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Abstract

Weintroduceanovel texture-basedvolumerenderingapproachthat
achievestheimagequalityof thebestpost-shadingapproacheswith
far lessslices. It is suitablefor new �e xible consumergraphics
hardwareandprovideshigh imagequality even for low-resolution
volumedataandnon-lineartransferfunctionswith high frequen-
cies,without theperformanceoverheadcausedby renderingaddi-
tional interpolatedslices. This is especiallyusefulfor volumetric
effectsin computergamesandprofessionalscienti�c volumevisu-
alization,whichheavily dependon memorybandwidthandrasteri-
zationpower.

We presentan implementationof thealgorithmon currentpro-
grammableconsumergraphicshardwareusingmulti-textureswith
advancedtexture fetch and pixel shadingoperations. We imple-
menteddirectvolumerendering,volumeshading,arbitrarynumber
of isosurfaces,andmixed moderendering.Theperformancedoes
neitherdependon the numberof isosurfacesnor the de�nition of
the transferfunctions,andis thereforesuitedfor interactive high-
qualityvolumegraphics.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image
Generation,I.3.5 [Computer Graphics]: ComputationalGeom-
etry and Object Modeling, I.3.7 [Computer Graphics]: Three-
DimensionalGraphicsandRealism.

Keywords: direct volumerendering,volumegraphics,volume
shading, volume visualization, multi-textures, rasterization,PC
graphicshardware,�e xible graphicshardware

1 Intr oduction

In spiteof recentprogressin texture-basedvolumerenderingal-
gorithms,volumetric effects and visualizationshave not reached
the massmarket. One of the reasonsis the requirementfor ex-
tremelyhighrasterizationpowercausedbynon-lineartransferfunc-
tionsneededfor convincingvolumevisualizationsandstrikingvol-
umetriceffects. Thus,new algorithmshave to be developedthat
producehigh-quality imageswith lessrasterizationand therefore
higher framerateson modernconsumergraphicshardware. Tra-
ditionally, thesetwo goalsopposeeachother, becausehigh image
qualityrequiresto renderadditionaltrilinearly interpolatedslicesat
theexpenseof rasterizationpower [11].

In order to overcometheselimitations, we generalizein Sec-
tion 3 the cell-projective renderingalgorithm publishedby our
group in [12]. For texture-basedapproaches,this method,
called pre-integratedvolume rendering,allows us to avoid addi-
tional slicesby integratingnon-lineartransferfunctionsin a pre-
processingstep. An abstractdescriptionof this algorithm for
object-andview-alignedtexturedslicesis presentedin Section4,
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while the technicaldetailsof an implementationon currentpro-
grammableconsumergraphicshardwarearedescribedin Section5.
In particular, wediscusstheuseof advancedtexturefetchandpixel
shadingoperationsrecentlyproposedby graphicshardware ven-
dors [4]. Thesefeaturesare exploited in order to achieve direct
volumerendering,multiple smoothlyshadedisosurfaces,andvol-
umeshading.PreliminaryresultsonaGeForce3graphicshardware
arepresentedin Section6. Finally, Section7 sumsup thepaper.

2 Related Work

High accuracy in direct volumerenderingis usuallyachieved by
very high samplingratesresulting in heavy performancelosses.
However, for cell-projective techniquesMax, Williams, andStein
haveproposedelaboratedopticalmodelsandef�cient, highly accu-
rateprojectivemethodsin [8, 14]. Thelatterwerefurtherimproved
by Röttger, Kraus,andErtl in [12]. Althoughthesetechniqueswere
initially limited to cell projection,we wereableto generalizethem
in orderto applytheseideasto texture-basedrenderingapproaches.

Thebasicideaof usingobject-alignedtexturedslicesto substi-
tute trilinear by bilinear interpolationwas presentedby Lacroute
and Levoy [6], althoughthe original implementationdid not use
texturinghardware.For thePCplatform,Bradyetal. [2] have pre-
senteda techniquefor interactive volumenavigationbasedon 2D
texturemapping.

The most importanttexture-basedapproachwas introducedby
Cabral[3], who exploited the 3D texture mappingcapabilitiesof
high-endgraphicsworkstations. Westermannand Ertl [13] have
signi�cantly expandedthis approachby introducinga fast direct
multi-passalgorithmto displayshadedisosurfaces.Basedon their
implementation,Meißneret al. [9] have provided a methodto en-
able diffuse illumination for semi-transparentvolume rendering.
However, in thiscasemultiplepassesthroughtherasterizationhard-
wareled to a signi�cant lossin renderingperformance.Dachilleet
al. [5] haveproposedanapproachthatemploys3Dtexturehardware
interpolationtogetherwith softwareshadingandclassi�cation.

One direction in PC graphicsis the developmentof special
purposevolume renderinghardware, e.g. VolumePro[10]. In
contrastto this, consumergraphicshardware is becomingpro-
grammable.We presentedtechniquesfor using NVidia's register
combinerOpenGLextensionfor fastshadedisosurfaces,interpola-
tion, speedup,andvolumeshading[11]. As the programmingof
�e xible unitsusingOpenGLextensionsof hardwaremanufacturers
is complex anddif�cult, a higherabstractionlayer hasbeenpro-
posedin the form of a real time proceduralshadinglanguagesys-
tem[7], whichwill increaseproductivity andmake programsmore
portable.

3 Theoretical Background

This sectiongeneralizesand formalizesthe renderingtechniques
proposedin [12]. Thistheoreticalframework is notrequiredon�rst
reading,althoughseveralequationsin thissectionarereferencedin
following sections.



