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Abstract

Volumeillustration is a developingtrend in volumevi-
sualization,focusedon conveying volumeinformation ef-
fectivelyby enhancinginteresting features of the volume
and omitting insigni�cant data. However, the calcula-
tions involvedhavelimited the illustration processto non-
interactiverendering. We havedevelopeda new interactive
volumeillustration system(IVIS) that harnessesthepower
of programmablegraphicsprocessors,andincludesa novel
approach for feature halo enhancement.This interactive
illustration systemis a powerful tool for exploration and
analysisof volumetricdatasets.

1. Intr oduction

Ef�cient explorationandhighlighting of volumestruc-
tureshasbeena major emphasisof visualizationresearch.
The main challengeis conveying the volumestructureef-
fectively to theuser. Traditionally, visual realismhasbeen
a goalof many visualizationapproaches.Althoughphoto-
realisticapproachescanbeusedwith volumerenderingas
a techniqueto enhancevolumetricperception(e.g. Phong
lighting model for isosurfaces),realismmight not be the
bestapproachfor volumetricdatasets.In contrast,thevol-
umeillustrationapproachcombinestraditionalvolumeren-
deringwith non-photorealistic(illustrative)techniques.The
maingoalof thevolumeillustrationapproachis to enhance
theexpressivenessof volumerenderingby highlightingim-
portantfeatureswithin a volume,providing depthcuesand
omitting “uninteresting”data.Theresultingimagesresem-
ble a technicalor medicalillustration,hencetheterm“vol-
umeillustration”.

Our current work extends the volume illustration re-
searchby Ebert and Rheingans [5] to interactive rates
throughutilization of moderngraphicshardwareandnew
algorithmsfor someillustration techniques.The original
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work presenteda setof �e xible volumerenderingenhance-
mentsatnon-interactive rates.

This new work takes advantageof current PC graph-
ics hardwarecapabilitiesandusesthe recentlyintroduced
Cg language[1], which is a compiler for facilitating ver-
tex/fragmentprogramsdevelopmentandmakingtheimple-
mentationdetailsreasonablytransparent.With the helpof
thesetools,a numberof volumeillustrationenhancements
canbeimplementedin a straightforwardmanner. However
the algorithmsfor complicatedenhancements,like feature
halos, requireredesign. This paperpresentsmethodsfor
adaptingand acceleratingthe enhancedvisualizationpro-
cessusingmoderngraphicshardware.

2. Relatedwork

Volumeillustrationcanbeviewedasnon-photorealistic
rendering(NPR) appliedto volumevisualization.The ap-
proachesfor the problemcanbe roughly divided into two
categories: the �rst approachenhancesstandardvolume
renderingalgorithmswith NPR techniques,while the sec-
ondapproachappliesillustrativedrawing stylesto volumes,
creatinganew way to demonstratevolumefeatures.

The�rst categoryof volumeillustrationtechniquesis de-
scribedby EbertandRheingans[5]. Csebfalvi etal. [4] use
acceleratedray-castingand shear-warp renderingfor fast
objectcontourrenderingandLum etal. [10] describeusing
graphicsboardcapabilitiesandclustersof PCsto achieve
interactive ratesfor tone shading,silhouettes,and depth-
basedcolor cues[11].

The secondapproachappliescommondrawing styles
to volumeillustration. Onepopulartechniqueis hatching,
or renderingimagesby themeansof monochromestrokes.
Praun[14] andHertzmann[6] describehatchingfor surface
shapeillustration,andNagyandWestermann[12] describe
hatchingfor conveying theshapeof volumeisosurfaces.In-
terrante[7] usestheapproachof stroke advectionalongthe
natural “�o w” over the surfaceof an object, achieving a
similar result. Lu et al. [9] introducedanotherapproach
for non-photorealisticrenderingusingvolumetricstippling.



