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Abstract

For the visualizationof volumedata the application of transferfunctionsis usedwidely. In this area the pre-
integration techniqueallows high quality visualizationsand the application of arbitrary transferfunctions.For
regular grids, thisapproadc leadsto a two-dimensionapre-integration tablewhich easily ts into texture memory
In contrastto this, unstructued meshesequire a three-dimensiongbre-integration table Asa consequencgehe
availabletexture memonylimits theresolutionof the pre-integration tableandthe maximumocal derivativeof the
transferfunction.Discontinuityartifacts ariseif theresolutionof the pre-integration tableis too low.

This paperpresentsa novel appoad for accuiate renderingof unstructued grids usingthe multi-texturing ca-
pabilities of commodityPC graphicshardware. Our approad achieveshigh quality by reconstructinghe colors
and opacitiesof the pre-intggration table usingthe high internal precisionof the pixel shader Sincewe are using
standad 2D multi-texturing we are notlimited in thesizeof the pre-integration table By combiningthis approach
with a hardware-acceleated calculationof the pre-integration table, we achieve both high quality visualizations
andinteractiveclassi cationupdates.

Catgyoriesand SubjectDescriptorgaccordingto ACM CCS) |.3.1[ComputerGraphics]:PictureandimageGen-

erationGraphicprocessorst.3.3 [ComputerGraphics]:PictureandimageGenerationiéwing algorithms.
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1. Intr oduction

Due to the increasing e xibility of commodity graphics
hardware the pre-intgyrationtechniquehasbecomewidely
available for the visualization of volume data on regular
grids. Previous approache$or unstructuredneshesthatis
irregular tetrahedralgrids, emplo/ed a 3D texture to ef-
fectively apply pre-intgration. Although the resultingim-
agesare of high quality, there are several restrictionsdue
to the limited amountof availabletexture memory Transfer
functionswith high gradientsrequirea high resolutionpre-
integrationtable,which doesnot t easilyinto thededicated
texturememory To circum\entthisrestrictionwe proposdo
implicitly storethe 3D textureby meansof multiple 2D tex-
tures.Thenthe colorsandopacitiesof thethree-dimensional
pre-inteyration table can be reconstructedaccuratelywith
the high internalprecisionof the pixel shader
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1.1. RelatedWork

Direct volume renderingof unstructuredmesheswas dra-
maticallyacceleratetby the ProjectedletrahedrgPT) algo-
rithm of Shirley andTuchmant3 18, In orderto compensate
for thelimitations of the PT algorithmthereexist numerous
competingapproachessuchasray tracing3, ray casting!4,
slicing 23, andsweep-planalgorithmst?.

The original PT algorithminterpolateshe opacitiesand
colorslinearly betweertheverticesresultingin Machbands
as reportedby Max et al. 6. Extending the original al-
gorithm, Stein et al. 16 presenteda solution for the cor
rectinterpolationof opacitiesby utilizing 2D texture map-
ping. However, this methodis restrictedto linear transfer
functionsfor the opacity and still interpolatescolors lin-
early ignoring the transferfunction inside the tetrahedra.
Roettgeret al. 11 presentedan impraovementto this algo-
rithm using pre-intgrated2D texturesand a linear inter-
polation of the opacity They alsointroduceda new tech-
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niquewhichis basedn 3D texturemapping.Thistechnique
allows the correctinterpolationof both the colorsandthe
opacitiesemplgying the pre-integration method rst intro-
ducedby Max etal.”. Although3D texturemappingis avail-
ableon recentPC graphicshardware,the limited amountof
texture memoryrestrictsthe accurag of the classi cation.
Thereforeclassi cations containing high gradientsdo not
renderacceptableesults ModernPCgraphicshardware,for
instancethe ATl Radeon8500andthe NVIDIA GeForce4,
allow more sophisticatecapproachesising dependentex-
tures, multi-texturing, perpixel shading,and hardware ac-
celeratedpre-intgration. This enablesus to overcomethe
limited sizeof thethree-dimensiongre-intgyrationtable.

1.2. Paper Overview

Theremainderof this paperis organizedasfollows: In Sec-
tion 2 the basic cell projection algorithm and the optical
modelusedthroughoutthe paperaredescribedA new ap-
proachfor approximatinghethree-dimensionaty integral
by meansof multiple 2D texturesis discussedn Section3.

