High-Quality Pre-Integrated Volume Rendering
Using Hardware-Accelerated Pixel Shading

Klaus Engel,Martin Kraus,ThomasErt! *

VisualizationandInteractve Systemssroup,University of StuttgartGermary

Abstract

Weintroduceanovel texture-basedolumerenderingapproacthat
achievestheimagequality of thebestpost-shadingpproachewith
far lessslices. It is suitablefor new flexible consumergraphics
hardware andprovideshigh imagequality even for low-resolution
volume dataand non-lineartransferfunctionswith high frequen-
cies,without the performanceoverheadcauseddy renderingaddi-
tional interpolatedslices. This is especiallyuseful for volumetric
effectsin computergamesandprofessionascientificvolumevisu-
alization,which heavily dependn memorybandwidthandrasteri-
zationpower.

We presentanimplementatiorof the algorithmon currentpro-
grammableonsumengraphicshardware usingmulti-textureswith
adwancedtexture fetch and pixel shadingoperations. We imple-
menteddirectvolumerenderingvolumeshadingarbitrarynumber
of isosurfices,andmixed moderendering. The performanceloes
neitherdependon the numberof isosurficesnor the definition of
the transferfunctions,andis thereforesuitedfor interactie high-
quality volumegraphics.

CR Categories: 1.3.3 [Computer Graphics]: Picture/lmage
Generation,1.3.5 [Computer Graphics]: ComputationalGeom-
etry and Object Modeling, 1.3.7 [Computer Graphics]: Three-
DimensionalGraphicsandRealism.

Keywords: directvolumerendering,volume graphics,volume
shading, volume visualization, multi-textures, rasterization,PC
graphicshardvare,flexible graphicshardvare

1 Introduction

In spite of recentprogressin texture-basedsolume renderingal-
gorithms, volumetric effects and visualizationshave not reached
the massmarlet. One of the reasonds the requirementfor ex-
tremelyhighrasterizatiorpower causedy non-lineatransferfunc-
tionsneededor corvincing volumevisualizationsandstriking vol-
umetric effects. Thus, new algorithmshave to be developedthat
producehigh-qualityimageswith lessrasterizatiorand therefore
higherframe rateson modernconsumemraphicshardware. Tra-
ditionally, thesetwo goalsopposeeachother becauséigh image
qualityrequirego renderadditionaltrilinearly interpolatedslicesat
theexpenseof rasterizatiorpower [11].

In orderto overcometheselimitations, we generalizein Sec-
tion 3 the cell-projectie renderingalgorithm publishedby our
group in [12]. For texture-basedapproaches,this method,
called pre-intggratedvolume rendering,allows us to avoid addi-
tional slicesby integrating non-lineartransferfunctionsin a pre-
processingstep. An abstractdescriptionof this algorithm for
object-andview-alignedtexturedslicesis presentedn Section4,
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while the technicaldetails of an implementationon currentpro-
grammableonsumegraphicshardvwarearedescribedn Sectionb.
In particular we discusghe useof advancedexturefetchandpixel
shadingoperationsrecently proposedby graphicshardware ven-
dors[4]. Thesefeaturesare exploited in orderto achieve direct
volumerenderingmultiple smoothlyshadedsosurfices,andvol-
umeshading Preliminaryresultson a Geforce3graphicshardvare
arepresentedh Section6. Finally, Section7 sumsupthepaper

2 Related Work

High accurag in direct volumerenderingis usually achieed by
very high samplingratesresultingin heary performancdosses.
However, for cell-projectie techniquedVax, Williams, and Stein
have proposectlaborateapticalmodelsandefficient, highly accu-
rateprojectve methodsn [8, 14]. Thelatterwerefurtherimproved
by Rottger Kraus,andErtl in [12]. Althoughtheseechniquesvere
initially limited to cell projection,we wereableto generalizeéhem
in orderto applythesedeasto texture-basedenderingapproaches.

The basicideaof usingobject-alignedexturedslicesto substi-
tute trilinear by bilinear interpolationwas presentedy Lacroute
and Levoy [6], althoughthe original implementationdid not use
texturing hardware. For the PCplatform,Bradyetal. [2] have pre-
senteda techniquefor interactve volume navigation basedon 2D
texturemapping.

The mostimportanttexture-basedpproachwas introducedby
Cabral[3], who exploited the 3D texture mappingcapabilitiesof
high-endgraphicsworkstations. Westermanrand Ertl [13] have
significantly expandedthis approachby introducinga fast direct
multi-passalgorithmto displayshadedsosuraices.Basedon their
implementationMeiRneret al. [9] have provided a methodto en-
able diffuse illumination for semi-transparentolume rendering.
However, in thiscasemultiple passeshroughtherasterizatiorard-
wareled to a significantlossin renderingperformanceDachilleet
al.[5] have proposednapproactihatemplo/s 3D texturehardvare
interpolationtogethemith softwareshadingandclassification.

One direction in PC graphicsis the developmentof special
purposevolume rendering hardware, e.g. VolumePro[10]. In
contrastto this, consumergraphicshardware is becomingpro-
grammable. We presentedechniquedor using NMdia’s register
combinerOpenGLextensionfor fastshadedsosuracesjnterpola-
tion, speedupandvolume shading[11]. As the programmingof
flexible unitsusingOpenGLextensionf hardwaremanufcturers
is complex anddifficult, a higher abstractionayer hasbeenpro-
posedin the form of a realtime procedurakhadinglanguagesys-
tem[7], whichwill increaseroductvity andmake programsamore
portable.

3 Theoretical Background

This sectiongeneralizesand formalizesthe renderingtechniques
proposedn [12]. Thistheoreticaframevork is notrequiredonfirst
readingalthoughseveralequationsn this sectionarereferencedn
following sections.



