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UsingMotion to IllustrateStatic3D Shape-
Kinetic Visualization
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Abstract—
In this paper we presenta novel visualization technique – kinetic visu-

alization – that usesmotion along a surface to aid in the perception of 3D
shapeand structure of static objects. The method usesparticle systems,
with rules suchthat particles �o w over the surfaceof an object to not only
bring out, but alsoattract attention to information onashapethat might not
bereadily visible with a conventional renderingmethodwhich useslighting
and viewchanges.Replacingstill imageswith animationsin this fashion,we
demonstratewith both surfaceand volumetric modelsin the accompanying
videos that in many casesthe resulting visualizations effectively enhance
the perception of thr ee-dimensionalshapeand structure. We alsodescribe
how for both typesof data a texture-basedrepresentationof this motion be
renderedusingPC graphicshardware for interactive visualization. Finally,
the resultsof a userstudy that wehave conductedis presented,which show
evidencethat the supplementalmotion cuescan behelpful.

Keywords— animation, visual perception, particle systems,scienti�c vi-
sualization,volumerendering,graphicshardware, texture.

I . INTRODUCTION

Scienti�c visualizationis often concernedwith the creation
of 2D visual depictionsof the featuresfound in 3D datasets
with thegoalof having these2D imagesprovidescientistswith
insightsinto theirdata.Unfortunately, this intermediate2D rep-
resentationcan introduceambiguitiessinceit is merely a 2D
projectionof this 3D data.This is particularlya problemwhen
renderingsemi-transparentmaterialswith directvolumerender-
ing. In this case,changesin pixel luminancecanambiguously
betheresultof a numberof factors.It canbecausedby the il-
luminationof any oneof theoverlappingsurfacelayers,it can
be an indicationof opacity, or canbea resultof thecolor map
speci�ed by thetransferfunction. Our work dealswith theuse
of motion as a way of providing supplementalcuesto aid in
theperceptionof theseoftenambiguous3D structuresfoundin
scienti�c visualization.

Time-varyingsequencesof imagesarewidely usedin visual-
izationasameansto provideanextradimensionof information
for perceptionto occur. This animationmight be assimpleas
the changingof cameraor objectpositionsor canincludeani-
mationsresultingfrom time-varyingchangesin the dataitself.
However, usingmotionthat is independentof changesin view-
ing directionfor conveyingtheshapeof staticobjectshasbeena
ratherunexploredarea.In this paper, we presenta visualization
technique,which we call kineticvisualization, for creatingani-
mationsthat illustratetheshapeof a staticobjectin anintuitive
mannerusingmotion.

Thiswork is motivatedby theobservationthatthe�o w of fast
moving wateroverarock,adynamic�ame from anopen�re, or
evena schoolof �sh exhibit motionthatgivestheperceptionof
shape.Our technique,thebasicideaof which is alsodescribed
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Fig. 1. A singleframeof ananimationshowing a PETscanof a mousebrain.
The particleshelp to illustrateoneof the function levels while direct volume
renderinggivescontext to theirmotion.Themethoddescribedin thispaperuses
themotionof particlesto illustrateshape.As such,a staticimagelike theone
shown doesnot demonstratethe technique.Thereaderis encouragedto watch
theaccompanying videos.

in ourpreviouswork [1], is built ontheinspirationswereceived
from kineticart[2], thestudiesdonein cognitivescience,specif-
ically on structure-from-motionperception[3] [4], the ideasof
particlesystems[5], andthework of Interrante[6] onusingtex-
tureto convey theshapeof overlappingtransparentsurfaces.It
is uniquebecauseweareableto applymotionasasupplemental
cueto enhanceperceptionof shapeandstructure,andbecause
themotionis creatednotonly accordingto thecharacteristicsof
the databut alsousinga setof rulesbasedlooselyon physics
andbiology. A staticimagefrom ananimationgeneratedusing
our techniqueis shown in Figure1. Becauseof thenatureof the
techniquespresented,readersareadvisedto watchthe accom-
panyingvideosin orderto follow theexposition.Thevideoscan
bedownloadedfrom:

http://www.cs.ucdavis.edu/˜ma/kinvi s/
The techniqueintroducedin this paperis not meantto be a re-
placementfor traditionalrenderingtechniquesthatuselighting
andviewpoint changesto indicateshape,ratherit canaugment
thosemethodsfor moreintuitive andeffective visualizationas
illustratedin Figure2.

We expandonourpreviouswork [1] in this paper, describing
how a texture basedrepresentationof this motion canbe used
for improvedinteractivity with a largernumberof motionprim-
itivesusingcommodityPCgraphicshardware.In particularwe
describehow 2D texturescanbe usedto remove the needfor
sendingposition information of eachmotion primitive across
the graphicsbus. For volumedatawe describehow by using
dynamicvolumetric particle textureswith the multi-texturing
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Fig. 2. The kinetic visualizationtechniquewe describeis not meantto be a
replacementfor conventionalrenderingmethods.For example,themoving par-
ticles on the left areusedin combinationwith traditionalvolumerenderingto
createthevisualizationontheright. Sinceourtechniqueusesmotionto illustrate
shape,neitherof thesestill imageis representative of our technique.

capability of commodityPC graphicscardsand the temporal
compressiontechniquedescribedin [7] we achieve interactive
texture-basedvolumetric kinetic visualization. It is important
to point out that our techniqueis basedon motion, ratherthan
texture,to illustrateshape;graphicstexturehardwareis merely
usedasa meansof generatingthatmotion.

I I . V ISUAL CUES

In recentyearstherehasbeenincreasingamountsof research
in theapplicationof non-photorealisticrendering(NPR)to sci-
enti�c visualizationwith thegoalof creatingmoreperceptually
effectivevisualizations[8] [6] [9]. Thereasonbeingthatartists
for centurieshave dealt with the situationof trying to create
meaningfulrepresentationsof a 3D world using2D media.Al-
thoughNPR techniquesareoften bene�cial, the modi�cations
madeby thesetechniquesto thehueandluminanceof thepixels
in animagecanalsointroducetheir own typeof ambiguity. As
an example,aerialperspective [10] might be usedto illustrate
depth,wherefar away objectsarerenderedin coolerblue less
saturatedcolors,similar to how anartistmight illustratedistant
mountains.Thiscanintroduceambiguitywith respectto theuse
of thecolorblue,sinceit canbecomeunclearif anobjectis blue
becauseof its materialor becauseof its depth.