An efcient hardware acceleratedalculationof theray in-

tegralis givenin Sectiond4. Employing the new approxima-
tions,theexperimentatesultsobtainedon differentgraphics
hardwvare are presentedn Section5. Finally, we conclude
our paperandoutline futurework.

2. BasicAlgorithm

The ProjectedTetrahedraalgorithm canbe outlined asfol-
lows: All tetrahedraare sortedaccordingto their visibility
(seealso19 14 15 1) classi ed to their projective pro le and
split into trianglesas seenin Figure 1. In a more general
approacheachcell is split into several tetrahedraduring a
precomputationadtep.However, it is alsopossibleto render
hexahedralcells directly using the extensionof Schussman
andMax 12. Although our approachs compatiblewith this
extensionwe restrictoursehesto tetrahedrahroughouthis
paper

While the original PT algorithm usesa linear interpola-
tion of colors and opacitiesbetweenthe triangle vertices,
Stein et al. suggestto use a 2D texture map for the ex-
ponentialinterpolationof the opacities.The texture coor
dinatesassignedo eachvertex correspondo the average
extinction coefcient t andthethicknesd of the projected
cell, whereasthe texture map containsthe a-component
settoa 1 e ! Sincethe texture coordinatesare in-
terpolated linearly, this approachis restricted to linear
transferfunctionst t f xyz with f beingthe scalar
function. In their high accurag volume renderer(HIAC)
Williams et al. 2t extendedthis approachto piecavise lin-
eartransferfunctions.

Assuminga linear interpolationinside the tetrahedrajt
caneasilybe seenthat f varieslinearly alongeachviewing
ray. Thereforethe integratedchromaticityC and opacity a

A
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Figure 1: Classi cationof non-dgenerted projectedtetra-
hedr (top row) andthe correspondingdecompositior{bot-
tomrow) accoding to 13.

of the ray sggmentcan be de ned by a three-dimensional
function dependingon S, S, and| (seeFigure 2). Using
theopticalmodelof Williams andMax 20 & 21 with thechro-
maticity vectork k f xyz andthe scalaroptical den-
sityr r f xyz ,therayintegralis givenasfollows:

Sx S 1% S
o
CSH S| OeOrS‘”d”kStrStdt

as gl

1 e(')rStdt

j «—>| o
St Sp

Figure 2: Intersectionof a tetrahedel cell with a viewing
ray. S and §, are the scalar valuesof the front and badk
face respectivelyl denoteghelengthof theray segment.

Theseintegralsarecomputedusingthenumericalintegra-
tion describedby Engelet al. 2. For eachcompositingstep
we calculatethecolor| of apixel from the previouscolor |
by usingthefollowing blendoperation:

I C 1 a |

¢ TheEurographic#ssociation2002.



GutheandRoettgr / High-Quality Splatting

Employing the 3D texturing approachas proposedby
Roettgeret al. 11 bothk andr neednot be linear, thusar
bitrary transferfunctionscanbe applied.However, 3D tex-
turesrequirea hugeamountof texture memoryto achieve
high quality imagesfor arbitrarytransferfunctions.Beside
the memorylimitations of consumeigraphicshardware 3D
texturemappingalsoresultsin adecreasedenderingperfor
mance.

3. High ResolutionRay Integral

Sincehigh resolution3D texturesrequirehugeamountsof
texture memory we separatéhethree-dimensiondlinction
of thevolumedensityopticalmodel.Unfortunatelyonly the
opacity canbe separateatasily The chromaticityneedsto
be approximatedy meansof a linear combinationof two-
dimensionafunctions.

3.1. Opacity Reconstruction

Sincethe opacitydepend®n the averagedensityalongthe
viewing ray andthe length| of the ray segment,it canbe
separate@sfollows:

1

PSS rSs oS S o @)

aip X 1 e (2

For eachrenderedpixel we derive the averagedensity f
from a 2D texture map (Equationl) and computethe nal
opacity ajp by meansof a 1D dependentexture lookup
(Equation?).

In order to further increasethe accurag of the recon-
structeda values,the dependentextureis extendedto hold
the higher8 bits of a 16 bit a valuein the alphachannelA
andthelower 8 bitsin theadditionalluminancechanneL. In
orderto mapthemaximum16 bit a valueto 1, it is scalecby
thefactor228. Sincetheresultingequatiora;p 52 =
is linear, the texture interpolationdelivers a true 16 bit a

lookup.

