behavior. Examplesincludevorticity magnitudeversuspres-
sure[20], helicitydensityandnormalizedhelicity [11], the =?> crite-
rion [7], andthe @ criterion[4]. Theseareusedalongwith suitable



Figure 5: Exploratoryvortex mode: the stylus is usedas a 3D
mouseto probethedatasetandlocatecandidatevortex cores.The
yelllow arrow representsthe styluspositionandorientationin the
data.

thresholdvaluesto rendervolumesor surfacesof volumeswhich
have vortical flow correspondingto themeasureused.Thesecond
classusesvector information. The eigenvectormethodof Sujudi
andHaimes[21] locatesvortex corelinesatpointswheretheveloc-
ity andaccelerationareparallel. Thehigher-ordermethodof Roth
andPeikert [18] locatesthevortex corelinesatpointswheretheve-
locity andjerk areparallel.Thethird classof techniquesattemptsto
directlyvisualizethevectorfield of fluid motionusingstreamlines.
The streamlinesareseededat an arrayof points,andpropagated
forwardor backwardalonglocal vectorvelocity directions.When
theseedpointsaresuitablychosen,telltalehelix shapescansome-
timesbeobserved in thestreamlinesin vortical flow regions. The
fourth classconsistsof curve-basedmethods,which extract geo-
metricalqualitiesfromstreamlines,suchascurvaturecenterdensity
andwindingangle[19].

Once a suitable technique(or combinationof techniques)
andcorrespondingparameters(thresholds,seedpoints)have been
found, vortex behavior can be understoodand communicated
clearly with purely visual displays. The difficulty often comesin
finding just theright techniquesandparametersettingsfor eachset
of data.This remainsa time-consumingprocess.

We have beenexploring the useof a haptic interfaceto im-
prove the vortex visualizationprocess.Two typesof addedcapa-
bility have beenimplemented. The first is an exploratory mode
wherethe intent is to reinforceandclarify visual vectordisplays
(e.g. streamlines)by providing focuson the vectorat the current
pointerlocation.

Thesecondtypeof capabilityenabledby thehapticinterface
is real time explorationandpicking in 3D, with forcesandtorques
appliedtoencouragemotiontowardfeaturesof interest.Thisability
givestheuserimmediatefeedbackon thenatureof thedataat the
probelocation,yet providescompletefreedomto quickly explore
interestingfeaturesand/ormove to new locations.

Thesetwo capabilitiesaredefinedin moredetailin thefollow-
ing two sections.

3.1 Explorator y Vor tex Mode

In the exploratoryvortex mode,the graphicaldisplayconsistsof
streamlinesseededat anarrayof points,andthehapticstylusacts
as a 3D mouse. Mimicking the stylus motion, a glyph (arrow)

moves throughthe graphicaldatasetdisplayedon the screen.A
thick streamlineis continuouslyseededfrom theglyphtip, indicat-
ing thelocalvelocitystreamline(seeFigure5.) Theusercanfreely
explore the field andsearchfor vortices. If spiral-like streamlines
collapse,the usercansurmisethe presenceof a vortex core line.
Also, while theusermovesthroughthedataset,the local valueof
the =?> variable[7] is displayednumericallyto the screenonline.
This givesfurther insightinto vortical locations.Anotheroptionis
to firsthighlightregionsof negative =?> graphically, to pointtheuser
toward likely vortex locations.Oncea candidatevortical areahas
beenidentifiedroughly, theusercanthenengagethesecondmode,
calledthevortex coreidentificationmode.
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Figure6: Vortex identificationmode: forcesareappliedto orient
the stylusalong the vorticity directionandto translateit towards
thevortex core

3.2 Vor tex Core Identification Mode

The vortex core identification mode is activated when the user
pressesoneof thetwo buttonson thestylus.In thismode,a restor-
ing torqueis appliedto thestylusto orientit alongachosenvector
quantity. Thisvectorquantitycanbethevorticity, theacceleration,
or the jerk. Our currentimplementationusesthevorticity AB . The
torqueis of theform