3.1 Direct Volume Rendering

Sinceits introductionin thelate 1980s directvolumerenderinghas
diverged into several more or lessdistinct techniqueswhich are
roughly classifiedas image-based(or badkward projective, e.g.,
ray-castingandobject-basedor forward projective, e.g.,cell pro-

jection, sheatwarp, splatting, or texture-basedalgorithms. The
commontheme however, is an(approximategvaluationof thevol-

umerenderingintegral for eachpixel, i.e., theintegrationof atten-
uatedcolorsandextinction coeficientsalongeachviewing ray. We

assumehatthe viewing ray x(A) is parametrizedy the distance
A to the viewpoint, andthat color densitiescolor(x) togetherwith

extinction densitiesextinction(x) may be calculatedfor ary point
in spacex. (The units of color and extinction densitiesare color

intensityperlengthandextinction strengthperlength,respectiely.

However, wewill referto themascolorsandextinction coeficients
whenthe precisemeanings clearfrom the context.) Thenthevol-

umerenderingntegralis

| = /OD COlor(X()\)) exp (7 /0)\ @(tinction(X()\’))d)\’> dr

with the maximum distanceD, i.e., thereis no color density
color(x(A)) for A greatetthanD. In words,coloris emittedateach
pointx accordingo thefunctioncolor(x), andattenuatedy thein-
tegratedextinctioncoeficientsextinction(x) betweertheviewpoint
andthe pointof emission.

Unfortunately this form of the volumerenderingintegral is not
usefulfor thevisualizationof acontinuousscalarfield s(x), because
thecalculationof colorsandextinction coeficientsis not specified.
We distinguishtwo stepsin the calculationof thesecolorsandex-
tinction coeficients: the classificationis the assignmenbf a pri-
mary color andan extinction coeficient. (The term primary color
is borraved from OpenGLterminologyin orderto denotethecolor
befoe shading.)Theclassificatioris achiezed by introducingtrans-
fer functionsfor color densitiest(s) andextinction densitiest(s),
which mapscalarvaluess = s(x) to colorsand extinction coefi-
cients.(In general € is avectorspecifyinga colorin a color space,
while T is a scalarextinction coeficient.)

The secondstepis calledshadingandcalculateghe color con-
tributionof apointin spacej.e.,thefunctioncolor(x). Theshading
dependspf course,on the primary color, but may alsodependon
otherparameterse.g., the gradientof the scalarfield Os(x), am-
bientanddiffuselighting parametersgtc. In the remainderof this
sectionwe will notbeconcernedvith shadingout only with classi-
fication. (Shadingwill bediscussedn Section5.4.) Thereforewe
chooseatrivial shadingj.e., we identify the primary color &(s(x))
assignedn the classificatiorwith color(x). Analogously T(s(x))
is identifiedwith extinction(x).

Thevolumerenderingntegral is thenwrittenas

| = /O Dé(s(x(A)))@(p <7 /0 )\T(S(X()\')))d)\') A ()

3.2 Pre- and Post-Classification

Directvolumerenderingtechniquedliffer considerablyn the way
they evaluateEquation(1). Oneimportantandverybasicdifference
is the computationof &(s(x)) andt(s(x)). In fact, the continuous
scalarfield s(x) is usuallydefinedby a meshwith scalarvaluess
definedat eachvertex v; of themeshtogethemwith aninterpolation
prescription.

The order of this interpolation and the application of the
transferfunctions definesthe differencebetweenpre- and post-
classification. Post-classificatiots characterizedy the applica-
tion of the transferfunctionsafter the interpolationof s(x) from
the scalarvaluesat several vertices;while pre-classificatioris the

applicationof the transferfunctionsbefoe the interpolationstep,
i.e.,colorsé(s) andextinction coeficientst(s ) arecalculatedn a
pre-processingtepfor eachvertex v; andthenusedto interpolate
&(s(x)) andt(s(x)) for the computationof the volume rendering
integral.

Ohviously, pre-andpost-classificatiomwill producedifferentre-
sultswheneer theinterpolationdoesnot commutewith the trans-
fer functions. As the interpolationis usually non-linear(e.g., tri-
linear in cartesiangrids), it will only commutewith the transfer
functionsif thetransferfunctionsareconstanor theidentity. In all
other cases pre-classificatiorwill resultin deviationsfrom post-
classificationwhichis “correct” in the senseof applyingthetrans-
fer functionsto acontinuousscalarfield definedby ameshtogether
with aninterpolationprescription.(Nonethelesspre-classification
is usefulundercertaincircumstancedn particular becausét may
beusedasabasicsggmentatiortechnique.)

3.3 Numerical Integration

An analyticevaluationof the volumerenderingntegral is possible
in somecasesjn particularfor linear interpolationand piecavise
lineartransferfunctions(see[14]). However, this approacthis not
feasiblein generaltherefore a numericalintegrationis required.

Themostcommonnumericalapproximatiorof the volumeren-
deringintegral is the calculationof a Riemannsumfor n equalray
sgmentf lengthd = D/n. (SeealsoFigurel andSectionlV.A in
[8].) It is straightforvardto generalizehefollowing considerations
to unequallyspaceday sggments.
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Figurel: Schemeftheparameterdetermininghecolorandopac-
ity of thei-th ray segment.

We will approximatehefactor
exp <—/O}\T(S(X()\')))d7\'>
in Equation(1) by
A/d
exp (— _ZOT (s(x(i d))) d) =

- ﬁexp(-r (s(x(i d)))d) = ﬁ(l— ai),

wheretheopacitya; of thei-th ray segmentis approximatedy

aj ~ 1—@(p(—r(s(x(i d)))d).