3. Algorithm

We usetexture-basedvolumerendering[2] in combina-
tion with programmablefragmentprogramsfor ourvolume
illustrationsystem.Someillustration techniquesareeasily
adaptedto moderngraphicshardwareandarebrie�y dis-
cussedin Section3.2. Featurehalosare computationally
veryexpensiveand,therefore,wehavedevelopedanew al-
gorithmfor renderingfeaturehalosinteractively. Thisalgo-
rithm is describedin Section3.3.

For volume rendering,the volume is sliced by view-
alignedquadrilateralsthatarerenderedin back-tofront or-
derandblendedtogetherto form the�nal image.Extensive
hardwareprogrammabilityallowsusto enhancetheoriginal
approach,pushingthe transferfunction and enhancement
calculationdown to thefragmentprocessinglevel asshown
in Figure1.

As eachsliceis beingrendered,theapplicationlevel pro-
gram clips the slice against the volume boundary, while
shading and enhancementoccur at the fragment level.
Thusto changethe renderingparameters,we only needto
changetheinputof thefragmentprogram,whichavoidsre-
processingthedata. Figure1 illustratesthegeneralopera-
tionsof therenderingprocessfor asingleslice.

Figure 1. Interactive rendering pipeline for
single slice

3.1.Fragment program structur e

The fragmentprogramreadsthedensityvaluefrom the
volumedatasettextureandappliesthetransferfunctionand
volumetricillustration enhancements.Therearetwo ways

thatthetransferfunctioncanbeappliedin thefragmentpro-
gram.The�rst wayis in-shadercalculation,wherethefunc-
tion takesthedensityvalueasinput andusesthe fragment
GPU instructionsto calculatethe RGBA output. The sec-
ondway usesa 1-D texturethatstoresRGBA outputandis
indexedby thedensityvalue.

The �rst methodprovidesus with �oating-point preci-
sion, sincethe calculationoccursinsidethe fragmentpro-
gramanddoesnot involve 8-bit textures.However, an im-
plementationof transferfunctionswith complicatedpro�les
would requirelong fragmentprograms,which would cause
slow performance. Therefore,in order to provide speed
and�e xibility in thetransferfunctionspeci�cation,we use
the secondmethod. The precisionis increasedwith new
graphicshardwarewhich provides16-bit texturesthrough
OpenGLextensions.

3.2.Enhancements

Ourbasicsetof illustrativeenhancementsarethefeature
andorientationenhancementsintroducedin [5]. Sincethe
adaptationof mostof theseenhancementsto graphicshard-
wareis straightforward,they arebrie�y summarizedbelow.
The new featurehalo enhancementalgorithmis presented
in Section3.3.

Boundary enhancement: Areaswith high gradientrepre-
sentboundariesbetweenmaterials.To highlight them,
we needto increasethe opacity proportionalto the
gradientmagnitude. For a more effective outline of
thehighgradientareas,weusethegradientmagnitude
termraisedto apower:

oe = oo � j
�!
r (P)jp

where
�!
r (P) is thegradientat thesampledpoint P, oo

is theoriginal sampleopacity, andoe is theenhanced
sampleopacity.

Silhouetteenhancement: Silhouettesareusefulfor orien-
tation cuesand for renderinga sketch of the feature
shape.Thesilhouettetermis strongestat areaswhere
the view vector is orthogonalto the surface normal
vector. Thus,theopacityenhancementtermbecomes:

oe = oo � (1 � j(
�!
r 0(P) �

�!
V )j)p

�!
r 0(P) is thenormalizedgradientat thesampledpoint
Pand

�!
V is thenormalizedeye-vector.

Toneshading: Toneshadingis an extensionof the tradi-
tional illuminationmodelusedto convey shapeby giv-
ing surfacesfacing the light source“warm” colors,
while other surfacesget “cooler” colors. The color
modi�cation termbecomesthefollowing:
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Enhancements Per-voxel datarequired
Boundary Gradientmagnitude
Silhouette Gradientdirection
Lighting Gradientdirection

Toneshading Gradientdirection
Distancecolorblending Eye-spacezcoordinate

Distancecolor cue Eye-spacezcoordinate
Featurehalos Haloeffect intensity

Table 1. Required per­voxel inf ormation for
the enhancements

bwc = (1 + (
�!
r 0(P) �

�!
L ))

Color = bwc � Colorwar m + (1 � bwc) � Colorcool

where
�!
L is light direction.

