Non-Photorealistic Volume Rendering Using Stippling Techniques
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Figure 1: Engine block rendered with volume stipple renderer.(kgc = 0:39; kgs = 0:51; kge = 1:0). (a) is the default rendering and
(b) shows boundary and silhouette enhancement, as well as silhouette curves.(ksc = 0:279 kss = 0:45;kse = 1:11)

ABSTRACT

Simulating hand-dravn illustration techniquescan succinctly ex-

pressinformationin a mannerthat is communicatre and infor-

mative. We presenta framework for aninteractve direct volume
illustration systemthat simulatestraditional stipple drawing. By

combiningthe principlesof artistic and scienti c illustration, we
explore severalfeatureenhancemertechniquego createeffective,
interactive visualizationf scienti c andmedicaldatasetsWe also
introducea renderingmechanisnthat generatesppropriatepoint
listsatall resolutiongduringanautomatigpreprocessandmodi es

renderingstylesthroughdifferentcombination®f thesefeatureen-
hancementsThe new systemis an effective way to interactively
preview large, complex volumedatasetsn a concise,meaningful,
andillustrative manner Volumestipplingis effective for mary ap-
plicationsandprovidesa quick andef cient methodto investicate
volumemodels.
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1 INTRODUCTION

Throughouthistory, archaeologistssurgeons engineersandother
researcherfiave soughtto representhe importantscienti ¢ data
thatthey have gatheredin a mannerthat could be understoody

others.lllustrationshave provento beaneffective meango achieve

this goal becausehey have the capability to display information
moreef ciently by omitting unimportantdetails. This re nement
of the datais accomplishedy directing attentionto relevant fea-

turesor details,simplifying comple featurespr exposingfeatures
thatwereformerly obscured31]. This selectve inclusionof detail

enablesdllustrationsto be moreexpressie thanphotographs.

Indeed,mary naturalscienceand medicalpublicationsusesci-
enti ¢ illustrationsin place of photographsecauseof the illus-
trations' educationabnd communicatre ability [10]. lllustrations
take adwantageof humanvisual acuity and canrepresent large
amountof informationin arelatively succinctmannerasshovn in
Figures2 and3. Frequentlyareasof greateremphasisrestippled
to shav detail, while peripheralareasare simply outlinedto give
contet. The essentialobject elements(e.g., silhouettes surface
and interior) can achieve a simple, clear and meaningfulimage.
By controlling the level of detail in this way, the viewer's atten-
tion canbedirectedto particularitemsin theimage.This principle
formsthebasisof our stipplerenderingsystem.

Stipple drawing is a pen-and-inkillustration techniquewhere
dotsaredeliberatelyplacedon a surfaceof contrastingcolor to ob-
tain subtle shifts in value. Traditional stipple drawing is a time-
consumingtechnique. However, pointshave mary attractve fea-
turesin computergeneratedmages. Pointsare the minimum el-



Figure2: Idol stippledraving by Geoge RobertLewis [10].

ementof all objectsandhave connaturaffeaturesthat make them
suitablefor various renderingsituations,no matter whethersur
faceor volume, concreteor implicit. Furthermorepointsarethe
simplestandquickestelementto render By mimicking traditional
stippledraving, we caninteractvely visualizemodestlysizedsim-
ulations.Wheninitially exploringanunknowvn volumedatasetthis
systemprovidesan effective meansto preview this dataandhigh-
light areasof interestin anillustrative fashion.The systemcreates
artistic renderingeffects and enhanceshe generalunderstanding
of comple structuresOncethesestructuresareidenti ed, theuser
maychoosenothewvolumerenderingechniqueo generateamore
detailedmageof thesestructuresilt is theuseof non-photorealistic
rendering(NPR) techniqueghat providesthe stipple volumeren-
dererwith its interactvity andillustrative expressvenessWe refer
to thistype of NPRtechniqueasillustrativerendering