This is often further approximatedo o ~ r(s(x(i d))) d. 1—aqj

will becalledthetranspaencyof thei-th ray segement.The color
Ci emittedin thei-th ray sggmentmay be approximatedy C; ~

&(s(x(i d)))d. Thus, the approximationof the volume rendering
integralin Equation(1) is

méd E(la,—) )

Therefore,a back-to-frontcompositingalgorithmwill implement
theequation

& =G+ (1-a)E,y, ©

Where(fi’ is theaccumulatecolorin thei-th ray segment.
&(s) is oftensubstitutedy t(s)c(s) [8]. In thiscasetheapprox-
imation

Ci ~ 1(s(x(i d)))c(s(x(i d)))d

will resultin themorecommonapproximation

| iidici :Ijlj(l—dj)

with the correspondindpack-to-frontcompositingequation
G =aiCi+(1-ai)Cl- (4)

This compositingequationindicateshatC correspond$o a pre-
multiplied color aC; which is also called opacity-weighted-olor
or associatedcolor. Accordingto Blinn in [1], associateatolors
have their opacityassociatewvith them,i.e., they areregularcolors
compositecbn black. Blinn alsonotesthatsomeintensitycompu-
tationsresultin associatedolors,althoughthey arenot explicitly
multiplied by anopacity In this sensethetransferfunctioné(s) is
in factatransferfunctionfor anassociatedolor density

A coherentdiscretizationof viewing raysinto equalsegments
maybeinterpretedasadiscretizatiorof thevolumeinto slabs Each
slabemitslight andabsorbdight from theslabsbehindit. However,
thelight emittedin eachslabis notattenuateavithin theslabitself.

Thediscreteapproximatiorof thevolumerenderingntegral will
corverge to the correctresultfor d — 0, i.e., for high sampling
ratesn/D = 1/d. Accordingto the samplingtheorem,a correct
reconstructions only possiblewith samplingrateslarger thanthe
Nyquistfrequeng. However, non-linearfeaturesof transferfunc-
tions may considerablyincreasethe samplingrate requiredfor a
correctevaluationof the volumerenderingintegral asthe Nyquist
frequeny of thefields&(s(x)) andt(s(x)) for the samplingalong
the viewing ray is approximatelythe productof the Nyquist fre-
quencief the scalarfield s(x) andthe maximumof the Nyquist
frequenciesof the two transferfunctions¢(s) andt(s) (or of the
productc(s)t(s)). Thereforejt is by no meanssuficientto sample
avolumewith theNyquistfrequeng of thescalarfield if non-linear
transferfunctionsareallowed. Artif actsresultingfrom this kind of
undersamplingirefrequentlyobsered unlessthey areavoidedby
very smoothtransferfunctions.

3.4 Pre-Integrated Classification

In orderto overcomethe limitations discussedbove, the approx-
imation of the volume renderingintegral hasto be improved. In
fact,mary improvementshave beenproposede.g.,higherorderin-
tegrationschemesadaptve sampling etc. However, thesemethods
do not explicitly addresghe problemof high Nyquistfrequencies
of &(s(x)) andt(s(x)) resultingfrom non-lineartransferfunctions.

Ontheotherhand thegoalof pre-integgratedclassifications to split
thenumericalintegrationinto two integrations:onefor the continu-
ousscalarfield s(x) andonefor thetransferfunctionsg(s) andt(s)
in orderto avoid the problematigoroductof Nyquistfrequencies.
Thefirst stepis the samplingof the continuousscalarfield s(x)
alongaviewing ray. Notethatthe Nyquistfrequeng for this sam-
pling is not affected by the transferfunctions. For the purpose
of pre-intgratedclassification the sampledvaluesdefinea one-
dimensional piecavise linear scalarfield. The volumerendering
integralfor this pieceviselinearscalarfield is efficiently computed
by onetablelookupfor eachlinear segment. The threearguments
of thetablelookuparethescalavalueatthestart(front) of theseg-
ments; 1= s(x(id)), thescalarvaluethe end(back)of the segment

S 1= s(x((i+1)d)), andthe lengthof the sgmentd. (SeeFigure
1.) More preciselyspolen, the opacitya; of the i-th sgmentis

approximatedy
(i+1)d
1-exp (— /id r(s(x(x)))dx>

1—exp<—/olr((l—w)sf + wsp)d du)). (5)
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Q

Thus, g is a function of s¢, s, andd. (Or of sf and s, if the
lengthsof the segmentsareequal.) The (associatedgolorsC; are
approximatedorrespondingly:

G =~ /016((1—(,0)Sf + wsp)

X e(p(—/OwT((l—m’)sf +ws)d du)’)d dw. (6)

Analogouslyto a;, G is a function of s¢, s,, andd. Thus, pre-
integratedclassificatiorwill approximatehevolumerenderingn-
tegral by evaluatingEquation(2):

méc} ;I:IL)(:L—GJ')

with colorsC; pre-computecccordingto Equation(6) and opaci-
tiesa; pre-computecccordingo Equation(5). For non-associated
colortransferfunction,i.e., whensubstitutingé(s) by t(s)c(s), we
will alsoemplgy Equation(5) for the approximatiorof a; andthe
following approximatiorof theassociatedolorC':

G o~

/Olr((l— W)St + Wsp) ¢((1— w)st + wsy)
xep(— [ T((1- s+ wsp)d dedd de. (7)

Note that pre-integratedclassificatioralways computesassociated
colors,whetheratransferfunctionfor associatedolors¢(s) or for
non-associatedolorsc(s) is emplo/ed.

In either case, pre-intgrated classificationallows us to sam-
ple a continuousscalarfield s(x) without the needto increasethe
samplingratefor ary non-lineartransferfunction. Therefore pre-
integratedclassificatiorhasthe potentialto improve the accurag
(lessundersamplingandthe performancéfewer samplespf avol-
umerenderelatthesametime.

3.5 Accelerated (Approximative) Pre-Integration

The primarydravbackof pre-int@ratedclassificatiorin generalis
actuallythe pre-intgyrationrequiredto computethe lookuptables,
whichmapthethreeintegrationparameteréscalarvalueatthefront
si, scalarvalue at the back s,, and length of the segmentd) to



pre-intgratedcolorsC = €(s¢, s, d) andopacitiest = a(st, Sy, d).