AC ��DFE 0HGJI�K�L 4NMO
where

G
and

K
are fixed spring and dampingconstants,

L
is a

derivative operatorin thefrequency domain,and

MO
is theunit vec-

tor describingtheaxisof rotation,normalto theplanein which lie



SGI Onyx Reality Engine 2 (visualization computer)
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Figure7: To maintainhighhapticinterfacerefreshrates,thehaptic
interfaceis run from aDSPfarm.

the currentanddesiredorientations(seeFigure6). It is desirable
for the restoringtorqueto be strongerasoneapproachesa vorti-
cal region. For this reason,we scalethetorqueby thenormalized
helicity [11] D E � ABQP ARS AB STS AR S
As the userrespondsto the torqueapplied,two vectorfields will
be portrayedgraphically: the vorticity AB (asthe glyph of the sty-
lus) andthevelocity AR (asthethick streamlineseededfrom thetip
of the glyph). When AB and AR are parallel, a vortex core line is
present[11]. Althoughconcernsaboutclutter in 3D visualization
aregenerallywell-founded,clutter is reducedin this casebecause
the vorticity is portrayedby a single small arrow, as opposedto
a secondoverlappingfield of vectorglyphsor streamlines.Also,
sincethe orientationof thehand-heldstylusis felt kinesthetically,
it is easierto comprehendthe relative directionsof the two fields
thanit wouldbewith graphicalrenderingalone.Concurrentto this
orientationconstraint,a force is alsoappliedto the stylus in the
directiondescribedby �U� GWV ABYX AR
where

G V
isagainthatissetto yieldappropriateforcelevels. In the

vicinity of a vortex, this forcewill tendto point towardsthevortex
core.For example,if thevelocity is locally helical,thisforcepoints
to thecenterof thelocalhelix (seeFigure6.)

Initial testswith thesetwo modeson a data set basedon
modifiedLorenzequationsshow promisingresults.Whenthe ex-
ploratorymodeis engaged,a generalunderstandingof the datais
possibleby probingwith thestylusthroughthedataset.Oncecan-
didatevortical regionsare identifiedvisually andthroughthe use
of the =?> criterion,thevortex identificationmodeis turnedon,and
the stylusfirmly alignsitself with the vortex core. Motion of the
stylusis thenconstrainedto the vortex core,but free in the direc-
tion tangentto it. If the vortex identificationmodeis engagedin
areaswith no vorticity, andparticularly if the flow is very turbu-
lent, renderingis vagueandconfusing.Herewe find againthatthe

propercombineduseof visual and hapticmodes,often in a par-
ticular sequentialorder, providesaddedvaluein understandingthe
data.A particularvisualor hapticmoderarelymakesa significant
differenceby itself.
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Force to Vortex
    Core mode

Σ

Figure8: DSPprogrammingarchitecture.

4 Implementation Issues

The value of the visual/hapticmodesdiscussedin this paperis
severely reducedwhen the renderingis of poor quality. Render-
ing hererefersto both the graphicsand hapticsinterfaces. True
interactivity with thedatarequiresthatchangesin thegraphicsdis-
play resultingfrom usermotionshave latencieswell below 1 sec.
For largedatasets,thisoftenrequiresa reductionin thesizeor res-
olutionof thedatadisplayedto maintaintheillusion of arealobject
beingmanipulatedby theuser. Thehapticrenderingquality is de-
pendenton anextremelylow latency betweensensedmotionsand
correspondingappliedforces,e.g.asthestylusorientationis moved
awayfrom thenominalpositionpointingalongthelocalvectorfield
direction. Typically, latenciesbelow 1 msecarerequiredto avoid
poorly-dampeddynamicsin the haptic interface. Otherwise,an-
noying oscillatorybehavior canmaskthe feeling renderedby the
data.