NPR is a powerful tool for making comprehensibleyet sim-
ple imagesof complicatedobjects. Over the past decade,the
eld of NPR hasdevelopednumeroustechniquesto incorporate
artistic effects into the renderingprocess[8, 27]. Various ap-
proacheshave beenused,including pen-and-inkillustration, sil-
houetteedges,and stroke textures. Most of the researchin the
eld of non-photorealistidlustration hasconcentrate@n stroles,
crosshatchingandpenandink techniqueg9, 14, 26] andmostof
the currentresearctstill concentratesn surfacerenderingswhich
requiressurface geometry We choseto directly rendervolume
datasetswithout ary additionalanalysisof objector structurere-
lationshipawithin thevolume.Volumestipplingnotonly maintains
all the advantagef NPR, but it alsomakesinteractive rendering
andillustrationfeasibleon useful-sizedatasetbecausef two at-
tributesof points:fastrenderingspeedandinnatesimplicity.

In our systemthe volumeresolutionis initially adjustedor op-
timum stipplepatternrenderingandpointlists aregeneratedorre-
spondingto the gradientmagnitudeanddirection. Next, a rendef
ing mechanisnis introducedthat incorporateseveral featureen-
hancementfor scienti c illustration. Theseenhancementisclude
a newv methodfor silhouettecurve generationyarying point sizes,
andstippleresolutionadjustmentbasedn distancetranspareng
and lighting effects. By combiningthesefeatureenhancements,
datasetganberenderedn differentillustrationstyles.

Figure3: Cicadidaestippledraving by GeraldP. Hodge[10].

2 RELATED WORK

Non-photorealisticenderinghasbeenan active areaof research,
with mostof the work concentratingon generatingmagesin var
ious traditional styles. The mostcommontechniquesare sketch-
ing [30], pen-and-inkillustration [6, 23, 24, 31],silhouetterender
ing[14,19,21, 25], andpainterlyrenderind1, 4]. Pen-and-inken-
deringusescombination®f strokes(i.e. eyelashingandcrosshatch-
ing) to createtexturesandshadingwithin theimage.

Lines, curves,andstrokesarethe mostpopularamongexisting
NPRtechniquesPraunetal. [20] presented real-timesystemfor
renderingof hatchingstrokes over arbitrary surfacesby building
a lappedtexture parameterizationwhere the overlappingpatches
align to a curvature-basedlirection eld. Ostromoukhw [17] il-
lustratedsomebasictechniquedor digital facial engraring by a
setof black/whiteandcolor engraings, shaving differentfeatures
imitating traditional copperplateengraing. Hertzmannet al. [9]
presentech methodfor creatinganimagewith a handpaintedap-
pearancdrom a photographand an approachto designingstyles
of illustration. They demonstratec techniquefor painting with
long, cuned brushstrolkes, alignedto the normalsof imagegra-
dients,to explore the expressie quality of complex brushstoles.
Winkenbachand Salesin[32] presentedlgorithmsandtechniques
for renderingoarametridree-formsurfacesin penandink.

Deusseret al. [5] usedpointsfor computergenerategpen-and-
ink illustrationsin simulatingthe traditionalstippledrawving style.
Their methodis to rst renderpolygonalmodelsinto a continuous
toneimageandthenconvert thesetargetimagesinto a stipplerep-
resentation.They canillustratecomplex surfacesvery vividly, but
their methodis for surfacerenderingnotvolumes,andis too slow
for interactive rendering.

NPR techniqueshave only recentlybeenappliedto the visual-
ization of three-dimensionalvolume) data. Interrantedeveloped
a techniquefor using three-dimensiondine integral corvolution
(LIC) usingprincipaldirectionandcunvatureto effectively illustrate
surfaceswithin avolumemodel[12]. TreavettandChenalsoused
illustration techniquego rendersurfaceswithin volumes[28, 29].
In both caseshe resultswere compelling, but the techniquesare
surface-basedisualizationtechniquesratherthan direct volume
renderingtechniqueghatcanshav not only surfacesbut alsoim-
portantdetailsof the entirevolume.



