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Abstract

In thispaperwedescribenon-photorealisticrender-
ing techniquesfor volumetricdatasets. First, we
outline an automaticapproachthat generatesline
drawings to illustrate such data setsand to aug-
menttraditionalvolumerenderingtechniques.For
a numberof seedpoints that are placedappropri-
atelyto representselectedvolumestructurescurva-
ture linesaretracedandencodedby a sparsesetof
control points. Thesecurves are �nally drawn as
hatchingstrokesmodulatedby anisotropiclighting
and transparency. Second,in addition to line-art
drawings we presentef�cient implementationsof
volumetoon-shadingandsilhouetterenderingusing
fragmentshaderhardware. All techniquestogether
allow us to interactively illustrate volumetric data
setsand to enhanceimportantfeaturesusingnon-
photorealisticrenderingtechniques.

1 Intr oduction

In this paperwe considervolumeillustrationsasa
classof non-photorealisticrendering(NPR) tech-
niqueswith the particularcharacteristicto empha-
sizeimportantattributesor partsof anobjectandto
communicaterelevant informationto theviewer in
the mosteffective way. It is quite interestingthat
this characterizationexactly matchesthe demands
on visualizationtechniquesin general. In scien-
ti�c visualizationthe grant challengeis to convey
therelevantinformationin themostcomprehensible
but not necessarilyin themostrealisticway. With
regardto thatobservationNPRtechniquesseemto
be the predestinedrenderingtool in visualization
applications,andit comesto no surprisethat NPR
techniqueshave alreadyattractedthe visualization
communityduringthelastcoupleof years.
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In this paperour emphasisis on proposingin-
teractive approachesto non-photorealisticvolume
illustration. Our �rst techniquecreateshatching
�elds coinciding with the principal curvature di-
rectionsalong selectedvolume structures. Creat-
ing the hatching�eld and renderingthe strokes is
performedin two separatepasses:In the �rst pass
higherorderdifferentialcharacteristicsof the vol-
umetricdata�eld arecomputedandencodedin a
hierarchicaldatastructure. At run time, basedon
someuser-de�ned importancecriteriona represen-
tative setof hatchingstrokes is computed,eachof
which is effectively encodedby a connectedgroup
of line segments. Strokesare �nally displayedas
coloredandshadedline stripsemploying OpenGL
functionalityandtheanisotropicmodelproposedby
Banks[1].

Our choiceof techniqueswasmainly driven by
two requirements.First, in our opinion line draw-
ings shouldnot be integratedinto the volumerep-
resentationitself as proposedby [17] thus pro-
hibiting �e xible and ef�cient modi�cation of the
strokesappearanceandarrangement.Second,tech-
niquesshouldnotrely onany polygonalrepresenta-
tion thuslimiting its potentialuseto geometricob-
jects. Ratherthanthat we aim at proposingmeth-
odsthatarecapableof interactively illustrating ar-
bitrarystructuresin volumetricdatasetswithoutthe
needto generateintermediatesurface representa-
tionsatruntime. Moreoverwewantto demonstrate
that interactive non-photorealisticrenderingis pos-
sible even for large-scalevolumetricdatasetsthus
spawningapromisingnew directionin scienti�c vi-
sualization.

In addition to volume hatching we present
non-photorealisticvolume rendering techniques
via three-dimensionaltexture mapsand fragment
shaderhardware. Dedicatedshadershave beende-
velopedthat enableiso-surface toon-shading,sil-
houetterenderingandview-dependentopacityen-
hancementat interactive ratesin onesinglerender-
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ing pass.high resolutiondatasets.
The remainderof this paperis organizedasfol-

lows. In Chapter2 we review relatedwork with the
focuson NPRtechniquesthatarerelatedto our ap-
proach.Theprocedureto computeprincipalcurva-
ture directionsin volumetricdatasetsis described
in Chapter3. Chapter4 is dedicatedto interactive
NPRtechniquesfor volumetricdatasets.Futuredi-
rectionsandalternative issuesaresubjectof Chap-
ter5.

