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Abstract

Non-photorealisticrendering canbeusedto illustratesubtle
spatialrelationshipsthatmight not bevisible with more re-
alistic rendering techniques.Wepresent aparallelhardware-
acceleratedrendering technique, making extensive use of
multi-texturingandpalettedtextures,for theinteractivenon-
photorealisticvisualizationof scalarvolume data.With this
technique, we can render a 512� 512� 512 volume using
non-photorealistictechniquesthat includetone-shading,sil-
houettes,gradient-basedenhancement,andcolor depthcue-
ing, asshown in the imageon the cover page,at multiple
framessecond.Theinteractivity weachievewith ourmethod
allows for theexplorationof a large visualizationparameter
spacefor thecreationof effective illustrations.
Keywords: interactivevisualization, non-photorealisticren-
dering, scienti�c visualization,silhouette,texture graphics
hardware,visualperception, volumerendering, parallelren-
dering

1 Intr oduct ion

Using a brush or pen, skilled artistsareable to apply pig-
mentsin a manner thatcreatemeaningful abstractionsof re-
ality. Usingawiderangeof techniques,anartistcanempha-
sizefeaturesthat might not otherwisebe visible, while de-
emphasizingthosefeaturesof lessimportance. In the �eld
of non-photorealisticrendering, methods have beendevel-
opedthatattemptto mimic someof the techniquesanartist
might utilize. Surfacerendering techniques include meth-
odsfor creatingillustrationsthatmimic theuseof pen-and-
ink [22, 19, 7], including work thatusesmulti-texturing ca-
pability of PC graphics cardsfor rendering illustrations in-
teractively [18]. Additional researchhasbeenperformedon
paintandbrushinspiredrendering[2, 1, 12]. A techniquehas
also beendeveloped for the useof non-photorealistic tone
shadedlighting [5]. In addition therehasbeenresearchon
theinteractive renderingof surfacesusinganef�cient setof
lines[15].

Non-photorealistic rendering for volumetric data visu-
alization has recently become an areaof active research.
Treavett andChenshow how pen-and-ink renderingcanbe
appliedto volume visualization [20]. Ebert and Rheigans
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describehow anumberof non-photorealisticrenderingtech-
niquescanbeappliedto volumerendering[3]. They demon-
stratethat non-photorealisticmethods canenhancefeatures
andimprovedepthperception.

Interactive volumerendering methodsgive scientiststhe
ability to quickly explore a dataset. Thesemethodsareof-
tenassociatedwith thereal time explorationof a volume in
the spatialdomain, whereparameters suchascameraposi-
tion andzoomarevariedin thevisualizationprocess.How-
ever, for volumerendering applications,equally important is
theability to interactively changethetransferfunctionwhich
mapsthescalardatain thevolume to color andopacity val-
ues. The ad hoc nature of transferfunction speci�cation
makesit an iterative process,wherea scientistchangesthe
opacity and color map, renders and examines the volume
with thesechanges,andthenrepeats the processasneces-
sary. Transferfunctionspeci�cationrequiresa greatdealof
�ne tuning, making interactivity extremelyimportant.

When non-photorealistic rendering methods are utilized
interactivity becomes even more critical. Each non-
photorealistic rendering technique addsits own set of ad-
dition parameters that must be speci�ed. For example, if
toneshadingis utilized,for bestresultsthevariationin color
should becarefully speci�edwith respectto bothhue, satu-
ration andvalueuntil the resultdesiredby the useris met.
Much like transferfunction speci�cation thereis no "cor-
rect" setof parametersthat canbe utilized for all datasets
sincetheseparameters vary widely depending on what type
of featurestheuserwouldliketo accentuateor deemphasize.
In fact,oftentheuserdoesnot know whattypeof rendering
style is desired,only through experimentationcanparame-
tersbefoundsuitedfor their particularapplication. In addi-
tion, it might be desiredto mix both photorealisticaswell
asnon-photorealisticrenderingstyleswhenrenderinga sin-
gle volume. This requiresmultiple setsof transfer functions
andlighting parameters,multiplying thenumber of parame-
tersthatmustbesetandaswell astheneedfor interactivity.
Thus,whennon-photorealisticrenderingis usedin avolume
rendering context, interactively with respectto viewpoint,
transferfunctionandnon-photorealisticrenderingparameter
spaceis essential.

