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Figure1: Engineblock renderedwith volumestipplerenderer.(kgc = 0:39; kgs = 0:51; kge = 1:0). (a) is the default renderingand(b)
showsboundaryandsilhouetteenhancement,aswell assilhouettecurves.(ksc = 0:279; kss = 0:45; kse = 1:11)

ABSTRACT

Simulatinghand-drawn illustration techniquescan succinctlyex-
pressinformation in a mannerthat is communicative and infor-
mative. We presenta framework for an interactive direct volume
illustration systemthat simulatestraditional stipple drawing. By
combiningthe principlesof artistic and scienti�c illustration, we
exploreseveralfeatureenhancementtechniquesto createeffective,
interactivevisualizationsof scienti�c andmedicaldatasets.Wealso
introducea renderingmechanismthat generatesappropriatepoint
listsatall resolutionsduringanautomaticpreprocess,andmodi�es
renderingstylesthroughdifferentcombinationsof thesefeatureen-
hancements.The new systemis an effective way to interactively
preview large,complex volumedatasetsin a concise,meaningful,
andillustrative manner. Volumestipplingis effective for many ap-
plicationsandprovidesa quick andef�cient methodto investigate
volumemodels.
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1 INTRODUCTION

Throughouthistory, archaeologists,surgeons,engineers,andother
researchershave soughtto representthe importantscienti�c data
that they have gatheredin a mannerthat could be understoodby
others.Illustrationshaveprovento beaneffectivemeansto achieve
this goal becausethey have the capability to display information
moreef�ciently by omitting unimportantdetails. This re�nement
of the datais accomplishedby directingattentionto relevant fea-
turesor details,simplifying complex features,or exposingfeatures
thatwereformerlyobscured[31]. This selective inclusionof detail
enablesillustrationsto bemoreexpressive thanphotographs.

Indeed,many naturalscienceandmedicalpublicationsusesci-
enti�c illustrations in placeof photographsbecauseof the illus-
trations' educationalandcommunicative ability [10]. Illustrations
take advantageof humanvisual acuity and can representa large
amountof informationin a relatively succinctmanner, asshown in
Figures2 and3. Frequently, areasof greateremphasisarestippled
to show detail, while peripheralareasaresimply outlinedto give
context. 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 ourstipplerenderingsystem.

Stipple drawing is a pen-and-inkillustration techniquewhere



Figure2: Idol stippledrawing by GeorgeRobertLewis [10].

dotsaredeliberatelyplacedon a surfaceof contrastingcolor to ob-
tain subtleshifts in value. Traditional stipple drawing is a time-
consumingtechnique.However, pointshave many attractive fea-
turesin computer-generatedimages. Pointsare the minimum el-
ementof all objectsandhave connaturalfeaturesthat make them
suitablefor various renderingsituations,no matterwhethersur-
faceor volume,concreteor implicit. Furthermore,pointsarethe
simplestandquickestelementto render. By mimicking traditional
stippledrawing, we caninteractively visualizemodestlysizedsim-
ulations.Wheninitially exploringanunknown volumedataset,this
systemprovidesaneffective meansto preview this dataandhigh-
light areasof interestin anillustrative fashion.Thesystemcreates
artistic renderingeffects and enhancesthe generalunderstanding
of complex structures.Oncethesestructuresareidenti�ed, theuser
maychooseanothervolumerenderingtechniqueto generateamore
detailedimageof thesestructures.It is theuseof non-photorealistic
rendering(NPR) techniquesthat providesthe stipplevolumeren-
dererwith its interactivity andillustrative expressiveness.We refer
to this typeof NPRtechniqueasillustrativerendering.