In our currentimplementation,we managethedisparatecom-
putationalrequirementsof thevisualandhapticinterfacesby using
separatecomputersfor each.Thevisualdisplayis providedby an
SGI ONYX Reality2 runningAVS/Express.Onecopy of thedata
setis importedintoAVS anddisplayedaccordingto themodedeter-
minedby avisualprogram,whichconnectsstandardAVS functions
for creatingstreamlines,isosurfaces,etc.

The hapticcomputeris a multiprocessingDSPsystembased
on TMS320C40processors.Parallel C provides real-timeoper-
ating systemfunctionsneededfor taskschedulingandconsistent
cycle timesbetweensensorsandactuatorson the hapticinterface
hardware. A secondcopy of thedatasetis loadedinto DSPmem-
ory, providing real-timerenderingof dataas the usermoves the
stylusthroughthedatafield. Thecurrenthapticmodesareimple-
mentedwith cycle timesof 0.455msec. A typical programming



architecturediagramis shown in Figure8, wherethe Jacobianis
the kinematictransformationmatrix relatingactuatorrod lengths
to Cartesian

03Z#[]\?[_^ 4
position. A numberof sub-algorithmsof the

codecanbe parallelizedto save computationaltime andmaintain
forcerenderingbandwidth.For example,if oneis runningthevor-
tex coreidentificationmode,thenthe orientationconstraint,force
to vortex core,andJacobiancalculationroutinescanberun simul-
taneously. Forcecontrollerdesignis discussedin greaterdetail in
[10].

A PChoststheDSPfarmon its ISA andPCIbusses,andpro-
videsacommunicationlink betweenthevisualandhapticcomput-
ers(seeFigure7.) Sincethedatasetis storedonbothsystems,very
little informationpassesbetweenthem.Only thecurrentstyluspo-
sition within the datais sent from haptic computerto the visual
computer, alongwith selectorswitch (button) state. This enables
thestylusglyphon thevisualdisplayto follow theuser’s handmo-
tions,actingasa 5 degreeof freedommouse.Whenthemouseis
usedasawindows pointerto selectmenuitems,thisstateinforma-
tion is alsosentto theDSPcomputerto enabletheproperrendering
mode.A single9600baudserialline providesthis link.

4.1 Cell Search and Interpolation

Fastandsmoothhapticrenderingis relatively easywhenthe data
canbe determinedasan explicit function of position. This, how-
ever, is not the casein most applications,sincethe datafield is
usuallygeneratedby afinite elementprogram.Thus,thedataexists
asvalues(scalar, vector, tensor)specifiedat eachnodein a three-
dimensionalgrid. In addition,this grid is likely to beirregular(el-
ementedgesvary in length)and/orunstructured(elementsof dif-
ferenttopologiesarepresent.)Onemustinterpolatethesegridsex-
tremelyfastin orderto maintainthesub-millisecondcyclesneeded
for qualityhapticrendering.

A brief overview of our approachis asfollows; moredetails
canbefoundin [15]. First,we determinewhich dataelementcon-
tains the currentinterrogationpoint (tip of the stylus). Then we
interpolatethepositionwithin theelement,andapplytheseinterpo-
lationcoefficientsto thedatavaluesassociatedwith elementnodes.
It turnsout thatfinding thecontainingelementis thekey difficulty
in irregularmeshes[2, 8]. Thisis accomplishedbyadirectedsearch
in aregular, non-dimensionalparametricspace,wheretheelements
aresuccessively testedfor containmentof thestylusposition. The
parametriccoordinatesareobtainedby approximatingthe inverse
of theelement’s shapefunctionusinga Newton-Raphsonmethod.
Oncecomputed,theparametriccoordinateswill eitherindicatethe
containmentof the test point within the given element,or direct
thesearchto oneof the26neighboringcells(weareusinghexahe-
dronelementsat present.)Our algorithmis basedon theapproach
in [6], but modifiedfor betterspeedandstorageefficiency in real-
timehapticrendering.