2 Relatedwork

In the pasta numberof differentapproacheshave
beencarriedout to simulatethe imagerygenerated
by artistsandtechnicalwriters in anautomaticand
computer-assistedway. Sincein our currentwork
we mainly concentrateon the simulation of line
drawings,we will only refer to thoseattemptsthat
are directly relatedto ours. For an excellent in-
troductionto anda comprehensive survey of NPR
techniquesin generallet us refer to the book of
GoochandGooch[12] andto theweb-pagemain-
tainedby Reynolds[29], wheremany relatedonline
resourcesaregiven.

An image-basedsystemfor generatingcomputer-
aidedpen-and-inkillustrationsusingorientedstroke
textureswasproposedin [33, 34]. In the �nal ver-
sion stroke texturesconveying color, toneandori-
entationweregeneratedautomaticallyfrom asetof
representative strokes and a user-controlleddirec-
tion �eld. A digital engraving systembasedonlines
coinciding with potential �elds in the image was
presentedin [27]. RösslandKobbelt[31] described
a semi-automaticimage-basedtechniquefor gener-
atingtechnicalillustrationsof 3D models,wherethe
userhastomanuallyselectpartitionsin imagespace
exhibiting coherentcurvaturedirectionto generate
appropriatehatching�elds. A real-timerendering
systemwas describedin Lake et al. [22], where
a paletteof texturesrepresentingdifferenttonesby
differentpencilstrokesis precomputedandusedto
cover the object. However, due to the employed
viewport mappingto generatetexture coordinates
from viewportcoordinates,thetexturesseemto stay
above the object thus limiting the techniquessuit-
ability for animations.

In [5] attributedlinesin objectspacewereusedto
augmenttraditionalrenderingswith regardto user-
de�ned importanceof information.In [39, 8, 9, 15]

3D curves on free-form surfacesand parametric
or implicit surfaceswere introducedto emphasize
geometricpropertiesof 3D models. Winkenbach
andSalesin[38] alsopresentedanobject-basedap-
proach,in which orientedstrokeswereutilized to
simulatingdifferent tones. Markosianet al. [25]
employed line drawings for interactive NPR ren-
dering. The focus in this work, however, was on
enhancingsilhouettesandcuspsby only placinga
sparsesetof appropriatelyselectedstrokes.Finally,
Praunet al. [28] employedlappedmulti-texturesto
achieve real-timehatching. They extendedon the
conceptof artmapsdescribedin [20] by usingaset
of orientedstroke textureseachof which represents
different tones. In visualizationNPR techniques
havebeenconsideredto substituteor to enhancetra-
ditional renderingtechniques.Saito[32] described
apoint-basedrenderingsystemto allow for fastpre-
viewing of volumetricdatasets.Expressivetextures
have beenusedin [30, 18] to improve the under-
standingof theshapeof complex structures.Inter-
rante[17] developedtechniquesto enhancedspa-
tial andshapeinformationof transparentsurfacesin
volumetricdatasetsby constructingpatternsof thin
opaquelines. In orderto acceleratevolumerender-
ing andto enhancethe insight into complex struc-
turesCśebfalvi et al. [3] proposeda contourbased
visualizationtechnique.Kirby et al. [19] described
a techniqueclosely relatedto oil painting, which
effectively enhancesthe informationcontentin 2D
imagesby usingmultiple layerscovering different
kinds of features. An image-basedapproachfor
simulatingpen-and-inkdrawings to augmentvol-
umerenderingwasintroducedbyTreavettandChen
[36]. Ebert and Rheingans[7] proposeda modi-
�ed volumerenderingpipelinethat is amenableto
avarietyof differentNPRtechniques,whichcanbe
usedto furtherenhancetraditionalrenderingmeth-
ods. The visualizationof tensordataby meansof
brushstrokeswasillustratedby Laidlaw et al. [21].
Here,abrushingtechniquewasusedto stressdirec-
tional informationandto guidetheusertowardsthe
orientationof electrocardial�elds.