NPR is a powerful tool for making comprehensible,yet 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-photorealisticillustrationhasconcentratedon strokes,
crosshatching,andpenandink techniques[9, 14, 26] andmostof
thecurrentresearchstill concentrateson surfacerenderings,which
requiressurfacegeometry. We choseto directly rendervolume
datasetswithout any additionalanalysisof objector structurere-
lationshipswithin thevolume.Volumestipplingnotonly maintains
all the advantagesof NPR,but it alsomakesinteractive rendering
andillustrationfeasibleon useful-sizeddatasetsbecauseof two at-
tributesof points:fastrenderingspeedandinnatesimplicity.

In our system,thevolumeresolutionis initially adjustedfor op-
timumstipplepatternrendering,andpoint listsaregeneratedcorre-
spondingto thegradientmagnitudeanddirection. Next, a render-
ing mechanismis introducedthat incorporatesseveral featureen-
hancementsfor scienti�c illustration. Theseenhancementsinclude
a new methodfor silhouettecurve generation,varyingpoint sizes,

Figure3: Cicadidaestippledrawing by GeraldP. Hodge[10].

andstippleresolutionadjustmentsbasedon distance,transparency,
and lighting effects. By combiningthesefeatureenhancements,
datasetscanberenderedin differentillustrationstyles.

2 RELATED WORK

Non-photorealisticrenderinghasbeenan active areaof research,
with mostof the work concentratingon generatingimagesin var-
ious traditionalstyles. The mostcommontechniquesaresketch-
ing [30], pen-and-inkillustration [6, 23, 24, 31],silhouetterender-
ing [14,19,21, 25],andpainterlyrendering[1, 4]. Pen-and-inkren-
deringusescombinationsof strokes(i.e. eyelashingandcrosshatch-
ing) to createtexturesandshadingwithin theimage.

Lines,curves,andstrokesarethemostpopularamongexisting
NPRtechniques.Praunet al. [20] presenteda real-timesystemfor
renderingof hatchingstrokes over arbitrary surfacesby building
a lappedtexture parameterizationwherethe overlappingpatches
align to a curvature-baseddirection �eld. Ostromoukhov [17] il-
lustratedsomebasic techniquesfor digital facial engraving by a
setof black/whiteandcolor engravings,showing differentfeatures
imitating traditional copperplateengraving. Hertzmannet al. [9]
presenteda methodfor creatingan imagewith a handpaintedap-
pearancefrom a photographandan approachto designingstyles
of illustration. They demonstrateda techniquefor painting with
long, curved brushstrokes,alignedto the normalsof imagegra-
dients,to explore the expressive quality of complex brushstokes.
WinkenbachandSalesin[32] presentedalgorithmsandtechniques
for renderingparametricfree-formsurfacesin penandink.

Deussenet al. [5] usedpointsfor computergeneratedpen-and-
ink illustrationsin simulatingthe traditionalstippledrawing style.
Their methodis to �rst renderpolygonalmodelsinto a continuous
toneimageandthenconvert thesetarget imagesinto a stipplerep-
resentation.They canillustratecomplex surfacesvery vividly, but
their methodis for surfacerendering,not volumes,andis too slow
for interactive rendering.

NPR techniqueshave only recentlybeenappliedto the visual-
ization of three-dimensional(volume)data. Interrantedeveloped
a techniquefor using three-dimensionalline integral convolution
(LIC) usingprincipaldirectionandcurvaturetoeffectively illustrate
surfaceswithin a volumemodel[12]. Treavett andChenalsoused



illustration techniquesto rendersurfaceswithin volumes[28, 29].
In both casesthe resultswerecompelling,but the techniquesare
surface-basedvisualizationtechniques,ratherthan direct volume
renderingtechniquesthatcanshow not only surfaces,but alsoim-
portantdetailsof theentirevolume.