3.1 Direct Volume Rendering

Sinceits introductionin thelate1980s,directvolumerenderinghas
diverged into several more or lessdistinct techniques,which are
roughly classi�ed as image-based(or backward projective), e.g.,
ray-casting,andobject-based(or forward projective), e.g.,cell pro-
jection, shear-warp, splatting, or texture-basedalgorithms. The
commontheme,however, is an(approximate)evaluationof thevol-
umerenderingintegral for eachpixel, i.e., theintegrationof atten-
uatedcolorsandextinctioncoef�cients alongeachviewing ray. We
assumethat the viewing ray x

�

l � is parametrizedby the distance
l to the viewpoint, andthatcolor densitiescolor

�

x � togetherwith
extinction densitiesextinction

�

x � may be calculatedfor any point
in spacex. (The units of color andextinction densitiesarecolor
intensityperlengthandextinctionstrengthperlength,respectively.
However, wewill referto themascolorsandextinctioncoef�cients
whentheprecisemeaningis clearfrom thecontext.) Thenthevol-
umerenderingintegral is

I ���

D

0
color � x

�

l ��� exp �
	��

l

0
extinction � x

�

l �
��� dl ��� dl

with the maximum distanceD, i.e., there is no color density
color � x

�

l ��� for l greaterthanD. In words,color is emittedateach
pointx accordingto thefunctioncolor

�

x � , andattenuatedby thein-
tegratedextinctioncoef�cients extinction

�

x � betweentheviewpoint
andthepointof emission.

Unfortunately, this form of thevolumerenderingintegral is not
usefulfor thevisualizationof acontinuousscalar�eld s

�

x � , because
thecalculationof colorsandextinctioncoef�cients is notspeci�ed.
We distinguishtwo stepsin thecalculationof thesecolorsandex-
tinction coef�cients: the classi�cation is the assignmentof a pri-
marycolor andanextinction coef�cient. (Thetermprimary color
is borrowedfrom OpenGLterminologyin orderto denotethecolor
beforeshading.)Theclassi�cationis achievedby introducingtrans-
fer functionsfor color densitiesc̃

�

s� andextinction densitiest
�

s� ,
which mapscalarvaluess � s

�

x � to colorsandextinction coef�-
cients.(In general,̃c is avectorspecifyingacolor in acolor space,
while t is ascalarextinctioncoef�cient.)

Thesecondstepis calledshadingandcalculatesthecolor con-
tributionof apoint in space,i.e.,thefunctioncolor

�

x � . Theshading
depends,of course,on theprimarycolor, but mayalsodependon
otherparameters,e.g., the gradientof the scalar�eld Ñs

�

x � , am-
bientanddiffuselighting parameters,etc. In theremainderof this
sectionwewill notbeconcernedwith shadingbut only with classi-
�cation. (Shadingwill bediscussedin Section5.4.) Therefore,we
choosea trivial shading,i.e.,we identify theprimarycolor c̃ � s

�

x ���

assignedin the classi�cationwith color
�

x � . Analogously, t � s
�

x ���

is identi�ed with extinction
�

x � .
Thevolumerenderingintegral is thenwrittenas

I ���

D

0
c̃ � s � x

�

l �
��� exp �
	��

l

0
t � s � x

�

l �
�
��� dl ��� dl � (1)

3.2 Pre- and Post-Classi�cation

Direct volumerenderingtechniquesdiffer considerablyin theway
they evaluateEquation(1). Oneimportantandverybasicdifference
is the computationof c̃

�

s
�

x ��� andt
�

s
�

x ��� . In fact, the continuous
scalar�eld s

�

x � is usuallyde�ned by a meshwith scalarvaluessi
de�ned ateachvertex vi of themeshtogetherwith aninterpolation
prescription.

The order of this interpolation and the application of the
transferfunctions de�nes the differencebetweenpre- and post-
classi�cation. Post-classi�cationis characterizedby the applica-
tion of the transferfunctionsafter the interpolationof s

�

x � from
the scalarvaluesat several vertices;while pre-classi�cationis the

applicationof the transferfunctionsbefore the interpolationstep,
i.e.,colorsc̃

�

si � andextinctioncoef�cients t
�

si � arecalculatedin a
pre-processingstepfor eachvertex vi andthenusedto interpolate
c̃

�

s
�

x ��� and t
�

s
�

x ��� for the computationof the volumerendering
integral.

Obviously, pre-andpost-classi�cationwill producedifferentre-
sultswhenever the interpolationdoesnot commutewith thetrans-
fer functions. As the interpolationis usuallynon-linear(e.g., tri-
linear in cartesiangrids), it will only commutewith the transfer
functionsif thetransferfunctionsareconstantor theidentity. In all
othercases,pre-classi�cationwill result in deviations from post-
classi�cation,which is “correct” in thesenseof applyingthetrans-
fer functionsto acontinuousscalar�eld de�nedby ameshtogether
with an interpolationprescription.(Nonetheless,pre-classi�cation
is usefulundercertaincircumstances;in particular, becauseit may
beusedasabasicsegmentationtechnique.)

3.3 Numerical Integration

An analyticevaluationof thevolumerenderingintegral is possible
in somecases,in particularfor linear interpolationandpiecewise
linear transferfunctions(see[14]). However, this approachis not
feasiblein general;therefore,anumericalintegrationis required.

Themostcommonnumericalapproximationof thevolumeren-
deringintegral is thecalculationof a Riemannsumfor n equalray
segmentsof lengthd � D � n. (SeealsoFigure1 andSectionIV.A in
[8].) It is straightforwardto generalizethefollowing considerations
to unequallyspacedraysegments.

sf = sHxHi dLL

sb = sHxHHi + 1LdLL

d

sHxHl LL

li d Hi + 1Ld

xHl LxHi dL xHHi + 1LdL

Figure1: Schemeof theparametersdeterminingthecolorandopac-
ity of thei-th raysegment.

Wewill approximatethefactor

exp �
	
�

l

0
t � s

�
x

�

l �
�
�

� dl ���

in Equation(1) by

exp ��	

l � d

å
i � 0

t � s � x
�

i d ���
� d ���

�

l � d

Õ
i � 0

exp �

	 t � s � x
�

i d �
�

� d �

�

l � d

Õ
i � 0

�

1 	 a i � �

wheretheopacitya i of thei-th raysegmentis approximatedby

a i !