Unfortunately, many factors make interactive non-
photorealistic rendering extremely dif�cult. First, the ad-
dition of non-photorealisticrendering techniquesonly adds
to thenumberof calculationsrequired in therenderingpro-
cess. As a simple example, silhouetterendering requires
theadditional calculations associatedwith silhouettedetec-
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tion. Furthermore,thestandardtechniqueof rendering lower
resolutiondataor rendering to a lower resolution window
to achieve interactivity is not suited to the needs of the
userwhenselectingnon-photorealisticrenderingparameters.
Non-photorealisticrenderingcanbeusedeffectively to clar-
ify �ne structuresin a volume. In orderto specifyrendering
parametersoptimized for viewing thesestructures,the vol-
umemustbe renderedat high resolutions. For example if
a useris trying to accentuatebloodvesselsin a datasetby
manipulating the parametersassociatedwith silhouetteand
gradient, it is necessarythat the volume be rendering at its
full resolutionto ascreenresolution highenoughto view the
vesselsclearly.

In this paperwe presenta method for interactive non-
photorealisticvolumerendering usinghardwareaccelerated
rendering techniqueswith aPC cluster. Thetechniquemakes
extensive useof the newer features found in modern con-
sumer graphics cards, including the use of 3-D texture,
multi-texturing, andpalettedtexturesto perform high qual-
ity volume rendering in hardware. Throughtheuseof mul-
tiple graphics cardsspreadacrossa PC clusterwe areable
to renderhigh resolutionvolumesat frame-ratesinteractive
enough for the tuning of view, transferfunction, andnon-
photorealisticrenderingparameters to derive moreeffective
visualizations. Makingsuchvisualizationswouldnotbepos-
siblewith lessinteractive techniqueswhichwouldnot allow
theuserto explore therenderingparameterspacewith such
freedom.

2 Non-Phot orealistic Volume Render -
ing in Hardware

Direct volume renderingcanbeaccomplishedby drawing a
setof view-alignedpolygonsthatsamplea 3-D texturecon-
tainingthevolumetric data[21]. Usingpixel textures allows
a texel valueto storecoordinatesinto a secondtexture. Be-
causescalaranddiffuselighting informationcanbeencoded
into a texel, transferfunction andshading canbe changed
through the variationof a single texture [17]. Kniss et al,
describehow multi-dimensionaltransferfunctionscanbein-
teractivelyspeci�edandrenderedwith traditional lightingby
usingmulti-textured/multi-passrendering,

Ourhardware-basedvolumerenderermethodsalsomakes
extensive use of the multi-texturing capabilitiesof mod-
ern graphics cards but with the goal of producing non-
photorealistic volume renderings. Multi-texturing allows
several texturesto becombinedon a singlepolygon during
therenderingprocess.By utilizing several separatevolumet-
ric texturesthatstorescalardatavalue,gradient magnitude,
andgradient direction, andcombining themwith properly
adjustedcolor palettes,several different non-photorealistic
rendering techniquescanberenderedin hardware.

Palettedtexturesstoreindicesintoacolorpalettethatsam-
ples the RGBA color space. Through the manipulation of
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Figure1: Rendering requirestwo passeseachwith 4 texture
units.

thepaletteover time, thetexturescanbevariedbasedof the
viewing parameterswithout changing thedatastoredin the
texturesthemselves. It is important to usea representation
thatavoidsany manipulation of datathat is storedfor every
voxel sincevolumetricdatasetstendto belarge, andtravers-
ing theentirevolume in softwarecanseverelyhamper inter-
activity. Unlike pixel texturesthatare�ltered prior to their
texel lookup,palettedtextureare�ltered aftercolor lookup,
permitting non-linear palettemappings to be usedwith tri-
linearinterpolation in hardware.