As thesetablesdependon the transferfunctions,ary modification
of the transferfunctionsrequiresan updateof the lookup tables.
This might be no concernfor gamesand entertainmengapplica-
tions, but it stronglylimits the interactvity of applicationsin the
domainof scientificvolumevisualization,which often dependon

userspecifiediransferfunctions. Therefore we will suggesthree
methoddo accelerat¢he pre-intgrationstep.

Firstly, undersomecircumstancet is possibleto reducethe di-
mensionalityof thetablesfrom threeto two (only sf ands,) by as-
sumingaconstantengthof thesegments Olviously, thisapplieso
ray-castingwith equidistansampleslt alsoappliesto 3D texture-
basedvolume visualizationwith orthographicprojectionandis a
goodapproximatiorfor mostperspectie projections.lt is lessap-
propriatefor axes-aligned2D texture-based/olume renderingas
discussedn Section5.5. Evenif very differentlengthsoccur the
complicateddependencon the sgmentlengthmight be approxi-
matedby alineardependencassuggesteth [12]; thus,thelookup
tablesmaybe calculatedor a singlesggmentlength.

Secondlyalocal modificationof thetransferfunctionsfor a par
ticular scalarvalue s doesnot requireto updatethe whole lookup
table. In fact, only the valuesC(ss,s,,d) and a(st,Sy,d) with
s; < s< g, 0rsg > s> s, haveto berecomputedi.e., in theworst
caseabouthalf of thelookuptablehasto berecomputed.

Finally, the pre-intgration may be greatlyacceleratedy eval-
uating the integrals in Equations(5), (6), and (7) by emplging
integral functionsfor 1(s), €(s), andt(s)c(s), respectrely. More
specifically Equation(5) for a; = a(sf, sy, d) canberewritten as

A(srspd) w pr(f (T(snfT(sb))) @®)

S — St
with the integral function T(s) := f§'1(s)ds, which is easily com-
putedin practiceasthe scalarvaluess areusuallyquantized.

Equation(6) for G; = C(s¢,s,,d) may be approximatedanalo-
gously:

d

Clsrnmd) ~ o

(K(so) = K(st)) )

with theintegral functionK (s) := 5 &(s)ds. However, thisrequires
to neglect the attenuationwithin a ray segment. As mentioned
above, this is acommonapproximatiorfor post-classified/olume
renderingandwell justifiedfor smallproductst(s)d.

For the non-associatedolor transferfunction c(s) we approxi-
mateEquation(7) by

d

C'(st,%,d) =~ -

(K'(sp) =K'(sf)).  (10)

with K'(s) := [1(s)c(s)ds.

Thus, insteadof numericallycomputingthe integralsin Equa-
tions(5), (6), and(7) for eachcombinatiorof s, s,, andd, we will
only oncecomputethe integral functionsT (s), K(s), or K'(s) and
emplg theseto evaluatecolors and opacitiesaccordingto Equa-
tions(8), (9), or (10) withoutary furtherintegration.

3.6 Application to Volume Rendering Techniques

Pre-intgratedclassificationis notrestrictedto a particularvolume
renderingtechnique,ratherit may replacethe post-classification
stepof varioustechniquesFor example,in [12] Rottgeretal. have
applied pre-intggratedclassificationto cell projectionemploying
3D texturesfor the lookup of segmentcolorsC and opacitiesa.
In fact,theapplicationof pre-inteyratedclassificatioris quite natu-
ral for the cell projectionof tetrahedrameshesbecauséhelinear

interpolationof the scalarfield betweerntwo sampless exactif the
samplesare taken at the facesof tetrahedraasin the caseof cell
projection.

Of course,pre-intgratedclassificationmay also be emplo/ed
in othervolumerenderingtechniquese.g.,softwareray-castingof
structuredand unstructuredneshes.In the remainderof this pa-
per, however, wewill focusontheimplementatiorof pre-inteyrated
classificatiorin texture-basedolumerenderingalgorithms.

4 Texture-Based Pre-Integrated Volume
Rendering

Basedon the descriptionof pre-inteyratedclassificationin Sec-
tion 3.4, we will now presenttwo novel texture-basealgorithms
(onefor 2D texturesandonefor 3D textures)thatimplementpre-
integratedclassification. Both algorithmsemplo/ dependentex-
tures, i.e., rely on the possibility to convert fragment(or pixel)
colorsinto texture coordinates.The technicaldetailsof this table
lookupwill bediscussedh Section5.

The basicidea of texture-based/olume renderingis to render
a stackof texturedslices. Texture mapsmay eitherbe taken from
threestack=f two-dimensionalexturemapsobject-alignedlices;
see[11]) or from onethree-dimensionakxture map(view-aligned
slices;see[3]). Pre-classificatiolis implementedoy applyingthe
transferfunctionsoncefor eachtexel andstoringcolorsandopac-
ities in the texture map(s). On the other hand,post-classification
is performedby storingthe scalarfield valuein the texture map(s)
andapplyingtransferfunctionsduringtherasterizatiorof theslices
for eachpixel. Eachpixel (morepreciselyspolen, eachfragment)
of aslicecorrespond$o the contritution of oneray segmentto the
volumerenderingintegral for this pixel. Therefore the composit-
ing Equations(3) or (4) areemplo/ed for the rasterizatiorof the
texturedslices. As eachfragmentof a slice correspondso oneray
segment,the whole slice correspondgo a slab of the volume as
depictedn Figure2.
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backslice

. front slice .
Figure2: A slabof thevolumebetweertwo slices.Thescalarvalue

onthefront (back)slicefor aparticularviewing rayis calledss (sp)-

After thesepreliminaries,we cannowv describepre-intgrated
volumerenderingusing textured slices. The texture maps(either
three-dimensionabr two-dimensionatextures)containthe scalar
valuesof thevolume justasfor post-classificationAs eachpair of
adjacenslices(eitherview-alignedor object-alignedxorresponds
to one slab of the volume (seeFigure 2), the texture maps of
two adjacentsliceshave to be mappedonto one slice (eitherthe
front or the back slice) by meansof multiple textures (see Sec-
tion 5.1). Thus,the scalarvaluesof bothslices(front andback)are
fetchedfrom texture mapsduring the rasterizatiorof the polygon
for oneslab(seeSection5.2). Thesetwo scalarvaluesarerequired
for a third texture fetch operation,which performsthe lookup of
pre-intgyratedcolorsandopacitiesfrom a two-dimensionatexture



map.Thistexturefetchdepend®n previously fetchedexels;there-
fore, thisthird texturemapis calleda dependentexture map.