1 	 exp �
	 t � s � x
�

i d ����� d �"�



This is often further approximatedto a i !

t � s � x
�

i d ��� � d. 1 	 a i

will becalledthetransparencyof thei-th ray segement.Thecolor
C̃i emittedin the i-th ray segmentmay be approximatedby C̃i !

c̃ � s
�

x
�

i d ����� d. Thus, the approximationof the volumerendering
integral in Equation(1) is

I
!

n

å
i � 0

C̃i

i � 1

Õ
j � 0

�

1 	 a j � (2)

Therefore,a back-to-frontcompositingalgorithmwill implement
theequation

C̃�i � C̃i
�

�

1 	 a i � C̃�i � 1 � (3)

whereC̃
�i is theaccumulatedcolor in thei-th raysegment.

c̃
�

s� is oftensubstitutedby t
�

s� c
�

s� [8]. In thiscase,theapprox-
imation

Ci !

t � s
�

x
�

i d ����� c � s
�

x
�

i d ����� d

will resultin themorecommonapproximation

I
!

n

å
i � 0

a iCi

i � 1

Õ
j � 0

�

1 	 a j �

with thecorrespondingback-to-frontcompositingequation

C�i � a iCi
�

�

1 	 a i � C�i � 1 � (4)

ThiscompositingequationindicatesthatC̃ correspondsto apre-
multiplied color aC; which is alsocalledopacity-weightedcolor
or associatedcolor. Accordingto Blinn in [1], associatedcolors
have theiropacityassociatedwith them,i.e., they areregularcolors
compositedon black. Blinn alsonotesthatsomeintensitycompu-
tationsresultin associatedcolors,althoughthey arenot explicitly
multipliedby anopacity. In this sense,thetransferfunctionc̃

�

s� is
in facta transferfunctionfor anassociatedcolordensity.

A coherentdiscretizationof viewing rays into equalsegments
maybeinterpretedasadiscretizationof thevolumeintoslabs. Each
slabemitslight andabsorbslight from theslabsbehindit. However,
thelight emittedin eachslabis notattenuatedwithin theslabitself.

Thediscreteapproximationof thevolumerenderingintegralwill
converge to the correctresult for d � 0, i.e., for high sampling
ratesn� D � 1� d. According to the samplingtheorem,a correct
reconstructionis only possiblewith samplingrateslarger thanthe
Nyquist frequency. However, non-linearfeaturesof transferfunc-
tions may considerablyincreasethe samplingrate requiredfor a
correctevaluationof thevolumerenderingintegral astheNyquist
frequency of the�elds c̃ � s

�

x ��� andt � s
�

x ��� for thesamplingalong
the viewing ray is approximatelythe productof the Nyquist fre-
quenciesof the scalar�eld s

�

x � andthe maximumof the Nyquist
frequenciesof the two transferfunctionsc̃

�

s� and t
�

s� (or of the
productc

�

s� t
�

s� ). Therefore,it is by no meanssuf�cient to sample
avolumewith theNyquistfrequency of thescalar�eld if non-linear
transferfunctionsareallowed. Artif actsresultingfrom thiskind of
undersamplingarefrequentlyobserved unlessthey areavoidedby
verysmoothtransferfunctions.

3.4 Pre-Integrated Classi�cation

In orderto overcomethe limitationsdiscussedabove, the approx-
imation of the volumerenderingintegral hasto be improved. In
fact,many improvementshavebeenproposed,e.g.,higher-orderin-
tegrationschemes,adaptivesampling,etc.However, thesemethods
do not explicitly addressthe problemof high Nyquist frequencies
of c̃ � s

�

x ��� andt � s
�

x ��� resultingfrom non-lineartransferfunctions.

Ontheotherhand,thegoalof pre-integratedclassi�cationis tosplit
thenumericalintegrationinto two integrations:onefor thecontinu-
ousscalar�eld s

�

x � andonefor thetransferfunctionsc̃
�

s� andt
�

s�

in orderto avoid theproblematicproductof Nyquistfrequencies.
The�rst stepis thesamplingof thecontinuousscalar�eld s

�

x �

alonga viewing ray. NotethattheNyquistfrequency for this sam-
pling is not affectedby the transferfunctions. For the purpose
of pre-integratedclassi�cation, the sampledvaluesde�ne a one-
dimensional,piecewise linear scalar�eld. The volumerendering
integral for thispiecewiselinearscalar�eld is ef�ciently computed
by onetablelookupfor eachlinearsegment.Thethreearguments
of thetablelookuparethescalarvalueatthestart(front) of theseg-
mentsf : � s

�
x

�

id � �
, thescalarvaluetheend(back)of thesegment

sb : � s � x
���

i
�

1� d � � , andthe lengthof thesegmentd. (SeeFigure
1.) More preciselyspoken, the opacitya i of the i-th segmentis
approximatedby

a i � 1 	 exp �
	 �

�

i � 1� d

i d
t � s � x

�

l ��� � dl �

!

1 	 exp �
	 �

1

0
t �

�

1 	 w� sf
�

wsb � d dw� � (5)

Thus,a i is a function of sf , sb, andd. (Or of sf and sb, if the
lengthsof the segmentsareequal.) The(associated)colorsC̃i are
approximatedcorrespondingly:

C̃i !

�

1

0
c̃ �

�

1 	 w� sf
�

wsb �

� exp �
	

�

w

0
t �

�

1 	 w�
� sf

�

w� sb � d dw�
� d dw � (6)

Analogouslyto a i , C̃i is a function of sf , sb, and d. Thus,pre-
integratedclassi�cationwill approximatethevolumerenderingin-
tegralby evaluatingEquation(2):

I
!

n

å
i � 0

C̃i

i � 1

Õ
j � 0

�

1 	 a j �

with colorsC̃i pre-computedaccordingto Equation(6) andopaci-
tiesa i pre-computedaccordingto Equation(5). For non-associated
color transferfunction,i.e., whensubstitutingc̃

�

s� by t
�

s� c
�

s� , we
will alsoemploy Equation(5) for theapproximationof a i andthe
following approximationof theassociatedcolorC̃t

i :

C̃t
i !