To presentmoreshapecuesto theviewer, our techniqueuses
motionasameansof providing supplementalinformationto the
user. This does,however, alsointroduceits own typeof ambi-
guity. Namely, sinceourmethodusesmotionto illustrateshape,
it canalsogive theimpressionof motionor directionthatis not
physicallypresent.Therefore,the techniqueis not appropriate
for thevisualizationof time-varyingphenomenasincethemo-
tion usedcouldgivetheimpressionof changesnotpresentin re-
ality. Our techniqueis alsonot appropriatefor vector-�eld data
setssincetheparticlemovementcanconvey directioncontrary
to thatfoundin thedata.Neverthelesswebelievethereis alarge
classof staticscalardatasetsto which themethodis applicable.

Wehaveappliedkineticvisualizationto two differenttypesof
staticdata.Oneincludessurfacemodelsrepresentedaspolygo-

nal meshes,in which caseparticlemotion is in�uenced by sur-
facenormal,principal curvaturedirection,andcurvaturemag-
nitude.Theothertypeof staticdatais regularly sampledscalar
volumetricdata,wherescalarvalue,gradientmagnitude,gradi-
entdirection,principalcurvaturedirection,andtransferfunction
areusedin thecalculationof particlesmotion.

I I I . RELATED WORK

The perceptionof shapethroughmotion, called "structure-
from-motion",haslong beenstudiedin psychology[11]. Treue
et al. [4] demonstratethat themovementof pointson anobject
cangive the perceptionof shape,usingas stimulusa rotating
cylinder with a randomdot patternon thesurface. Their work
shows a "building up" time is requiredfor mentalgenerationof
a surfacerepresentationfrom theintegrationof pointvelocities.
They also�nd thatsubjectswereableto performvarioustasks
with peakperformancewhenpointshadlifetimesof at least125
milliseconds(ms), and that with lifetimes of lessthan 60 ms
shapeperceptionfrom motiondid notoccur. It shouldbenoted,
however, that thedot patternsin their researchwereattachedto
arigid structureratherthanmoving overthestructureitself asis
thecasewith our work.

Furtherwork by AndersenandBradley [3] demonstratesthat
structure-from-motionperceptionrequireseitheralargenumber
of dots,or fewerdotsthatappearin varyingpositionsover time.
Their work alsosuggeststhatthemiddletemporalarea(MT) of
thebrainis essentialfor thestructure-from-motionperception.

Wanger, Ferwerda,and Greenberg [12] explore visual cues
by conductingthreepsychophysicalexperimentsin which the
accuracy of interactive spatialmanipulationperformedby sub-
jectswasmeasured.Theirstudyshowsthatdifferentvisualcues
facilitate different tasks. Motion is found to have a substan-
tial positiveeffectonperformanceaccuracy of orientingtasksin
whichspatiallocationis lessimportantbut relativealignmentin-
formationis needed.Limogesetal. [13] studytheuseof motion
to give theperceptionof correlationsbetweenvariables.Their
work focusesonthedisplayof statisticaldata,not thegeometric
datathatwe dealwith in ourwork.

Kinetic art incorporatesrealor apparentmovementin apaint-
ing or sculpture.Kinetic artistsoftenusevariousmeansto de-
emphasizeform andcolor in favor of movement.Fromstudies
in neurology, it is evident thatanentireareaof thebrain is de-
votedto processingmotioninformation.Zeki [2] proposesthat
thesameareais essentialfor appreciatingkineticart.

Motion blur [14],[15] capturestheeffectof motionin still im-
agesandis widely usedin producingrealisticanimations.The
work presentedin this paperdealswith the inverseproblem,
whereinsteadof using a static imageto representa dynamic
phenomenon,dynamicanimationsaregeneratedfor thevisual-
izationof staticdata.

Motion without movement[16] assignsperceptualmotionto
objectsthat remainin �x ed positionsby usingoriented�lter -
ing. This techniquecangenerateacontinuousdisplayof instan-
taneousmotion. Line integral convolution [17], basedon the
sameprinciple, low-pass�lters a noisefunctionalonga vector
�eld directionto createvisualizationof directioninformation.

Our work appliesparticlesystems,which have beenusedto
modela setof objectsover time usinga setof rules[5]. They
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Fig. 3. Theyellow arrows illustratethedirectionof theparticlesandarenotpartof ourkinetic visualizationtechnique.(a) Particlesareconstrainedto lie alongan
object's surface.Without theadditionof otherrules,particlessimply move with randomtrajectoriesalongthesurface.(b) Particles¯ow over anobjectfollowing
the ®rst principal curvaturedirections(PCD).Following the ®rst PCDsdoesnot guaranteethat particlesfollow an object's maximumcurvaturewith consistent
directions.(c) Theuseof ¯ockingaddslocal consistency to theparticledirections.By limiting thedegree¯ocking is applied,particlesarestill in¯uencedby the
®rst principalcurvaturedirections.(d) Particle directionscanalsobemademoreconsistentby makingtheparticleshave a tendency to move in a userspeci®ed
"preferred"directionresultingin anappearancethatin somewaysresemblesthe¯ow of waterover anobject.

havebeenappliedto themodelingof awidevarietyof phenom-
ena,includingsmoke, �re, andtrees,usinga setof eitherdeter-
ministic or stochasticrulesof motion [10]. Theserulescanbe
basedonphysics,for examplegravity, or evenbiology, asis the
casewith �ocking behaviors.

The shape,density, transparency, and size of particlescan
have an impacton the visual appearanceandresultingpercep-
tion cues. Interrante[18] hasdonea comprehensive studyon
usingopaquestroke textureto improve theperceptionof shape
anddepthinformationof overlappingtransparentsurfaces.Our
work considersparticleshapeto someextent, but the focusof
our work is particlemotion,ratherthanshape.

Usingparticlesasa representationof shapeis alsorelatedto
point-basedrendering. Point-basedrenderingalgorithmstypi-
cally usereconstruction�lters that disguisethe appearanceof
the point representation[19]. In someways our work canbe
thought of as a variation of point-basedrenderingwhere the
pointsmoveover time andareintentionallymadevisible.

In thevolumetriccase,ourwork is analogousto splatting[20]
with a limited budgetof splats. The locationandsizeof each
particle are not speci�ed to representthe entire volume, but
ratherarepositionedsuchthattheir locationandmovementcre-
atea dynamicrepresentationof thestaticvolume. In this way,
our techniqueallows for thevolumevisualizationof extremely
largevolumetricdatasetswith a limited renderingbudget.

