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Abstract

Non-photorralisticrenderiig canbe usedto illustratesubtle
spatialrelatiorshipsthat might not be visible with more re-
alisticrendemg techniges. We presena parallelhardvare-
acceleratedencering technique, makirng extensve use of
multi-texturing andpalettedtextures,for theinteractve non-
photaealisticvisualizationof scalarvolume data. With this
techniaqie, we canrencer a 512 512 512 volume using
nonphotaealistictechnigesthatincludetoneshading sil-
housdtes,gradent-based&nharementandcolor depthcue-
ing, asshawn in the imageon the cover page,at multiple
framessecondTheinteractvity we achieve with ourmethod
allows for the exploration of a large visualizationparameter
spacéor thecreationof effective illustrations.

Keywords: interactie visualization non-ghotorealisticren-
dering scienti c visualization,silhouette,texture graplics
hardvare,visualperceptim, volumerendeing, parallelren-
dering

1 Introduction

Using a brush or pen skilled artistsare able to apply pig-
mentsin a manne thatcreatemeanimyful abstractios of re-
ality. Usingawide rangeof technigqies,anartistcanempha-
sizefeatuesthat might not otherwisebe visible, while de-
emplasizingthosefeatues of lessimportance. In the eld
of nonphdaorealisticrendemg, methals have beendevel-
opedthatattemptto mimic someof thetechniqesanartist
might utilize. Surfacerendeing techniqwes include meth-
odsfor creatingillustrationsthat mimic the useof pen-arl-
ink [22, 19, 7], including work that usesmulti-texturing ca-
pability of PC graptics cardsfor rencering illustratiors in-
teractively [18]. Additional researchhasbeenperfamedon
paintandbrushinspiredrencering[2, 1, 12]. A techniqiehas
also beendeveloped for the use of non-photorealistictone
shadedighting [5]. In additin therehasbeenresearcton
theinteractive rencering of surfacesusingan ef cient setof
lines[15].

Non-photorealistic rendeing for volumdric data visu-
alization hasrecenly becane an areaof active research.
Treavett and Chenshav how penand-irk rencering canbe
appliedto volume visualization [20]. Ebertand Rheigas
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descrile how anunberof nonphotaealisticrenceringtech-
niquescanbeappliedto volumerencering[3]. They demon
stratethat non-ghotorealistic method canenkancefeatures
andimprove depthperceptio.

Interactive volumerenderig methodsgive scientiststhe
ability to quicky explore a dataset. Thesemethals are of-
tenassociatedvith the realtime exploration of a volume in
the spatialdoman, whereparametes suchas cameraposi-
tion andzoomarevariedin thevisualizationprocess.How-
ever, for volumerendemg applications,equally importart is
theability to interactively chang thetransferfunctionwhich
mapsthe scalardatain the volume to color andopadty val-
ues. The ad hoc natue of transferfunction speci cation
malkesit aniterative process,wherea scientistchangsthe
opadty and color map, rendes and examines the volume
with thesechangs, andthenrepeds the processas neces-
sary Transferfunctionspeci cationrequresa greatdeal of

ne tuning making interactvvity extremelyimportant.

When nonphotaealistic rendging method are utilized
interactvity becanes even more critical. Each non
phaorealisticrendeing techniqie addsits own set of ad-
dition parametes that must be speci ed. For example if
toneshadings utilized, for bestresultsthe variationin color
shoud be careflly speci edwith respecto bothhug satu-
ration andvalue until the resultdesiredby the useris met.
Much like transferfunction speci cation thereis no "cor-
rect" setof paranetersthat canbe utilized for all datasets
sincetheseparametes vary widely depenéhg on whattype
of featuregheuserwouldliketo accentuater deemphsize.
In fact, oftenthe userdoesnot know whattype of rencering
styleis desired,only through expeimentationcan parane-
tersbe foundsuitedfor their particularapplication In addi-
tion, it might be desiredto mix both phaorealisticas well
asnonphdorealisticrencering styleswhenrenderinga sin-
glevolume Thisrequres multiple setsof transfe functions
andlighting paraneters,multiplying the numbe of parane-
tersthatmustbe setandaswell asthe needfor interactvity.
Thus, whennon{photoealisticrenceringis usedin avolume
rencering contet, interactively with respectto viewpoirt,
transferfunctionandnon-ghotorealisticrenceringparaméer
spacds essential.

