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Abstract

\olumeillustration is a developingtrendin volumevi-
sualization,focusedon corveying volumeinformation ef-
fectively by enhancinginteresting featuies of the volume
and omitting insigni cant data. However, the calcula-
tionsinvolvedhavelimited the illustration processto non-
interactiverendering We havedevelopeda new interactive
volumeillustration system(1VIS) that harnesseshe power
of programmablegraphicsprocessos, andincludesa novel
approad for feature halo enhancement.This interactive
illustration systemis a powerfultool for exploration and
analysisof volumetricdatasets.

1. Intr oduction

Ef cient explorationand highlighting of volume struc-
tureshasbeena major emphasif visualizationresearch.
The main challengeis cornveying the volume structureef-
fectively to theuser Traditionally, visual realismhasbeen
a goal of mary visualizationapproachesAlthough photo-
realisticapproachesanbe usedwith volumerenderingas
a techniqueto enhancevolumetric perception(e.g. Phong
lighting model for isosurfices),realism might not be the
bestapproacHor volumetricdatasetsIn contrastthe vol-
umeillustrationapproactcombinedraditionalvolumeren-
deringwith non-photorealisti¢illustrative) techniquesThe
maingoal of thevolumeillustrationapproachs to enhance
theexpressienesf volumerenderingoy highlightingim-
portantfeatureswithin a volume,providing depthcuesand
omitting “uninteresting”data. Theresultingimagesresem-
ble atechnicalor medicalillustration, hencetheterm*“vol-
umeillustration”.

Our currentwork extendsthe volume illustration re-
searchby Ebert and Rheingans [5] to interactve rates
throughutilization of moderngraphicshardware and nev
algorithmsfor someillustration techniques. The original
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work presented setof e xible volumerenderingenhance-
mentsat non-interactie rates.

This new work takes advantageof current PC graph-
ics hardware capabilitiesand usesthe recentlyintroduced
Cg language[}, which is a compiler for facilitating ver
tex/fragmentprogramsdevelopmentandmakingtheimple-
mentationdetailsreasonabljtransparentWith the help of
thesetools, a numberof volumeillustration enhancements
canbeimplementedn a straightforvard manner However
the algorithmsfor complicatedenhancementdik e feature
halos, requireredesign. This paperpresentanethodsfor
adaptingand acceleratinghe enhancedrisualizationpro-
cessusingmoderngraphicshardware.

2. Relatedwork

Volumeillustration canbe viewed asnon-photorealistic
rendering(NPR) appliedto volumevisualization. The ap-
proachedor the problemcan be roughly divided into two
categyories: the rst approachenhancestandardvolume
renderingalgorithmswith NPR techniqueswhile the sec-
ondapproactappliesillustrative draving stylesto volumes,
creatinga new way to demonstrat@olumefeatures.

The rst category of volumeillustrationtechniquess de-
scribedby EbertandRheingans[5]. Csebélvi etal. [4] use
accelerateday-castingand sheaswarp renderingfor fast
objectcontourrenderingandLum etal. [10] describeusing
graphicsboardcapabilitiesand clustersof PCsto achieve
interactve ratesfor tone shading,silhouettes,and depth-
baseccolor cueg[11].

The secondapproachappliescommondrawing styles
to volumeillustration. One populartechniqueis hatching,
or renderingimagesby the meansof monochromestroles.
Praun[14] andHertzmanr6] describehatchingfor surface
shapsllustration,andNagyandWestermanifil2] describe
hatchingfor corveying the shapeof volumeisosuraces.In-
terrante[7] usesthe approactof stroke adwectionalongthe
natural“ o w” over the surface of an object, achieving a
similar result. Lu etal. [9] introducedanotherapproach
for non-photorealisticenderingusingvolumetricstippling.



3. Algorithm

We usetexture-based/olumerendering2] in combina-
tion with programmabléragmentprogramsfor our volume
illustration system.Someillustrationtechniquesare easily
adaptedo moderngraphicshardware andare briey dis-
cussedn Section3.2. Featurehalosare computationally
very expensve and,therefore we have developeda new al-
gorithmfor renderingfeaturehalosinteractvely. Thisalgo-
rithm is describedn Section3.3.

For volume rendering,the volume is sliced by view-
alignedquadrilateralghatarerenderedn back-tofront or-
derandblendedogetherto form the nal image.Extensve
hardwareprogrammabilityallows usto enhanceheoriginal
approach pushingthe transferfunction and enhancement
calculationdown to thefragmentprocessindevel asshovn
in Figurel.