We utilize four texture unitsfor eachrendering pass,with
two passesfor everyview alignedpolygon,asshown in Fig-
ure1. The�rst passrenders the toneshadedvolume, while
the secondpasscontains silhouetteand specularcontribu-
tions. For both rendering passesthe four texture units are
assignedto thesamepalettedtexturedata.Thedifferencebe-
tweenthetwo passesoccurs in theadjustmentof thepalettes
usedfor eachtexture.

Eachof thefour texture unitsareassigneda differenttex-
ture. The �rst texture consistsof the original scalarvalues
storedin a palettedtexture with 8-bit precision. If theorigi-
naldatasetis of higherprecision,it is quantizedto minimize
meansquareerror usingLloyd-Max quantization [11, 16].
Thesecondstoresthenormalizedgradient direction of each
voxel. Thesevaluesareencodedin an8-bit palettedtexture
with basedon which of 240direction vectors from thesides
of a subdivided icosahedron eachdirectionis mostclosely
approximates[21]. The gradient direction information is
usedfor lighting andsilhouetteoperations. A third texture
containsgradient magnitudesandwill beusedfor enhancing
surfaces. Thefourth is a 1-D texturefor manipulatingcolor
andopacitybasedon thespatialpropertiesof voxels.
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Figure 2: Left: Vesselwith abrupt toneshading.Right: smoothtoneshading.

2.1 Tone Shading

Lighting canbeextremely effective in conveying theshape
andstructureof anobject. Toneshading involvesthevaria-
tion of color temperatureor toneto indicate anobjectsillu-
mination. It is basedon themanner thatartistsoftenconvey
lighting through not only the varying of pigment value(in-
tensity)but alsothroughthevariationof colortemperatureor
tone[14]. Directly illuminatedobjectsarerepresentedwith
warmercolorswhich includeyellow, orange andred. This
type of lighting is associatedwith light that comes directly
from natural light sourceswhich tend to emit warm light,
like candlesor thesun.Ambient lighting is typically shown
usingcoolercolorslike blueor purple. This is motivatedby
the fact that re�ected light tendsto becoolerin nature, like
the light received from a bluesky ratherthandirectly from
thesun.Whenconsidering color temperatureit is important
to consider relativetemperatureratherthanabsolute. For ex-
ampletherecanbewarmbluesandcool reds.Toneshading
is accomplishedthrough thevariationof relative color tone
over an object. Thus ambient lighting is not required to be
blueor purple, but insteadshouldsimply becoolerthanthe
diffuselighting.

Goochet al. [5] usetoneshadingfor the illumination of
surfaces.They presenta shadingmodel for tonebasedillu-
minationwhich allows extremecolor values to be reserved
for outlinesandhighlights.

We computetonebasedlighting usingthegradient direc-
tion texture in the secondtexture unit. As described in the
previoussection,eachindex in this texturecontainsanindex
into a samplingof a normalizedvector space.Eachtime a
spatialviewing parameter is changed, thegradient direction
paletteis modi�ed. For eachindex the dot product is cal-
culatedbetweenthetransformedvectorrepresentedby each

index, andthelight direction. Oncethedotproductis calcu-
lated,the color tonefor that product is lookedup in a tone
shading colormap.Theentryfound in thecolormapis �nally
storedin thatpalettefor that texture index. Thesecondtex-
tureunit is setupto modulatethecolorfromthescalardatain
the�rst textureunit. Thesecondtextureunit doesnot affect
thealphachannel,sincelighting does not in�uence opacity.

The useris able to interactively specify the colors used
in toneshadingby selectinga setof key color entriesthat
are linearly interpolatedacrossthe colormap. By manipu-
latingandshifting thesekey colorsacrosscolormaplighting
parameterscanbeselectedsuitedfor thedatasetbeingvisu-
alized.