Comparedo thelinearapproximatiorof theopacityusing
the 2D texturing approactof Roettgeret al. 11 theresulting
imagesaresigni cantly improved, asillustratedin Figure3.

3.2. Chromaticity Reconstruction

In order to achieve a high-quality approximationof the
chromaticity we pre-integratethenormalizedchromaticities
G g—'l for| 0Oandl Imaxwith Imax beingthe maxi-

mum length of the ray segments.The normalizedemission
Co, andthe differenceDC; of the normalizedemissionsy

andC,_, arestoredin two high resolution2D textures.The
latteremissionsarede ned asfollows:
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Figure 3: Comparisonbetweenlinear approximationand
correctexponentiala. The correspondingransferfunction
which is split into normalizedemissionand opacity can be
seerbelowead image.
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Usingthetexture setupof Table1, we implementthefol-
lowing approximationof the volume optical densitymodel
by utilizing dependentexturesandthe pixel shaderon the
NVIDIA GeForce424 andthe ATl Radeon8500° graphics
adapter:

CsiS!l CGnS Slas sl

. R [

Gin St & | Co St S KaxDCleS"

as Sl ap Ir §§ &
unit  coordinates RGB A

0 S, S Co St S rsSe S
1 5, S DC St & -

2 Ir S S - aplr §

Table 1: Texture setupfor dependentexture mapping
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Thisis a linear approximationin | for every pair of Sy and
S As seenin Figure4, the linear approximationis not ac-
curatefor transferfunctionsthatcontainhigh gradients For

animproved reconstructiorwe approximatethe chromatic-
ity by apolynomialof degreen  1in | with the coefcients

G,i 0 n. Thisis similarto the polynomialtexture map-
ping approactof Malzbendeetal. 5, which reconstructshe
colorsof a surfaceby a biquadraticpolynomial.ln our case
the approximatedhromaticityis given by the polynomial

S LI
anSblali—CiSbe

i 0'max

CS S

To compute the polynomial coefcients ¢ we pre-
integratethe chromaticityat | ﬁax fori 0 nandcon-
structa polynomialthrougheachof thesepoints for every
pair of St and S,. This correspondgo the computationof
n 1sliceswithl cong of thepre-intgrationtable.

Sincethe numberof texture unitsis limited, we canonly
usea polynomialapproximationwith adegreeof upto 2 on
theGeForcedandof upto 4 ontheRadeorB8500.In thelatter
casetherasterizatiorperformancelropsby almost50%, but
the quality of the approximationis only improved slightly.
Thereforea polynomialdegreeof 2 shouldbe preferredsee
Figure4). The correspondindexture setupsare depictedin
Table2. The polynomialcoefcients arescaledto the maxi-
mumpossibletexelrange 1 1 toimprove theprecision
of the approximation Additionally, thea valuesarerecon-
structedwith 16 bits of accurag.

unit  coordinates RGB A

0 % GS S rS S
1 S S G S S -
"oss ass

ntl Ir § S - ap Ir & &

Table 2: Texture setupfor polynomialcolor appoximation
of thethree-dimensionalay integral (with a maximunpoly-
nomialdegreeofn 2 ontheGeForce4andofn 4 onthe
Radeor8500).

4. Hardware AcceleratedPre-Integration

In order to visualize volume data comfortably one needs
to changethe transferfunction interactvely. Wheneer the
transferfunctionis modi ed the pre-intgrationtablehasto
be recomputedFor a resolutionof 512° and a polynomial
degreeof 4, for instancethis requiresapproximatelyl 1 sec-
ondson a Pentium4 runningat 2 GHz which is fartoo slow
for interactve updatesof the transferfunction. In orderto

linearchromaticity wireframe

linearchromaticity quadraticchromaticity

Figure 4: Comparisonbetweerlinear and quadiatic color
approximationcombinedwith 16 bit a, for thetransferfunc-
tion seerbelowead image.

speedup the calculationof the pre-intgrationtablewe uti-
lize graphicshardwarefor the purposeof numericalintegra-
tion. We maintaina high level of accurag by usingthe high
internalprecisionof the pixel shader

The numerical integration of the ray segmentsis per
formedby samplingthe integral m times. At eachsampling
step,the integratedchromaticityk andthe integratedopac-
ity a areblendedwith thecorrespondingntriesof thetrans-
fer function.