Unfortunately mary factors malke interactve non
phaorealisticrendeing extremely dif cult.  First, the ad-
dition of nonphotaealisticrencering techniqiesonly adds
to the number of calculationgrequred in therencering pro-
cess. As a simple examge, silhouetterenderimg requres
the additioral calculatiors associatedvith silhouettedetec-



tion. Furthemore,thestandardechriqueof rendeing lower
resolutiondataor rencering to a lower resolution window
to achiese interactvity is not suitedto the need of the
usemwhenselectingnonphotaealisticrendeing parametes.
Non-photoralisticrendering canbe usedeffectively to clar-
ify ne structuresn avolume. In orderto specifyrendeing
paranetersoptimized for viewing thesestructues, the vol-
ume mustbe renderedat high resolutims. For exampe if
a useris trying to accentuatédlood vesseldn a datasetby
manipuating the paranetersassociatedavith silhouetteand
gradient, it is necessaryhat the volume be rendeing at its
full resolutionto ascreerresolutian highenaighto view the
vesselglearly

In this paperwe presenta methal for interactive non-
photaealisticvolumerendeing usinghardvareaccelerated
rendeing technigieswith aPC cluster Thetechniqiemales
extensive useof the newer featues found in moden con-
sumer graphic cards, including the use of 3-D texture,
multi-texturing, and palettedtexturesto perform high qual-
ity volume renderimg in hardvare. Throughthe useof mul-
tiple graphcs cardsspreadacrossa PC clusterwe areable
to renderhigh resolutionvolumes at frame-ratesinteractve
enowgh for the tuning of view, transferfunction, and non-
photaealisticrencering parametesto derive moreeffective
visualizatiors. Making suchvisualizatimswould hotbepos-
siblewith lessinteractie technqueswhich would not allow
the userto explore the rencering parametespacewith such
freedan.

2 Non-Phot orealistic Volume Render -
ing in Hardware

Direct volume rendering canbe accomiishedby drawing a
setof view-alignedpolygonsthatsamplea 3-D texture con-
tainingthevolumeric data[21]. Usingpixel textures allows
atexel valueto storecoadinatesinto a secondexture. Be-
causescalaranddiffuselighting informationcanbeencaled
into a texel, transferfunction and shadirg can be charged
through the variation of a singletexture [17]. Kniss et al,
describehow multi-dimensionaltransferfunctionscanbein-
teractively speci edandrenceredwith traditioral lighting by
usingmulti-texturedmulti-passrendeing,
Ourhardwvare-basedolume rencerermethod alsomakes
extensie use of the multi-texturing capabilitiesof mod-
ern graghics cards but with the god of producing non-
photaealistic volume rencerings.  Multi-texturing allows
several texturesto be combired on a single polygon duting
therenderingprocessBy utilizing several separat@olumet-
ric texturesthatstorescalardatavalue,gradiett magnitule,
and gradien directian, and combiring themwith properly
adjustedcolor palettes,several different nonphotoealistic
rendeing techniquescanberenceredin hardware
Palettedtexturesstoreindicesinto acolorpalettethatsam-
plesthe RGBA color space. Through the maniplation of
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Figurel: Renderig requirestwo passegachwith 4 texture
units.

the paletteover time, the texturescanbevariedbasedf the
viewing paraneterswithout changimg the datastoredin the
texturesthemseles. It isimpaortantto usea representation
thatavoidsary manipuldion of datathatis storedfor every
voxel sincevolumetric datasetstendto belarge, andtravers-
ing theentirevolume in softwarecanseverelyhamper inter
activity. Unlike pixel texturesthatare Itered prior to their
texd lookup, palettedtexture are Itered aftercolorlookup,
pernitting nonlinear palettemappirgs to be usedwith tri-
linearinterpolatio in hardvare.