3 Preprocess

We now startwith a descriptionof the preprocess
thathasto beperformedto generateaccurateprinci-
pal curvaturedirectionsin three-dimensionalscalar
data�elds.
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3.1 Discretecurvatureestimation

Although principal curvaturedirectionscanbe de-
rived from theextremalvaluesof a quadraticform
[6], this techniqueis impractical in the current
scenariodue to its numericalcomplexity. Monga
et al.[26] derived a considerablyfaster method
for computing the principal directions in three-
dimensionalscalar �elds. First, an orthonormal
basisfor � is computedexplicitly. Therefore,let
G =

�
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�

g2
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The case � = 0 has to be treatedseparatelyand
resultsin a standardbasis.

Any v in � G ��� canthenbeexpressedas

v = h � cos� + f � sin �

If � correspondsto a principal curvaturedirection
thenthe�rst derivative of � v with respectto � van-
ishes.Finally this yields

tan2� =
2 � ht(D2F)f

ht(D2F)h � f t(D2F)f

whichcanbeeasilysolved.Specialattentionhasto
bepaidat umbilical pointswherethesurfaceis lo-
cally �at or spherical.Suchpointsoccurif andonly
if the denominatorvanishes.Oneapproachto ob-
tain meaningfulprincipalcurvaturesat suchpoints
is to increasethe �lter width of the differentiation
operator.

Besidesthe possibility of computingprincipal
curvaturedirectionsin threedimensions,Mongas
algorithmcanbefedwith any suitablemethodto es-
timatepartial derivatives. Unfortunately, this tech-
nique(andany othermethodwe know) only solves
for ��� ( ��� 2 , + � 2 ). At �rst glancethis doesnot
seemto be a major problem,but it resultsin cur-
vature�elds that arenot orientedconsistently. As
a matterof fact the curvaturedirectionsmight �ip
about180degreesalongaparticular�eld line. Trac-
ing these�elds in a globally consistentway, e.g. if
orientedstrokes shouldbe rendered,becomesim-
possiblewithout that a heuristicis usedto consis-
tentlyalign thedirectionsalongthepaths.Notethat

this is notaproblemif hatchesaregeneratedaspro-
posedin [17] by integratingbackwardandforward
along the curvature �eld path lines. Then, along
eachpath the �ip can be performedbasedon the
currentdirectionof thestroke.

Globalmethodsto continuouslyorient theentire
�eld, however, fail in general. This is becausein
many realdatasetswe�nd curvature�elds contain-
ing regionsin which curvaturestreamswith oppo-
site directionmeeteachother, but which smoothly
merge into eachother in someother region. As a
matterof fact, in thesecasesglobal methodslike
sweep-planesor region growing successively �ip
the directionsbackandforth but do not converge.
On the other hand,optimizationschemessuchas
conjugategradientsasemployedin [28] for surface
hatchingarefar tooexpensive in threedimensions.

A solutionto theproblemis to usea heuristicto
continuouslyorient curvaturedirectionsduring the
tracingof pathlinesin the�eld by usinga globally
de�ned reference�eld, as it wasproposedin [10]
to �ip �rst andsecondcurvaturedirections. From
a selectionof possiblechoicesthe userselectsthe
reference�eld that resultsin themostpleasentori-
entation,without that theappropriatenessof sucha
globalreference�eld canbeguaranteedin general.
In ourcurrentwork acylindrical reference�eld was
used,which in generalleadsto goodresults.

3.2 Pyramid data structur e

Theprincipalcurvaturedirectionscannow beused
to generatehatchingstrokesthatcharacterizestruc-
turesin thevolumeandeffectively revealimportant
shapeinformation.Thereforewe have to selectap-
propriatelypositionedseedpoints that areusedas
startingpointsof thestrokes. Theseedpointshave
to bearrangedstaticallysothattemporalcoherence
betweenframescanbeguaranteedevenif transfor-
mationsareappliedto eithertheobjector theview
point.