As describedby Engelet al.2 the integratedopacity can
be calculatedquickly by the differenceof two de nite inte-
grals.If self-attenuatios assumedo benegligible thesame
approaclkcanbe usedto ef ciently calculatethe integrated
chromaticitiesThis assumptionis valid for volumeslicing,
sincetheray sggmentlengths areusuallysmall.In thecase
of unstructuredrolumerendering however, this assumption
doesnot hold, thusself-attenuatiortannotbe neglected.As
a consequencehe numericalintegrationof the chromatici-
tiesis not fastenoughto achieve interactve updatesof the
transferfunction.But accordingo Roettgeretal 10, thechro-
maticitiesof onesliceof thepre-intgrationtablecanbeinte-
gratedin parallelby usingahardware-acceleratedpproach.
For eachslice with a constantray sggmentlengthl this is
accomplishedby blendingm quadrilateralscontainingthe
sampledransferfunctionfor every pairof Sy andS, into the
framebuffer. Thesampledransferfunctionis reconstructed
from a 1D texture(seeTable3). For this purposethetexture
coordinates of eachvertex of the quadrilateralss assigned
asshavn in Figure5.
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Figure 5: Texture coordinate setup for the hardware-
acceleated pre-intggration of one slice of the three-
dimensionapre-integration table

As the 8 bit frame buffer depthof currentPC graphics
hardware limits the accurag of the numericalintegration,
we integrate the chromaticity with the higher internal ac-
curay of the pixel shaderCombiningtwo channelsof the
frame buffer for eachintegrated color componentof the
chromaticity a total accurag of 16 bit canbe achieved. In
practicehowever, a bit depthof 12 hasturnedout to be suf-
cient.

We storethechromaticityandopacityof thetransferfunc-
tion for a givenlengthl andthe numberof integrationsteps
min a 1D texture asde ned in Table 3. To effectively rep-
resenthigh gradientsin the transferfunction, we construct
the 1D texture with the highestpossibleresolutioninstead
of usingalinearinterpolationof the 1D texture.

channel meaning value

red high 8 bit (chromaticity) ks

green  low 4 bit (chromaticity) ks
blue high8 bit (opacity) 1 e m' S
alpha low 4 bit (opacity) 1 en's

Table 3: 1D texture usedfor hardware-acceleated pre-
integration.

On the Radeon8500the numericalintegrationis imple-
mentedusingamethodcalledping pong Itering °. Foreach
blendingstepanRGBA texturecontainghepreviously inte-
gratedchromaticityin thered(high 8 bits) andalphachannel
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(low 4 bits). First, the original 12 bit chromaticityis recon-
structedn the pixel shadetby multiplying the low bits with
2—§6 andaddingtheresultto the high bits. Notethatatexture
entryof 255in thehighbitsalreadyrepresentavalueof 1 0.
Next, the chromaticityand opacity of the transferfunction
arereconstructedrom the 1D texturein the samefashion.
Thenthe chromaticityis multiplied by the opacity the re-
sult of the previous iterationis multiplied by oneminusthe
opacity andthe sumof bothyieldsthe new integratedchro-
maticity. Finally, the integratedchromaticityis split into 8
high and4 low bits andis written backinto the correspond-
ing ping pongtexture.

The Radeon8500 masksout all bits representing/alues
higherthan1 0 or lower than 2i56. Thereforethe high 8 bits
are extractedautomatically whereasthe low 4 bits are ex-
tractedby simply multiplying the 12 bit chromaticitywith
256.1n contrasto this, the GeForcedalwaysusessaturation
logic insteadof bit masking.Thereforethe low 4 bits can
only beextractedon the Radeor8500.

A speedupf nearlytwo is achieved by performingfour
subsequentintegration stepsat once in the pixel shader
SinceeachRGB color componentasto be computedsep-
aratelythehardware-accelerategre-intgrationneedgo be
performedthreetimes for every requiredslice of the pre-
integrationtable. Eachcomponenbf a pre-integratedslice
is transferrecbackinto mainmemoryandrecombinedwith
theothercolorchannelsThisresultsin 9 pre-integrationcy-
clesfor a polynomial approximationof a degreeof 2, for
example.

In contrast to software numerical integration, this
hardware-accelerateépproachallows to updatethe pre-
integrationtableinteractely. With respecto integrationac-
curay the hardware-acceleratedhethodexhibits a higher
integrationerrorwhich is dueto the 12 bit quantizationAn
exampleof theseguantizatiorartifactsis givenin Figure®6.