IV. MOTION STRATEGIES

In this sectionwe discussthesetof ruleswe apply to gener-
ategeometricallymeaningfulmotion.Theoverallgoalis to cre-
aterulesresultingin particlesthat indicateshapeby smoothly
�o wing over anobject,with locally consistentdirections,anda
densitydistribution thatdoesnot let particles"clump" together
in regionsof little interest. Many of the rules imposedon the
particlesarelooselybasedonbiologyor physics.It is ourbelief
that thesetypesof rulesaredesirablesincethey aresimilar to
thetypesof stimulusthehumanvisualsystemhasbeenadapted
to process.

A. Motion AlongtheSurfaces

Sincewewouldliketo betterillustrateanobject'sshape,rules
areimposedtoconstrainthemotionof particlestoasurface.The
motionof particlesalonganobject's surfaceover time presents
theviewerwith asetof vectors(trajectories)thatrunparallelto a
surface.In thecaseof viewing amesh,this rule is accomplished
by simplyconstrainingtheparticlesto lie on themeshasshown
in Figure3(a).

In thecaseof volumetricdata,therulesareappliedto restrict
motion alongthe local gradient.Particlemovementis reduced
alongthegradientdirectionasillustratedin Figure4 andcanbe
describedin thefollowing equation:
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G is thegradientdirection.
This resultsin particlesthat move along anddo not leave the
surfaceof interest.After every iteration,velocitiesarenormal-
izedto have constantmagnitudeor speedin 3D world space.A
particlewith reducedspeedin projectedscreenspacethuspro-
videscuesthat it is eithermoving in a directionnearparallelto
theview directionor is far from theviewerandthushasreduced
speedon thescreenasa resultof perspective. If particlespeed
wasallowed to vary, suchdepthandorientationcueswould be
lost.

Gradient

®®®®

++++1nD

®®®®

nD

Fig. 4. Particlesareconstrainedto have a directionperpendicularto thegradi-
ent. Theparticleis shown in red, �Dn� 1 is thenew particledirection,and �Dn is
theparticledirectionin thepreviousiteration.
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B. Principal CurvatureDirection

Theprincipalcurvaturedirections(PCDs)indicatethedirec-
tions of minimum and maximumcurvatureon a surface. In-
terrante[6] describeshow line integral convolution along the
principal curvaturedirectionscan generatebrush-like textures
thatcreateperceptuallyintuitive visualizationssincetheresult-
ing textures"follow the shape"of the object being rendered.
Similarly we useprincipal curvaturedirectionsto createparti-
clesthat "follow theshape"of a surface.Particledirectionsare
adjustedso the particles�o w in a mannerthat favors the �rst
principalcurvaturedirection.This is shown in Figure5 andcan
beexpressedas:
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wherekc is a scalefactorusedto specify the degreethe prin-
cipal curvaturedirection in�uences particledirection,

�

C is the
principalcurvaturedirectionvector, andcm is themagnitudeof
the principal curvaturedirectionvector. Note that a curvature
directionat any point is thesameforwardasbackward. When
PCDis incorporatedwith particledirection,its orientationis ad-
justedso that it is mostconsistentwith thecurrentdirectionof
theparticle.ThePCDruleresultsin particlesthatsmoothly�o w
overanobject,althoughtheparticlesarenotguaranteedto move
in thesamedirectionasshown in Figure3(b).
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Curvature

Fig.5. Particledirectionisadjustedto bemorecloselyalignedwith theprincipal
curvaturedirection

C. ConsistentDirections

The motion of dots in oppositedirectionscan suppressre-
sponseto the middle temporal(MT) areaof the brain andcan
give perceptualcuesof differencesin depth[3]. We therefore
useasetof rulesthatmoveparticlesin directionsconsistentwith
their neighbors.This is particularly importantsincethe PCD-
basedrule in theprevioussectioncancauseparticlesto follow a
PCDsin oppositedirections.Weusetwo differenttypesof rules
to enforceconsistency.

The�rst methodwe useto give theparticlesmoreconsistent
directionsis to assigntheparticles�ock-lik ebehavior. A �ocks
exhibits motion that is �uid, with eachmemberstill exhibiting
individualbehavior. Thus�ocking canbeusedto addlocaluni-
formity to particlemotionwhile still allowing particlesto have
motionshapedby outsideforceslike principalcurvaturedirec-
tion. Reynolds [21] presentsa methodfor creating�ock-lik e
particlesystemsusingbehaviorsthatincludevelocitymatching,

collision avoidance,and �ock centering. We have found that
adjustingparticledirectiontowardsthatof the�ock to beanef-
fective methodin yielding moreconsistentparticledirections.
This rule makeseachparticleattemptto matchthedirectionof
its neighbors.Flock directionfor eachparticleis calculatedas
the averageof the neighboringparticledirectionsweightedby
distance.The mannerin which particledirectionsareadjusted
basedon �ocking is illustratedin Figure6 andcanbeexpressed
by thefollowing equation:
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wherekf is a constantinteractively speci�ed by the userthat
controlstheextentthe�ock vectoraffectstheparticledirection,
and

�

F is the�ock vectorfor this givenparticle.At times�ock-
ing canresultin motionthatcontradictsotherrulesthatareim-
posed.By varyingtheconstantk f andnotenforcingstrictdirec-
tion matching,particlescanstill exhibit motion in�uenced by
otherrules, like thoseinvolving principal curvaturedirections,
while still addingconsistency with respectto their neighborsas
shown in Figure3(c). Collision avoidanceis usedto give par-
ticles a moreuniform distribution andwill be discussedin the
next section.Flock centeringis not usedsinceit is not our in-
tentionto have theparticlesstaytogetherasa coherentunit but
ratherto createparticlesexhibiting locally �ock-lik ebehavior.
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Fig. 6. Using¯ocking,eachparticlehasits directionadjustedto besimilar to
its neighbors'directions.