The opacitiesof this dependentexture map are calculatedac-
cordingto Equation(5), while the colorsare computedaccording
to Equation(6) if the transferfunction specifiesassociateaolors
€(s), andEquation(7) if it specifiesnon-associatedolorsc(s). In
eithercasethecompositingequation(3) is usedfor blendingasthe
dependentexture mapalwayscontainsassociatedolors.

This completesthe description of the algorithms for pre-
integratedvolume renderingwith view-alignedslicesand object-
alignedslices,respectiely. Obviously, a hardwareimplementation
of thesealgorithmsdepend®n rathercomplicatedexturefetchop-
erations FortunatelytheOpenGLtextureshadeextensiorrecently
proposectanin factbe customizedo implementthesealgorithms.
The detailsof this implementatiorare discussedn the following
section.

5 Implementation Details

Our currentimplementationis basedon NMdia’s GeForce3graph-
ics chip. NMdia introduceda flexible multi-texturing unit in their
GeForce2 graphicsprocessowia the register combines OpenGL
extension[4]. Thisunit allows the programmingof perpixel shad-
ing operationausingthreestagestwo generaland onefinal com-
binerstage.This register combinerextensionis locatedbehindthe
texel fetchunitin therenderingpipeline.RecentlyN\Mdia extended
the register combines in the GeForce3 graphicschip, by provid-

ing eightgeneraland onefinal combinerstagewith percombiner
constantsvia the register combiner2extension. Additionally, the
GeForce3 provides a programmablédexture fetch unit [4] allow-

ing four texturefetchoperationwia 21 possiblecommandsamong
them several dependentexture operations. This so called texture

shaderOpenGLextensionandthe register combines are meiged
togetheiin Microsoft's DirectX8API to form the pixel shaderAPI.

Unfortunatelythepixel shaderAPI is morerestrictive thanthetwo

OpenGLextensions. Therefore we basedour implementatioron

the OpenGLAPI [4]. The texture shaderextensionrefersto 2D

texturesonly. Although N\Mdia proposedan equivalentextension
for 3D texture fetchesvia the texture shader2extension,3D tex-

turesand texture shader2are not supportedn the currentdriver
releases.

Bestresultswould be obtainedusing 3D textures. However, as
they are currently not available, we useda 2D texture-basedap-
proach.Slicesaresetparallelto the coordinateaxesof therectilin-
eardatagrid, i.e object-alignedThisallowsusto substituterilinear
by bilinearinterpolation. However, if theviewing directionchanges

_.camera

camera

Figure 3: Projectionof texture slice verticesonto adjacentslice
polygonsfor object-alignedslices (left) and view-aligned slices

(right)

by morethat90 degreestheorientationof the slicenormalmustbe
changedThisrequirego keepthreecopiesof thedatastackin main
memory onestackof slicesfor eachslicing directionrespectiely.
Theslicesarerenderedasplanarpolygonstexturedwith theimage
informationobtainedfrom a 2D texture mapandblendedontothe
imageplane.

Thepre-intggratedvolumerenderingalgorithmconsistof three
basicsteps:Firsttwo adjacentextureslicesareprojectedontoone
of them, either the back slice onto the front slice or vice versa.
Therebytwo texelsalongeachray (onefrom thefrontandonefrom
thebackslice)areprojectecontoeachother They arefetchedusing
thetextureshadeextensionandthenusedastexturecoordinategor
adependentexture fetch containingpre-inteyratedvaluesfor each
combinationof backandfront texels. For isosuracerenderingthe
dependentexture containscolor, transpareng and interpolation
values,if theisovalueis in betweerthefront andbacktexel value.
Thisresultsin dependentiexturepatternsasshavn in Figure9(left).
Thegradientandvoxel valuesarestoredin RGBA textures.In the
registercombinergradientsareinterpolatecanddot productlight-
ing calculationsareperformed.Thefollowing sub-sectiongxplain
all thesestepsn detail.

5.1 Projection

The 2D texture-based/olume renderingalgorithmusually blends
object-alignedextureslicesof oneof thethreetexture stacksack-
to-frontinto theframebuffer usingtheover operator Insteacof this

slice-by-sliceapproachwe renderslab-by-slal{seeFigure2) from

backto front into the framebuffer. A singlequadrilaterapolygon
is renderedfor eachslabwith the two correspondingexturesas
texture maps. In orderto have texels alongall viewing rays pro-

jecteduponeachotherfor thetexel fetchoperationgitherthe back
slice mustbe projectedontothefront slice or vice versa.The pro-

jectionis therebyaccomplishedby adaptingtexture coordinatesor

the projectedtexture slice andretainingthe texture coordinateof

theothertextureslice. Figure3 shavs the projectionfor theobject-
andview-alignedrenderingalgorithms.

For direct volume renderingwithout lighting, texturesare de-
finedin theOpenGLtextureformatG._LUM NANCES. Forvolume
shadingandshadedsosurbicesGL_RGBA texturesareused which
containthe pre-calculatedolumegradientandthe scalarvalues.