For example, artiststypically do not paintsmoothPhong
shading, but ratherusemoreabrupt lighting transitions. An
extremeexample of this typeof lighting is found in anima-
tioncell painting,wherepaintedcellsoftenhavetwo discrete
lighting levels,onefor ambient lighting andonefor diffuse.
By making thetransitionbetweencoolandwarmcolorsrela-
tivelyshort,it is possibleto producethiskindof abrupt light-
ing transitionasseenin theimageof blood vesselsshown in
the left imageof Figure2. This canbe contrastedwith the
relatively smoothlighting found in the right imageof Fig-
ure2.

The manipulation of the saturationof the colorsusedin
the tonecolormapcontrols the degree toneshadingis vis-
ible. By making the colors more saturated,the effects of
toneshadingbecomesmoresubtlepermitting moreof anob-
jectsoriginal color (asspeci�ed in the transferfunction) to
beseen.Manipulationof thesaturationandvalueof thetone
colormap,canalsobe usedto control the degreecolor in-
tensityvarieswith lighting. For example by usinga highly
saturatedtonecolormapwith a transitionbetweendarkand
bright intensities,moretraditional lighting canbeproduced
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Figure3: More traditional shadingstylescanalsobe ren-
dered.

asseenin Figure 3.

2.2 Silhouette Illustrati on

Silhouetteshave beenutilized for the illustration of sur-
faces[19, 8] sincedark lines drawn around an object can
beeffective in showing anobjectsstructure. Theselinescan
alsobe usedto help indicatean objectsspatialrelationship
with otherobjects thatconsistof similarmaterial.For exam-
ple, dark silhouettesdrawn around overlapping objectscan
provide depthcueswith respectto thoseobjects. This is
particularly valuable in volumerendering applicationswhere
transferfunctions areoften set suchthat objectsaresemi-
transparentsometimesmaking inner-spatialrelationship dif-
�cult to determine.

We implement silhouette renderingusingasecondtexture
passthatappliesthesilhouetteandspecularcontribution.For
thispassweonceagainusethescalarvaluetexturein the�rst
texture unit, andthegradient directiontexture in thesecond.
The desiredcombined texture hasan opacity that depends
onboththeopacityof thevoxel from thetransferfunctionas
well asdegreeto which thatvoxel' s gradient is perpendicu-
lar to theviewing direction. For this pass,we therefore as-
signeachpaletteentryin thegradient directiontexturewith
an opacity that is the highestwhenthe transformed gradi-
ent vectorrepresented by that index is perpendicular to the
viewing direction. We thenassignthe color for eachentry
to bethedesiredcolorof thesilhouette, typically black.The
imageon the top of Figure4 shows �ne blood vesselsthat
areenhancedusingsilhouettes.Notice that thespatialrela-
tionshipbetweentheoverlappingvesselsnearthetop of the
imageareclearerthanthosefound in theimagewithout tone
shadingat thebottomof Figure4.

Theuseris ableto vary to whatextent thedotproductbe-
tweenthegradient andviewing directionin�uencesopacity.
For narrow silhouettesthe usercanspecifya rathernarrow
rangeof nearzerodot productsthat resultin anopaquesil-
houette. For thicker silhouettesa fairly wide range of dot
productscanbe speci�ed. By varying the opacitywith dot

product value the usercanmake the silhouettefadeas the
objectsgradient becomesalignedwith theviewing direction.

Thesametextureis alsousedsimultaneously for specular
lighting. For eachencoded gradient direction the specular
lighting contributionis calculatedandaddedto theredgreen
and blue paletteentry. The alphachannel is not adjusted
sincespecularlighting should notaffect theopacityof aren-
deredvoxel.

2.3 Color Based on Position

Color can be manipulated basedon distanceto improve
depthperception [4]. Aerial perspective hasbeenusedby
painters to convey depththrough the variation of color hue
andvaluebasedon depth. Typically warmerhuesareused
for theforeground andbecome cooler in thebackground. In
addition, colorvaluestendto becomelighterandlessintense
with distance[9].