We utilize four texture unitsfor eachrendeing passwith
two passegor every view alignedpolygon,asshavn in Fig-
urel. The rst passrendes thetoneshadedsolume, while
the secondpasscontairs silhouetteand specularcontrilu-
tions. For both rendeing passeghe four texture units are
assignedo thesamepalettedexture data. Thedifferencebe-
tweenthetwo passe®ccusin theadjustmenof thepalettes
usedfor eachtexture.

Eachof the four texture unitsareassigned differenttex-
ture. The rst texture consistsof the original scalarvalues
storedin a palettedtexture with 8-hit precision If the origi-
nal datasetis of higherprecisionijt is quanizedto minimize
meansquareerra using Lloyd-Max quantizaéion [11, 16].
The secondstoresthe normalizedgradent directian of each
voxel. Thesevaluesareencoadin an8-bit palettedtexture
with basedon which of 240direction vectoss from the sides
of a subdvided icosahetbn eachdirectionis mostclosely
appoximates[21]. The gradent direction information is
usedfor lighting andsilhowette opertions. A third texture
contans gradiert magnitudesandwill beusedfor enhaing
surfaces. Thefourthis a 1-D texture for manipulating color
andopacitybasedn the spatialpropertiesof voxels.



Figure 2 Left: Vesselwith abript toneshading Right: smoothtoneshading.

2.1 Tone Shading

Lighting canbe extremdy effective in corveying the shape
andstructureof anobject. Toneshadiry involvesthe varia-
tion of colortemperéure or toneto indicae anobjectsillu-
mination It is basedon the manrer thatartistsoftencornvey
lighting throwgh not only the varying of pigmentvalue (in-
tensity)but alsothroughthevariationof colortemperatte or
tone[14]. Directly illuminatedobjectsarerepresentedwith
warmercolorswhich includeyellow, orang andred. This
type of lighting is associatedvith light that comes directly
from naturallight sourceswhich tendto emit warm light,
like candlesor the sun. Ambiert lighting is typicdly shavn
usingcoolercolorslike blueor purge. Thisis motivatedby
thefactthatre ectedlight tendsto be coolerin nature like
thelight receved from a blue sky ratherthandirectly from
the sun. Whenconsiderilg color tempeatureit is important
to conside relative temperéureratherthanabsolue. For ex-
ampletherecanbewarmbluesandcool reds. Toneshading
is accomfishedthrough the variationof relative color tone
over an object. Thus ambien lighting is not requiredto be
blue or purple, but insteadshouldsimply be coolerthanthe
diffuselighting.

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

We computetonebasedighting usingthe gradent direc-
tion texturein the secondtexture unit. As describd in the
previoussectioneachindex in thistexturecontans anindex
into a samplingof a normalizedvecta space.Eachtime a
spatialviewing paraméer is change, the gradent direction
paletteis mod ed. For eachindex the dot product is cal-
culatedbetweerthetransfomedvectorrepresentedy each

index, andthelight direction Oncethedot productis calcu-
lated, the color tonefor that product is looked up in atone
shadimg colomap. Theentryfound in thecolormapis nally

storedin thatpalettefor thattexture index. The secondex-
tureunitis setupto moduatethecolorfromthescalardatain
the rst textureunit. The secondexture unit doesnot affect
thealphachannelsincelighting does notin uence opeity.

The useris ableto interactizely specify the colorsused
in tone shadingby selectinga setof key color entriesthat
are linearly interpdated acrossthe colormap. By manipu
lating andshifting thesekey colorsacrosscolormaplighting
paraneterscanbeselecteduitedfor the datasetbeingvisu-
alized.