�

1

0
t

�

�

1 	 w� sf
�

wsb �
c

�

�

1 	 w� sf
�

wsb �

� exp � 	
�

w

0
t �

�

1 	 w� � sf
�

w� sb � d dw�
� d dw � (7)

Notethatpre-integratedclassi�cationalwayscomputesassociated
colors,whethera transferfunctionfor associatedcolorsc̃

�

s� or for
non-associatedcolorsc

�

s� is employed.
In either case,pre-integratedclassi�cation allows us to sam-

ple a continuousscalar�eld s
�

x � without the needto increasethe
samplingratefor any non-lineartransferfunction. Therefore,pre-
integratedclassi�cationhasthe potentialto improve the accuracy
(lessundersampling)andtheperformance(fewersamples)of avol-
umerendererat thesametime.

3.5 Accelerated (Appr oximative) Pre-Integration

Theprimarydrawbackof pre-integratedclassi�cationin generalis
actuallythepre-integrationrequiredto computethe lookuptables,
whichmapthethreeintegrationparameters(scalarvalueatthefront
sf , scalarvalue at the back sb, and length of the segmentd) to



pre-integratedcolorsC̃ � C̃
�

sf � sb � d � andopacitiesa � a
�

sf � sb � d � .
As thesetablesdependon thetransferfunctions,any modi�cation
of the transferfunctionsrequiresan updateof the lookup tables.
This might be no concernfor gamesand entertainmentapplica-
tions, but it stronglylimits the interactivity of applicationsin the
domainof scienti�c volumevisualization,which often dependon
user-speci�ed transferfunctions. Therefore,we will suggestthree
methodsto acceleratethepre-integrationstep.

Firstly, undersomecircumstancesit is possibleto reducethedi-
mensionalityof thetablesfrom threeto two (only sf andsb) by as-
sumingaconstantlengthof thesegments.Obviously, thisappliesto
ray-castingwith equidistantsamples.It alsoappliesto 3D texture-
basedvolumevisualizationwith orthographicprojectionand is a
goodapproximationfor mostperspective projections.It is lessap-
propriatefor axes-aligned2D texture-basedvolume renderingas
discussedin Section5.5. Even if very differentlengthsoccur, the
complicateddependency on thesegmentlengthmight beapproxi-
matedby alineardependency assuggestedin [12]; thus,thelookup
tablesmaybecalculatedfor asinglesegmentlength.

Secondly, a localmodi�cation of thetransferfunctionsfor apar-
ticular scalarvalues doesnot requireto updatethe whole lookup
table. In fact, only the valuesC̃

�

sf � sb � d � and a
�

sf � sb � d � with
sf

�

s
�

sb or sf �

s
�

sb have to berecomputed;i.e., in theworst
caseabouthalf of thelookuptablehasto berecomputed.

Finally, the pre-integrationmaybe greatlyacceleratedby eval-
uating the integrals in Equations(5), (6), and (7) by employing
integral functionsfor t

�

s� , c̃
�

s� , andt
�

s� c
�

s� , respectively. More
speci�cally, Equation(5) for a i � a

�

sf � sb � d � canberewrittenas

a
�

sf � sb � d �

!

1 	 exp �
	

d
sb 	 sf

� T
�

sf � 	 T
�

sb �
�

� (8)

with the integral functionT
�

s� : ���

s
0 t

�

s� ds, which is easilycom-
putedin practiceasthescalarvaluess areusuallyquantized.

Equation(6) for C̃i � C̃
�

sf � sb � d � may be approximatedanalo-
gously:

C̃
�

sf � sb � d �

!

d
sb 	 sf

� K
�

sb � 	 K
�

sf �
� (9)

with theintegral functionK
�

s� : ���

s
0 c̃

�

s� ds. However, this requires
to neglect the attenuationwithin a ray segment. As mentioned
above, this is a commonapproximationfor post-classi�edvolume
renderingandwell justi�ed for smallproductst

�

s� d.
For the non-associatedcolor transferfunctionc

�

s� we approxi-
mateEquation(7) by

C̃t �

sf � sb � d �

!

d
sb 	 sf

�
Kt �

sb � 	 Kt �

sf �
�

� (10)

with Kt �

s� : �
�

s
0 t

�

s� c
�

s� ds.
Thus, insteadof numericallycomputingthe integrals in Equa-

tions(5), (6), and(7) for eachcombinationof sf , sb, andd, wewill
only oncecomputethe integral functionsT

�

s� , K
�

s� , or K t �

s� and
employ theseto evaluatecolorsandopacitiesaccordingto Equa-
tions(8), (9), or (10)withoutany furtherintegration.

3.6 Application to Volume Rendering Techniques

Pre-integratedclassi�cationis not restrictedto a particularvolume
renderingtechnique,rather it may replacethe post-classi�cation
stepof varioustechniques.For example,in [12] Röttgeretal. have
appliedpre-integratedclassi�cation to cell projectionemploying
3D texturesfor the lookup of segmentcolorsC̃ and opacitiesa.
In fact,theapplicationof pre-integratedclassi�cationis quitenatu-
ral for thecell projectionof tetrahedralmeshes,becausethelinear

interpolationof thescalar�eld betweentwo samplesis exactif the
samplesare taken at the facesof tetrahedraas in the caseof cell
projection.

Of course,pre-integratedclassi�cation may also be employed
in othervolumerenderingtechniques,e.g.,softwareray-castingof
structuredandunstructuredmeshes.In the remainderof this pa-
per, however, wewill focusontheimplementationof pre-integrated
classi�cationin texture-basedvolumerenderingalgorithms.

4 Texture-Based Pre-Integrated Volume
Rendering

Basedon the descriptionof pre-integratedclassi�cation in Sec-
tion 3.4, we will now presenttwo novel texture-basedalgorithms
(onefor 2D texturesandonefor 3D textures)that implementpre-
integratedclassi�cation. Both algorithmsemploy dependenttex-
tures, i.e., rely on the possibility to convert fragment(or pixel)
colorsinto texture coordinates.The technicaldetailsof this table
lookupwill bediscussedin Section5.