Weimplementthis techniquein hardwareby assigningthe
texturedpolygonspervertex colorsthataremodulated with
the textures. Eachvertex is assigneda color that is varied
basedonthedistancebetweenthatvertex andtheviewpoint.
Colorsareinterpolatedalongeachpolygonusinglinear in-
terpolationandis thenblendedwith thetexturing stage.The
depthcluesprovidedby thevariationin toneareevident in
the left imageof Figure5 wherethe warmercolored fore-
ground vesselscorrectlyappearto be in front. This canbe
contrastedwith theright imageof Figure5 wherethespatial
relationshipbetweenvesselsis lessclear.

As an extension to depthbasedcolor manipulation, we
allow the userto perform non-linear color variations along
arbitrary directions in thevolume. This is accomplishedby
assigninga 1-D texture to the fourth texture unit that con-
trols how color is variedbasedon position. The usercan
specifyhow coloris modulatedacrossthisdirectionin anar-
bitrary manner, with axisrotationimplementedusingmatrix
transformations of thetexture coordinates.This technique is
particularly effective in manipulatingthealphachannel, per-
mitting opacityto be reducedin certainregions that might
obscure or detractfrom the featurethe userwould like to
visualize. Through non-linear fadingof the alphachannel
alongtheview direction,closermaterialcanbemademore
transparent making underlying features more visible, with
foreground materialstill slightly visible to provide context
for thefeaturesof interestasshown in thecover image.

2.4 Gradient Based Enhanc ement

Gradients have beenusedfor the enhancementof surfaces
in volume rendering applications [10]. Sincethe transition
betweenfeaturesin a volume tendto have thehighestgradi-
ent magnitude, the enhancementof the opacityin thesere-
gions canhelp to clarify surfaces.The skin surfaceshown
on theleft sideof Figure 6 is madevisible through gradient
enhancement,allowing the underlying materialto be made
visibleusinga techniquedescribedin thenext section.
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Figure4: Thesilhouettesshown on thetop imagehelpclarify thespatialrelationshipbetweenvessels.
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Figure5: Left: DepthbasedtonemanipulationRight: Withoutdepthbasedtonemanipulation.

We implement surfaceenhancementwith thethird texture
unit that is assignedto a gradient magnitude texture. The
userhastheability of specifyinganarbitrarygradient opacity
mapthat modulatesthe renderedtexel. In caseswhereone
wantsto visualizestructuresthatexist betweentwo materials
of similar scalarvalue,enhancingregions with the highest
gradient wouldemphasizethewrong features.By specifying
an arbitrary gradient map,onecanreduce opacity in these
highgradient regions.

The user is able to specify separategradient enhancing
functions for the specularand silhouetterendering pass.
Specularlighting andsilhouettesareusuallyassociatedwith
surfacesandare lessmeaningful whenappliedto the solid
semi-transparentregionsoftenassociatedwith directvolume
rendering. Thus a mapcanbesetsuchthatspecularandsil-
houette rendering only occurson thesurfaces.

2.5 Multiple Transf er Functio ns

Hauseret al. describehow multiple rendering techniques
canbecombinedwhenvisualizaing a singlevolume to bet-
ter illustratedifferent typesof objectsin a volumes [6]. We
provide a similar capabilityby permittingthe userto spec-
ify multiple transferfunctions,eachwith its own setof non-
photorealisticrendering parameters. Eachtransferfunction
canbesetto render a different typeof objectin thevolume.
By varying thenon-photorealisticrendering parameters,and
rendering thevolumewith themultiple transferfunctionssi-
multaneously, it ispossibleto emphasizeor deemphasizethe
differenttypes of objectsin avolume.

Oneresultof usingmultiple setsof renderingparameters
is thattheparameterspaceis multiplied in complexity, mak-
ing interactivity all themoreimportant. Rendering isaccom-
plishedby simply applying an extra setof rendering passes

for eachadditional transferfunction.