For exanple, artiststypically do not paintsmoothPhorgy
shadim, but ratherusemoreabrug lighting transitiors. An
extremeexanple of this type of lighting is found in anima-
tion cell painting,wherepaintedcellsoftenhavetwo discrete
lighting levels,onefor ambiet lighting andonefor diffuse.
By making thetransitionbetweercoolandwarmcolorsrela-
tively short,it is possibleto producethis kind of abrug light-
ing transitionasseenin theimageof blood vesselshavnin
the left imageof Figure2. This canbe contrastedvith the
relatively smoothlighting foundin the right imageof Fig-
ure2.

The manipulation of the saturationof the colorsusedin
the tone colomap contrds the degree tone shadingis vis-
ible. By makingthe colors more saturatedthe effects of
toneshadingoecanesmoresubtlepermitting moreof anob-
jectsoriginal color (asspeci ed in the transferfunction) to
beseen Manipulationof the saturatiorandvalueof thetone
colomap, can also be usedto control the degree color in-
tensityvarieswith lighting. For exanple by usinga highly
saturatedonecolomapwith a transitionbetweendark and
bright intensities,moretraditiond lighting canbe produced



Figure 3: More traditional shadingstylescan also be ren-
dered

asseenin Figure 3.

2.2 Silhouette lllustrati on

Silhouetteshave been utilized for the illustration of sur
faces[19, 8] sincedark lines dravn arownd an objectcan
be effective in shaving anobjectsstructue. Thesdinescan
alsobe usedto help indicatean objectsspatialrelationship
with otherobjeds thatconsistof similar material.For exam-
ple, dark silhouettesdravn around overlappirg objectscan
provide depthcueswith respectto thoseobjects. This is
particulaly valuabe in volumerendeing applicatioswhere
transferfunctions are often set suchthat objectsare semi-
transpagntsometimesnaking innerspatialrelationslip dif-
cult to deternine.

We implemen silhoudte renceringusinga secondexture
pasghatapplieshesilhouetteandspeculacontritution. For
thispassve onceagainusethescalavaluetextureinthe rst
texture unit, andthegradien directiontexture in the second.
The desiredcombired texture hasan opacity that depend
onboththeopacityof thevoxel from thetransferfunctionas
well asdegreeto which thatvoxd's gradentis pergendicu-
lar to the viewing direction For this pass,we therefae as-
signeachpaletteentryin the gradient directiontexture with
an opacitythatis the highestwhenthe transforned gradi-
entvectorrepresente by thatindex is perpemulicularto the
viewing direction We thenassignthe color for eachentry
to bethedesiredcolor of the silhoudte, typically black. The
imageon the top of Figure4 shavs ne bload vesselghat
areenhaned usingsilhouettes.Notice thatthe spatialrela-
tionshipbetweerthe overlappingvesselsearthetop of the
imageareclearerthanthosefoundin theimagewithouttone
shadingat the bottomof Figure4.

Theuseris ableto vary to whatextert the dot productbe-
tweenthe gradien andviewing directionin uencesopaity.
For nariow silhouetteghe usercanspecifya rathernarrov
rangeof nearzerodot praductsthatresultin anopaaie sil-
houete. For thicker silhouettesa fairly wide range of dot
products canbe speci ed. By varying the opacitywith dot

product value the usercan malke the silhouettefadeasthe
objeds gradien becomeslignedwith theviewing direction

Thesametextureis alsousedsimultaneasly for specular
lighting. For eachencoed gradent directian the specular
lighting contrikutionis calculatecandaddedo theredgree
and blue paletteentry The alphachanrl is not adjusted
sincespeculatighting shoud notaffectthe opacityof aren-
deredvoxd.

2.3 Color Based on Position

Color can be manipdated basedon distanceto improve
depthpercepion [4]. Aerial perspetive hasbeenusedby
paintes to convey depththrough the variaion of color hue
andvaluebasedon depth. Typically warmerhuesare used
for theforegrourd andbecone coder in thebackgourd. In

additian, colorvaluestendto becomdighterandlessintense
with distancq9].