Several NPR techniqueshave recentlybeenappliedto volume
rendering.Ebertet al. [7] shavedthe power of illustrative render
ing techniquedor volume data; howvever, the renderemwas based
on ray-castingandtoo slow for interactvity or quick exploration
of the data. Our currentwork builds uponenhancementoncepts
from thatwork yet. Furthermoreinteractie volumerenderinghas
garnereda signi cant amountof attention [15] and NPR meth-
odshave beenappliedto obtaininteracte performanceavhile pro-
ducing effective volume renderings[2, 3]. Treavett et al. [29]
implementedartistic proceduresn various stagesof the volume-
renderingpipeline. Techniquesuchasbrushstrokes, control vol-
umes,paintsplatting,andotherswereintegratedinto their render
ing systemto producea variety of artistic effectsto corvey tone,
textureandshape.

However, tone, texture, and shapecan be effectively corveyed
by simply controllingthe placementinddensityof points. Though
nota primaryfocusin illustrative renderingsystemsuntil recently
points have beenusedas renderingprimitives before. Levoy and
Whitted[13] rst demonstratethatpointscould be usedasa dis-
play primitive and that a discretearray of points arbitrarily dis-
placedin space,using a takular array of perturbationscould be
renderedasa continuougthree-dimensionaturface. Furthermore,
they establishedhatawide classof geometricallyde ned objects,
including both at and curved surfaces,could be corvertedinto
points. Theuseof pointsassurfaceelementor “surfels” canpro-
duce premium quality images,which consistof highly comple
shapeandshadeattributes,atinteractve rates[18, 34].

The main differencebetweenprevious stippleandpoint render
ing researchandoursis that our systeminteractvely rendersvol-
umeswith pointsinsteadof just surfaceswith points. Within vol-
umerendering,the closestrelatedtechniqueis splatting[33, 22],
which traditionally doesnot incorporatethe effectivenessof il-
lustration techniques. In the remainderof this paper we shav
the effectivenessof a simple point-basednteractve volume stip-
pling systemand describehow a numberof illustrative enhance-
menttechniquesan be utilized to quickly convey importantvol-
ume characteristicdor rapid previewing andinvestigation of vol-
umemodels.

3 THE STIPPLE VOLUME RENDERER

Theclarity andsmoothnesdisplayedy stippling,coupledwith the

speedof hardwarepoint renderingmakesvolumestippling an ef-

fectivetool for illustrative renderingof volumedata.As with all sci-

enti ¢ andtechnicalillustration, this systemmustperformtwo key

tasks.First, it mustdeterminewhatto shaw, primarily by identify-

ing featureof interest.Secondthesystenmustcarryoutamethod
for how to shav identi ed features. The stipplerendererconsists
of a point-basedystemarchitecturghatbehaesasavolumeren-

dererandvisually extractsvariousfeaturesof the databy selectve

enhancemertf certainregions. Volumegradientsareusedto pro-

vide structureandfeatureinformation. With this gradientinforma-

tion, otherfeaturescanbe extractedsuchasthe boundaryregions
of the structure. We can illustrate thesevolumesusing stippling

techniquesvith a particularsetof featuresn mind. To effectively

generateendering®f volumedatasetstinteractve rates the sys-
tem hastwo main components:a preprocessoand an interactve

pointrenderemith featureenhancement.

4 PREPROCESSING

Beforeinteractve renderingoegins, the preprocessoautomatically
generatesn appropriatenumberof stipple pointsfor eachvolume
basedon volumecharacteristicsincluding gradientpropertiesand
basicresolutionrequirements.This preprocessingtagehandlesa

numberof calculationghatdo notdependnviewpointor enhance-
mentparametersincluding the calculationof volume gradientdi-
rectionandmagnitudetheinitial estimationof stippledensityfrom
volume resolution,and the generatiorof aninitial point distribu-
tion. Furthermorethe voxel valuesandgradientsare all normal-
ized.