The cover imageshows the useof this technique, where
theinternalsof theMicrosoft mousehavebeenrenderedin a
non-photorealisticstyle, while the external plasticpartsare
renderedmore photorealistically. The right imagein Fig-
ure6showsbonesrenderednon-photorealisticallyusingtone
shading andsilhouettes.Theskin on the other handis ren-
deredin a morephotorealisticstyle,with a vertical fadethat
allows the bonesin the feet to be completelyunobstructed
by the �esh andskin. In Figure 7 a pieceof coral is shown
usingnon-photorealisticandphotorealisticrenderingparam-
eters.Thesmoothtransitionbetweenparameterssetsis ac-
complishedusingposition-basedopacitymodulation.

2.6 Combinin g Techniqu es

The techniques describedin the previous sectionscan all
be combined for hardware assistednon-photorealistic vol-
umerendering. The rendering processrequires two passes
for every view aligned polygon usedto renderthe volume.
For eachpolygon, the�rst rendering passdepositsthevoxel
color lookedupfrom thetransferfunction,modulatedby the
toneshadingcolor in the secondtexture unit, followed by
opacity modulation by thegradient enhancing texturein the
third unit, with distancebasedcolor modulation �nally oc-
curring in the fourth unit. Followed by this pass,palettes
areresetfor specularandsilhouettecontributions.With this
secondpass,opacity from thetransferfunction is utilized in
the�rst textureunit, silhouetteandspecularcontributionsare
modulatein thesecondtextureunit with gradient basedma-
nipulationoccurring in thethird unit. Finally, distancebased
opacity modulationoccurs in thefourth textureunit.
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Figure6: Left: Using gradient basedfeatureenhancementthe skin surfaceis madevisible. Right: The skin and�esh are
renderedin amorephotorealisticstyle,while thebones arerenderedwith toneshadingandsilhouettes.

Figure 7: Non-photorealisticandphotorealisticrendering stylesaremixedin this imageof coral.
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3 A Complet e Example

To summarizetheprocess,we usea CT scanof a Microsoft
mouseto illustratetheeffect of eachnon-photorealisticren-
deringtechnique. As shown in Figure8(a),whenthedataset
is renderedusingonly thetransferfunction without lighting
or NPRenhancementsit is verydif�cult to acquireintuition
about the spatialstructureof eachobject,particularly with
respectto depth.

With additionof tone shading, shown in Figure 8(b), it
becomeseasierto determine thesurfaceorientationsasseen
in Figure8(c). Theadditionof warmthandcoolnessto the
volumes doesnot yield distinctly warm or cool colors, but
ratherresultsin a variationin relative toneto indicateshape
information. Noticehowever, that thereis little variation in
color intensity acrosseachvolume making it still dif�cu lt
to gain depthcluesasto the spatialinteractions of the ren-
deredstructures.With theaddition of thesilhouettesseenin
Figure8(d)theindividual structuresbecomemuchcleareras
seenin Figure8(e).For example,theseparationbetweenthe
two capacitors nearthe centerof the mouse is muchmore
distinct that when only tone shadingis used. Next, Fig-
ure 8(f) displaysdepthcolor cuesfor the volume, andFig-
ure 8(g) shows the resultafter the volume is modulatedby
thesecues. This hasthe subtleeffect of addingwarmthto
thenearerportionof themouse. Finally in Figure8(h) (the
sameasthe cover image)we seethe resultwhena second
setof rendering parametersis usedto rendertheoutershell
of themousewith a morephotorealisticrenderingstyle.Us-
ing depthbasedvariationin opacitythecloserportionsof the
mousearemore transparentallowing theinsideto beseen.