Distancecolor blending: This techniqueessentiallydims
volumesamplecolorsasthey recedefrom theviewer.
At the front of the volume, voxel color remainsun-
changed,but asthedepthvalueincreases,thecolor is
graduallyblendedwith the backgroundcolor. Using
blueasthebackgroundcolorgivesa resultresembling
aerialperspective.

Color = (1 � d) � Coloror ig inal + d� Colorback gr ound

whered is screen-depthof thecurrentvoxel.

Distancecolor cues: It is common practice to convey
depthinformation throughcolor, so we canhave the
enhancementthatmapsscreendepth(eye distance)to
anarbitrarycolormap.

Feature halos: Featurehalos are the enhancementsthat
highlight strong featuresby putting a null “halo”
aroundthem,i.e. by darkeningthe region aroundthe
features. The next sectiondescribesthe calculations
requiredfor thehalosandreviews ournew algorithm.

Having this setof basicenhancements,it is possibleto
combinethemfor moreeffective enhancement(e.g.,apply-
ing boundary, sihouette,andtoneshadingsimultaneously).
The shadersfor suchcombinationscan be easily derived
from thebasicenhancementshaderswith additionalparam-
etersallowing the interactive adjustmentof thestrengthof
eachenhancement.

All of theenhancementsrequireextradatapervoxel. Ta-
ble 1 summarizesthe valuesneededfor eachspeci�c en-
hancement.To determinethe gradient,we usethe gradi-
ent table that is storedas a separatetexture and usedin-
sidetheshader. Wegenerateit duringpre-processing,using
thecentraldifferencetechnique[8]. Therearemany alter-
native ways for gradientestimationanda survey of these

techniquescanbe found in [13]. Anotheroption is calcu-
lating centraldifferenceswithin the fragmentshader, since
modernhardware placesvirtually no restrictionson how
many texturelookupswe cando in a singlerenderingpass.
This approachrequires50%lesstexturememoryanduses
�oating-point precisionin thecalculations.However, in or-
der to samplevolumeat theneighborvoxels,seventexture
lookupsarerequiredinsteadof two (for the pre-generated
gradientoption).

The eye-spacez coordinate,mentionedin Table 1, is
passedto the shaderthroughthe vertex parametersof the
slice.Thehalovalueis view-dependent,andcannotbepre-
computed. However, a portion of the halo calculationis
view independentasdescribedin thefollowing section.

3.3.Featurehalos

Featurehalosmakeregionsaroundstrongfeaturesdarker
and more opaque, obscuring the backgroundelements
which would otherwisebe visible. These“null” halosare
effective for makingimportantfeaturesstandout from the
background.The strongesthalosarecreatedin the empty
regionsjust outside(in theplaneperpendicularto theview
direction) the strongfeature,so we examinethe immedi-
ateneighborhoodof thevoxel in calculatingfeaturehalos.
Thealgorithmsuggestedin [5] calculatesanextravalueper
voxel, thehalo-effect intensityH , usingEquation1:

H i = (
neig hbour sX

j

dwj hij ) � (1 � j
�!
r (Pi )j) (1)

dwij aretheweightsof eachneighbor's halo in�uence and
are inverselyproportionalto the squaredistancebetween
theconsideredvoxel andtheneighbor. hij is themaximum
potentialhalo contribution of a neighborj with respectto
voxel i , givenby Equation2:

hij = j
�!
r (Pj ) � ~eij jkhpe (1 � j

�!
r 0(Pj ) �

�!
V )j)khse (2)

Here,
�!
r (Pj ) is theneighbor's gradient,

�!
r 0(Pj ) is thenor-

malizedneighbor's gradient,khpe controlshow directly the
neighborsgradientmustbeorientedtoward thecurrentlo-
cation,andkhse controlshow tightly halosarekept in the
planeorthogonalto the view direction

�!
V . The sampleis

thenmodi�ed accordingto themagnitudeof thehalo-effect,
usuallyincreasingtheopacityanddecreasingthecolorpro-
portionalto H .