In orderto minimizememoryrequirements,how-
ever, wedonotgenerateany seedsin advance.Gen-
eratingseedpoints for all possiblevolume struc-
tureswouldproduceatremendousamountof points
to be encoded,and it would also generatemany
points that are not going to be usedfor hatching
the currently selectedstructures. Insteadwe con-
structa pyramidal datastructurethat allows us to
ef�ciently �nd thosecellsin thevolumewhereseed
pointshave to beplacedat run time.
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In this work we employ a pointerlessoctreerep-
resentation,where every level has one eighth as
many entriesas the previous level. The �rst level
of thepyramid is theoriginal data.Entriesat level
two carry additional information aboutthe region
coveredby thatentry, i.e. theminimalandmaximal
scalarvalues,themaximalgradientmagnitudeand
themaximalmeancurvature 1

2( � 1 + � 2). Theseat-
tributesareusedatruntimeto ef�ciently �nd theset
of cellsthatshouldhostaseedandto determinethe
seedpoint densitywithin a region. At levels larger
thantwo thegradientmagnitudeis not going to be
storedany morebecausea measureof thelocalho-
mogeneityand the maximalcurvatureis suf�cient
to terminatethe traversalof the octree. Note that
all attributesarequantizedto 8 bit thuskeepingthe
additionalmemoryaslow aspossible.

4 Run time

4.1 Seedpoint placement

To generatehatching strokes a number of seed
pointsarestrayedinto thevolume.Insteadof a ran-
domplacementweperformadatadrivenplacement
which producesan optimal arrangementof seeds.
Thereforewe assumethat at most one seedper
volumecell shouldbe issued. On the otherhand,
within acertainregionalsofewerseedpointsmight
beselecteddependingonthelocalcharacteristicsof
thedata.

Whena new hatchingprocessis initiatedtheoc-
treedatastructureis traversedin depth-�rst order
startingat the coarsestlevel. The traversalis ter-
minatedif a region turnsout to be emptyor when
aniso-surfaceshouldbeillustratedbut theiso-value
is not containedin this region. We also stop the
traversal if the maximal meancurvature is below
a constant. This is motivated by the observation
thaton planaror almostplanarstructuresno mean-
ingful principal curvature directionscan be com-
puted. Whenever the traversal is terminatedon a
level greaterthanonenoseedpointsareplacedand
thusnostrokesaregoingto bedrawn in this region.

In order to determinethe numberof effectively
placedseedpointswetake into accountthenormal-
izedgradientmagnitudeandmeancurvatureinfor-
mationat level two. Frombothattributeswe com-
puteavaluethatde�nestheprobabilityof placinga
seedpoint in any non-emptycell of the2x2x2voxel

region ( � and �

�

max � arenormalizedto (0,1)):

p( � ,
�

max) =

�

0 : ��� C0

0 : �

�

max ��� C1
1
2( � + �

�

max � ) : otherwise

Note that in caseof surfaceillustrationsa cell is
supposedto be non-emptyonly if it containsthe
iso-value. As a consequenceof the seedingstrat-
egy thenumberof selectedseedsdirectlycorrelates
to the gradientmagnitudeandthe meancurvature,
i.e Figure 1. As a matterof fact lesspoints are
placedin homogeneousregionsexhibiting low cur-
vaturewhile morepointsareplacedathighlycurved
boundarysurfaces.

Figure1: We illustrate the processof determiningseedpoint

densitywith regard to gradient magnitudeand curvature. A re-

gion is supposedto be emptyif no iso-surfacepassesthrough it.

Darker color correspondsto higherprobability of placinga seed

in a volumecells.Seedpointsareonlyplacedin non-emptycells.

The mostcritical stepin hatchingthe volumeis
thecorrectplacementof seedpointswithin these-
lectedcells. This doesn't posea problemfor trans-
parentstructureswherestrokesmight beplacedin-
sidethestructures,but for opaqueobjectsit hasto
be guaranteedthat the entirestroke lies in front of
theobjectandthussurvivesthedepthtestthatis ap-
plied duringrendering.In our terminologya stroke
lies in front of anobjectif thescalarvaluesat each
point de�ning that stroke arelessthantheselected
iso-value. This assumptionis in accordancewith
theuseof thealpha-testthatis employedin our ap-
plication to discardsall fragmentslessthanthese-
lectedthresholdduring volumerendering(seebe-
low).