The basicidea of texture-basedvolume renderingis to render
a stackof texturedslices. Texturemapsmayeitherbe taken from
threestacksof two-dimensionaltexturemaps(object-alignedslices;
see[11]) or from onethree-dimensionaltexturemap(view-aligned
slices;see[3]). Pre-classi�cationis implementedby applyingthe
transferfunctionsoncefor eachtexel andstoringcolorsandopac-
ities in the texture map(s). On the otherhand,post-classi�cation
is performedby storingthescalar�eld valuein thetexturemap(s)
andapplyingtransferfunctionsduringtherasterizationof theslices
for eachpixel. Eachpixel (morepreciselyspoken,eachfragment)
of a slicecorrespondsto thecontributionof oneraysegmentto the
volumerenderingintegral for this pixel. Therefore,thecomposit-
ing Equations(3) or (4) areemployed for the rasterizationof the
texturedslices.As eachfragmentof a slicecorrespondsto oneray
segment,the whole slice correspondsto a slabof the volume as
depictedin Figure2.

sf
sb

front slice
backslice

Figure2: A slabof thevolumebetweentwo slices.Thescalarvalue
onthefront (back)slicefor aparticularviewing rayis calledsf (sb).

After thesepreliminaries,we can now describepre-integrated
volumerenderingusingtexturedslices. The texture maps(either
three-dimensionalor two-dimensionaltextures)containthe scalar
valuesof thevolume,justasfor post-classi�cation.As eachpairof
adjacentslices(eitherview-alignedor object-aligned)corresponds
to one slab of the volume (seeFigure 2), the texture mapsof
two adjacentsliceshave to be mappedonto one slice (either the
front or the back slice) by meansof multiple textures(seeSec-
tion 5.1).Thus,thescalarvaluesof bothslices(front andback)are
fetchedfrom texturemapsduring the rasterizationof the polygon
for oneslab(seeSection5.2).Thesetwo scalarvaluesarerequired
for a third texture fetch operation,which performsthe lookup of
pre-integratedcolorsandopacitiesfrom a two-dimensionaltexture



map.Thistexturefetchdependsonpreviouslyfetchedtexels;there-
fore, this third texturemapis calledadependenttexturemap.

The opacitiesof this dependenttexture maparecalculatedac-
cordingto Equation(5), while the colorsarecomputedaccording
to Equation(6) if the transferfunction speci�esassociatedcolors
c̃

�

s� , andEquation(7) if it speci�esnon-associatedcolorsc
�

s� . In
eithercasethecompositingEquation(3) is usedfor blendingasthe
dependenttexturemapalwayscontainsassociatedcolors.

This completesthe description of the algorithms for pre-
integratedvolumerenderingwith view-alignedslicesandobject-
alignedslices,respectively. Obviously, ahardwareimplementation
of thesealgorithmsdependsonrathercomplicatedtexturefetchop-
erations.Fortunately, theOpenGLtextureshaderextensionrecently
proposedcanin factbecustomizedto implementthesealgorithms.
The detailsof this implementationarediscussedin the following
section.

5 Implementation Details

Our currentimplementationis basedon NVidia's GeForce3graph-
ics chip. NVidia introduceda �e xible multi-texturing unit in their
GeForce2graphicsprocessorvia the register combiners OpenGL
extension[4]. Thisunit allows theprogrammingof per-pixel shad-
ing operationsusingthreestages,two generalandone�nal com-
binerstage.This registercombinerextensionis locatedbehindthe
texel fetchunit in therenderingpipeline.RecentlyNVidia extended
the register combiners in the GeForce3graphicschip, by provid-
ing eightgeneralandone�nal combinerstagewith per-combiner
constantsvia the register combiner2extension. Additionally, the
GeForce3 provides a programmabletexture fetch unit [4] allow-
ing four texturefetchoperationsvia 21possiblecommands,among
themseveral dependenttexture operations.This so calledtexture
shaderOpenGLextensionandthe register combiners aremerged
togetherin Microsoft'sDirectX8API to form thepixelshaderAPI.
Unfortunately, thepixelshaderAPI is morerestrictivethanthetwo
OpenGLextensions.Therefore,we basedour implementationon
the OpenGLAPI [4]. The texture shaderextensionrefersto 2D
texturesonly. Although NVidia proposedan equivalentextension
for 3D texture fetchesvia the texture shader2extension,3D tex-
turesand texture shader2are not supportedin the currentdriver
releases.

Bestresultswould be obtainedusing3D textures. However, as
they are currently not available, we useda 2D texture-basedap-
proach.Slicesaresetparallelto thecoordinateaxesof therectilin-
eardatagrid, i.eobject-aligned.Thisallowsustosubstitutetrilinear
by bilinearinterpolation.However, if theviewing directionchanges

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

by morethat90degrees,theorientationof theslicenormalmustbe
changed.Thisrequirestokeepthreecopiesof thedatastackin main
memory, onestackof slicesfor eachslicing directionrespectively.
Theslicesarerenderedasplanarpolygonstexturedwith theimage
informationobtainedfrom a 2D texturemapandblendedonto the
imageplane.

Thepre-integratedvolumerenderingalgorithmconsistsof three
basicsteps:First two adjacenttextureslicesareprojectedontoone
of them, either the back slice onto the front slice or vice versa.
Thereby, two texelsalongeachray(onefrom thefrontandonefrom
thebackslice)areprojectedontoeachother. They arefetchedusing
thetextureshaderextensionandthenusedastexturecoordinatesfor
a dependenttexturefetchcontainingpre-integratedvaluesfor each
combinationof backandfront texels.For isosurfacerendering,the
dependenttexture containscolor, transparency, and interpolation
values,if theisovalueis in betweenthefront andbacktexel value.
Thisresultsin dependenttexturepatternsasshown in Figure9(left).
Thegradientandvoxel valuesarestoredin RGBA textures.In the
registercombinersgradientsareinterpolatedanddotproductlight-
ing calculationsareperformed.Thefollowing sub-sectionsexplain
all thesestepsin detail.

5.1 Projection

The 2D texture-basedvolumerenderingalgorithmusuallyblends
object-alignedtextureslicesof oneof thethreetexturestacksback-
to-frontinto theframebuffer usingtheoveroperator. Insteadof this
slice-by-sliceapproach,werenderslab-by-slab(seeFigure2) from
backto front into theframebuffer. A singlequadrilateralpolygon
is renderedfor eachslabwith the two correspondingtexturesas
texture maps. In orderto have texels alongall viewing rayspro-
jecteduponeachotherfor thetexel fetchoperation,eithertheback
slicemustbeprojectedontothefront sliceor vice versa.Thepro-
jectionis therebyaccomplishedby adaptingtexturecoordinatesfor
theprojectedtextureslice andretainingthe texturecoordinatesof
theothertextureslice.Figure3 shows theprojectionfor theobject-
andview-alignedrenderingalgorithms.