Calculationof the halo-effect intensity can be imple-
mentedin thefragmentshader;however, it wouldbein�e x-
ible (theneighborhoodcannotbechangedoncetheshader
is written),involveexcessiveredundancy in calculation,and
haveextremelyslow performance.For example,to consider
the 3 � 3 � 3 neighborhoodof a voxel we would need27
texturelookups.
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In orderto overcomethisobstacle,wehavedevelopedan
alternative versionof thealgorithm,usingtheparadigmof
multi-passrendering.We generatethe halo in�uence vol-
umein the�rst passandusetheresultingvolumetexturein
thesecondpass.Accordingto Equation2, every voxel po-
tentiallyaffectsthehalovaluesof its neighborhood.In other
words,everyvoxel generatesasphericalhaloin�uencearea
aroundit. To determinethis halo-effect intensity for each
voxel, wemustaddupall theneighbors'in�uences.

We, therefore,createa halo-buffer, which is essentially
a 3D-texture with voxels containingthe value of the sum
of the neighborvoxels' halo in�uences(i.e. eachvoxel in
the halo-buffer holds the value for the �rst term in Equa-
tion 1). We calculatethis by “additive renderingto vol-
ume”: we traversethe voxels, determiningthe amountof
halo-in�uencein eachvoxel's neighborhoodandgenerate
halo-splats. Here,thehalo-splatis a �x edsizesub-volume
thatcoversthespeci�edneighborhood.After generatingthe
halo-splat,it is addedto theresultvolume.Figure2 shows
anexampleof how two splatscontributeto thepoint,using
the2D casefor simplicity.

Figure 2. Additive rendering appr oach for
halo calculation a) one splat b) two splats c)
three splats

3.4.Acceleration

To acceleratefeature halo computations,we use the
following three techniques. First, we incorporatea low-
gradientcutoff. Oneof the commontechniquesfor accel-
eratingthe volumerenderingprocessis to eliminatenon-

Dataset 0.1 0.2 0.4
Bunny 7% 4.5% 2.3%
Engine 9.5% 6.5% 1.4%

Aneurysm 1.4% 0.9% 0.5%
Head 7% 1.6% 0.1%

Table 2. Percenta ge of high­gradient voxels,
depending on the threshold value

quali�ed areasof the volumefrom the processing.In our
case,the signi�cant halo in�uences are generatedby the
voxels with high gradient. Statisticalanalysisof volume
datashows that the percentageof suchvoxels is low for
volumetricdatasets(seeTable2). Therefore,we canpre-
processthe volumeand�lter out voxels that will not con-
tributeto thehalo.

Second,wecancalculatethehalosata lower resolution.
Ideally, for every voxel in the original datasetwe should
have ahalo-buffer value.However, if anapproximatevalue
will suf�ce, we canusea lower resolutionhalo-buffer. In
this case,for eachvoxel in thehalo-buffer, thegradienthas
to beinterpolatedusinganappropriate�lter . In ourcase,we
eitheruseatrilinearinterpolation�lter , or averagea2� 2� 2
voxel block (whenhalo-buffer dimensionsareexactly half
of the original volume dimensions). Again, this �ltering
is doneat the pre-processingstageanddoesnot affect the
interactive performance.

Finally, for thegenerationof thehalo-buffer, we canuse
thegraphicshardwarefor mostof thecalculations.We ini-
tialize the resulting frame buffer on the graphicscard to
have exactly the samenumberof pixels as our result 3D
texture. As thealgorithmusesa pixel buffer asa rendering
target,which is laterconvertedinto a3D-texture,wede�ne
a 2D to 3D mapping.Onepopularapproachto achieve this
is to layout the3D-texturesliceson a 2D-plane.An exam-
pleof thismappingis in Figure3.