Several NPR techniqueshave recentlybeenappliedto volume
rendering.Ebertet al. [7] showedthepower of illustrative render-
ing techniquesfor volumedata;however, the rendererwasbased
on ray-castingand too slow for interactivity or quick exploration
of the data. Our currentwork builds uponenhancementconcepts
from thatwork yet. Furthermore,interactive volumerenderinghas
garnereda signi�cant amountof attention [15] and NPR meth-
odshave beenappliedto obtaininteractive performancewhile pro-
ducing effective volume renderings[2, 3]. Treavett et al. [29]
implementedartistic proceduresin variousstagesof the volume-
renderingpipeline. Techniquessuchasbrushstrokes,controlvol-
umes,paintsplatting,andotherswereintegratedinto their render-
ing systemto producea variety of artistic effects to convey tone,
textureandshape.

However, tone, texture, andshapecanbe effectively conveyed
by simply controllingtheplacementanddensityof points.Though
not a primaryfocusin illustrative renderingsystemsuntil recently,
pointshave beenusedasrenderingprimitivesbefore. Levoy and
Whitted [13] �rst demonstratedthatpointscouldbeusedasa dis-
play primitive and that a discretearray of points arbitrarily dis-
placedin space,using a tabular array of perturbations,could be
renderedasa continuousthree-dimensionalsurface. Furthermore,
they establishedthata wide classof geometricallyde�ned objects,
including both �at and curved surfaces,could be converted into
points. Theuseof pointsassurfaceelementsor “surfels” canpro-
ducepremiumquality images,which consistof highly complex
shapeandshadeattributes,at interactive rates[18, 34].

Themaindifferencebetweenpreviousstippleandpoint render-
ing researchandoursis that our systeminteractively 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 show
the effectivenessof a simplepoint-basedinteractive volumestip-
pling systemand describehow a numberof illustrative enhance-
ment techniquescanbe utilized to quickly convey importantvol-
umecharacteristicsfor rapid previewing andinvestigation of vol-
umemodels.

3 THE STIPPLE VOLUME RENDERER

Theclarity andsmoothnessdisplayedby stippling,coupledwith the
speedof hardwarepoint rendering,makesvolumestipplinganef-
fectivetool for illustrativerenderingof volumedata.Aswith all sci-
enti�c andtechnicalillustration,this systemmustperformtwo key
tasks.First, it mustdeterminewhatto show, primarily by identify-
ing featuresof interest.Second,thesystemmustcarryoutamethod
for how to show identi�ed features.The stipplerendererconsists
of a point-basedsystemarchitecturethatbehavesasa volumeren-
dererandvisually extractsvariousfeaturesof thedataby selective
enhancementof certainregions.Volumegradientsareusedto pro-
vide structureandfeatureinformation.With this gradientinforma-
tion, otherfeaturescanbe extractedsuchasthe boundaryregions
of the structure. We can illustrate thesevolumesusing stippling
techniqueswith a particularsetof featuresin mind. To effectively
generaterenderingsof volumedatasetsat interactive rates,thesys-
tem hastwo main components:a preprocessorandan interactive
point rendererwith featureenhancement.

4 PREPROCESSING

Beforeinteractive renderingbegins,thepreprocessorautomatically
generatesanappropriatenumberof stipplepointsfor eachvolume
basedon volumecharacteristics,includinggradientpropertiesand
basicresolutionrequirements.This preprocessingstagehandlesa
numberof calculationsthatdonotdependonviewpointor enhance-
mentparameters,including the calculationof volumegradientdi-
rectionandmagnitude,theinitial estimationof stippledensityfrom
volumeresolution,andthe generationof an initial point distribu-
tion. Furthermore,the voxel valuesandgradientsareall normal-
ized.

4.1 Gradient Processing
Gradientmagnitudeanddirectionareessentialin featureenhance-
ment techniques,especiallywhenrenderingCT data[11]. Some
featureenhancementsaresigni�cantly affectedby theaccuracy of
the gradientdirection, especiallyour light enhancement.Noisy
volumedatacancreateproblemsin generatingcorrectgradientdi-
rections. Additionally, �rst andsecondderivative discontinuityin
voxel gradientscan affect the accuracy of featureenhancements.
Initially, we tried a traditionalcentraldifferencegradientmethod.
However, Neumannet al. [16] have presentedan improved gra-
dient estimationmethodfor volume data. Their methodapprox-
imatesthe densityfunction in a local neighborhoodwith a three-
dimensionalregressionhyperplanewhosefour-dimensionalerror
function is minimized to get the smootheddatasetand estimated
gradientat thesametime. We have implementedtheir methodfor
bettergradientestimation.