4.1 Gradient Processing

Gradientmagnitudeanddirectionareessentialn featureenhance-
menttechniquesgspeciallywhenrenderingCT data[11]. Some
featureenhancementare signi cantly affectedby the accurag of
the gradientdirection, especiallyour light enhancement.Noisy
volumedatacancreateproblemsin generatingcorrectgradientdi-
rections. Additionally, rst andsecondderivative discontinuityin
voxel gradientscan affect the accurag of featureenhancements.
Initially, we tried a traditional centraldifferencegradientmethod.
However, Neumannet al. [16] have presentecan improved gra-
dient estimationmethodfor volume data. Their methodapprox-
imatesthe densityfunctionin a local neighborhoodvith a three-
dimensionalregressionhyperplanewhosefour-dimensionalerror
function is minimizedto get the smootheddatasetand estimated
gradientat the sametime. We have implementedheir methodfor
bettergradientestimation.

4.2 Initial Resolution Adjustment

Whenviewing an entire volume datasetas the volumes'sizein-
creaseseachvoxel's screenprojectionis reduced.Evenif we as-
sighatmostonepointpervoxel, areaswith highgradienimagnitude
still appeartoo dark. We usea simplebox- Iter to initially adjust
the volumeresolution,sothatthe averageprojectionof a voxel on
thescreernis atleast5x5 pixels. This adjustmentmprovesthe stip-
pling patternin theresultingimages.

We de ne Nmax asthe maximumnumberof stipplesthateach
voxel cancontainduring the renderingprocess.After readingthe
datasetwe approximatelycalculatethe maximumprojectionof a
voxel on the screerand setthe maximumnumberof pointsin the
voxel to be equalto the numberof pixelsin the voxel projection.
This reducesredundantpoint generatiorandincreaseghe perfor
manceof the system.Thefollowing formulais used:

Zies)? @)

whereA,q is therenderedarea,kmax is a scalingfactor andthe
volume hasresolutionX;es  Yres Zres. Thisis a heuristic
formulabecausehescaleof the X, Y andZ axesarenot ordinarily
the same.Figure4 shavs several resolutionsof a dataset.In each
casemostof thedetailsof the datasetrepresered.

Avo=(Xres Yres

Nmax = Kmax

4.3 Initial Point Generation

In severalillustrative applicationsunits (suchaspoints,particlesor
strokes) are distributed evenly after randominitialization. Dueto
constantlychangingscenestheseindividual unitsareredistributed
in every frame. This processs very time-consumingandleadsto
problemswith frame-to-framecoherence.To alleviate this prob-
lem, we approximatea Poissondisc distribution to initially posi-
tion a maximumnumberof stipples.Accordingto the statisticsof
the gradientmagnitudedistribution, we generatestipplesnearthe
gradientplanefor the voxelswhosegradientmagnitudes above a
userspeci ed threshold. We place stipplesrandomly aroundthe
centerof the voxel, betweentwo planespl andp2, thatareparal-
lel to thetangentplane,p0, andareseparatedby a distancechosen
by theuser Next, we adjustthe point locationsin this subvolume
sothatthey arerelatively equally spacedapproximatingthe even



distribution of pointsin a stippledrawing. After this preprocess-
ing stepis performedandthe stipplepositionsaredeterminedary
processinghat is subsequentlyerformed(i.e. featureenhance-
ments,motion), simply adjustseitherthe numberof stipplesthat
aredravn within eachvoxel or their respectie size. We always
selectthe stipplesthat will be dravn from a pre-generatetist of
stipplesfor eachvoxel, therefore maintainingframe-to-frameco-
herencdor the points.