We needto renderhalo-splatsfor every voxel. Sincethe
halo-splatis essentiallya small volume,we needto render
a setof halo-splatslices,designatedslabs: 2D decompo-
sitionsof the splat. Thus, for a n � n � n splatwe have
n slabswith sizen � n. Renderingof theseslabsusesan
approachsimilar to texture-basedsplatting[3], wheresplats
arerenderedastexturizedquadrilaterals.For eachslab,the
renderingimplementsEquation2. The result dependson
theview vector, gradientvectorfor thecurrentvoxel. Each
elementof the halo-splatdependson the neighbor-vector
andtheweight.Thus,weneedthefollowing data:

� Per-frameinformation:view vector
�!
V

� Per-voxel information:gradientvector
�!
G

� Per-texel information (in halo buffer): vector eij ,
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Figure 3. Mapping of 3D­texture 64x64x64 to
a 512x512 frameb uff er. Each slice is 64x64

weightw.

In orderto provide fastcalculationof theresult,we cre-
ate a fragmentshaderthat takes the above parametersas
inputandcomputestheresultof Equation2.

Per-texel information is suppliedby the splat-texture,
which essentiallyde�nes theshapeof thesplat. Thesplat-
texture is the samefor all the voxels, and, therefore,we
generateit at the initialization phase.The generationpro-
ceedsasfollows: for eachelementinsidethesplat-texture,
we calculatethe normalizedvectortoward the splatcenter
(neighbor-vector �!eij ) andthe weight. The weight valueis
inverselyproportionalto thesquareddistancefrom thecur-
rent voxel to the splat center, and the weightsfor all the
voxels in thesplatmustsumto 1. The �!eij andw valueare
put into RGB A �elds of the texture,asshown in the Fig-
ure4. Thegenerated3D splat-textureis thenslicedup into
n 2D slab-textures.

ex
ij ey

ij ez
ij w

Figure 4. Texel of the splat­te xture

The next stageis the �rst renderingpass,which gener-
atesthehalo-buffer. At this step,all thehalo-splatsareren-
deredinto a pixel buffer. Sinceoverlappinghalo-splatsare
summedaccordingto Equation1, we useadditive blend-
ing. For eachquali�ed voxel in the halo-buffer, we load
its gradient

�!
G asa parameterto the shaderandthenren-

dereachslabasa quadrilateraltexturedwith therespective
slab-texture.Thus,duringeachpixel'scalculationof there-
sulting splat, the shadertakesall the requireddata(

�!
V ;

�!
G

as parameters,�!eij and w from the respective texel in the
slab-texture)andcalculatesthehalo-in�uenceaccordingly,
placingthe resultin theRGB A componentsof theoutput

Figure 5. Halo­b uff er rendering �o wchar t

fragment. The completeprocessof halo-buffer generation
is outlinedin Figure5.

After all thesplatsarerendered,weneedto createa3D-
texturefrom theresultingpixel buffer, completingthehalo-
buffer creation. This is doneusing the standardOpenGL
call glCopyTexSubImage3D for copying areasfrom the
buffer into 3d-textureslices.

During the secondpass, the �nal volume rendering
shaderenhancementbecomesa straightforwardmultiplica-
tion of the halo-buffer valueby (1 � jr (Pi )j), according
to Equation1. Whenthe halo effect intensityH hasbeen
calculated,weapplyit by increasingtheopacityof thefrag-
mentby c1H , anddecreasingthe color by c2H , wherec1

and c2 are constantparameters,controlling the impact of
thehaloon the�nal image.