4.2 Initial Resolution Adjustment
Whenviewing an entirevolumedataset,as the volumes' size in-
creases,eachvoxel's screenprojectionis reduced.Even if we as-
signatmostonepointpervoxel,areaswith highgradientmagnitude
still appeartoo dark. We usea simplebox-�lter to initially adjust
thevolumeresolution,sothat theaverageprojectionof a voxel on
thescreenis at least5x5pixels.Thisadjustmentimprovesthestip-
pling patternin theresultingimages.

We de�ne Nmax asthemaximumnumberof stipplesthateach
voxel cancontainduring the renderingprocess.After readingthe
dataset,we approximatelycalculatethe maximumprojectionof a
voxel on thescreenandsetthemaximumnumberof pointsin the
voxel to be equalto the numberof pixels in the voxel projection.
This reducesredundantpoint generationandincreasesthe perfor-
manceof thesystem.Thefollowing formulais used:

Nmax = kmax � A v ol =(X r es � Yr es � Z r es )2=3 (1)

whereA v ol is the renderedarea,kmax is a scalingfactor, andthe
volume hasresolutionX r es � Yr es � Z r es . This is a heuristic
formulabecausethescaleof theX, Y andZ axesarenotordinarily
thesame.Figure4 shows several resolutionsof a dataset.In each
case,mostof thedetailsof thedatasetarepreserved.

4.3 Initial Point Generation
In severalillustrativeapplications,units(suchaspoints,particlesor
strokes)aredistributedevenly after randominitialization. Due to
constantlychangingscenes,theseindividual unitsareredistributed
in every frame. This processis very time-consumingandleadsto
problemswith frame-to-framecoherence.To alleviate this prob-
lem, we approximatea Poissondisc distribution to initially posi-
tion a maximumnumberof stipples.Accordingto thestatisticsof
the gradientmagnitudedistribution, we generatestipplesnearthe



gradientplanefor thevoxelswhosegradientmagnitudeis above a
userspeci�ed threshold. We placestipplesrandomly, aroundthe
centerof thevoxel, betweentwo planes,p1 andp2, thatareparal-
lel to thetangentplane,p0,andareseparatedby a distancechosen
by theuser. Next, we adjustthepoint locationsin this subvolume
so that they arerelatively equallyspaced,approximatingthe even
distribution of points in a stippledrawing. After this preprocess-
ing stepis performedandthestipplepositionsaredetermined,any
processingthat is subsequentlyperformed(i.e. featureenhance-
ments,motion), simply adjustseither the numberof stipplesthat
are drawn within eachvoxel or their respective size. We always
selectthe stipplesthat will be drawn from a pre-generatedlist of
stipplesfor eachvoxel, therefore,maintainingframe-to-frameco-
herencefor thepoints.

5 FEATURE ENHANCEMENTS

Scienti�c illustrationproducesimagesthatarenot only decorative,
but alsoserve science[10]. Therefore,the renderingsystemmust
produceimagesaccuratelyandwith appropriatelydirectedempha-
sis. To meet this requirement,we have explored several feature
enhancementsin anattemptto simulatetraditionalstippleillustra-
tions. Thesefeatureenhancementsarebasedon speci�c character-
isticsof a particularvoxel: whetherit is partof a boundaryor sil-
houette,its spatialpositionin relationto boththeentirevolumeand
theentirescene,andits level of illumination dueto a light source.
In particular, silhouettecurves (commonin stippledrawings) are
very usefulfor producingoutlinesof boundaryregionsandsigni�-
cantlinesalonginteriorboundariesandfeatures.