For direct volume renderingwithout lighting, texturesare de-
�ned in theOpenGLtextureformatGL LUMINANCE8. Forvolume
shadingandshadedisosurfacesGL RGBAtexturesareused,which
containthepre-calculatedvolumegradientandthescalarvalues.

5.2 Texel Fetch

For eachfragment,texels of two adjacentslicesalong eachray
throughthe volumeareprojectedonto eachother. Thus,we can
fetch the texels with their given per-fragmenttexture coordinates.
Thenthe two fetchedtexels areusedaslookupcoordinatesinto a
dependent2D texture,containingpre-integratedvaluesfor eachof
the possiblecombinationsof front and back scalarvaluesas de-
scribedin Section3.4.NVidia's textureshaderextensionprovidesa
textureshaderoperationthatemploys theprevioustextureshader's
greenandblue(or redandalpha)colorsasthe

�

s� t � coordinatesfor
a non-projective 2D texture lookup. Unfortunately, we cannotuse
this operationasour coordinatesarefetchedfrom two separate2D
textures. Instead,asa workaround,we usethedot producttexture
shader, whichcomputesthedot productof thestage's

�

s� t � r � anda
vectorderivedfromapreviousstage'stexturelookup(seeFigure4).
Theresultof two of suchdot producttextureshaderoperationsare
employedascoordinatesfor a dependenttexture lookup. Herethe
dot productis only requiredto extract the front andbackvolume
scalars.This is achieved by storingthe volumescalarsin the red
componentsof thetexturesandapplyinga dot productwith a con-
stantvectorv �

�

1 � 0 � 0�

T . Thetextureshaderextensionallowsusto
de�ne towhichprevioustexturefetchthedotproductreferswith the
GL PREVIOUSTEXTUREINPUT NV texture environment. The



Figure4: Texture shadersetupfor dependent2D texture lookup
with texturecoordinatesobtainedfrom two sourcetextures.

�rst dot productis setto usethe fetchedfront texel valuesaspre-
vioustexturestage,thesecondusesthebacktexel value1. In this
approach,theseconddot productperformsthetexture lookupinto
our dependenttexture via texture coordinatesobtainedfrom two
differenttextures.

For direct volumerenderingwithout lighting the fetchedtexel
from the last dependenttexture operation is routed through
the register combinerswithout further processingand blended
into the frame buffer with the OpenGL blending function
glBlendFunc(GL ONE,GL ONEMINUSSRCALPHA).

5.3 Gradient Interpolation for Isosurfaces

As discussedin [12], pre-integratedvolumerenderingcanbe em-
ployed to rendermultiple isosurfaces. The basicidea is to color
eachraysegmentaccordingto the�rst isosurfaceintersectedby the
raysegment.Examplesfor suchdependenttexturesaredepictedin
Figure8.

For shadingcalculations,RGBAtexturesareusuallyemployed,
that containthe volumegradientin the RGBcomponentsandthe
volumescalarin theALPHAcomponent.As weusedotproductsto
extractthefront andbackvolumescalarandthedot productrefers
only to the �rst threecomponentsof a vector, we storethe scalar
datain theREDcomponent.The�rst gradientcomponentis stored
in theALPHAcomponentin return.

For lighting purposesthegradientof thefront andbackslicehas
to berebuilt in theRGBcomponents(ALPHAhasto beroutedback
to RED) andthetwo gradientshaveto beinterpolateddependingon
agivenisovalue(seeFigure5). Theinterpolationvaluefor theback
sliceis givenby IP �

�

siso 	 sf ���

�

sb 	 sf � ; theinterpolationvalue
for thefront sliceis 1 	 IP (seealso[12]). IP couldbecalculated
on-the-�y for eachgiven isovalue,backand front scalar. Unfor-
tunately, this requiresa division in the registercombiners,which
is not available. For this reasonwe have to pre-calculatethe in-
terpolationvaluesfor eachcombinationof back and front scalar
andstorethemin thedependenttexture. Ideally, this interpolation
valuewouldbelookedupusingaseconddependenttexture.Unfor-
tunately, NVidia's textureshaderextensiononly allows four texture
operations,which we alreadyspent. Hencewe have to storethe
interpolationvalueIP in the�rst andonly dependenttexture.

1In thepixel shader1.0and1.1API of MicrosoftDirectX8,adotproduct
alwaysrefersto the last fetch operationbeforethe dot products,therefore
thisoperationcan't berealized.

Figure5: RegisterCombinersetupfor gradientreconstructionand
interpolationwith interpolationvaluesstoredin alpha. Note that
theinterpolationvaluesarestoredin therangeof 0.5 to 1.0,which
requiresproperinput andoutputmappingsfor generalcombiner2
to obtainacorrectinterpolation.M denotesthegradientof theback
slice,N thefront slicegradientrespectively.

Therearetwo possiblewaysto storetheseinterpolationvalues.
The�rst approachstorestheinterpolationvalue(IP ) in theALPHA
componentof thedependenttexture(R,G,B,IP) . Themaindis-
advantageof this methodis, that the transparency, which is usu-
ally freely de�nable for eachisosurface's back and front face,is
now constantfor all isosurfaces'faces.In orderto obtaina trans-
parency value of zero for ray segmentsthat do not intersectthe
isosurfaceanda constanttransparency for ray segmentsthat inter-
secttheisosurfacetheinterpolationvaluesarestoredin theALPHA
channelin the range128 to 255 (7 bit). An interpolationvalue
of 0 is storedfor ray segmentsthat do not intersectthe isosur-
face. This allows us to scalethe ALPHAchannelwith a factorof
2, to get an ALPHAof 1.0 for ray segmentsintersectingthe iso-
surfaceandan ALPHAof 0 otherwise. Afterwards,a multiplica-
tion of theresultwith theconstanttransparency canbeperformed.
For theinterpolationthesecondgeneralcombiner's inputmapping
for the interpolationis set to GL HALF BIAS NORMALNV and
GL UNSIGNEDINVENT NVto mapthetheinterpolationvalueto
theranges0 to 0.5and0.5 to 0 (seeFigure5). After theinterpola-
tion theresultis scaledwith 2 in orderto getthecorrectinterpola-
tion result.