5.2 Texel Fetch

For eachfragment,texels of two adjacentslicesalong eachray
throughthe volume are projectedonto eachother Thus,we can
fetch the texels with their given perfragmenttexture coordinates.
Thenthe two fetchedtexels are usedaslookup coordinatesnto a
dependengD texture, containingpre-intgratedvaluesfor eachof
the possiblecombinationsof front and back scalarvaluesas de-
scribedin Section3.4. NMdia’stextureshadeextensionprovidesa
texture shadeoperatiornthatemplays the previoustexture shaders
greenandblue (or redandalpha)colorsasthe (s,t) coordinatesor
a non-projectie 2D texture lookup. Unfortunately we cannotuse
this operationasour coordinatesrefetchedfrom two separat€D
textures. Instead asa workaroundwe usethe dot producttexture
shaderwhich computeghe dot productof thestages (s,t,r) anda
vectordervedfrom apreviousstagestexturelookup(seeFigure4).
Theresultof two of suchdot producttexture shadeioperationsare
emplored ascoordinategor a dependentexture lookup. Herethe
dot productis only requiredto extract the front andbackvolume
scalars. This is achieved by storingthe volume scalarsin the red
component®f thetexturesandapplyinga dot productwith a con-
stantvectorv = (1,0, O)T. Thetextureshaderxtensiorallows usto
defineto which previoustexturefetchthedotproductreferswith the
GL_PREVI QUS_TEXTURE_I NPUT_NV texture ervironment. The



Figure 4: Texture shadersetupfor dependen2D texture lookup
with texture coordinate®btainedrom two sourcetextures.

first dot productis setto usethe fetchedfront texel valuesaspre-
vioustexture stage the secondusesthe backtexel valuel. In this
approachthe seconddot productperformsthe texture lookupinto
our dependentexture via texture coordinatesobtainedfrom two
differenttextures.

For direct volume renderingwithout lighting the fetchedtexel
from the last dependenttexture operationis routed through
the register combinerswithout further processingand blended
into the frame buffer with the OpenGL blending function
gl Bl endFunc( GL_.ONE, GL_ONE_M NUS_SRC_ALPHA) .

5.3 Gradient Interpolation for Isosurfaces

As discussedn [12], pre-int@ratedvolumerenderingcanbe em-
ployed to rendermultiple isosurfices. The basicideais to color
eachray segmentaccordingo thefirstisosurfceintersectedy the
ray sggment.Exampledor suchdependentexturesaredepictedn
Figure8.

For shadingcalculations RGBA texturesare usuallyemployed,
that containthe volume gradientin the RGB componentandthe
volumescalarin the ALPHA componentAs we usedot productgo
extractthe front andbackvolumescalarandthe dot productrefers
only to thefirst threecomponent®f a vector we storethe scalar
datain the RED componentThefirst gradientcomponents stored
in the ALPHA componentn return.

For lighting purposeshe gradientof thefront andbackslicehas
to berehuilt in the RGB component$AL PHA hasto beroutedback
to RED) andthetwo gradientdhave to beinterpolatedlependingn
agivenisovalue(seeFigure5). Theinterpolatiorvaluefor theback
sliceis givenby | P = (Sso— St )/(S — St ); theinterpolationvalue
for thefront sliceis 11 P (seealso[12]). | P could be calculated
on-the-flyfor eachgiven isovalue, back andfront scalar Unfor-
tunately this requiresa division in the register combinerswhich
is not available. For this reasonwe have to pre-calculatehe in-
terpolationvaluesfor eachcombinationof back and front scalar
andstorethemin the dependentexture. Ideally, this interpolation
valuewould belookedup usingasecondiependentexture. Unfor-
tunately NMdia’s texture shadeextensiononly allows four texture
operationswhich we alreadyspent. Hencewe have to storethe
interpolationvaluel P in thefirstandonly dependentexture.

1in thepixel shaden.0and1.1API of MicrosoftDirectX8,adotproduct
always refersto the last fetch operationbeforethe dot products therefore
this operatiorcant berealized.

Figure5: RegisterCombinersetupfor gradientreconstructiorand
interpolationwith interpolationvaluesstoredin alpha. Note that
theinterpolationvaluesarestoredin therangeof 0.5to 1.0, which
requiresproperinput and outputmappingsfor generalcombiner2
to obtaina correctinterpolation.M denoteghegradientof theback
slice,N thefront slice gradientrespectiely.

Therearetwo possiblewaysto storetheseinterpolationvalues.
Thefirst approactstoregheinterpolationvalue(l P) in the ALPHA
componenbf thedependentexture( R, G B, | P) . Themaindis-
adwantageof this methodis, that the transpareng which is usu-
ally freely definablefor eachisosurfices back andfront face,is
now constanfor all isosurfces’faces.In orderto obtainatrans-
pareng value of zerofor ray segmentsthat do not intersectthe
isosurbceanda constantransparencfor ray sggmentsthatinter-
secttheisosuracetheinterpolationvaluesarestoredin the ALPHA
channelin the range128to 255 (7 bit). An interpolationvalue
of 0 is storedfor ray segmentsthat do not intersectthe isosur
face. This allows usto scalethe ALPHA channelwith a factor of
2, to getan ALPHA of 1.0 for ray sggmentsintersectingthe iso-
surfaceandan ALPHA of 0 otherwise. Afterwards,a multiplica-
tion of theresultwith the constantransparenccanbe performed.
For theinterpolationthe secondyeneralcombiners input mapping
for the interpolationis setto GL_HALF_BI AS_NORMAL_NV and
GL_UNSI GNED.I NVENT_NV to mapthetheinterpolationvalueto
theranged) to 0.5and0.5to O (seeFigure5). After theinterpola-
tion theresultis scaledwith 2 in orderto getthe correctinterpola-
tion result.

Our secondapproachstoresthe interpolationvalue | P in the
BLUE componentof the dependentexture (R, G | P, A) . Now
thetransparenccanbefreely definedfor eachisosurbiceandeach
back and front face of the isosurfice, but the register combiners
areusedto fill theblue color channelwith a constantvalue,thatis
equalfor all isosurhices’backandfront faces Also we canuseall 8
bits of the BLUE color channeffor theinterpolationvalue.In order
to distribute the interpolationvalue from the BLUE color channel
on all RGB componentdor the interpolation,BLUE is first routed
into the ALPHA portionof ageneratombinerstageandthenrouted
backinto the RGB portion (seeFigure6).