Weimplementthistechnigiein hardware by assigninghe
textured polygonspervertex colorsthataremodulate with
the textures. Eachvertex is assigneda color thatis varied
basednthedistancebetweerthatvertex andtheviewpoirt.
Colorsareinterpdatedalongeachpolygon usinglinearin-
terpdation andis thenblendedwith thetexturing stage.The
depthcluesprovided by the variationin toneareevidentin
the left imageof Figure5 wherethe warmercolored fore-
ground vesselscorrectlyappearto be in front. This canbe
contrastedwith therightimageof Figure5 wherethe spatial
relatiorshipbetweernvesselss lessclear

As an extersion to depthbasedcolor manipuldion, we
allow the userto perform noniinear color variatiors alorg
arbitrary directiors in the volume. This is acconplishedby
assigninga 1-D texture to the fourth texture unit that con-
trols how color is variedbasedon position The usercan
specifyhow coloris moduatedacrosghisdirectionin anar-
bitrary mannerwith axisrotationimplemeried usingmatrix
transfamatiors of thetexture coadinates.Thistechnigeis
particdarly effective in manipulatingthealphachanrel, per
mitting opacityto be redwcedin certainregions that might
obscue or detractfrom the featurethe userwould like to
visualize. Through nonlinear fading of the alphachanrel
alongthe view direction,closermaterialcanbe mademore
transpaent making undelying featues more visible, with
foreground materialstill slightly visible to provide context
for thefeatureoof interestasshavn in the cover image

2.4 Gradient Based Enhanc ement

Gradiens have beenusedfor the enharementof surfaces
in volume renderimy applicatios [10]. Sincethe transition
betweerfeaturesn avolume tendto have the highestgrad-
entmagnitue, the enhacementof the opacityin thesere-
gions canhelpto clarify surfaces. The skin surfaceshavn
ontheleft sideof Figure 6 is madevisible throudh gradent
enhacementallowing the underlying materialto be made
visible usingatechniqie descritedin the next section.



Figure4: Thesilhouetteshavn onthetopimagehelpclarify the spatialrelatiorshipbetweernvessels.



Figureb: Left: DepthbasedonemanipulationRight: Without depthbasedonemanipulation.

We implemant surfaceenhanementwith thethird texture
unit thatis assignedo a gradieh magnitude texture. The
userhastheability of specifying anarbitrarygradien opacity
mapthat moddatesthe renceredtexel. In casesvhereone
wantsto visualizestructureshatexist betweertwo materials
of similar scalarvalue, entancingregions with the highest
gradient wouldemphasizéhewrong featues. By specifying
an arbitrary gradent map, one canredu® opacityin these
high gradiert regiors.

The useris ableto specify separategradent enhaming
functions for the specularand silhouette rendering pass.
Speculatighting andsilhouettesareusuallyassociateavith
surfacesandare lessmeaiingful whenappliedto the solid
semi-transprentregions oftenassociateavith directvolume
rendeing. Thus a mapcanbe setsuchthatspeculamandsil-
houete rendeing only occursonthe surfaces.

2.5 Multiple Transfer Functio ns

Hauseret al. describehow multiple rencering techniqes
canbe comhbned whenvisualizairg a singlevolume to bet-
terillustratedifferenttypesof objectsin a volumes [6]. We
provide a similar capabilityby permittingthe userto spec-
ify multiple transferfunctions, eachwith its own setof non-
photaealisticrenderig paraméers. Eachtransferfunction
canbesetto rencer a differert type of objectin the volume.
By varying the nonphdorealisticrendeing paraneters,and
rendeing the volumewith the multiple transferfunctionssi-
multaneusly; it is possibleto emplasizeor deemplsizethe
differenttypes of objectsin avolume.

Oneresultof usingmultiple setsof rencering paraméers
is thatthe parametespacds multiplied in compexity, mak-
ing interactvity all themoreimportart. Renderiig isaccom-
plishedby simply applying an extra setof rendeing passes

for eachadditioral transferfunction.