Our secondapproachstoresthe interpolationvalue IP in the
BLUE componentof the dependenttexture (R,G,IP,A) . Now
thetransparency canbefreely de�ned for eachisosurfaceandeach
back and front faceof the isosurface,but the register combiners
areusedto �ll thebluecolor channelwith a constantvalue,that is
equalfor all isosurfaces'backandfront faces.Alsowecanuseall 8
bitsof theBLUEcolorchannelfor theinterpolationvalue.In order
to distribute the interpolationvalue from the BLUEcolor channel
on all RGBcomponentsfor the interpolation,BLUEis �rst routed
into theALPHAportionof ageneralcombinerstageandthenrouted
backinto theRGBportion(seeFigure6).

5.4 Lighting

After the per-fragmentcalculationof the isosurfaces'gradientin
the �rst threegeneralcombinerstages,the remaining� ve general
combinersandthe�nal combinercanbeusedfor lighting compu-



Figure6: RegisterCombinersetupfor gradientreconstructionand
interpolationwith interpolationvaluesstoredin blue.Notethatthe
interpolationvaluesareroutedin thealphaportionandbackinto the
RGBportionto distributethevaluesontoRGBfor interpolation.M
denotesthe gradientof the back slice, N the front slice gradient
respectively.

tations. Diffuseandspecularlighting with a maximumpower of
256is possibleby utilizing thedot productof theregistercombin-
ersandincreasingthe power by multiplying the dot productwith
itself. Currently we calculateI � Ia

�

IdC
�

n � l1 �

�

IsC
�

n � l2 �

16,
wheren denotestheinterpolatednormal,l1 thediffuselight source
direction,l2 thespecularlight sourcedirection,andC thecolor of
the isosurface. A visualizationof a CT scanof a humanheadat
differentthresholdsis shown in Figure8.

The sameapproachcanalsobe employed for volumeshading.
For lighting, the averagegradientat the front and back slice is
used,thusno interpolationvalueshave to be storedin the depen-
dent texture. The dependenttexture holds pre-integratedopac-
ity andcolor values,latter areemployed for diffuseandspecular
lighting calculations.The implementedlighting modelcomputes
I � IdC

�

n � l1 �

�

IsC
�

n � l2 �

16, wheren denotestheinterpolatednor-
mal,l1 thediffuselight sourcedirection,l2 thespecularlight source
directionandC thepre-integratedcolorof theraysegment.

Dynamiclightingasdescribedaboverequirestheemploymentof
RGBAtextures,which consumea lot of texturememory. Alterna-
tively, staticlighting is possibleby storingpre-calculateddot prod-
uctsof gradientandlight vectorsfor eachvoxel in thetextures.The
dot productsat thestartandendof a ray segmentaretheninterpo-
latedfor agivenisovaluein theregistercombiners.For thispurpose
LUMINANCEALPHAtexturescan be employed, which consume
only half of thememoryof RGBAtextures.

The intermixingof semi-transparentvolumesandisosurfacesis
performedby a multi-passapproachthat �rst rendersa slice with
a pre-integrateddependenttextureandthenrendersthesliceagain
with a isosurfacedependenttexture. Without the needof storing
the interpolationvaluesin thedependenttexture,a singlepassap-
proachcouldalsobeimplemented,which neglectsisosurfacesand
semi-transparentvolumesin a slabat thesametime. Examplesof
dependenttexturesfor directandisosurfacevolumerenderingare
presentedin Figures9 and10.

5.5 Problems

Thethicknessesof theslabsareusuallyequal.However, this does
not necessarilyimply a constantlengthof the ray segments. For
equidistant,view-alignedslicesonly perspective projectionswill
result in different lengths. Fortunately, thesevariationsareoften
neglectablein practiceasextremeperspectivesareusuallyavoided.
Thus, a constantlength of the ray segmentsmay be assumedin
goodapproximation.Therefore,the lookup tablesfor colorsand
opacitiesareonly two-dimensionaltablesdependingon thescalar
valueat thefront andbackof a raysegment.

For object-aligned2D texturedslicesthelengthsof theray seg-
mentsdoesalsovarywith therotationof thevolume.However, for
eachrotationthereis only onelength—atleastfor orthogonalpro-
jections.Themaximumfactorof thevariationof this lengthis

�

3.
In orderto avoid toostrongerrors,asetof two-dimensionallookup
tablesfor differentlengthsshouldbeemployed. For volumeswith
unequalslicedistancesin themainaxesdirections,differentlookup
texturesmustalsobecalculated.

Anotherproblemthat occurswhen renderingsemi-transparent
isosurfacesis, thatsomepixel arerenderedtwice if thesurfacein-
tersectstheviewing ray exactly at the front slice,which resultsin
visible pixel errors.Oncethenext slabis rendered,thesamepixel
is renderedagain,becausenow the surfaceintersectsthe ray ex-
actly at the backslice. To circumvent this problemthe OpenGL
stencilbuffer testcanbeutilized. Eachtimea slabis renderedinto
the framebuffer, the stencilbuffer is clearedandthe slab is also
renderedinto the stencilbuffer usinga seconddependenttexture
that only selectspixels for rendering,wherethe isosurfaceinter-
sectstheray at thefront sliceposition. If thenext slabis rendered
into theframebuffer, thestencilbuffer testis usedandonly pixels
thatwherenot renderedinto thestencilbuffer in thepreviousstep
areset.A comparisonof imagesgeneratedwithoutandwith stencil
buffer testenabledareshown in Figure7. Currentlythis method
worksonly for asinglesemi-transparentisosurface.

Figure 7: Semi-transparentisosurfacerenderingof the spherical
harmonic(Legendre's) functionwithout (left) andwith correction
(right). Note, that theannularartifactson the left aresuccessfully
removedon theright.