As eachsliceis beingrenderedtheapplicationlevel pro-
gram clips the slice against the volume boundary while
shading and enhancemenbccur at the fragment level.
Thusto changethe renderingparametersye only needto
changeheinput of thefragmentprogram which avoidsre-
processinghe data. Figure 1 illustratesthe generalopera-
tionsof therenderingprocesdor asingleslice.
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3.1.Fragment program structure

The fragmentprogramreadsthe densityvaluefrom the
volumedatasetextureandappliesthetransferfunctionand
volumetricillustration enhancementsTherearetwo ways

thatthetransferfunctioncanbeappliedin thefragmentpro-
gram.The rst wayisin-shadecalculationwherethefunc-
tion takesthe densityvalueasinput and usesthe fragment
GPU instructionsto calculatethe RGBA output. The sec-
ondway usesa 1-D texturethatstoresRGBA outputandis
indexed by the densityvalue.

The rst methodprovides us with oating-point preci-
sion, sincethe calculationoccursinside the fragmentpro-
gramanddoesnot involve 8-bit textures. However, anim-
plementatiorof transferfunctionswith complicatedro les
would requirelong fragmentprogramswhich would cause
slow performance. Therefore,in orderto provide speed
and e xibility in thetransferfunctionspeci cation,we use
the secondmethod. The precisionis increasedwith new
graphicshardware which provides 16-bit texturesthrough
OpenGLextensions.

3.2.Enhancements

Ourbasicsetof illustrative enhancementrethefeature
andorientationenhancementsitroducedin [5]. Sincethe
adaptatiorof mostof theseenhancement® graphicshard-
wareis straightforvard,they arebrie y summarizedelow.
The new featurehalo enhancemenrglgorithmis presented
in Section3.3.

Boundary enhancement: Areaswith high gradientrepre-
sentboundariebetweermmaterials.To highlightthem,
we needto increasethe opacity proportionalto the
gradientmagnitude. For a more effective outline of
thehigh gradientareaswe usethe gradientmagnitude
termraisedto a power:

N .
0= 0, jr (P)jP

|
wherer (P) is thegradientat the sampledpoint P, o4
is the original sampleopacity and o, is the enhanced
sampleopacity

Silhouetteenhancement: Silhouettesareusefulfor orien-
tation cuesand for renderinga sketch of the feature
shape.The silhouettetermis strongesat areaswvhere
the view vector is orthogonalto the surface normal
vector Thus,the opacityenhancemertermbecomes:

! |
%e=0o (1 j(r(P) V)jP

I
r O(P)I is thenormalizedgradientat the sampledpoint
PandV isthenormalizedeye-vector

Toneshading: Tone shadingis an extensionof the tradi-
tionalillumination modelusedto corvey shapeby giv-
ing surfacesfacing the light source“warm” colors,
while other surfacesget “cooler” colors. The color
modi cation termbecomeshefollowing:



Enhancements

Pervoxel datarequired

Boundary
Silhouette
Lighting
Toneshading
Distancecolor blending

Gradientmagnitude
Gradientdirection
Gradientdirection
Gradientdirection

Eye-space coordinate

Distancecolor cue
Featurehalos

Eye-space coordinate
Halo effectintensity

Table 1. Required per-voxel information for
the enhancements

bue= (1+ (F AP) 1)
Color = by Coloryarm + (1 byc) Coloreg

!
whereL is light direction.

Distancecolor blending: This techniqueessentiallydims
volumesamplecolorsasthey recedegrom the viewer.
At the front of the volume, voxel color remainsun-
changedhut asthe depthvalueincreasesthe color is
graduallyblendedwith the backgroundcolor. Using
blueasthe backgroundolor givesaresultresembling
aerialperspectie.

Color = (1 d) Colorgigina + d Colorpackground
whered is screen-deptbf the currentvoxel.

Distancecolor cues: It is common practice to corvey
depthinformationthroughcolor, so we can have the
enhancemerthatmapsscreerdepth(eye distance}o
anarbitrarycolor map.

Feature halos: Featurehalos are the enhancementshat
highlight strong featuresby putting a null “halo”
aroundthem,i.e. by darkeningthe region aroundthe
features. The next sectiondescribeghe calculations
requiredfor the halosandreviews our new algorithm.

Having this setof basicenhancementst is possibleto
combinethemfor moreeffective enhancemer(e.g.,apply-

ing boundary sihouette andtoneshadingsimultaneously).

The shaderdfor suchcombinationscan be easily derived
from the basicenhancemerghadersvith additionalparam-
etersallowing the interactive adjustmenbf the strengthof
eachenhancement.