A simplermethodfor giving particlesa consistentdirections
is to simplyde�ne a“preferred”directiontheparticlesmove,as
shown in Figure3(d). This canbe expressedby the following
equation:
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andis illustratedin Figure7 wherekp is apercentageof thecon-
tribution by preferreddirectionand

�

P is thepreferreddirection.
Theresultis a �o w of particlesthatmoveoverasurfacewith an
appearancesimilar to water�o wing over anobject. Onedraw-
backof this approachis that at the extremeendsof an object,
wheretheparticles�o w from and�o w into, thedirectionsof the
particlesarenot consistent;that is, theparticleswould move in
oppositedirectionseitherto or from apoint on thesurface.
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Fig. 7. A particledirectionbecomesa weightedsumof thepreviousdirection
andauserspeci®ed"preferred"direction.

D. Particle Density

Treueet al. [4] demonstratethat if moving stimuli become
too sparse,shapeperceptionis diminished.Considerationmust
thereforebetakenwith regardto particledensity. Sincethenum-
berof particleshasadirectin�uence onrenderingtime, it is de-
sirableto haveasetof rulesthatef�ciently usesalimited budget
of particles.In addition,rulesregardingparticledensityarenec-
essarysincefollowing principle curvaturedirectionscanresult
in particlesaccumulatingin localminima.

F1

F2

1

2
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Fig. 8. Particledensityis controlledby usingmagneticrepulsion.All particles
have the samecharge andarerepelledby otherparticleswith forcesinversely
proportionalto thesquareof their distances.In this caseparticleone(in green)
exertsforce �F1 andparticletwo (in black)exertsforce �F2 on theredparticlein
themiddle.

By usingasetof rulesbasedonmagneticrepulsion,moreuni-
form particledensitiescanbeachieved.Particlesaremodeledas
having magneticchargesof thesamesign,andarerepelledfrom
their neighborswith forcesinverselyproportionalto thesquare
of their distancesasshown in Figure8. This is similar to the
rule Reynoldsusesfor �ock collision avoidance[21]. In order
to avoid numericinstability from particlesthataretooclose,the
total force is clamped. Using this techniqueyields moreuni-
form particledensities.Useof this rule, however, mustbe lim-
ited, sinceit canmake particlesmove with directionscontrary
to otherrules.

Anothermethodfor controllingparticledensityis to usepar-
ticle lifetimesdesignedto pruneparticlesfrom high densityre-
gions,to berespawnedin regionsof lowerdensity. Duringeach
updateiteration, the densityaroundeachparticle is calculated
andtheparticleis removedwith aprobabilityproportionalto its

density. The calculateddensitycanbe arti�cially manipulated
basedonotherfactorssuchasvisibility andcurvaturemagnitude
to furtherpruneparticlesfor evenmoreeffectiveuse.Removed
particlesareaddedto regionsthathadthe lowestdensitiesdur-
ing the previous iteration. Finally, for volumetricdatasets,in
orderto permittheuserto applytheparticlesto particularstruc-
turesof interest,aseparateparticletransferfunctioncanbeused
to limit theparticleto speci�c rangesof scalarvalues.Figure9
shows the result of settingtransferfunctionsto illustrate two
differentisovaluesin a volumetricdataset.

E. Particle Color

Thecolor of eachparticlecanbevariedto provideadditional
information.Goochetal. [8] describehow variationin huefrom
warm to cool canbe usedto indicateshading,reservingvaria-
tion in color intensity for outlinesandhighlights. Schussman
et al. [22] usehue to indicateline direction when visualizing
magnetic�eld lines. Either of theseideascanbe incorporated
asa particlesystemrule. Thehueof eachparticlecanbevaried
from cool to warm basedon lighting. Particlescanalsohave
their color temperaturevarieddependingondirection,with par-
ticles moving in a direction toward the viewer being rendered
in warmercolorsthanrecedingparticles.Particlecolor canbe
usedto indicateotherscalarvalues,suchascurvaturemagnitude
or gradientmagnitudefor volumetricdatasets.

Specialconsiderationwith regard to particle color must be
taken into accountwhentheparticlesarecombinedwith tradi-
tional renderingtechniques.For example,if particlesareto be
drawn on top of a surface,theparticlesshouldnot have a color
too similar to thesurfaceor they will not bevisible. In addition
it is oftendesirableto haveparticlecolor intensityvarybasedon
shadingparameters.This is particularlyhelpful whentheparti-
clesaredense,sincethey canobscurethelighting cuesprovided
by the underlingsurface. If particlesare lit, a differentsetof
lighting parametersshouldbe usedfor theparticlesin orderto
avoid theirblendingin with thesurfaceandbecomingdif�cult to
see,especiallywhena particleis in a darker region. For exam-
ple, if the particlesandsurfaceareboth renderedin extremely
dark colors,it canbe dif�cult to seethe particles,even if they
differ in huefrom thesurface.In our implementationwe allow
theuserto vary theparticlecolor basedon gradientmagnitude,
view vector, anddirectionvector. Eachof theseadjustmentsin
colorcanbeusedaloneor combinedtogether.

To avoid rapid changesin particle color and facilitate the
trackingof particlesby the user, new particlecolorsareaver-
agedwith their colorsfrom thepreviousiteration.

F. Particle SizeandShape

The sizeandshapeof eachparticlecanalso in�uence how
it is perceived. For example,if particlesizeis variedbasedon
densitysuchthatthegapsbetweenparticlesare�lled, moretra-
ditional point basedrenderingoccurs.Sincefor our work indi-
vidualparticlesmustbevisible for theirmotionto beperceived,
particlesarerenderedsmall enoughthat theamountof overlap
with neighboringparticlesis minimal. Figure10showsfour ex-
amplesof particlesrenderedin differingsizes.

Therearea numberof waysthatparticlesizecanbe varied.
Particlescanbe renderedin perspective suchthat closerparti-
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Fig. 9. By usinga separateparticleopacitymapwhich limits paticlesto certainrangesof scalarvaluesin a volume,differentfunctionlevelscanbeemphasized
andclari®edasshown in this two-bodyelectronprobabilitydataset.

clesappearlarger thanfurtherparticles,providing a visual cue
of particlepositionasshown in Figure11. Particlesizecanbe
variedbasedon local densitysuchthat the gapsbetweenpar-
ticles is uniform, similar to splatting. Finally, particlesizecan
simplybekeptconstant.