Figure6: Comparisorbetweerhardware (left) andsoftwae
(middle) pre-integration, including the error (right, scaled
by a factor of 8 andinverted)for m  128samplingsteps.
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5. Results

In the previous chapterswe have demonstratedhat the
multi-texturing capabilitiesof modernPC graphicsaccel-
eratorscan be utilized to bring high-quality pre-integrated
volumerenderingof unstructuredyrids to the PC platform.
A comparisonof the visual quality of the proposedmeth-
odsis givenin Figure7. The bestapproximatiorof the pre-
integration table is achieved by using 16 bits for the rep-
resentationof the opacitiesand a polynomial of degree 4
for the reconstructiorof the chromaticities.A polynomial
of degree2 is only slightly lessaccurateput performssig-

ni cantly fasterdueto reducedrasterizatiorrequirements.

Becauseof the high internal precisionof the pixel shader
andthe representationf the opacitieswith 16 bits the re-

sultsare even betterthanthoseobtainedwith a 3D textur-

ing setup.Using our hardware-accelerategre-integration
approachwe are able to maintainhigh updateratesof the

pre-intgrationtable.In comparisorto softwareintegration

theachievedspeedujis about700%onaPCequippedvith a

Pentium4 runningat2 GHz andan ATl Radeor8500(com-

pareTable4).

software setupof textures
linearcolor(n 1) 4.4s
polynomialn 2 6.6s
polynomialn 4 11.0s
Radeor8500 setupof textures
linearcolor(n 1) 0.6s
polynomialn 2 1.0s
polynomialn 4 1.7s

Table 4: Preprocessingimesfor 2D multi-texturing with a
texture resolutionof 5122,

Thetotal renderingime is almostindependendf thecho-
senreconstructiormethod (except for n  4). It depends
mainly on the sorting algorithm 19 15 22 and the transfer
speedbetweenthe CPU and the graphicsadapter(seeTa-
ble 5). For comparisonpurposesthe experimentalresults
are given for a polynomial degree of 2. We achieve up to
600,000tetrahedrger seconddependingon the sortingal-
gorithm. Approximatelyhalf of thetime is spentby sorting,
while theotherhalf is spentby rendering The lower perfor
mancefor renderingheBucky Ball datasetis dueto alarger
variationof thescalarvalueswhichleadto areducedexture
cachecoherence.

6. Conclusionand Futur e Work

We presente@new approactior pre-intgyratedrenderingof
projectedtetrahedraon commodity PC graphicshardware.
We emplo/ed2D multi-texturingandpixel shadingo recon-
struct the three-dimensionapre-intgyration table. Because

GeForce4 #tetra numeric MPVO XMPVO
Blunt Fin 18% 3.18fps 2.64fps 2.35fps
Bucky Ball 17k  2.46fps 2.19fps  2.05fps
Radeors500 #tetra numeric MPVO XMPVO
Blunt Fin 18k« 2.51fps 2.20fps  1.99fps
Bucky Ball 17k  2.09fps 1.98fps 1.87fps

Table5: Displaytimesincludingvisibility sortingon a Pen-
tium 4 running at 2 GHz using a polynomial approxima-
tion of degree2 anda 1280 960 view port. The applied
sorting algorithmsare numericalsorting 22, MPVO 19, and
XMPVO 15,

of the reducedmemoryrequirementof the emplo/ed 2D

textures,our methodis capableof applyinghigh resolution
transferfunctions.We further presentecdh high quality nu-

merical pre-intgration methodwhich utilizes the graphics
hardware to decreasehe classi cation updatetime. Since
our approachusesthe high internal precisionof the pixel

shadertheresultingimagesareof a muchhigherquality in

comparisonto the previously applied 3D texture mapping
approach.
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linearapproximatiorof a  exponentialinterpolationof a  linearcolorreconstruction quadraticcolor reconstruction

Figure 7: Comparisorbetweerdifferent approximationsof the three-dimensionalay integral. Theappliedtransferfunctions
are depictedbelowead) image.

Figure 8: Budky Ball with per-vertex lighting of original datasetandpart of the ChristmasTreedataset4, bothwith quadmtic
polynomialapproximationof chromaticityandaccumate 16 bit a.

Figure 9: Blunt Fin datasetusingquadiatic polynomialappmoximationof chromaticityand 16 bit a. Dueto the high recon-
structionquality of the pre-integration table, the undesamplingwithin the original datasetcaneasilybeseen.
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