After a seedpoint hasbeenselectedfor hatching
at run time it is initially placedright in the center
of the correspondingcell. At this point the scalar
value and the gray-scalegradientare interpolated
andthescalarvalueis comparedwith theiso-value.
Dependingontheresultof thecomparisonthepoint
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is eithershiftedalongthegradientdirectionor into
theoppositedirectionuntil it is positionedatapoint
having a scalarvaluesthat is slightly smallerthan
theiso-value.

4.2 Strokegeneration

For eachselectedseedpoint we �nally generatea
stroke that is usedfor hatching. Strokes are gen-
eratedby tracingthepathsoriginatingat a selected
seedpoint along the maximalcurvaturedirections
in object space. The entire stroke is storedas a
set of points that are renderedas line strip. At
eachpoint we alsointerpolatethegray-scalegradi-
entfrom thescalar�eld in orderto simulatelighting
effects.Fromthesetof all gradientsa coneof nor-
malsis derived that canbe usedeffectively to cull
backfacingstrokes.By assumingsuf�ciently accu-
ratecurvaturedirectionseachstroke will beplaced
entirelyin front of any selectedsurface.

In order to numerically integratethe �eld lines
in the curvature �eld we employ a Runge-Kutta
RK4(3) integrationmethodwith adaptive stepsize
control. Although we only tri-linearly interpolate
thecurvature�eld theRK4(3) methodallows us to
computethe �eld lines within high accuracy. This
is dueto the fact thata stroke is terminatedwhen-
ever the currenthatchdirection deviates from the
original oneby morethana constant.In this way
we avoid steppinginto regionswherethecurvature
�eld shows highvariations.

By meansto the adaptive stepsize control we
considerablyreduce the number of intermediate
points usedto samplethe vector �eld and thus to
representthestrokes.As amatterof factthestrokes
canbeeffectively encodedusingonly a very small
numberof line segments.In additionto vertex co-
ordinatesandgradientswe alsostoretexture coor-
dinatesfor eachpoint. Texture coordinatescorre-
spondto thedistanceof eachpoint to theseedpoint
relative to the total lengthof thestroke. As will be
shown later, theseattributescanbeusedto simulate
variousdrawing options.

4.3 Hatching

Oncethehatchingstrokeshave beencomputedand
stored,line art drawingsto illustratethevolumetric
dataset or to augmenttraditional volume render-
ing techniquescanbe simulated.Volumehatching
is split into two passes.In the �rst passhatching

strokesarerenderedasline stripsstartingat thecur-
rently selectedseedpoints. In the secondpassthe
volumetricdataset is renderedby meansof three-
dimensionaltexturemaps.

4.3.1 Stroke rendering

Dueto theobjectspacerepresentationof strokesas
line stripswe canrenderthecurvesusingOpenGL
functionality. In particular, the curves can be il-
luminated by meansof the stored gradientsand
per-vertex colors can be speci�ed to modify the
strokesappearance.In addition,theappearanceof
eachcurveis modulatedby applyingtheanisotropic
shadingmodel for lines asproposedin [1], which
wasextendedtowardsreal-timeshadingusinghard-
waresupportin [35, 40, 14].

To produceadditional visual cuesthat help to
convey thepositionsof strokesin spacewe extend
[14] as follows. Sincefor eachstroke the normal
of the correspondingiso-surfaceis known we can
determinewhethera line belongsto a front or back
facingpart of the surface. This enablesus to use
differentcolorsfor backandfront facingpartsthus
emphasizingtheline positionsin space.In orderto
dosowecalculatetwo different2D lookuptextures
by varyingdiffuseandspecularcolor. Thetwo tex-
turesaremappedontoeachline andthecolor con-
tributionsarelinearly interpolatedbasedon thedot
productN � V betweenthe surfacenormal N and
the per-vertex view-vectorV. Interpolationis per-
formed using per-fragmentshaders,while the dot
productis calculatedin software.Optionallya self-
shadowing term as proposedin [14] can be inte-
gratedusingthesurfacenormal.