To enabletheuseof all of our featureenhancements,eachvoxel
hasthefollowing informationstoredin adatastructure:

� numberof points

� gradient

� voxel scalardatavalue

� point size

� point list containingthex, y, z locationof eachpoint

Our featureenhancements,calculatedon a per framebasis,deter-
mine a point scalingfactor accordingto the following sequence:
boundary, silhouette,resolution,light, distance,and interior. For
differentdatasets,we selecta differentcombinationof featureen-
hancementsto achieve thebesteffect.

Thebasicformula for thepoint countper voxel, N i ; is the fol-
lowing:

N i = Nmax � T (2)

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

T = Tb � Ts � Tr � Td � Tt � Tl (3)

Tb; Ts ; Tr ; Td ; Tt ; andTl arethe boundary, silhouette,resolution,
distance,interior transparency, and lighting factors,respectively,
describedin the following sections.Eachfactor is normalizedin
therangeof zeroto one. If somefeatureenhancementsarenot se-
lected,the correspondingfactorswill not be includedin Equation
(3).

Besidesthepoint countof a voxel, thepoint sizeis alsoan im-
portantfactorto increasevisualizationquality. Thebasicpointsize
of avoxel is calculatedby thefollowing equation:

Si = kr ~Vi k � Smax (4)

whereSmax is a userspeci�ed maximumpoint size. Voxels with
largergradientmagnitudecontainlargerpoints,achieving theeffect
of smoothpoint sizechangeswithin thevolume.Thepoint sizefor
eachvoxel is calculatedin amannersimilar to Equation2.

5.1 Boundaries and Silhouettes
In traditionalstippledrawings,boundariesareusuallyrepresented
by a high concentrationof stipplesthat cluster on surfaces. In
a scalarvolume, the gradientof a voxel is a good indication of
whetherthe voxel representsa boundaryregion. Boundaryand
silhouetteenhancementsaredeterminedusingvolumeillustration
techniques[7] . The boundaryenhancementfactorTb for a voxel
at locationPi is determinedfrom theoriginalvoxel scalarvalue,vi

andthevoxel valuegradientmagnitudekr ~Vi k usingthefollowing
formula:

Tb = vi � (kgc + kgs � (kr ~Vi k
k g e )) (5)

wherekgc controlsthedirect in�uence of thevoxel value,kgs in-
dicatesthemaximumboundaryenhancement,andkge controlsthe
sharpnessof the boundaryenhancement.By making the stipple
placementdenserin voxelsof high gradient,boundaryfeaturesare
selectively enhanced.This featureextraction can be further im-
provedwith silhouetteenhancementtechniques.

In manualstippledrawings,thehighestconcentrationof stipples
is usually in areasorientedorthogonallyto the view plane,form-
ing the silhouetteedge. The silhouetteenhancementfactorTs is
constructedin a mannersimilar to theboundaryenhancementfac-
tor. Theparametersksc , kss , andkse arecontrolledby theuserto
adjusteachpart's contribution,asshown in thefollowing formula:

Ts = vi � (ksc + kss � (1 � (jr ~Vi � ~E j)) k se ) (6)

where~E is theeyevector.
Usingtheboundaryandsilhouetteenhancementfactors,we can

effectively rendertheoutlineof thefeaturesin thevolume.There-
fore, points are denseon the outline of the objects,while sparse
on otherboundariesandin the interior. We rendermorepointson
andinsidethevolumeboundariesandcan,consequently, incorpo-
ratelight andtransparency informationto moreeffectively enhance
therendering.Figure1(b)showstheengineblockvolumerendered
with stipples.Boundaryareas,particularlythosein silhouette,are
enhanced,showing thesefeaturesclearly.