5 FEATURE ENHANCEMENTS

Scienti c illustration producesmagesthatarenot only decoratie,
but alsosene science[10]. Therefore the renderingsystemmust
produceimagesaccuratelyandwith appropriatelydirectedempha-
sis. To meetthis requirementwe have explored several feature
enhancementis anattemptto simulatetraditionalstippleillustra-
tions. Thesefeatureenhancementarebasedon speci ¢ character
istics of a particularvoxel: whetherit is partof a boundaryor sil-
houettejts spatialpositionin relationto boththe entirevolumeand
the entiresceneandits level of illumination dueto alight source.
In particular silhouettecurves (commonin stipple dravings) are
very usefulfor producingoutlinesof boundaryregionsandsigni -
cantlinesalonginterior boundariesandfeatures.

To enabletheuseof all of our featureenhancementgachvoxel
hasthefollowing informationstoredin a datastructure:

numberof points

gradient

voxel scalardatavalue

pointsize

pointlist containingthex, y, z locationof eachpoint

Our featureenhancementgalculatedon a per framebasis,deter
mine a point scalingfactor accordingto the following sequence:
boundary silhouette resolution,light, distance,andinterior. For
differentdatasetsye selecta differentcombinationof featureen-
hancementt achieve the besteffect.

The basicformulafor the point countpervoxel, N;; is the fol-
lowing:

Ni = Nmax T (2)

whereNmax  is the maximumnumberof pointsa voxel cancon-
tain, calculatedaccordingto Equation1 from the volume's pro-
jectedscreerresolution,and

T= Tb Ts Tr Td Tt T| (3)

To; Ts; Tr; Ta; Tt; and T, arethe boundary silhouette resolution,
distance,interior transpareng and lighting factors, respectiely,
describedn the following sections. Eachfactoris normalizedin
therangeof zeroto one. If somefeatureenhancementarenot se-
lected,the correspondindactorswill not beincludedin Equation
3).

Besideshe point countof a voxel, the point sizeis alsoanim-
portantfactorto increasevisualizationquality. Thebasicpointsize
of avoxel is calculatecby thefollowing equation:

S = kr Vik  Smax 4)

whereSmax is a userspeci ed maximumpoint size. Voxels with
largergradientmagnitudecontainlargerpoints,achiezing theeffect
of smoothpoint sizechangesvithin thevolume. Thepoint sizefor
eachvoxel is calculatedn a mannersimilarto Equation2.

5.1 Boundaries and Silhouettes

In traditionalstipple dravings, boundariesare usuallyrepresented
by a high concentrationof stipplesthat clusteron surfaces. In
a scalarvolume, the gradientof a voxel is a good indication of
whetherthe voxel represents boundaryregion. Boundaryand
silhouetteenhancementare determinedusing volumeillustration
techniqueg7] . The boundaryenhancemerfiactor Ty, for a voxel
atlocationP; is determinedrom the original voxel scalarvalue,v;
andthevoxel valuegradientmagnitudekr V; k usingthefollowing
formula:

To= Vi (Kgc+ Kgs (kr Wikkee)) (5)
wherekgc controlsthe directin uence of the voxel value,kgs in-
dicatesthe maximumboundaryenhancementindkge controlsthe
sharpnes®f the boundaryenhancement.By making the stipple
placementienseiin voxels of high gradient boundaryfeaturesare
selectvely enhanced. This featureextraction can be further im-
provedwith silhouetteenhancemertechniques.

In manualstippledrawings, the highestconcentratiorof stipples
is usuallyin areasorientedorthogonallyto the view plane,form-
ing the silhouetteedge. The silhouetteenhancemenfiactor Ts is
constructedn a mannersimilar to the boundaryenhancemerfiac-
tor. The parametergsc, kss, andkse arecontrolledby the userto
adjusteachpart's contribution, asshavn in thefollowing formula:

To=vi (ke kss (1 (r Vi E})*) (6)
whereE is theeye vector

Usingthe boundaryandsilhouetteenhancemerfactors,we can
effectively renderthe outline of the featuresn the volume. There-
fore, points are denseon the outline of the objects,while sparse
on otherboundariesandin the interior. We rendermorepointson
andinsidethe volumeboundariesand can,consequentlyincorpo-
ratelight andtransparenginformationto moreeffectively enhance
therendering.Figure1(b) shavstheengineblock volumerendered
with stipples. Boundaryareas particularlythosein silhouette are
enhancedshaving thesefeaturesclearly.