In particular, anisotropic shading of hatching
strokes helpsto enhancethe visual impressionin
dynamicanimations.Spatiallycoherentbundlesof
lines having the sameorientationcan be visually
distinguishedquite ef�ciently usingthis approach.
Two-sidedlighting usingdifferent colors for back
andfront facinglinesalsosimpli�es thevisualcom-
plexity of hatching�elds for high-resolutionvol-
umetric structures. If only front facingstrokes or
strokes on opaqueiso-surfacesshould be consid-
ered, however, the cone of normalscan be used
for culling purposes. During renderingof hatch-
ing strokesthedepthtestis enabledandvaluesare
updatedin the depthbuffer. Becauseline drawing
is alwaysperformed�rst, transparentvolumestruc-
tures can be overlayedby renderingthesestruc-
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tures in back-to-frontorder without changingthe
OpenGLstate. Cross-hatchesare usedin our ap-
proachto effectively reveal spatialcorrelationsby
darkening thoseregions that are in shadow. They
aregeneratedas follows. For every selectedseed
point we considerthe dot productbetweenits nor-
mal and the light sourcedirection to determine
whethera cross-hatchshouldbe drawn or not. If
the angleis above a constanta cross-hatchis gen-
eratedby creatinganadditionalstroke that follows
the minimal curvaturedirection. Furtheron, apart
from beingshorterthanthe initial strokesthey are
handledin exactly thesameway.

4.3.2 Volumerendering

Volumerenderingvia 3D texturemapshasbecome
a powerful tool to interactively displayscalardata
�elds [2]. Interpretingvolume renderingas the
re-samplingof a discrete3D texture map on ap-
propriatelyorientedcutting geometriesallows one
to exploit hardware supportedtexture interpola-
tion andper-pixel blendingto simulatetheappear-
anceof semi-transparentmedia. By renderingthe
hatchingstrokes prior to volume renderingarbi-
trary renderingmodescan be applied. By using
the depth-testand alpha-blendingtransparentand
opaqueregions will be correctly merged with the
hatches.This allows us to enhancetraditionalvol-
umerepresentationsor to simulatethe hatchingof
opaqueiso-surfaces.This canbeachievedby com-
bining the OpenGL alpha- and depth-testduring
the re-samplingprocedureto guaranteethat only
thosetexture samplesclosestto the viewpoint and
above/below aselectedthresholdarerendered[37].
By writing white color into the frame buffer only
thosehatchesthat were just drawn in front of the
iso-surfaceremainvisible.

4.4 Toon-shading and silhouette render-
ing

In this sectionwe aregoing to presenta coupleof
interactive algorithmsto illustrate volumetricdata
setsby exploiting consumerclassfragmentshader
hardware.

In contrastto thework presentedin [24] we de-
velopedspecializedfragmentshadersthatenableus
to renderthedatasetsevenmoreef�ciently but us-
ing the sameprincipal algorithms. In addition,by
exchangingtheshaderswe canarbitrarily integrate

them into our hatchbasedapproachand into the
direct volume renderingalgorithm via 3D texture
maps.

Our �rst goalis to developanalgorithmthatcre-
atestoon-shadedimagesfrom volumeswithoutany
specialmark-up- only volumegradientsandlight-
ing parametersarerequired.Alternativeapproaches
includeimage-spacemethods[4] andtoon-shading
algorithmsbasedon ray-tracing,e.g. implemented
in CartoonReyes,acommercialcartoonshader[16].

Thegeneralideaouralgorithmis baseduponhas
beendescribedin [22, 23] for toon-shadingpolyg-
onalobjects.For every vertex thedot productL � N
betweenthe normal N and the light sourcedirec-
tion L is issuedasa one-dimensionaltexturecoor-
dinate. The texturecoordinateis thenusedto look
upcolorsin atoon-shadingtexture.As texturecoor-
dinatesof a surfacepoint areinterpolatedfrom the
valuesof theverticesthedotproductis interpolated
acrossthe surface. By usingnearestneighbortex-
tureinterpolationadiscontinuouitybetweenillumi-
natedpointsandpointslying in shadow is achieved.