5.4 Lighting

After the perfragmentcalculationof the isosurfices’ gradientin
thefirst threegeneralcombinerstagesthe remainingfive general
combinersandthefinal combinercanbe usedfor lighting compu-



Figure6: RegisterCombinersetupfor gradientreconstructiorand
interpolationwith interpolationvaluesstoredin blue. Notethatthe
interpolationvaluesareroutedin thealphaportionandbackinto the
RGB portionto distributethe valuesonto RGB for interpolationM

denotesthe gradientof the backslice, N the front slice gradient
respectiely.

tations. Diffuse and speculadighting with a maximumpower of

256is possibleby utilizing the dot productof the registercombin-
ersandincreasingthe power by multiplying the dot productwith

itself. Currentlywe calculatel =I5+ 14C(n 17) +1<C(n 7)1,

wheren denotegheinterpolatechormal,l; thediffuselight source
direction, |, the speculadight sourcedirection,andC the color of

the isosurfice. A visualizationof a CT scanof a humanheadat
differentthresholdgs shavn in Figure8.

The sameapproaclcanalsobe emplo/ed for volume shading.
For lighting, the averagegradientat the front and back slice is
used,thusno interpolationvalueshave to be storedin the depen-
denttexture. The dependentexture holds pre-intgyrated opac-
ity and color values,latter are employed for diffuse and specular
lighting calculations. The implementedighting model computes
I =I4C(n 1) +1C(n 1,)16, wheren denotegheinterpolatechor-
mal, |1 thediffuselight sourcedirection,|, thespeculatight source
directionandC the pre-integratedcolor of theray segment.

Dynamiclighting asdescribedbove requiregsheemplo/mentof
RGBA textures,which consumea lot of texture memory Alterna-
tively, staticlighting is possibleby storingpre-calculatediot prod-
uctsof gradientandlight vectorsfor eachvoxel in thetextures.The
dot productsat the startandendof aray segmentaretheninterpo-
latedfor agivenisovaluein theregistercombinersFor this purpose
LUM NANCE_ALPHA texturescan be emplo/ed, which consume
only half of the memoryof RGBA textures.

Theintermixing of semi-transparentolumesandisosurbcesis
performedby a multi-passapproachthatfirst rendersa slice with
a pre-intgrateddependentexture andthenrenderghe slice again
with a isosurbcedependentexture. Without the needof storing
theinterpolationvaluesin the dependentexture, a single passap-
proachcould alsobe implementedwhich neglectsisosuracesand
semi-transparentolumesin a slabat the sametime. Examplesof
dependentexturesfor directandisosurbcevolumerenderingare
presentednh Figures9 and10.

5.5 Problems

Thethicknessesf the slabsareusuallyequal. However, this does
not necessarilyimply a constaniength of the ray segments. For
equidistant,view-alignedslicesonly perspectie projectionswill
resultin differentlengths. Fortunately thesevariationsare often
negglectablein practiceasextremeperspectiesareusuallyavoided.
Thus, a constantlength of the ray sggmentsmay be assumedn
good approximation. Therefore,the lookup tablesfor colorsand
opacitiesareonly two-dimensionatablesdependingon the scalar
valueatthefront andbackof aray segment.

For object-aligne®D texturedslicesthe lengthsof theray seg-
mentsdoesalsovary with therotationof the volume.However, for
eachrotationthereis only onelength—atleastfor orthogonalpro-
jections.Themaximumfactorof thevariationof thislengthis 3.
In orderto avoid too strongerrors,a setof two-dimensionalookup
tablesfor differentlengthsshouldbe emplo/ed. For volumeswith
unequaklicedistancesn themainaxesdirections differentlookup
texturesmustalsobe calculated.

Another problemthat occurswhen renderingsemi-transparent
isosurficesis, thatsomepixel arerenderedwice if the surfacein-
tersectghe viewing ray exactly at the front slice, which resultsin
visible pixel errors. Oncethe next slabis renderedthe samepixel
is renderedagain,becausenow the surfaceintersectshe ray ex-
actly at the backslice. To circumwent this problemthe OpenGL
stencilbuffer testcanbe utilized. Eachtime a slabis renderednto
the frame buffer, the stencil buffer is clearedandthe slabis also
renderednto the stencil buffer usinga seconddependentexture
that only selectspixels for rendering,wherethe isosurficeinter-
sectstheray atthe front slice position. If the next slabis rendered
into the framebuffer, the stencilbuffer testis usedandonly pixels
thatwherenot renderednto the stencilbuffer in the previous step
areset.A comparisorof imagegyeneratedavithoutandwith stencil
buffer testenabledare shavn in Figure 7. Currentlythis method
worksonly for asinglesemi-transparemsosurace.

Figure 7: Semi-transparensosurfice renderingof the spherical
harmonic(Legendres) function without (left) andwith correction
(right). Note,thatthe annularartifactson the left aresuccessfully
removedontheright.

6 Results

In scientific visualizationapplicationswhich are often emplged
to explore unknavn data,it is quite importantto be ableto inter-
actively changethe transferfunctions. For isosurficerendering,
theseupdatescan be performedvery fastwith our method,asno
integral hasto be computed.For directvolumerendering the cal-
culationof thenew dependentexture from the giventransferfunc-
tions dependf courseon the CPU performance.Our testPC is
equippedwith a 650 MHz Athlon processor For a global change
of the transferfunction, the updateof a 256 x 256 dependentex-
ture, taking the self-attenuatiomwithin slabsinto accounttook ca
20 secondsanda maximumof ca 10 secondgor a local update.
Neglectingthe self-attenuatiorthe updaterequiredca 0.3 seconds
for aglobalanda maximumof ca0.15seconddor alocal update,



while thetime requiredfor the uploadof the new dependentexture
into the texture memoryis negglectable. Theseresultsshaw, that
aninteractve updateof thetransferfunctionsis possiblewhenne-
glectingthe self-attenuation As the differencesn quality of both
approachearequitesmall,avolumerenderecouldfirst neglectthe
self-attenuatiorduring the interactionwith the transferfunctions
andcalculatethe“correct” dependentexturein thebackgroundor
alaterupdate.