Interrante[18] found stroke lengthto be critically important
in herwork usingstrokesorientedalongprinciplecurvaturedi-
rections. Sincethe emphasisof our work is motion and indi-
catingdirectionusing temporalmeans,we did not thoroughly
investigatehow particleshapecanbe variedto betterillustrate
shapewhencombinedwith motion.As anoption,however, par-
ticlescanbedrawn asdisc thatareslantedto be perpendicular
to thesurfacedirectionto provide a cuewith respectto surface
orientationasshown in Figure11. Particlescanalsoberendered
with amotionblurredstroke-likeappearanceasa temporalanti-
aliasingmechanism.

G. Particle RenderingPerformance

We experimentallystudiedkinetic visualizationonaPCwith
anAMD Athlon1.4GHzprocessorandNvidiaGeforce3graph-
ics card. Severalof the rulesuseoperationsthat requireaccess
to neighboringparticles.For polygonsurfacerendering,parti-
clesarestoredin bins on a per polygonbasiswith the closest
particlesfound by iteratively traversingadjacentpolygons. In
this mannerwe areableto renderapproximately11,000parti-
clesat 20 frames-per-secondusingall therulesdescribedin the
previous section. For volumetric data,particlesare storedin
binsdeterminedby hashinga particlesspatiallocation. This is
lessef�cient thanbinningbasedon polygons,sowe canrender
1,500particlesat 20 framesper second. If moreparticlesare
usedthancanbecalculatedandrenderedat interactiverates,an-
imationcanbegeneratedin anof�ine batchmode.Alternately,
particlepositionsover time canalsobeprecomputedin a batch
modeprocessfor higherperformancerendering,althoughren-

deringtimestill remainsproportionalto thenumberof particles
sinceeachparticlemuststill be transferedto andrenderedby
thegraphicscard.

In our implementationtheusercanturnoff andonthevarious
rulesandtunemotionparametersuntil thedesiredvisualization
is achieved. The interactivity of this processallows the quick
selectionof parametersthatareappropriatefor emphasizingthe
speci�c regionsof interestto theuser.

V. TEXTURE-BASED RENDERING

As analternative to thepoint-basedrenderingof particlemo-
tion, we have alsoinvestigatedtheuseof dynamictexturesfor
realizingkinetic visualizations.Thisgivesthebene�tstypically
associatedwith the useof textures,namelythe replacementof
complex geometryinformation(perparticlepositions)with reg-
ularly sampledarraysof texels.For polygonmeshes2D textures
thatvaryovertimeareappliedto asurface,while in thevolumet-
ric casekineticvisualizationtexturesareusedwhichareblended
with directvolumerenderingusinghardwareaccelerated,multi-
pass,multi-texturerenderingtechniques.

A. PolygonSurfaceTextures

Typically the renderingof particlesrequiresthe transferof
their positionsfrom main memoryto the graphicscardacross
the relatively slow AGP graphicsbus for every frame. The
amountof datathat needsto be transferredis proportionalto
thenumberof particlesandthuscanbecomea bottleneckin the
renderingprocesswhen a large numberof particlesare used.
However, by creatingtimevarying2D texturesto whichthepar-
ticleshave beenappliedit becomesnecessaryto only sendthis
new textureacrossthegraphicsbusratherthangeometry. Thus
by usingtexturesthereis a �x ed amountof datathat needsto
transferredfor every frame regardlessof the numberof parti-
cles, which for a suf�ciently large numberof particlesyields
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(a) (b) (c) (d)

Fig. 10. Particlesareshown renderedin differentsizes.Noticethatwhentheparticlesarerenderedtoo smallasshown in (a) they becomedif®cult to see.When
theparticlesarerenderedtoo largeasshown in (d) it is alsodif®cult to resolve theindividual particles.

Fig. 11. Particlescanbe renderedas¯at discsthat lie perpendicularlyto the
gradientdirectionto further indicatesurfaceorientation. The particlesshown
are also drawn in perspective wherefartherparticlesare smaller than nearer
particlesin this electrondistribution simulationvolumefor a proteinmolecule.

higherframerates.
Wethereforeallow theuserto generateasetof videotextures

thatareprecalculatedin a batchmodeprocessandplayedback
duringrendering.Unlikewhenanormal2D video,duringplay-
backthevideo texturespermit theuserto interactively rotatea
surfacewhile it is renderedin realtime. Themainadvantageof
this techniqueis thatit eliminatestheneedfor ahighspeedCPU
for computingparticletrajectoriesandonly requiresa PC with
2D texture hardware to work. Sincethe kinetic visualization
texturesareprecomputedin a batchprocess,a largernumberof
particlescanbeusedandmorecomputationallyexpensiverules
for controlling particledirectioncanbe applied. For example
whencomputing�ocking behavior or magneticrepulsionbased
densitycontrol,a largerneighborhoodof particlescanbe used
for makingthesecalculations.

It is desirableto useshorteranimationsequencesso the tex-
ture data�ts entirely in video memory, or at leastentirely in
main memory. For example,renderingthe venusmodel with
a short sequenceof time varying 2048� 2048 texturesthat �t
entirely in video memorycan be renderedat 300 framesper
secondwith a Geforce3 sinceno dataneedsto be transfered
acrosstheAGPbus. On theotherhand,renderingoccursat 17
framespersecondif the texturesmustbe transferedacrossthe
AGPbusfrom mainmemory. However, if theanimatedtextures
areplayedin a loop,discontinuitiesappearbetweenthe�rst and
last time stepwhich canbeparticularlydistractingwhenfewer
time stepsareused.To avoid this discontinuityparticlesshould
thereforehave temporaloverlapbetweenloopedsequences.To
createa loopedvideosequenceof lengthT, particlesarelimited
to having a life-time lessthanT andareinitialized with a ran-
domizedstartingtimes. The loopedparticlessequenceis taken
from somesimulatedwindowedsequenceof lengthT, with all
particlesinitialized prior to the startof that window removed,
andreplacedwith particlesat theendof thewindowedsequence
asshown in Figure12. Although this doesnot strictly enforce
densityand�ocking behavior, in practice,we have found this
to severelyreducediscontinuitiesthatexist betweenwindowed
animationsequences.