4 Parallel Renderi ng

One signi�cant limitation of volume rendering using con-
sumerPCgraphicshardware is thelimited amount of video
memory. For example, the Nvidia Geforce 3 has 64
megabytesof videomemorythatis sharedbetweentheframe
buffer andtexture memory. It is verydesirableto �t thevol-
umebeingrendered entirelyin texturememoryto avoid hav-
ing to swap datainto the graphics cardfrom main memory
over the relatively slow graphics bus. By subdividing the
volumespatiallyanddistributing it acrossa clusterof PCs
equippedwith graphicscardsit is possibleto �t signi�cantly
larger volumes into theaggregatedvideomemory of theen-
tire cluster. Inadditionto thelarger amountsof texturemem-
ory provided by a PC cluster, performanceimprovements
alsoresult from the combined �ll-rate of multiple graphics
cards.

In ourimplementationwesubdivideanddistributethevol-
ume usingk-d tree subdivision. Eachnoderesamplesit' s
subvolume to a sizeof 256� 256� 256regardlessof the di-
mensions of the actualvolume. For smallervolumes this
permitshigherorderresamplingto bedonein softwareprior
to thetri-linear interpolation done in hardware. During ren-

dering, for eachframe, every node on the cluster renders
its subvolumeandcompositesthe resultingsubimageusing
binary-swap[13] with the�nal imagebeingsentto thehost
for display.

We implemented our technique using a PC clusterwith
ninecomputers,eachwith anAMD Athlon 1.3Ghzproces-
sor, onegigabyte of PC133SDRAM anda Geforce3 with
64 megs of videomemory. Eight of thecomputersuse100-
Base-TfastEthernet.Theninthhostcomputer, usedfor �nal
displayanduserinterfacecontrol, hasagigabit Ethernetcon-
nectionto thecluster's switch.

With this low cost cluster we are able to render to a
512� 512 window, a 512� 512� 512 volume at about 2.0
frame per secondusing two rendering passes.If four ren-
dering passesareusedto renderthe volume usingtwo sets
of rendering parameters,the frameratesdropsto about1.2
frame per second. Our experimentationshowed this fram-
erateis suf�ciently high to make possibleinteractive ex-
ploration of rendering parameter space,in particular the
variation of transferfunction, viewing direction and non-
photorealisticrendering parameters.This permitsthetuning
of parameters for thecreationof meaningful imagesthat il-
lustratesspeci�c structures in avolumetric dataset.If higher
frame ratesaredesiredhigherperformancecanbeachieved
by rendering to eithera lowerresolution window andby ren-
dering feweraxisalignedpolygons.

5 Future Work and Conc lusio ns

In this paper, we show how a suite of perceptually effec-
tive rendering techniquescanbeef�ciently implemented in
hardware.We alsoshow how a PC clustercanbeusedwith
thesetechniquesfor theinteractivevisualizationof largedata
sets.The interactivity we achieve makespossible�ne turn-
ing of renderingparametersfor thecreationof visualizations
far moreeffectivethanthosethatwouldbemadewith slower
software-basedmethods. Consequently, we foreseeincreas-
ing useof non-photorealisticrendering in scienti�c datavi-
sualization.

A skilledillustratorusesartistictechniquesto produceim-
ageswith alevel of abstraction fromthecomplexitiesof pho-
torealism.Theseabstractions tendto bemuch simplerthan
reality. Non-photorealistic rendering techniques, however,
areoften morecomplex andlessef�cient thantheir photo-
realisticcounter-partsdespitethe level of abstractionin the
resultingimage.A futureareaof researchis therefore to add
thelevel of abstractioninherent in non-photorealisticrender-
ing into therenderingpipeline for moreef�cient rendering.

Other future work includes trying to extract andconvey
evenmoreinformationfrom a dataset,perhapsusingnewer
hardwarefeaturesfound in the next generation of graphics
cards. In additionwe would like to allow for the rendering
of volumeswith a widervarietyof styles.
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(a)Volumewithout lighting (b) Toneshadingcontribution

(c) Volumewith toneshading (d) Silhouettecontribution

(e)Volumewith silhouette (f) Depthcolorcuecontribution

(g) Volumewith depthcolorcue (h) Final volume visualization

Figure 8: A completeexample of combinedtechniquesusingthemousedataset.
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