In our approach,however, we do not have any
verticesat all, andshadinghasto beperformedon
a per-fragmentbasisusingmultitexturesand frag-
mentshaderhardware.Thereforeweutilize athree-
dimensionalnormalmapstoringthegray-scalegra-
dientsin theRGBcomponents.

We proceedby renderingthe three-dimensional
normalmapasdescribed.In the texture combiner
theparallellight vectoris issuedasconstantcolor.
Using per-fragmentarithmeticthe dot productbe-
tween this vector and the normal vector that is
looked up in the three-dimensionalnormalmap is
computed.The resultingvalueis usedto trigger a
multiplexer thatis availablein thetexturecombiner
stage. Dependingon whetherthis value is larger
or lessthan0.5 themultiplexer outputsoneof two
possibleregisters.Both registerscanbewritten by
the userto specifyingthe tonesthat should�nally
berendered.Notethatanoffsetcanbeaddedto the
input to the multiplexer thusenablingan arbitrary
mappingof shadesto tones.

Using the sameapproachalso allows us to in-
teractively render silhouettes(see [13, 11] for a
goodintroduction).Object-or geometrybasedap-
proachesfor renderingsilhouettesattemptto extract
thoseedgesof a polygonalmeshthatbelongto the
silhouette.Theseedgesarethenrenderedin a spe-
ci�c color. Becausesilhouetteedgesareconnected
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to onefront- andoneback-facingtrianglewith re-
spectto the currentviewpoint, a silhouetteedgeis
de�ned by

((N1 � (C � V1))(N2 � (C � V2)) � 0

whereN1,N2 arethefacenormals,V1, V2 arepoints
that lie on face1 and2, respectively, andC is the
eyepoint.

To perform the describedmethodfor volumet-
ric data setswe proceedas follows. The three-
dimensionalnormal map is renderedand at each
vertex of the renderedpolygons the normalized
view vector is issuedas an additional texture co-
ordinate. In the rasterizationstagecoordinatesare
interpolatedon a per-fragmentbasis,but because
normalizationis not preserved they have to be re-
normalized.Thereforethe coordinatesareusedto
fetch texture valuesfrom an additionalcube-map.
This map simply storesthe normalizedvaluesfor
eachpossiblecoordinate.Again registercombiners
areemployed to computethe dot productbetween
the normalizedview vectorandthe normalvector.
Beforetheresultscanbeusedto trigger themulti-
plexerthey �rst havetobesquaredtoobtainpositive
values.Dependingonthedotproductbetweenview
vectorandnormalthemultiplexer outputsblackor
white. Finally, theresult is mergedwith thecolors
producedby thetoon-shader.

5 Resultsand discussion

All our resultswerecomputedon a Pentium4pro-
cessorrunningat 1.5 GHz anda GeForce4graph-
ics unit with 128 MB local memoryand 3D tex-
turesupport.Ourexperimentswererunondifferent
realdatasetswith differentillumination models,as
illustratedin �gures 4-6: (a) the well known en-
gine block (2562x128), (b) the hydrogenmolecule
dataset (1283) and (c) an iron proteinemolecule
(643). Over thatwe appliedour toon shaderto the
aneurysmdataset(2562x128, c.f. 2) aswell asto
a humanfoot anda humanskull (2563, c.f. 3). For
a 2563 volume preprocessingthe dataset roughly
took1.3minutesincludingcurvatureestimationand
octreeconstruction.