It is desirableto allow theuserto dynamicallyvary thepar-
ticle densityduringplayback.This canbeaccomplishedusing
a variationof the tonal art mapstexturing techniquedescribed
by Praunet al. [23]. Multiple setsof kinetic visualizationtex-
turescanbecreatedwith differinglevelsof particledensity, with
eachlowerdensitytexturecontainingasubsetof theparticlesin
thepreviouslevel. Duringrenderingthetwo texturelevelsclos-
estin densityto thedesireddensityarecombinedusingmulti-
texturingwith blendingto approximatethedesiredparticleden-
sity. Themaindisadvantageof thistechniqueis theextrastorage
requirementof having thedifferenttexturelevels.If thetextures
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t t+T

Fig. 12. In orderto createloopedanimationsof lengthT, thoseparticlesthat
exist prior to sometime t (shown in redon left) areremoved,andreplacedwith
thoseparticlesthatexist at time t+T (shown in blueon right).
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Normal Map
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N/A
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Fig. 13. Renderingrequirestwo passes.The ®rst appliestraditional direct
volumerenderingwhile thesecondrenderingpassappliesthemotiontextures.

arestoredin main memory, it alsorequiresthe transferof two
texturespertime stepratherthanoneacrossthegraphicsbus.

B. VolumetricTextures

For visualizingvolumetricdatasetsusingkinetic visualiza-
tion texture,time-varyingvolumesof particletexturesareused.
Thetime-varyingvolumesarepre-computedandconsistof par-
ticles thathave beensimulatedfor theentirevolume(all scalar
values). During �nal display, particlesare renderedonly for
thosescalarvaluesof interestusinga separatetransferfunction
for the particles. This approachhasthe advantageof allowing
for the of�ine simulationof a muchlarger numberof particles
thancould be simulatedat interactive rates. In order to create
volumetricvideo loopsof the textures,the sametechniquefor
creatingcyclical texture movementsasdescribedin the previ-
oussectioncanbeapplied.

Volumerenderingof this datais accomplishedby usingtex-
turehardware[24] andrequirestwo renderingpasseswith multi-
texturing thatusesthreetextureunitsasseenin Figure13. The
�rst renderingpassperformstraditionaldirect volumerender-
ing with thescalardataandtransferfunctionpalettein the �rst
textureandlighting usinga palettednormal-mapin thesecond
unit. Thesecondrenderingpassappliestheparticlesto thevol-
ume. The palettein the �rst texture unit is a transferfunction
thatdeterminesfor which scalarvaluesin thevolumeparticles
are rendered.This is blendedwith the lighting in the second
textureunit and�nally appliedto theparticlesin thethird unit.

Onelimitation of a volumetricrepresentationof theparticles

is that the time-varying texturescanbe extremelylarge. If the
volumeshave a resolutionof 256in eachdimension,for exam-
ple, eachtime steprequires16 megabytesof data,making it
dif�cult to �t morethana coupleof time stepsin video mem-
ory, or even tensof time stepsin main memory. If thesetime
varying volumesare storedin main memory, the I/O require-
mentsof sendingeachtime stepto thegraphicscardfor every
frame can severely hamperperformance.We thereforeapply
thetemporalcompressiontechniquedescribedby Lum etal. [7]
to compressthesetexturesby up to a factorof eight. This per-
mits signi�cantly moretime stepsto be used,andyields inter-
active frameratessincelesstexturedataneedsto be sentfrom
mainmemoryto thegraphicscardfor eachframe.For example,
usinga Athlon 1.2 Ghz PC with a Geforce3 Ti 200 graphics
card,a256� 256� 256volumecanbeatapproximately3 frames
persecondwithout compression,but 6 framespersecondusing
compressionby a factorof four.

Sincethis lossycompressiontechniquereliesontemporalco-
herenceto reducethe sizeof the textures,we have found it to
work well underconditionsthatparticlesmoveslow enoughthat
someframeto frametexel overlapof theparticlesexists. This
is typically the casesincethe desiredmotion texturesshould
havetemporalcoherencebetweenframessotheparticlescanbe
tracked by the viewer over time. Figure14 shows a rendered
volumewith particlesthathave beencompressedusingvarying
levelsof compression.Imagequality is reasonableup to com-
pressionlevelsof four, andfalls off noticablyat a compression
level of eight.

Tradeoffs exist betweentheuseof particleandtexture-based
representationsof kinetic visualizationmotion.A texture-based
prepresentationmovesthecalculationof particletrajectoriesto
a pre-computationstepallowing for the renderingof morepar-
ticles thancould be computedin real-time. The texture based
representation,however, doesnot allow usersto have thesame
�e xibility in varyingparticlepropertiessuchasthein�uence of
�ocking andmagneticrepulsion.Thepre-computationstepcan
also take several minutesto complete,especiallywhen using
anextremelylargenumberof particles.It is our belief that the
point-basedrenderingof particleshasadvatangesfor visualex-
plorationof a dataset,while a texture-basedrepresentationis
more suitedfor the presentationof thesestructuresoncethey
havebeenfound.

VI . DEMONSTRATION

To demonstratekinetic visualization,several animationse-
quenceshave beenmadeandincludedin videosaccompanying
this paperandcanbedownloadedat theURL givenpreviously.
Note that all rendering,including volumerendering,wasdone
in hardware to achieve maximuminteractivity. Consequently,
the imagequality, especiallyfor the volumetricmodels,is not
of thesamequality aswhata softwarerenderercouldachieve.
Thefour modelsusedconsistof thefollowing:

� A PETscanof amousebrain(256� 256� 47)
� A fuel injectionsimulation(64� 64 � 64)
� An electronprobablitiydistributionsimulation(64� 64 � 64)
� A CT toothvolume(256� 256� 161)
� A distortedspheremodel(15872polygons)
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(a) (b) (c) (d)

Fig. 14. This imagesof a PETscanof a mousebrainhasbeenrenderedusinga texture-basedrepresentationof theparticlemotionwith differing level of lossy
compression.Thereis very little noticeablequality degradationuntil compressionby a factorof eight. (a) Uncompressed(b) 2x compression(c) 4x compression
(d) 8x compression

Fig. 15. A singleframeof ananimationshowing a simulationof fuel injection
into acombustionchamber.

� A subdividedVenusmodel(5672polygons)

The video sequences(mouse1.mpg ) , (fuel.mpg ) , and
(neghip.mpg ) shows the useof our techniquein the visual-
ization of volumetricdatasets. The particleshelp to illustrate
oneof the function levels while direct volumerenderinggives
context to their motion. A singleframefrom (fuel.mpg ) is
shown in Figure15. Thevideosequence(comparison.mpg )
beginswith astill imagethatshowsthetypeof shapeambiguity
thatcanexist with traditionalrenderingtechniques.With thead-
dition of theparticles,theshapebecomesimmediatelyapparent.
It is not theparticlesby themselvesthatclarify theshape,rather,
it is the extra shapecuesthey provide that work in additionto
traditionalrendering.