The cover imageshaws the useof this techniqe, where
theinterralsof theMicrosoft mousehave beernrendeedin a
nonphdaorealisticstyle, while the extemal plastic partsare
rencered more phaorealistically The right imagein Fig-
ure6 shavsboresrendeednonphdorealisticallyusingtone
shadig andsilhouettes.The skin on the othe handis ren-
deredin amorephotaealisticstyle,with a vertical fadethat
allows the bonesin the feetto be completelyunotstructed
by the esh andskin. In Figure 7 a pieceof coralis shavn
usingnon-phaorealisticandphotaealisticrenceringparam
eters. The smoothtransitionbetweernparaneterssetsis ac-
compishedusingpositionbasedpacitymoduation.

2.6 Combinin g Techniqu es

The techniqies describedin the previous sectionscan all
be combned for hardvare assistedhonphotoealistic vol-
umerendeing. The rende&ing processrequres two passes
for every view aligned polygon usedto renderthe volume.
For eachpolygon, the rst rendeing passdepaitsthe voxel
colorlookedup from thetransferfunction, modulatedby the
tone shadingcolor in the secondtexture unit, followed by
opadty moduation by the gradien enhamwing texturein the
third unit, with distancebasedcolor modulation nally oc-
curring in the fourth unit. Followed by this pass,palettes
areresetfor speculaandsilhouettecortributions. With this
secondpass opaity from thetransferfuncion is utilized in
the rst textureunit, silhoudte andspeculacortributionsare
modulatein the secondexture unit with gradent basedma-
nipuation occuring in thethird unit. Finally, distancébased
opadty modulationoccusin thefourth textureunit.



Figure6: Left: Using gradent basedfeatureenhaeementthe skin surfaceis madevisible. Right: The skin and esh are
rendeedin amorephotoralisticstyle, while thebones arerenceredwith toneshadingandsilhouettes.

Figure 7: Non-photorealisticandphotoealisticrendeing stylesaremixedin this imageof coral.



3 A Complet e Example

To summarizehe processwe usea CT scanof a Microsott
mouseto illustratethe effect of eachnonphotaealisticren-
deringtechniqe. As shavnin Figure8(a),whenthedataset
is rendeed usingonly the transferfunction without lighting
or NPRenhamementst is very dif cult to acquireintuition
abou the spatialstructureof eachobject, particulaty with
respecto depth.

With addition of tone shadimy, shavn in Figure 8(b), it
beconeseasierto deternine the surfaceorientatimmsasseen
in Figure8(c). The additionof warmthandcoolnesdo the
volumes doesnot yield distinctly warm or cool colors, but
ratherresultsin avariationin relative toneto indicateshape
information. Notice however, thatthereis little variation in
color intensity acrosseachvolume makirg it still dif cult
to gain depthcluesasto the spatialinteractiors of the ren-
deredstructues. With the additian of thesilhouetteseenn
Figure8(d)theindividual structuesbecone muchcleareras
seenn Figure8(e). For exanple, theseparatiometweerthe
two capacitos nearthe centerof the mouse is muchmore
distinct that when only tone shadingis used. Next, Fig-
ure 8(f) displaysdepthcolor cuesfor the volume, and Fig-
ure 8(g) shaws the resultafter the volume is moduated by
thesecues. This hasthe subtleeffect of addingwarmthto
the nearemportion of the mouwse. Finally in Figure8(h) (the
sameasthe cover image)we seethe resultwhena second
setof rendeing paranetersis usedto renderthe outershell
of themouwsewith amorephdadorealisticrenceringstyle. Us-
ing depthbasedrariationin opacitythecloserportiors of the
mousearemore transpagntallowing theinsideto be seen.

4 Parallel Rendering

One signi cant limitation of volume rencering using con-
sumerPC graghics hardware is the limited amount of video
memoy. For exanple, the Nvidia Gefore 3 has 64
megabytesof videomemorythatis sharedetweertheframe
buffer andtexture memoy. It is very desirablgo t thevol-
umebeingrenderd entirelyin texture memoryto avoid hav-
ing to swap datainto the graphics cardfrom main memay
over the relatively slow graplics bus. By subdviding the
volume spatially and distributing it acrossa clusterof PCs
equipedwith graphicscardsit is possibleto t signi cantly
larger volumes into the aggregatedvideomemoy of theen-
tire cluster In additionto thelarger amourts of texturemem-
ory provided by a PC cluster perfamanceimprovements
alsoresultfrom the combired llI-rate of multiple graphics
cards.