4. Resultsand analysis

We have implementedthe previously describedvolume
illustration techniquesand appliedthem to several differ-
ent datasets.In our images,we have usedthe following
datasets:head1 (CT scanof ahumanhead),anengine2 (CT
scanof anengineblock),arabbit3 (CTscanof ahollow clay

1UNC ChapelHill
2http://www.volvis.org
3NationalLibrary of Medicine
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rabbit �gurine), and an aneurysm4 (CT scanof the arter-
ieswith a contrastagent,with aneurysm)dataset.Figure6
shows resultsof applying the different enhancementsde-
scribedin thepaper. The�rst row comparesnon-enhanced
volume rendering,renderingwith color transferfunction
andboundaryenhancement,andrenderingwith silhouette
enhancement;the secondrow presentsour resultsin ap-
plying illumination, tone shading,and combinedsilhou-
ette/boundaryenhancement.Figure7 showstheapplication
of featurehalos,alongwith boundaryenhancement.

The performance(i.e., the frame rate) of the particu-
lar enhancementimplementationdependson the dataset
size,imageresolution,fragmentshadercomplexity, andthe
numberof fragmentsto render.

Essentially, to renderan image,we needto renderN
slices. During the shadingof eachslice, the currentfrag-
mentprogramis executedfor eachpixel in theslice. Thus,
it is reasonableto expecttherenderingto beproportionalto
thenumberof slices,thescreenarea,andthecomplexity of
thefragmentprogramcode.

Fragmentprogramexecutiontimeobviouslydependson
the numberof instructionsgeneratedby the compilerand
the type of thoseinstructions. However, sincewe do not
have detailedinformationaboutfragmentprogramloading
and execution,we cannotpredict exactly how much time
a certainprogramwill take. Generally, we can compare
the performanceof the programby either benchmarking
or approximatelycomparingprogramsusingthenumberof
standardoperations(dot-products,texturelookups)usedin
them.

The numberof slicescanserve asthe main quality-vs-
performanceparameter. A lowernumberof slicesincreases
performance;however, this may lead to slicing artifacts,
wherethevolumeis not sampledwith suf�cient frequency.

We have testedour unoptimizedsystemwith a number
of volumetricdatasets,resultingin very goodperformance.
For a typical volumesizeof 256 x 256 x 128, we achieve
frameratesof 6 to 10 framesper secondfor the gradient
enhancement,about4 framespersecondfor thetoneshad-
ing, and4 to 5 framespersecondfor thehalorenderingand
gradientenhancementcombined.With optimization,webe-
lieve we shouldbe ableto achieve a 50% to 100%perfor-
manceincrease.Our testswereperformedon thePentium
4 1.5 GhzPCwith 1.5 Gbytesof RAM anda GeForceFX
5800Ultra card(128Mbytesof VRAM), using250slices,
andascreenareaof about300� 300.

5. Conclusionsand Futur eWork

Wehavepresentedaninteractivevolumeillustrationsys-
tem, which incorporatesmany featureenhancements,pro-

4PhilipsResearch,Hamburg, Germany

vides interactive exploration of volume datasetsand fea-
tures,andallowsinteractiveadjustmentof enhancementpa-
rameters.This new systemis a very powerful exploration,
previewing, analysis,andeducationaltool. Most common
volumeillustrativeenhancementsarepartof thesystemand
canbeeasilycombinedto achievethemostappropriateren-
dering of the volume dataset. Our new halo-buffer algo-
rithm is avery fastalternative to traditionalhalogeneration
andthis approachcanbeusedfor otherlocal areaenhance-
mentsandfor volumetricshadow buffer creation.
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No enhancement Coloredtransferfunction,boundaryenhancement Boundary+ silhouetteenhancement

Toneshading Phongillumination Boundary/silhouette,colored Silhouette

Figure 6. Example interactive volume illustration enhancements.
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Aneurysm:noenhancements Boundaryenhancement Featurehalos

Engine:noenhancements Boundaryenhancement Featurehalos

Bunny: boundaryenhancement Featurehalos Head:highlightedsilhouettes Head:silhouettesandhalos

Figure 7. Feature halos effect applied to various datasets
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