All of theenhancementgquireextradatapervoxel. Ta-
ble 1 summarizeghe valuesneededor eachspeci c en-
hancement.To determinethe gradient,we usethe gradi-
enttablethatis storedas a separatdexture and usedin-
sidetheshaderWe generatét duringpre-processingjsing
the centraldifferencetechnique[8]. Therearemary alter
native ways for gradientestimationand a suney of these

techniquesanbe foundin [13]. Anotheroptionis calcu-
lating centraldifferenceswithin the fragmentshadersince
modernhardware placesvirtually no restrictionson how
mary texturelookupswe candoin asinglerenderingpass.
This approactrequires50% lesstexture memoryanduses
oating-point precisionin the calculationsHowever, in or-
derto samplevolumeat the neighborvoxels, seventexture
lookupsarerequiredinsteadof two (for the pre-generated
gradientoption).

The eye-spacez coordinate,mentionedin Table 1, is
passedo the shaderthroughthe vertex parameterof the
slice. Thehalovalueis view-dependentandcannotbe pre-
computed. However, a portion of the halo calculationis
view independenasdescribedn thefollowing section.

3.3.Feature halos

Featurehalosmalkeregionsaroundstrongfeaturesarker
and more opaque, obscuring the backgroundelements
which would otherwisebe visible. These“null” halosare
effective for makingimportantfeaturesstandout from the
background.The strongeshalosare createdin the empty
regionsjust outside(in the planeperpendiculato the view
direction) the strongfeature,so we examinethe immedi-
ateneighborhoodf the voxel in calculatingfeaturehalos.
Thealgorithmsuggestedh [5] calculatesanextravalueper
voxel, the halo-efectintensityH , usingEquationl:

neig%bour S '

Hi = ( dwihy) (1 jr (P))) (D)
j

dw; aretheweightsof eachneighbors haloin uence and
are inversely proportionalto the squaredistancebetween
the considered/oxel andtheneighbor h;; is the maximum
potentialhalo contrikution of a neighborj with respecto
voxel i, givenby Equation2:

|
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Here,!r (P;) is theneighbors gradient,r! O(PJ-) is the nor-
malizedneighbors gradientknpe controlshow directly the
neighborsggradientmustbe orientedtoward the currentlo-
cation,andkyse controlshow tightly hqlosare keptin the
planeorthogonalto the view direction V. The sampleis
thenmodi ed accordingo themagnitudeof thehalo-efect,
usuallyincreasinghe opacityanddecreasinghecolor pro-
portionalto H .

Calculationof the halo-efect intensity can be imple-
mentedn thefragmentshaderhowever, it would bein e x-
ible (the neighborhood:annotbe changedncethe shader
is written), involve excessveredundang in calculationand
have extremelyslow performanceFor example,to consider
the3 3 3 neighborhoodf avoxel we would need27
texturelookups.



In orderto overcomethis obstacleye have developedan
alternatve versionof the algorithm,usingthe paradigmof
multi-passrendering. We generatehe halo in uence vol-
umein the rst passandusetheresultingvolumetexturein
the secondpass.Accordingto Equation2, every voxel po-
tentially affectsthehalovaluesof its neighborhoodin other
words,every voxel generatea sphericahaloin uence area
aroundit. To determinethis halo-efect intensityfor each
voxel, we mustaddup all theneighbors'in uences.

We, therefore createa halo-kuffer, which is essentially
a 3D-texture with voxels containingthe value of the sum
of the neighborvoxels' haloin uences(i.e. eachvoxel in
the halo-huffer holdsthe value for the rst termin Equa-
tion 1). We calculatethis by “additive renderingto vol-
ume”: we traversethe voxels, determiningthe amountof
halo-in uencein eachvoxel's neighborhoodand generate
halo-splats Here,the halo-splatis a x edsizesub-wlume
thatcoversthespeci edneighborhoodAfter generatinghe
halo-splatt is addedto theresultvolume. Figure2 shovs
anexampleof how two splatscontribute to the point, using
the 2D casefor simplicity.

a) b)

Additive blending happens here, so
this point’s halo magnitude is a sum of
two splat-points(1 & 3) contribution

©)

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

3.4.Acceleration

To acceleratefeature halo computations,we use the
following threetechniques. First, we incorporatea low-
gradientcutoff. Oneof the commontechniquedor accel-
eratingthe volume renderingprocesss to eliminatenon-

Dataset | 0.1 0.2 0.4
Bunry 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. Percentage of high-gradient voxels,
depending on the threshold value

guali ed areasof the volume from the processing.In our
case,the signi cant halo in uences are generatecoy the
voxels with high gradient. Statisticalanalysisof volume
datashaws that the percentageof suchvoxels is low for
volumetric dataset§seeTable 2). Therefore,we canpre-
procesghe volumeand Iter outvoxelsthatwill not con-
tributeto the halo.