The"rules"videosgiveexamplesof eachof thedifferentrules
weapply. Noticein pcd.mpg thatwith theabsenceof rules,the
randommotionof theparticlesontheVenusmodeldoeslittle to
clarify shape.By having theparticlesfollow the �rst principal
curvaturedirection, the particlesclearly "follow the shape"of
themodel.

Thenext sequence(flocking.mpg ) shows particlesmov-
ing alongthetoothdataset,but with locally inconsistentdirec-
tions. Although the particlesseemto have a slight shapeclar-
ifying effect, their contrarymotionsare distractingand make

themdif�cult to follow. With theadditionof �ocking, theparti-
clesstill movealongtheshapeof thetooth,but move in a much
morelocally consistentmanner. In thefollowing sequence,par-
ticles �o w down the Venusmodel, in a mannersimilar to wa-
ter. Thedownwardtendency addsconsistency to themotion,yet
theparticlesstill show sometendency towardfollowing the�rst
principalcurvaturedirection.

Next in density.mpg , the tooth is shown without density
controlling rules. As the particlesmove over time, they tend
to accumulatein ridgesasa resultof following the �rst princi-
pal curvaturedirection. With the absenceof particlesin some
regions,theshapebecomeslessclear. With theadditionof mag-
neticrepulsion,thedistributionof particlesbecomesmuchmore
uniformandtheresultingvideorevealsmoreshapeinformation.

The next sequence(size.mpg ) illustrates the effect of
changingparticlesize.Whenparticlesarelarge,they cancovera
surfacemuchlikesplatting,but theirmotionbecomesobscured.
When particlesare small, they can be dif�cult to see,anddo
little to improveperception.Thelastsequence(mouse2.mpg )
showskinetic visualizationof thePETdatawith changingview
direction.

VI I . USER STUDY

For amoreobjectiveevaluationof theeffectivenessof kinetic
visualizationa userstudywasconducted.Height�eld datasets
weregeneratedwith severalrandomlyplacedpeaksandvalleys,
selectedexamplesof which areseenin Figure16. A staticim-
ageandkineticvisualizationvideosequenceusingthecombined
rulesof PCDfollowing, �ocking, andmagneticrepulsionwere
pre-renderedfor eachdataset,with a viewpoint directly above
the surfaceviewing downward. Observersweregiven the task
of identifying the points on eachsurfacethey felt were clos-
estandfurthestin depthfrom theviewer. For all datasets,the
heightanddepthof thetallestandshallowestpeaksoneachsur-
facewereat leasttwice ashigh or shallow asall others. Sub-
jectswerepermittedto view eachdatasetfor a maximumof 30
seconds,andsaw eachdatasetrenderedaseithera staticimage
with traditionalPhongshading,or with kineticvisualization,but
neverboth.

Twenty-two subjects,consistingof both undergraduateand
graduatestudents,wereshown fourteendifferentdatasets,half
of which were randomlyrenderedas either a static imageor
with kinetic visualization.Thus,thecombinedsubjectselected
154minimumandmaximumpointson surfacesrenderedusing
eachmethod.Theresults,summarizedin TableI, indicatethat
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Fig. 16. Selectedtestimagesfrom the®rst userstudy.

TABLE I

FIRST USER STUDY RESULTS.

Task Num. Correctw/ KV Num. Correctw/o KV
FindMax 100(65%) 76 (49%)
FindMin 88(57%) 67 (42%)
Combined 188(61%) 143(46%)

subjectsweremoreaccurateat selectingboththeminimumand
maximumpointson the surfacewith kinetic visualization. Of
particularinterest,we found that kinetic visualizationseemed
mosteffective in improving taskperformancefor themoream-
biguousdatasetswith which the subjectswere leastsuccess-
ful. Although the scopeof this userstudywas fairly limited,
we feel the resultsareextremelypromising,particularlysince
the motion parametersremainedconstantfor all datasets. We
have found kinetic visualizationto be mosteffective whenthe
parametersare�ne tunedto a particulardataset.

In determiningthe p-valueof the combineddata(minimum
andmaximum)we treatedthenumberof correctidenti�cations
astheextremaof quantitativedata,andthenperformeda paired
samplet-test,matchingshape[25]. The null hypothesisstated
that therewas no differencebetweenusing and not using ki-
neticvisualization(themeandifferenceis zero),versuskinetic
visualizationbeingbetter(themeanis differentfrom zeroin the
direction of the useof kinetic visualization). The resultingt-
testyieldeda teststatisticof 3.95with 27 degreesof freedom.
The resultingp-valuewas0.00025,indicatingtherewasa sta-
tistically signi�cant differencein subjectperformancebetween
usingandnotusingkinetic visualization.

VI I I . COMPARISON WITH ORIENTED TEXTURES

It is worthdiscussingsomeof thedifferencesandsimilarities
betweenour techniqueandtheuseof staticorientedtexturesto
illustrate shape[6] [26] [27] [23] [28]. Both methodsdepart
from photorealismto provide supplementalcuesto aid in the
perceptionof shape.To thatend,both techniquesmake exten-
sive useof principalcurvaturedirectionsto provide thesecues.
Thetwo methodsrequirethesettingasimilar setof parameters;
for static texturesone needsto specify the sizeof the texture
primitive, the densityof thoseprimitivesaswell asthe length
it followsa principalcurvaturedirection,which is analogousto
theparticlesize,densityandspeedparametersusedin ourwork.

Thereare,however, signi�cant differencesbetweenthe two
techniques.First, it shouldbe emphasizedthat our technique
differs from texture basedmethodsin its useof the motion of
particlesto illustrate shaperather than texture. Although we
havedescribedrenderingoptimizationsthatusetexturegraphics
hardwarefor improvedrenderingperformanceof theseparticles,
ourapproachis not inherentlytexturebased.A moretraditional

useof theword ' texture' might beassociatedwith thephysical
materialpropertiesfoundonthesurfaceof anobject,or in com-
putergraphicstexturesmight refer to theapplicationof images
to a surfaceto approximatethesematerialproperties.In this re-
spectour methodis not basedon texturessincetheparticlesin
our work moveovera surfaceandareindependentof any phys-
ical textureon thesurfaceitself.