For comparisonpurposeswe implementedpost-shadingwith
additionalinterpolatedslices. The interpolationis performedin
the third andfourth texture stageandthe one-dimensionatexture
lookup is implementedby the dependentexture fetch operation
with anappropriatéwo-dimensionatexture map.

Figure9 shawvs a comparisorof theimagequality achiered with
pre-shadingvithout additionalinterpolatedslices(as presentedn
[11]), post-shadingnithout and with additional slices, and pre-
intergratedvolumerenderingusingthe sameview parameterand
transferfunctions. Obviously, pre-shadingesultsin low image
qualitywith strongslicing artifacts(Fig. 9a). Post-shadingrovides
muchbetterimagequality (Fig. 9b). However, additionalinterpo-
lated slicesare necessaryn orderto remove the slicing artifacts
(Fig. 9¢). Note, thatadditionalslicesdecreasehe framerateand
imageaccurag becausef morerasterizatiorandblendingopera-
tions. Ontheotherhand,pre-intgratedrenderingachievesthefull
quality withoutinterpolatedslices(Fig. 9d).

Especiallydirect volumerenderingwith few slicesgainsmuch
quality with the new approach. Figure 10 demonstratethe high
imagequality achieved with a smallnumberof texturedslicesand
arandomtransferfunctionwith high frequenciesAlthoughonly a
small numberof slicesarerenderedall the detailsof the transfer
functionarestill visible. For comparisorpre-shadingbottom,left)
andpost-shadingtop, right) resultsareincludedin Figure10.

For performanceevaluations,the test PC was equippedwith
a NMdia Geforce3 graphicsboardwith 64 MB DDR SDRAM
(3.8 ns), internalclock of 200 MHz, 460 MHz memoryinterface
clock and4x AGP The performanceof the pre-intgratedvolume
rendereris basicallylimited by memorybandwidth,rasterization
power, and texel fetch operationperformance wherebythe full
quality of the rendereris achieved without the interpolationand
renderingof additionalslices. We requirefour texture fetch op-
erations,which are performedon the GeForce3chip in two clock
cycles. All testswereperformedwith a 512 viewport. For direct
volumerenderingwe achieved ca 90 fps for a volumewith areso-
lution of 163 voxels, ca50 fps for 328, ca21 fpsfor 64°, cal3 fps
for 128, andca4 fpsfor 256° voxels. For isosurficerenderingwe
achiered ca70 fps for a volumewith a resolutionof 16° voxels,ca
40 fps for 323, ca 21 fps for 643, ca1l fpsfor 128, andcal fps
for 256 voxels. The renderingalgorithmandrasterizatiorpower
neededor bothrenderingmodesarethe same.They differ in the
numberof emplg/ed generalcombinerstagesand memoryband-
with requirement®s8 bit texturesareemplo/ed for directand 32
bit texturesfor isosurbcerendering.Theresultsareindependenof
thetransferfunctionsandthe numberof isosuraces.

Our resultsshaw, that interactive transferfunction updatesare
possible. The imagequality of the pre-integgratedvolumerender
ing algorithmsurpassesur previous approachby far. We achieve
thefull renderingquality without spendingrasterizatiorpower by
renderingadditionalinterpolatedcslices.

7 Conclusions

We presenteda novel volume renderingapproachthat provides
high imagequality evenwith low-resolutionvolumedata. Besides
direct volume rendering,the algorithm also allows us to render
double-sidedsosuriceswith diffuse and speculardighting with-
out extractinga polygonalrepresentationAn arbitrarynumberof

isosurficescan be visualizedwithout performancepenalty Fur-

thermore volumeshadingand mixed renderingof isosurficesand
semi-transparentolumesis possible. The time compleity does
neitherdependon the numberof isosurficesnor the definition of

thetransferfunctions.

Weimplemented hardvare-accelerateichplementatioron cur
rentconsumegraphicshardware,morepreciselythenev GeForce3
graphicschip by NMdia. The currentimplementatioremplag/s 2D
texturesandsomeothermoreor lesseleganttricks to make theim-
plementatiorpossibleon currentlow-costgraphicshardvare.

The ideal graphicshardware would provide dependentexture
lookupswith texturecoordinatesbtainedrom two sourcetextures,
more texture shaderoperationsand mostimportantly 3D textures
support.As NMdia alreadyproposedhenecessarppenGLexten-
sions[4], we areoptimisticto achieve evenbetterresultswith new
driverson currentor futuregraphicshardvare.
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Figure8: Left to right: Multiple coloredisosurficesof a syntheticdatasetwith the correspondinglependentexture. Isosurbicesof ahuman
headCT scan(256°): skin, skull, semi-transparerskin with opaqueskull andthe dependentexturefor thelatterimage.

Figure9: Imagesshawving a comparisorof a) pre-shadedy) post-shadedvithout additionalslices,c) post-shadedith additionalslicesand
d) pre-intgratedvolumevisualizationof tiny structuref theinnerear(128x 128x 30) with 128slices.

Figure10: High-qualitypre-intggrateddirectvolumerenderingof a sphericaharmonic(Legendres) functionwith randomtransferfunctions
(top, left) and dependentexture (bottom, right). The resolutionwas 16° voxels, thusonly 15 textured sliceswere rendered. Pre-shaded
(bottom,left) andpost-shadegtop, right) resultsareincludedfor comparison.