Secondywe cancalculatethe halosat alower resolution.
Ideally, for every voxel in the original datasetwe should
have a halo-huffer value.However, if anapproximatevalue
will sufce, we canusea lower resolutionhalo-tuffer. In
this case for eachvoxel in the halo-kuffer, thegradienthas
to beinterpolatedusinganappropriatelter . In ourcasewe
eitheruseatrilinearinterpolationlter , oraveragea2 2 2
voxel block (whenhalo-huffer dimensionsare exactly half
of the original volume dimensions). Again, this ltering
is doneat the pre-processingtageand doesnot affect the
interactve performance.

Finally, for thegeneratiorof the halo-huffer, we canuse
the graphicshardwarefor mostof the calculations.We ini-
tialize the resulting frame buffer on the graphicscard to
have exactly the samenumberof pixels as our result 3D
texture. As the algorithmusesa pixel buffer asa rendering
target,whichis laterconvertedinto a 3D-texture,we de ne
a 2D to 3D mapping.Onepopularapproactto achieve this
is to layoutthe 3D-texture sliceson a 2D-plane.An exam-
ple of this mappingis in Figure3.

We needto renderhalo-splatfor every voxel. Sincethe
halo-splatis essentiallya small volume,we needto render
a setof halo-splatslices, designatecslabs 2D decompo-
sitionsof the splat. Thus,foran n n splatwe have
n slabswith sizen n. Renderingof theseslabsusesan
approactsimilarto texture-basedplatting[3], wheresplats
arerenderedhstexturizedquadrilateralsFor eachslab,the
renderingimplementsEquation2. The resultdependon
the view vector gradientvectorfor the currentvoxel. Each
elementof the halo-splatdependson the neighborvector
andtheweight. Thus,we needthefollowing data:

) . A |
Perframeinformation: view vectorV

. . . !
Pervoxel information: gradientvector G

Pertexel information (in halo buffer): vector g; ,



Framebuffer

Slice 1 | Slice 2

Slice 3 | Slice 4 | Slice 5 | Slice 6 | Slice 7 | Slice 8

Slice9 |

Slice 57 |Slice 58 |Slice 59 |Slice 60 |Slice 61 |Slice 62 |Slice 63 |Slice 64

Figure 3. Mapping of 3D-texture 64x64x64 to
a 512x512 frameb uffer. Each slice is 64x64

weightw.

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

Pertexel information is suppliedby the splat-teture,
which essentiallyde nesthe shapeof the splat. The splat-
texture is the samefor all the voxels, and, therefore,we
generatdt at theinitialization phase. The generatiorpro-
ceedsasfollows: for eachelementinsidethe splat-texture,
we calculatethe normalizedvectortoward the splatcenter
(neighborvectoré.j ) andthe weight. The weightvalueis
inverselyproportionalto the squaredistancerom the cur-
rent voxel to the splat center and the weightsfor all the
voxelsin the splatmustsumto 1. The é.j andw valueare
putinto RGBA elds of the texture, asshavn in the Fig-
ure4d. Thegenerate®D splat-tectureis thenslicedupinto
n 2D slab-tetures.

Figure 4. Texel of the splat-te xture

The next stageis the rst renderingpass,which gener
atesthe halo-tuffer. At this step,all the halo-splatsareren-
deredinto a pixel buffer. Sinceoverlappinghalo-splatsare
summedaccordingto Equationl, we useadditive blend-
ing. For eachquali ed voxel in the halo-tuffer, we load
its gradientG asa parameteto the shaderandthenren-
dereachslabasa quadrilateratexturedwith the respectre
slab-texture. Thus,duringeachpixel's calculationof there-
sulting splat, the shadertakesall the requireddata(V ; G
as parametersé-lj andw from the respectie texel in the
slab-texture) andcalculateghe halo-in uenceaccordingly
placingtheresultin the RGB A component®f the output

Initialization

| Prepare array of qualified voxels |

| Generate splat-texture |

For each frame

Set up frame buffer to halo-buffer
layout

]

Turn on additive blending

Turn on halo calculation shader

Load voxel's gradient as shader parameter

l

Render quadrilateral for each slab
(halo-splat values are calcuiated at fragment level)

Figure 5. Halo-buffer rendering o wchart

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

After all the splatsarerenderedye needto createa 3D-

texturefrom the resultingpixel buffer, completingthe halo-
buffer creation. This is doneusing the standardOpenGL
callglCopyTexSublmage3D for copying areasfrom the
buffer into 3d-textureslices.