4.2 Data Manipulation and Indexing

The ability to grabdataon the screenandmove it asonewould
manipulatea realobjectis importantif dataexploration is desired
ratherthandatadisplay. By giving theusercompletecontrolover
view orientation,position, and scalingthroughnaturalhandmo-
tions,thefocusis shiftedto thedataratherthantheinterfaceitself.
A thick arrow glyph on thescreenfollows theuser’s handmotions
at all times. Whenthe “index” buttonon thestylusis pressed,the
glyph becomesattachedto thedatabeingviewed,andsubsequent
handmotionscauseboth dataand glyph to move with the hand.
Note that arbitrary motionsof the datacan be accomplishedby
thismethod,despitelimited rangeof motionof thehapticinterface
(andthe user’s wrist). By releasingthe index button andmoving
the glyph to anotherpart of the dataor to anotherorientation,re-

indexing causesa ratchetingmotionof thedata,exactly analogous
to “lifting the mouse”. This makes it easyto find the bestvisual
view, or to bring the datainto the rangeof motion of the haptic
interface,e.g.so thatvectorsin thedatacanberenderedasstylus
orientationswithin acomfortablewrist/handpose.

It is vitally importantthatboththevisualandhapticdataori-
entationandscalecorrespondduringdatamanipulation.Feelinga
datafeatureat oneorientationandseeingit at anotheris almostal-
waysconfusing,unlesstheorientationsdiffer by only afew angular
degrees.Someusersareableto resolve large disparitiesbetween
visualandhapticviews, but this is mentallyfatiguinganddetracts
from a mentalfocuson thedataitself. Disparatescalesarelessof
anissue,aslongasthey arenotchangedoften.Again,this is analo-
gousto theconventionalmouse,wherephysicalmotionandpointer
motionscaledisparityis easilyaccommodatedaftera few seconds
of experimentingby theuser.

The datamanipulationandindexing capabilitiesin the com-
bined visual/hapticinterfaceare typically learnedin the first 15
minutesby noviceusers,andarewell-retainedin periodicuse.This
enablessophisticatedvisualizationfor the casualuser, relying on
naturalhumanmanipulationabilitiesratherthanon thelearningof
arbitraryrelationshipsbetweeninterfacecontrolsandtheireffecton
thedatadisplay.

5 Discussion and Conc lusion

We have developedcombinedvisual/hapticrenderingmodesthat
enableshockwavesandvorticesto bemorenaturallyexploredand
understoodby users.Theresultsfrom our initial implementationof
thesemodeshavebeenencouraging.In orderto implementandtest
ourshockandvortex visualizationmodes,wehave initially chosen
relatively non-complex datasets.For thesenon-complex datasets,
the additionof the haptic modesto the traditionalgraphicalren-
deringnot only increasesthespeedwith which a userunderstands
thedata,but alsoallows theuserto morenaturallymanipulateand
morepreciselylocateinterestingaspectssuchasshockwave loca-
tion andvortex corelocationwithin thedata.We arecontinuingto
testthesemodesonmorecomplex andlargerdatasets.Wearealso
looking into new hapticmodes,suchastheconstrainingof thesty-
lus motionto theshockwave. Sinceno singleshockidentification
methodseemsto alwayswork best,it makessenseto makeavariety
of modes,e.g.asin [13], availableto theuser.

Further, we are in the processof exploring other data sets
in fluid dynamicsaswell as from otherfields suchasearthquake
groundmotionsimulationsandmedicalimages.As wearedesign-
ing andimplementingnew visual/hapticrenderingmodes,we are
working to involvedomainexpertsin evaluatingthemodes,sothat
thesemodeswill indeedbeusefulin theserealapplications.

As we work with differentdatasetsanddevelopnew render-
ing modesusefulfor particularapplications,we believe thatsome
commonfeatureswill emerge in the different renderingmodes.
Uncovering thesecommonalitiesmay allow the developmentof a
“basis” setof modesfrom which morecomplex renderingmodes
canbe constructed.This would allow a wide variety of modesto
bemadeavailablewith a relatively simpleimplementation.
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