This leadsto oneadvantageof our methodover the useof
orientedtextures.Namely, orientedtexturetechniquespreclude
theuseof moretraditionaltexturesthatmight be usedto illus-
tratethepropertiesof asurface.For exampletheuseof hatching
texturescanintroducesambiguitybetweenwhetherthehatching
patterndisplayedon a surfaceis a physicalcharacteristicof the
surface(like a weavedbasket) or the resultof therenderingal-
gorithmitself. Sinceourmethodusesmotionto illustrateshape,
andhasa dynamicparticlesrepresentation,traditionaltextures
canbeusedin additionto theparticles.

Oftena priori knowledgeof thestructureof anobjectmakes
supplementalcues for gaining understandingof the overall
shapeunnecessary. Whenviewing a tooth dataset,the viewer
likely hasprior understandingof theoverall shapeof thetooth.
Greaterambiguityin shape,however, canexist in smallersub-
structuresthatareparticularto thatindividualdataset,thusmak-
ing it desirableto give theusertheability to zoomin onspeci�c
featuresof interest.By usingpoint-basedparticleprimitivesthat
canberenderedwith a sizede�ned in screenspace,ratherthan
objectspace,our techniqueis ableto dealwith changesin mag-
ni�cation. For example,the usercanzoomin to a speci�c re-
gion in the volume and the particle renderingbudgetwill be
usedonly to renderparticlesin that region, while theparticles,
with their constantscreenspacesize,continueto be effective.
For a texturebasedapproachto handlemagni�cation high res-
olution textureswould needto becalculatedfor smallerscales.
A multi-resolutionrepresentationsimilar to that describedby
Praunet al. [23] for 2D surfacemodelscouldbeappliedto deal
with suchmagni�cationsbut couldresultin impracticablyhigh
storagecostsfrom the3D texturesusedfor volumedata.

For futurework wewould like to conductfurtheruserstudies
to comparetheeffectivenessof kinetic visualizationwith static
oriented textures. The video (orientedtexture.mpg )
shows a surfacethat hasbeenrenderedusingorientedtextures
followed by the samesurface renderedusing our technique.
Snapshotsfrom thisanimationis shown in Figure17(a)andFig-
ure 17(b). Sincethe effectivenessof orientedtexture as well
asour techniqueis dependenton a setof renderingparameters,
carewouldneedto betakenwith respectto theselectionof these
parametersin orderto performa fair comparisonof both tech-
niqueswhenconductinga userstudy. We suspectthatonetech-
niquemight not alwaysbebetterthantheotherandtheremight
bedifferencesdependingon thetypesof tasksa useris askedto
perform.

We have begunpreliminaryresearchinto how our technique
canbeappliedin combinationwith orientedtextures.Thevideo
sequence(texturekinvis.mpg ) shows a surfacethat has
beenrenderedusing orientedtextures that follow the second
principaldirectionwhile kineticvisualizationillustratesthe�rst
principaldirection. A still imageof theparticlesimposedover
anorientedtextureis shown in Figure17(c).
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(a) (b) (c)

Fig. 17. Our techniquesharessomesimilarieswith renderingmethodsthat useorientedtextures to illustrate shape. Our kinetic visualizationtechniqueis
fundamentallydifferentin thesenseit usesmotionratherthantextureto illustrateshape.(a) An objectrenderedusingorientedtextures.(b) A framefrom akinetic
visualizationanimation(c) A framefrom a kinetic visualizationanimationthat hasbeencombinedwith an orientedtexture that illustratesthe secondprincipal
curvaturedirection.

IX. CONCLUSION

Thereis a growing interestin makingperceptuallyeffective
visualizations.In this paper, wesummarizeourexperiencewith
addingvisually rich motion cuesto the visualizationsfor in-
creasedclarity andexpressiveness.While morework is needed,
our currentresultsareencouraging,demonstratingthatit is fea-
sibleanddesirableto capitalizeon motioncuesfor thepurpose
of enhancingperceptionof 3D shapeandspatialrelationships.

We have shown thatkinetic visualizationnicely supplements
conventionalrenderingfor illustratingbothvolumetricandsur-
facedatamodels.Wehavealsoshown how themoving particles
helprevealsurfaceshapeandorientation.By utilizing low-cost
commodityhardware,thekinetic visualizationsystemwe have
built is very affordable.Theselective renderingbasedon parti-
cle budgetensuresthe critical interactivity requiredfor kinetic
visualization.

For certainclassesof data,however, somelimitations in the
effectivenessof our techniquecanbeobserved. In caseswhere
theprincipalcurvaturedirectionsarenotwell de�ned, for exam-
ple �at or sphericalregions,theeffectivenessof having particles
move alonga principle curvaturedirectionis limited. The use
of optimizationstrategies,likethatdescribedby Hertzmannand
Zorin [27] couldbeusedto adddirectionconsistency in these
regions,but considerationwould alsoneedto begivento avoid
smoothingsubtlefeaturesof interest.

It is clear that our techniqueis not appropriatefor visualiz-
ing time varying phenomena.Sincethe motion of particlesin
our work is basedon thegeometricpropertiesof a dataset,the
motioncangive theperceptionof movementthat is contraryto
thatwhich is physicallyoccurring.For example,our technique
wouldnotbeappropriatefor visualizing�uid �o w sincethemo-
tion of particlescould give a misleadingindicationof �o w di-
rection.

Despitethelimitationslistedabove,webelievethatkineticvi-
sualizationdeservesadditionalstudy. Furtheruserstudiesusing
a wider variety of tasksanddatacould provide valuablefeed-
backfor improving thetechnique.Weareparticularlyinterested

in studyinghow kineticvisualizationaffectstheperformanceof
realworld taskusingrealworld data. Conductinguserstudies
comparingkinetic visualizationwith other visualizationtech-
niques,suchasorientedtexturesandrotation,couldhelpto gain
understandingof how thedifferentmethodsaffectshapepercep-
tion,andunderwhattypesof conditionsthedifferenttechniques
bestsuited.This informationcouldbeusedto createnew visu-
alizationmethodsthatareevenmoreeffective for awider range
of conditions.

Additional future work includes using improved methods
for computingprincipal curvaturedirections,andaccelerating
the integrated renderingas much as possibleto attain even
higher interactivity. It is hoped the power of motion cues
will be welcomedby othersin helpingthemto effectively per-
ceive/illustratecomplex or ambiguousobjectshapeandspatial
relationship.
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