5.2 Resolution
Traditionally, thenumberof stipplesusedto shadea given feature
dependson the viewed resolutionof that feature. By usinga res-
olution factor, we canpreventstipplepointsfrom beingtoo dense
or sparse. The resolutionfactor adjuststhe numberof points in
eachvoxel andproducestheeffect that the featuresbecomelarger
andclearerwhenthevolumemovescloserto theviewpoint. It also
helpsincreaserenderingperformanceby eliminatingunnecessary
renderingof distantpoints. In order to implementresolutionen-
hancement,weusethefollowing formula:

Tr = [
(D near + di )
(D near + d0)

]k r e (7)

whereD near is the locationof the nearplane,di is the distance
from thecurrentlocationof thevolumeto thenearplane,d0 is the
distancefrom the initial locationof the volumeto the nearplane
(we usethis positionasthe referencepoint), andkr e controlsthe
rateof changeof this resolutionenhancement.Whenkr e equals0,
thereis no enhancement.The biggerthe value,the moreobvious
theeffect. Thepoint sizealsovarieswith thechangein resolution



so that point sizesaresmall whenthe resolutionis low andlarge
when resolutionis high. In Figure 4, the samemodel is viewed
at threedifferentdistances,but the resultingstippledensityis the
samefor each.

Figure 4: Resolutionenhancementof the leg volume dataset.
(kr e=1.1)

5.3 Distance
In resolutionenhancement,we usethe locationof the whole vol-
umein thescene.Thelocationof differentvolumeelementswithin
the overall volumepresentsa differentchallenge. Distanceis an
importantfactorthathelpsusunderstandthe relationshipbetween
elementswithin the volume. As in traditional illustration,we can
enhancedepthperceptionby usingthepositionof avoxel within the
volumebox to generatea factorthatmodi�es both thepoint count
andthesizeof thepoints. We usea linearequationwith different
powerskde to expressthe function of the distanceattenuationto
generatethis factorvia thefollowing equation:

Td = 1 + (
z
a

)k de (8)

Where(� a; a) is theoriginaldistancerangein thevolume,z is the
depthof thecurrentvoxel, andkde controlsthecontribution of the
distanceattenuationfor eachvoxel. kde maychangefrom negative
to positive to enhancedifferentpartsin thevolume.Figure5 shows
anexampleof distanceattenuation.Comparingthis imageto thatin
Figure1(b), it is clearthatmoredistantpartsof thevolumecontain
fewer andsmallerpoints. This is mostapparentin theback,right
sectionof theengineblock.

5.4 Interior
Point renderingis transparentin nature,allowing backgroundob-
jectsto show throughforegroundobjects. By doing explicit inte-
rior enhancement,weexaggeratethiseffect,allowing usto observe
moredetailsinsidethevolume.Generallyspeaking,thepointcount
of theoutervolumeelementsshouldbesmallerthanthatof thein-
terior to allow the viewing of interior features.In our system,the
numberof pointsvariesbasedonthegradientmagnitudeof avoxel
to the centerof the volume, thus achieving a bettertransparency
effect:

Tt = kr ~Vi k
k te (9)

Figure5: Distanceattenuationof theengineblock volume.(kde =
1:5)

kte controlsthefalloff of thetransparency enhancement.With this
equation,the voxels with lower gradientmagnitudebecomemore
transparent.In addition,pointsizesareadjustedby thetransparency
factor. In Figure6, thedensityof theleaveschangesfrom sparseto
densewhenthegradientmagnitudechangesfrom low to high. The
structureof thetreeis moreevidentwith interiorenhancement.

5.5 Lighting
Achieving compellinglighting effects within the stipple renderer
presentsseveral challenges.First, whenusingnoisy volumes,the
gradientsare not adequatefor expressingthe shadingsof some
structurescorrectly. Second,becausestructuresoften overlap in
the volume,it canstill be dif�cult to identify to which structurea
point belongsin complex scenes.Finally, the problemof captur-
ing both the innerandoutersurfacesat thesametime, while their
gradientdirectionsareopposite,mustbecorrectlyhandled.These
issuescanall signi�cantly reducethequalityof thelighting effects.
Therefore,whenlighting thevolume,only thefront orientedvoxels
(wherethegradientdirectionis within ninetydegreesof theeyedi-
rection)arerendered.Thefollowing equationis usedto generatea
factorto modify thepoint countof thevoxels:

Tl = 1 � (~L � r ~Vi )
k le (10)

where~L is the light directionandk le controlsthe contribution of
thelight.