Preprocessingstatisticsof the seedingandpath
tracingprocedurediffer signi�cantly dependingon
the numberof strokes and their length. The av-
eragenumberof line segmentsusedto represent

the strokes in all of our exampleswas 10. Plac-
ing seedpoints to appropriatelyrepresentan iso-
surfacestook between0.5and4 secondsin theex-
amples.20K to 50K strokesweregenerated.Ren-
dering the datasets(including volume rendering)
wasalwaysperformedwith 4 to 8 fpsona600x600
viewport. As canbeseen,even for highly detailed
hatchesthe volume can still be renderedinterac-
tively. Also the processof generatingthe strokes
at run time consumesonly very few time. Here
the algorithm considerablytakes advantageof the
datadrivenseedpoint selectionby meansof which
thegenerationof anoptimalnumberof pointsis en-
sured.Thisaffectsboththeperformanceof thegen-
erationprocessas well as the performanceof the
renderingprocess,keepingmemory requirements
aslow aspossible.In all our examplesat mostone
eighthof thememoryconsumedby thevolumedata
setwasrequiredto storetheselectedstrokes.

Figures4-6 exemplify variousdrawing options.
In �gure 4 thehatchingstrokeswerelit anisotropi-
cally andsuperimposedoveraniso-surfacethatwas
illuminatedusinga per-fragmentphongmodel. In
�gure 5 only thehatchingstrokeswererendered.To
help theuserconvey thepositionsof thehatchings
in space,front facinglineswerecoloredbluewhile
back facing lines werecoloredyellow. In the last
row (c.f. 6) we demonstrateclassicalartistichatch-
ing. Crosshatchesand intensity modulationsare
usedto emphasizeboth lighting andshape. In all
casestherenderingperformancewasat least4 fps,
dependingon thenumberof strokesandtheresolu-
tion of thevolume.

Figure 2 illustratesour interactive volume toon
shaderwith silhouettetracingandhalf-level light-
ing. Renderingperformancewasabout7 fps.

6 Conclusion

We have presentedaninteractive objectspacetech-
niquefor the illustrationof volumetricdatasetsby
simulating free-handline art drawing suitablefor
generatingtechnicalillustrationsandsketches.

Wehavedescribedanobjectspacealgorithmthat
generateshatching strokes from volumetric data
sets. This allows us to arbitrarily modulatethe
strokes appearanceby meansof color and texture
and to integratestroke basedrenderinginto other
renderingmodes,e.g.surfaceor directvolumeren-
dering.Themajorcontributionhereis thatweeffec-
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tively take advantageof hardwareassistedvolume
andline renderingto generatemeaningfulimages.

By selectingseedpointsat run time,we areable
to minimize the overall memoryrequirementsand
thenumberof line segmentsto begenerated,stored
andrendered.This makes it possibleto apply the
techniqueto large-scaledatasets.

Furthermorewe have demonstratedthat interac-
tiveNPRtechniquesfor volumetricdatasetscanbe
achievedby takingadvantageof graphicshardware.
Even for large-scaledatasetswe achieve interac-
tive framerateson consumerclasshardwareusing
fragmentshadersupport. In particularwe hopeto
endorsethestrategy alreadyproposedby others- to
bringNPRtechniquesandreal-time3D graphicsto
thevisualizationcommunity.
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Figure2: Resultsof interactivevolumecartoonshadedrender-

ing. Renderingperformancewasabout7 fps.
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Figure3: We presentinteractivenon-photorealistic renderingtechniquesfor three-dimensionalscalar �elds. Thesetechniquesallow

usto displayvolumetricstructuresin a waythat is suitablefor technical illustrationsandsketches,andit generatesadditionalvisualcues

providing an effectivemeansfor enriching traditional representations.

Figure4: Hatcheswere lit anisotropically andsuperimposedover a volumeilluminatedby per-fragmentphong.

Figure5: Anisotropically lit hatches,but withoutthevolume. Back facingpartsof thehatchescanbeidenti�ed dueto their yellowtone.

Figure6: Artistic hatching over isosurfaces.Crosshatchesareusedto emphasizebothshapeandlighting. For theleftmostimage our

seedingstrategywasused.For theothertwo imagesseedpointswereplacedin each voxelcontainingtheselectediso-surfacein order to

gain a denseappearenceof hatcheson low-resolutiondatasets.
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