5.2 Resolution

Traditionally the numberof stipplesusedto shadea givenfeature
dependon the viewed resolutionof thatfeature. By usinga res-
olution factor we canprevent stipple pointsfrom beingtoo dense
or sparse. The resolutionfactor adjuststhe numberof pointsin
eachvoxel andproduceghe effect that the featuresbecomearger
andclearerwhenthevolumemovescloserto the viewpoint. It also
helpsincreaserenderingperformanceby eliminatingunnecessary
renderingof distantpoints. In orderto implementresolutionen-
hancementwe usethefollowing formula:

- (Dnear + di)
(Dnear + dO)

whereDear is the location of the nearplane,d; is the distance
from the currentlocationof the volumeto the nearplane,do is the

distancefrom the initial location of the volumeto the nearplane
(we usethis positionasthe referencepoint), andk; . controlsthe

rateof changeof this resolutionenhancementWhenk; . equals0,

thereis no enhancementThe biggerthe value,the more obvious

the effect. The point sizealsovarieswith the changen resolution
so that point sizesare small whenthe resolutionis low andlarge

whenresolutionis high. In Figure 4, the samemodelis viewed

at threedifferentdistancesput the resultingstipple densityis the

samefor each.

T Jre (7)



Figure 4: Resolutionenhancementf the leg volume dataset.

(Kre=1.1)

5.3 Distance

In resolutionenhancementye usethe location of the whole vol-
umein thescene Thelocationof differentvolumeelementswithin
the overall volume presentsa differentchallenge. Distanceis an
importantfactorthat helpsus understandhe relationshipbetween
elementswithin the volume. As in traditionalillustration, we can
enhancelepthperceptiorby usingthepositionof avoxel within the
volumebox to generatea factorthatmodi es boththe point count
andthe size of the points. We usea linear equationwith different
powerskgqe to expressthe function of the distanceattenuationto
generatehis factorvia thefollowing equation:

To=1+ () ®)

Where( a; a) istheoriginal distanceangein thevolume,z is the
depthof the currentvoxel, andkge controlsthe contrikution of the
distanceattenuatiorfor eachvoxel. kge maychangerom negative
to positive to enhancalifferentpartsin thevolume.Figure5 shavs
anexampleof distancettenuationComparinghisimageto thatin
Figurel(b),it is clearthatmoredistantpartsof the volumecontain
fewer andsmallerpoints. This is mostapparenin the back, right
sectionof theengineblock.

5.4 Interior

Point renderingis transparenin nature,allowing backgroundob-
jectsto shawv throughforegroundobjects. By doing explicit inte-
rior enhancementye exaggeratéhis effect, allowing usto obsene
moredetailsinsidethevolume.Generallyspeakingthepointcount
of the outervolumeelementshouldbe smallerthanthat of thein-
terior to allow the viewing of interior features.In our systemthe
numberof pointsvariesbasedn thegradientmagnitudeof avoxel
to the centerof the volume, thus achieving a bettertransparengc
effect:

T = kr Vik<e )

kie controlsthefalloff of the transparencenhancemeniith this
equationthe voxels with lower gradientmagnitudebecomemore
transparentln addition,pointsizesareadjustedy thetranspareng
factor In Figure6, thedensityof theleaveschangedrom sparsdo
densewhenthegradientmagnitudechanged$rom low to high. The
structureof thetreeis moreevidentwith interiorenhancement.