During the secondpass, the nal volume rendering

shaderenhancemerttecomes straightforvard multiplica-
tion of the halo-huffer value by (1
to Equationl. Whenthe halo effect intensityH hasbeen
calculatedwe applyit by increasingheopacityof thefrag-
mentby ¢;H, anddecreasinghe color by c,H , wherec;

andc, are constantparametersgontrolling the impact of
thehaloonthe nal image.

ir (Pi)j), according

4. Resultsand analysis

We have implementedhe previously describedsolume

illustration techniquesand appliedthemto several differ-
ent datasets.In our images,we have usedthe following
datasetshead (CT scanof ahumanhead).anenginé (CT
scanof anengineblock),arabbit® (CT scanof ahollow clay

1UNC ChapelHill
2http://wwwvolvis.org
3NationalLibrary of Medicine



rabbit gurine), and an aneurysrfi (CT scanof the arter
ieswith a contrastagent,with aneurysmyatasetFigure6
shaws resultsof applying the differentenhancementde-
scribedin the paper The rst row comparesion-enhanced
volume rendering,renderingwith color transferfunction
andboundaryenhancemenfndrenderingwith silhouette
enhancementthe secondrow presentsour resultsin ap-
plying illumination, tone shading,and combinedsilhou-
ette/boundargnhancementigure7 shavstheapplication
of featurehalos,alongwith boundaryenhancement.

The performance(i.e., the frame rate) of the particu-
lar enhancemenimplementationdependson the dataset
size,imageresolution fragmentshadeicompleity, andthe
numberof fragmentgo render

Essentially to renderan image, we needto renderN
slices. During the shadingof eachslice, the currentfrag-
mentprogramis executedfor eachpixel in theslice. Thus,
it is reasonabléo expecttherenderingo beproportionalto
thenumberof slices the screerareaandthe compleity of
thefragmentprogramcode.

Fragmenprogramexecutiontime obviously depend®n
the numberof instructionsgeneratedy the compilerand
the type of thoseinstructions. However, sincewe do not
have detailedinformationaboutfragmentprogramloading
and execution, we cannotpredict exactly how muchtime
a certainprogramwill take. Generally we can compare
the performanceof the programby either benchmarking
or approximatelycomparingorogramsausingthe numberof
standardperationgdot-productstexture lookups)usedin
them.

The numberof slicescansene asthe main quality-vs-
performancearameterA lower numberof slicesincreases
performance;however, this may lead to slicing artifacts
wherethe volumeis not sampledwith sufcient frequeng.

We have testedour unoptimizedsystemwith a number
of volumetricdatasetsresultingin very goodperformance.
For atypical volumesize of 256 x 256 x 128, we achieve
frameratesof 6 to 10 framesper secondfor the gradient
enhancemengbout4 framespersecondor thetoneshad-
ing, and4 to 5 framespersecondor thehalorenderingand
gradientenhancemermombined With optimization we be-
lieve we shouldbe ableto achieve a 50%to 100% perfor
manceincrease.Our testswere performedon the Pentium
4 1.5GhzPCwith 1.5 Gbytesof RAM anda GeForce FX
5800Ultra card (128 Mbytesof VRAM), using250slices,
andascreerareaof about300 300

5. Conclusionsand Futur e Work

We have presente@ninteractive volumeillustrationsys-
tem, which incorporatesmary featureenhancementgro-

4Philips ResearchiHamturg, Germary

vides interactive exploration of volume datasetsand fea-
tures,andallows interactive adjustmenbf enhancemera-
rameters.This new systemis a very powerful exploration,
previewing, analysis,and educationatool. Most common
volumeillustrative enhancementrepartof thesystemand
canbeeasilycombinedo achieve themostappropriataen-
dering of the volume dataset. Our new halo-huffer algo-
rithm is avery fastalternatve to traditionalhalogeneration
andthis approactcanbe usedfor otherlocal areaenhance-
mentsandfor volumetricshadav buffer creation.
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Figure 6. Example interactive volume illustration enhancements.



Aneurysm:no enhancements Boundaryenhancement Featurehalos
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Figure 7. Feature halos effect applied to various datasets