6 Results

In scienti�c visualizationapplications,which areoften employed
to explore unknown data,it is quite importantto be ableto inter-
actively changethe transferfunctions. For isosurfacerendering,
theseupdatescanbe performedvery fastwith our method,asno
integral hasto becomputed.For directvolumerendering,thecal-
culationof thenew dependenttexturefrom thegiventransferfunc-
tionsdependsof courseon the CPU performance.Our testPC is
equippedwith a 650 MHz Athlon processor. For a globalchange
of the transferfunction, the updateof a 256 � 256 dependenttex-
ture, taking the self-attenuationwithin slabsinto account,took ca
20 secondsanda maximumof ca 10 secondsfor a local update.
Neglectingtheself-attenuationtheupdaterequiredca0.3 seconds
for a globalanda maximumof ca0.15secondsfor a local update,



while thetimerequiredfor theuploadof thenew dependenttexture
into the texture memoryis neglectable. Theseresultsshow, that
aninteractiveupdateof thetransferfunctionsis possible,whenne-
glectingtheself-attenuation.As the differencesin quality of both
approachesarequitesmall,avolumerenderercould�rst neglectthe
self-attenuationduring the interactionwith the transferfunctions
andcalculatethe“correct” dependenttexturein thebackgroundfor
a laterupdate.

For comparisonpurposeswe implementedpost-shadingwith
additional interpolatedslices. The interpolationis performedin
the third andfourth texturestageandthe one-dimensionaltexture
lookup is implementedby the dependenttexture fetch operation
with anappropriatetwo-dimensionaltexturemap.

Figure9 showsacomparisonof theimagequalityachievedwith
pre-shadingwithout additionalinterpolatedslices(aspresentedin
[11]), post-shadingwithout and with additionalslices, and pre-
intergratedvolumerenderingusingthesameview parametersand
transferfunctions. Obviously, pre-shadingresultsin low image
qualitywith strongslicingartifacts(Fig.9a).Post-shadingprovides
muchbetterimagequality (Fig. 9b). However, additionalinterpo-
latedslicesare necessaryin order to remove the slicing artifacts
(Fig. 9c). Note, that additionalslicesdecreasethe framerateand
imageaccuracy becauseof morerasterizationandblendingopera-
tions. On theotherhand,pre-integratedrenderingachievesthefull
qualitywithout interpolatedslices(Fig. 9d).

Especiallydirect volumerenderingwith few slicesgainsmuch
quality with the new approach.Figure10 demonstratesthe high
imagequality achievedwith a smallnumberof texturedslicesand
a randomtransferfunctionwith high frequencies.Althoughonly a
small numberof slicesarerendered,all the detailsof the transfer
functionarestill visible. For comparisonpre-shading(bottom,left)
andpost-shading(top,right) resultsareincludedin Figure10.

For performanceevaluations,the test PC was equippedwith
a NVidia GeForce3 graphicsboard with 64 MB DDR SDRAM
(3.8 ns), internalclock of 200 MHz, 460 MHz memoryinterface
clock and4x AGP. The performanceof thepre-integratedvolume
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 areperformedon the GeForce3chip in two clock
cycles. All testswereperformedwith a 5122 viewport. For direct
volumerenderingwe achievedca90 fps for a volumewith a reso-
lution of 163 voxels,ca50 fps for 323, ca21 fps for 643, ca13 fps
for 1283, andca4 fps for 2563 voxels.For isosurfacerenderingwe
achievedca70 fps for a volumewith a resolutionof 163 voxels,ca
40 fps for 323, ca21 fps for 643, ca11 fps for 1283, andca1 fps
for 2563 voxels. The renderingalgorithmandrasterizationpower
neededfor both renderingmodesarethe same.They differ in the
numberof employed generalcombinerstagesandmemoryband-
with requirementsas8 bit texturesareemployedfor directand32
bit texturesfor isosurfacerendering.Theresultsareindependentof
thetransferfunctionsandthenumberof isosurfaces.

Our resultsshow, that interactive transferfunction updatesare
possible. The imagequality of the pre-integratedvolumerender-
ing algorithmsurpassesour previousapproachby far. We achieve
the full renderingquality without spendingrasterizationpower by
renderingadditionalinterpolatedslices.

7 Conc lusions

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

isosurfacescan be visualizedwithout performancepenalty. Fur-
thermore,volumeshadingandmixedrenderingof isosurfacesand
semi-transparentvolumesis possible. The time complexity does
neitherdependon the numberof isosurfacesnor the de�nition of
thetransferfunctions.

Weimplementedahardware-acceleratedimplementationoncur-
rentconsumergraphicshardware,morepreciselythenew GeForce3
graphicschip by NVidia. Thecurrentimplementationemploys 2D
texturesandsomeothermoreor lesseleganttricks to make theim-
plementationpossibleoncurrentlow-costgraphicshardware.

The ideal graphicshardware would provide dependenttexture
lookupswith texturecoordinatesobtainedfromtwosourcetextures,
moretexture shaderoperationsandmost importantly3D textures
support.As NVidia alreadyproposedthenecessaryOpenGLexten-
sions[4], we areoptimisticto achieve evenbetterresultswith new
driversoncurrentor futuregraphicshardware.
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Figure8: Left to right: Multiple coloredisosurfacesof asyntheticdatasetwith thecorrespondingdependenttexture.Isosurfacesof ahuman
headCT scan(2563): skin,skull, semi-transparentskinwith opaqueskull andthedependenttexturefor thelatterimage.

Figure9: Imagesshowing a comparisonof a) pre-shaded,b) post-shadedwithoutadditionalslices,c) post-shadedwith additionalslicesand
d) pre-integratedvolumevisualizationof tiny structuresof theinnerear(128 � 128 � 30) with 128slices.

Figure10: High-qualitypre-integrateddirectvolumerenderingof asphericalharmonic(Legendre's) functionwith randomtransferfunctions
(top, left) anddependenttexture (bottom,right). The resolutionwas163 voxels, thusonly 15 texturedsliceswererendered.Pre-shaded
(bottom,left) andpost-shaded(top,right) resultsareincludedfor comparison.