Figure5: Distanceattenuatiorof the engineblock volume.kge =
1.5)

5.5 Lighting

Achieving compellinglighting effects within the stipple renderer
presentseveral challenges.First, whenusingnoisy volumes,the
gradientsare not adequatefor expressingthe shadingsof some
structurescorrectly Second,becausestructuresoften overlapin
the volume, it canstill be dif cult to identify to which structurea
point belongsin comple scenes.Finally, the problemof captur
ing boththe innerand outersurfacesat the sametime, while their
gradientdirectionsare opposite mustbe correctlyhandled.These
issuescanall signi cantly reducethe quality of thelighting effects.
Thereforewhenlighting thevolume,only thefront orientedvoxels
(wherethegradientdirectionis within ninetydegreesof theeye di-
rection)arerendered Thefollowing equationis usedto generatea
factorto modify the point countof the voxels:

Ti=1 (C rw)ke (10)
whereL is thelight directionandkie controlsthe contritution of
thelight.

In Figure7, light is projectedfrom the upperright cornerin the
imageandsmallervesselshave beenremored with parameteset-
tingsto betterhighlight the shadingof the mainfeaturesThemain
structuresandtheir orientationare much clearerwith the applica-
tion of lighting effects.

5.6 Silhouette Curves

Manual stipple drawings frequently contain outlines and other
curves which supplementhe shadingcuesprovided by the stip-
ples.Thesesilhouettecurvesaregenerallydravn attwo places:ithe
outline of the objectsand obvious interior curves. Searchingfor
potentialsilhouettecurvesin thevicinity of eachvoxel couldeasily
createa performancebottleneckby requiringa searchin, at least,
the 3x3x3 subspacaroundeachvoxel. We have implementedhis
more exhaustve search,aswell asan alternatve techniqueusing
theLaplacianof GaussiamperatofLOG) asavolumetricedgede-
tectiontechnique.

This (LOG) edgedetectiortechniqueprovidesvirtually identical
resultsandsimpli es theboundarycomputationsoit is muchfaster
to calculateperframe.In a preprocessye computethe LOG value



(without interior enhancement)

(with interiorenhancement)

Figure6: Stipplerenderingof bonsaitreevolume.ke = 0:5)

(without silhouettecurves)

(with silhouettecurves)

Figure8: Stipplerenderingof thefoot volume.{T heye = 0:0; Thgrag = 0:2; Thio ¢ = 0:12)

for eachvoxel, thenduring rendering we determinethe silhouette
voxelsusingthefollowing criteria:

1. Vi LOG(V)) < Thios
2. (E 1 V) < Theye
3. kr Vik> Thgraq

where E is the eye (or view) vector and Thio 6; Theye; and
Thgrad areusercontrollablethresholdvalues.

To “sketch” silhouettecurves, the voxels that satisfy the above
conditionshave a line sgmentdravn throughthe centerof the

voxel in the directionof r Vi E: Silhouettecurves canbe ren-
deredat 20 to 30 framesper secondandsigni cantly improve im-
agequality. Figure8 shawvsthe effectivenesof silhouettecurvesin
highlightingstructuresespeciallythe bonesof thefoot dataset.

6 PERFORMANCE

We are able to interactvely render reasonably-sizedvolume
datasetsusing illustrative enhancementith our systemon mod-
ern PCs. Thetotal numberof point primitivesin a typical dataset
rangesfrom 5,000to 2,000,000,and the silhouettecurves range
from 1,000to 300,000. Performanceesultsof our stipple system
arepresentedh Tablel. Theserunningtimesweregatheredrom a
dualprocessointel Xeon2.00GHz computerwith a Geforce3 Ti
500displaycard. The preprocessingime variesfrom secondgo a
minute. Theframeratescanbeimprovedby furtherreducingcache
exchangeand oating point operationsNonethelesgshemeasured

frameratedoesprovide the userwith alevel of interactvity neces-
saryfor exploring andillustratingvariousregionsof interestwithin
the volumedatasetsThroughthe useof sliders,the useris ableto
quickly adjustthe parameterto selectthe desiredfeatureenhance-
mentand its appropriatelevel. The useris able to rotate, trans-
late,andzoomin or outof thevolumewhile maintainingconsistent
shading.The systemhasvery goodtemporalrenderingcoherence
with only very subtletemporalaliasingoccurringduring rotation
nearsilhouetteedgesandilluminatedboundariesisnew pointsare
addedbasednthesilhouetteandillumination enhancemerfactor
We have implementeda simple partial opacity point renderingto
fadethe pointswhich alleviatesthis problem.