In Figure7, light is projectedfrom theupperright cornerin the
imageandsmallervesselshave beenremovedwith parameterset-
tingsto betterhighlight theshadingof themainfeatures.Themain
structuresandtheir orientationaremuchclearerwith the applica-
tion of lighting effects.

5.6 Silhouette Curves
Manual stipple drawings frequently contain outlines and other
curves which supplementthe shadingcuesprovided by the stip-
ples.Thesesilhouettecurvesaregenerallydrawn at two places:the
outline of the objectsandobvious interior curves. Searchingfor
potentialsilhouettecurvesin thevicinity of eachvoxel couldeasily
createa performancebottleneckby requiringa searchin, at least,



(without interiorenhancement) (with interiorenhancement)

Figure6: Stipplerenderingof bonsaitreevolume.(k te = 0:5)

(without lighting)

(with lighting)

Figure7: Stipplerenderingof theaneurysmvolume.(k le = 2:7)

the3x3x3subspacearoundeachvoxel. We have implementedthis
moreexhaustive search,aswell asan alternative techniqueusing
theLaplacianof Gaussianoperator(LOG) asavolumetricedgede-
tectiontechnique.

This(LOG) edgedetectiontechniqueprovidesvirtually identical
resultsandsimpli�es theboundarycomputation,soit is muchfaster
to calculateperframe.In apreprocess,wecomputetheLOG value
for eachvoxel, thenduringrendering,we determinethesilhouette
voxelsusingthefollowing criteria:

1. Vi � LO G(Vi ) < ThLO G

2. ( ~E � r ~Vi ) < They e

3. kr ~Vi k > Thgr ad

where ~E is the eye (or view) vector, and ThLO G ; They e; and
Thgr ad areusercontrollablethresholdvalues.

To “sketch” silhouettecurves,the voxels that satisfythe above
conditionshave a line segmentdrawn through the centerof the
voxel in the directionof r ~Vi � ~E : Silhouettecurvescanbe ren-
deredat 20 to 30 framespersecondandsigni�cantly improve im-
agequality. Figure8 showstheeffectivenessof silhouettecurvesin
highlightingstructures,especiallythebonesof thefoot dataset.

6 PERFORMANCE

We are able to interactively render reasonably-sizedvolume
datasetsusing illustrative enhancementwith our systemon mod-
ernPCs.Thetotal numberof point primitivesin a typical dataset
rangesfrom 5,000 to 2,000,000,and the silhouettecurves range
from 1,000to 300,000.Performanceresultsof our stipplesystem
arepresentedin Table1. Theserunningtimesweregatheredfrom a
dualprocessorIntel Xeon2.00GHz computerwith a Geforce3 Ti
500displaycard.Thepreprocessingtime variesfrom secondsto a
minute.Theframeratescanbeimprovedby furtherreducingcache
exchangeand�oating pointoperations.Nonetheless,themeasured
frameratedoesprovide theuserwith a level of interactivity neces-
saryfor exploringandillustratingvariousregionsof interestwithin
thevolumedatasets.Throughtheuseof sliders,theuseris ableto
quickly adjusttheparametersto selectthedesiredfeatureenhance-
ment and its appropriatelevel. The user is able to rotate, trans-
late,andzoomin or outof thevolumewhile maintainingconsistent
shading.Thesystemhasvery goodtemporalrenderingcoherence
with only very subtletemporalaliasingoccurringduring rotation
nearsilhouetteedgesandilluminatedboundariesasnew pointsare
addedbasedonthesilhouetteandilluminationenhancementfactor.
We have implementeda simplepartial opacitypoint renderingto
fadethepointswhichalleviatesthisproblem.