In ourimplemertationwe subdvide anddistributethevol-
ume using k-d tree subdvision. Eachnoderesamplest's
subvolumeto asizeof 256 256 256 regardlessof the di-
mensios of the actualvolume. For smallervolumes this
permitshigherorderresamplingo bedonein softwareprior
to thetri-linear interpdation dore in hardware. During ren-

derirg, for eachframe, every nock on the clusterrenders
its subvolume andcompaitesthe resultingsubimaye using
binary-swap [13] with the nal imagebeingsentto the host
for display

We implemerted our techniqie using a PC clusterwith
nine computers,eachwith an AMD Athlon 1.3 Ghzproces-
sor, one gigatyte of PC133SDRAM anda Geforce3 with
64 megs of vidleomemay. Eight of the compuersusel100
Base-TfastEthenet. Theninthhostcompuer, usedfor nal
displayanduserinterfacecontmol, hasagigabit Ethenetcon-
nectionto the clusters switch.

With this low cost cluster we are able to rende to a
512 512 window, a 512 512 512 volume at abou 2.0
frame per secondusingtwo rendeing passes.If four ren-
derirg passesre usedto renderthe volume usingtwo sets
of rendeing paraneters,the frameratesdropsto about1.2
frame per second Our expelimentationshaved this fram:
erateis sufciently high to malke possibleinteractve ex-
ploration of rencering paraneter space,in particular the
variation of transferfundion, viewing direction and non
phaorealisticrendeging paraneters.This permitsthe tuning
of parametes for the creationof meanimful imagesthatil-
lustratesspeci ¢ structurein avolumetic dataset. If higher
frame ratesaredesiredhigherperfamancecanbe achieved
by rendeing to eitheralowerresolution window andby ren-
derirg fewer axisalignedpolygons.

5 Future Work and Conclusio ns

In this paper we shov how a suite of percepually effec-
tive rencering techniqes canbe ef ciently implemertedin
hardvare. We alsoshav how a PC clustercanbe usedwith
theseechniqiesfor theinteractive visualizationof large data
sets. The interactvity we achiese makespossible ne turr+
ing of renceringparanetersfor thecreationof visualizations
far moreeffectivethanthosethatwould bemade with slower
softwarebasedmethod. Consequetty, we foreseencreas-
ing useof nonphaorealisticrendeing in scienti ¢ datavi-
sualization

A skilledillustratorusesartistictechniqeesto produceim-
ageswith alevel of abstractio fromthecomgexities of pho
torealism. Theseabstractios tendto be mud simplerthan
reality. Non-photaealistic rendeing techniqes, however,
are often morecomplex andlessefcient thantheir photo
realisticcounterpartsdespitethe level of abstractiorin the
resultingimage.A future areaof researclis therefege to add
thelevel of abstractioninherer in non-ghotoralisticrende-
ing into therencering pipdine for moreef cient rendeing.

Other future work includes trying to extract and corvey
evenmoreinformationfrom a dataset,perfapsusingnewer
hardvare featuresfound in the next generatio of graghics
cards. In additionwe would like to allow for the rencering
of volumeswith awider variety of styles.



(a) Volumewithoutlighting (b) Toneshadingcontritution

(c) Volumewith toneshading (d) Silhouettecortribution
(e) Volumewith silhouette (f) Depthcolor cuecontibution
(g) Volumewith depthcolorcue (h) Final volume visualization

Figure 8: A completeexampge of combinedtechniqesusingthemousedataset.
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cludedin the paperon a high resoldion color monita. The
sizeof thepdf le submittedshoud be over 40MB.
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