| Dataset |  resolution] stipples| silhouettes| both |
iron 64x64x64 30.0 60.4 29.9
head 256x256x113 4.0 26.1| 35
engine | 256x256x128 4.0 20.3| 3.6
leg 341x341x93 5.0 30.5| 4.6
lobster 301x324x56 8.7 305| 75
foot 256x256x256 5.9 30.5| 5.0
aneurysm| 256x256x256 15.1 30.5| 12.1
bonsai | 256x256x256 4.3 206 | 3.9

Tablel1: Runningtimes(framespersecondfor separateéendering
techniques.



(withoutlighting)

(with lighting)

Figure7: Stipplerenderingof theaneurysmvolume.kie = 2:7)

7 CONCLUSIONS AND FUTURE WORK

We have developedan interactie volumetricstippling systemthat
combinegheadantage®f pointbased-enderingwith the expres-
sivenesof the stipplingillustration style into an effective interac-
tive volumeillustrationsystemascanbe seerabove in Figure9.

This systemutilizes techniquedrom both handdrawn illustra-
tion andvolumerenderingto createa powerful nev ervironment
in which to visualizeand interactwith volume data. Our system
demonstrateghat volumetric stippling effectively illustratescom-
plex volumedatain a simple,informative mannerthatis valuable,
especiallyfor initial volumeinvestigationanddatapreviewing. For
thesesituations the volume stipplerenderercanbe usedto deter
mine andillustrate regions of interest. Theseregions canthenbe
highlightedasimportantareaswvhentraditionalrenderingmethods
are later usedfor more detailedexploration and analysis. Initial
feedbacKrom medicalresearcheris very positive. They areenthu-
siasticaboutthe usefulnes®f the systenfor generatingmagesfor
medicaleducatiorandteachinganatomyandits relationto mathe-
maticsandgeometryto children.

Many new capabilitieshave recentlybecomeavailableon mod-
ern graphicshardwarethat could signi cantly improve the perfor
manceof our system.Programmableertex shadesanallow usto
move mary of our featureenhancementsnto the graphicscard.
This is especiallytrue for thosethat are view dependent. Pre-
processegointscanbestoredasdisplaylists or vertex arraysin the
graphicscard’s memory which avoids the expensve vertex down-
loadeachtime aframeis renderedVertex programsanbe usedto
evaluatethe thresholdsof featureenhancementby taking advan-
tageof thefactthatwe areusingverticesratherthanpolygons.Ti-
tleholdinginvolvessimpleformulaeandcanbeeasilyimplemented
in a vertex program. Whena vertex falls belav the enhancement
thresholdits coordinatescanbe modi ed to a positionoff screen,

Figure9: Headvolumewith silhouette boundaryanddistanceen-
hancemenandsilhouettecurves.kgc = 0:4;kgs = 0:0;kge =
10:0;ksc = 0:5;kss = 5:0;Kkse = 1:0;Theye = 0:9; Thgraa =
0:2;Th|_o G — 0:22)

effectively culling it. This culling techniquds notpossiblejn gen-
eral,for polygonssincethereis currentlyno connectity informa-
tion availablein vertex programs.

We planto extend our work to improve the interactvity of the
systemand comparethe performanceo other NPR volume ren-
derersto assesshe effectivenessof usinga point-basedendering
system.Furthermorewewill continueto exploreadditionalfeature
enhancemertechniquesThoughit wastoo soonto includethere-
sultsin this paper initial investigation into using color within our
stipplerenderingsystemhasalreadybegun. Additionally, it maybe
interestingto investigate the implementatiorof a stipple renderer
usinga texture-basedrolumerenderingarchitecturevhich modu-
latesthe alphavaluesperpixel in the fragmentshaderportion of
thepipeline.
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