Dataset resolution stipples silhouettes both
iron 64x64x64 30.0 60.4 29.9
head 256x256x113 4.0 26.1 3.5

engine 256x256x128 4.0 20.3 3.6
leg 341x341x93 5.0 30.5 4.6

lobster 301x324x56 8.7 30.5 7.5
foot 256x256x256 5.9 30.5 5.0

aneurysm 256x256x256 15.1 30.5 12.1
bonsai 256x256x256 4.3 20.6 3.9

Table1: Runningtimes(framespersecond)for separaterendering
techniques.



(withoutsilhouettecurves) (with silhouettecurves)

Figure8: Stipplerenderingof thefoot volume.(They e = 0:0; Thgr ad = 0:2; ThLO G = 0:12)

Figure9: Headvolumewith silhouette,boundary, anddistanceen-
hancementand silhouettecurves.(kgc = 0:4; kgs = 0:0; kge =
10:0; ksc = 0:5; kss = 5:0; kse = 1:0;They e = 0:9; Thgr ad =
0:2; ThLO G = 0:22)

7 CONCLUSIONS AND FUTURE WORK

We have developedan interactive volumetricstipplingsystemthat
combinestheadvantagesof point basedrenderingwith theexpres-
sivenessof thestippling illustrationstyle into aneffective interac-
tivevolumeillustrationsystem,ascanbeseenabove in Figure9.

This systemutilizes techniquesfrom both handdrawn illustra-
tion andvolumerenderingto createa powerful new environment
in which to visualizeand interactwith volumedata. Our system
demonstratesthat volumetricstippling effectively illustratescom-
plex volumedatain a simple,informative mannerthat is valuable,
especiallyfor initial volumeinvestigationanddatapreviewing. For
thesesituations,the volumestipplerenderercanbe usedto deter-
mine andillustrateregionsof interest. Theseregionscanthenbe
highlightedasimportantareaswhentraditionalrenderingmethods
are later usedfor more detailedexploration and analysis. Initial
feedbackfrom medicalresearchersis verypositive. They areenthu-
siasticabouttheusefulnessof thesystemfor generatingimagesfor
medicaleducationandteachinganatomyandits relationto mathe-
maticsandgeometryto children.

Many new capabilitieshave recentlybecomeavailableon mod-
erngraphicshardwarethat couldsigni�cantly improve theperfor-
manceof our system.Programmablevertex shadescanallow usto
move many of our featureenhancementsonto the graphicscard.
This is especiallytrue for thosethat are view dependent. Pre-
processedpointscanbestoredasdisplaylistsor vertex arraysin the
graphicscard's memory, which avoids theexpensive vertex down-
loadeachtimea frameis rendered.Vertex programscanbeusedto
evaluatethe thresholdsof featureenhancementsby taking advan-
tageof thefactthatwe areusingverticesratherthanpolygons.Ti-
tleholdinginvolvessimpleformulaeandcanbeeasilyimplemented
in a vertex program. Whena vertex falls below the enhancement
thresholdits coordinatescanbe modi�ed to a positionoff screen,
effectively culling it. Thisculling techniqueis notpossible,in gen-
eral,for polygonssincethereis currentlyno connectivity informa-
tion availablein vertex programs.

We plan to extendour work to improve the interactivity of the
systemand comparethe performanceto other NPR volume ren-
derersto assessthe effectivenessof usinga point-basedrendering
system.Furthermore,wewill continueto exploreadditionalfeature
enhancementtechniques.Thoughit wastoosoonto includethere-
sultsin this paper, initial investigation into usingcolor within our
stipplerenderingsystemhasalreadybegun.Additionally, it maybe
interestingto investigate the implementationof a stipplerenderer
usinga texture-basedvolumerenderingarchitecturewhich modu-
latesthe alphavaluesper-pixel in the fragmentshaderportion of
thepipeline.
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