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Abstract

Recently, theclassicrenderingpipelinein 3D graphicshardware hasbecome�exibleby meansof programmable
geometryenginesand rasterizationunits.This developmentis primarily drivenby themassmarket of computer
gamesand entertainmentsoftware, whosedemandfor new specialeffectsand more realistic 3D environments
induceda reconsideration of theoncestaticrenderingpipeline. Besidestheimpacton visualscenecomplexity in
computergames,theseadvancesin �exibility provideanenormouspotentialfor new volumerenderingalgorithms.
Thereby, they make yetunseenquality aswell as improvedperformancefor scienti�c visualizationpossibleand
allow to visualizehiddenfeaturescontainedwithin volumetricdata.
Thegoal of this report is to deliverinsight into thenew possibilitiesthat programmablestate-of-the-artgraphics
hardware offers to the �eld of interactive, high-qualityvolumerendering. We cover different slicing approaches
for texture-basedvolumerendering, non-polygonaliso-surfaces,dot-productshading, environment-mapshading,
shadows,pre- andpost-classi�cation,multi-dimensionalclassi�cation,high-quality�ltering , pre-integratedclas-
si�cation andpre-integratedvolumerendering, large volumevisualizationandvolumetriceffects.

1. Intr oduction

Themassive innovationpressureexertedon themanufactur-
ersof PCgraphicshardwareby thecomputergamesmarket
hasledto verypowerful consumer3D graphicsaccelerators.
Thelatestdevelopmentin this�eld is theintroductionof pro-
grammablegraphicshardware that allows computergame
developersto implementnew specialeffectsandmorecom-
plex andcompellingscenes.As a result, the currentstate-
of-the-art graphicschips, e.g. the NVIDIA GeForce4, or
the ATI Radeon8500,arenot only competingwith profes-
sionalgraphicsworkstationsbut often surpassthe abilities
of suchhardwareregardingspeed,quality, andprogramma-
bility. Therefore,thiskind of hardwareis becomingincreas-
ingly attractive for scienti�c visualization.Due to the new
programmabilityofferedby graphicshardware,many pop-
ular visualizationalgorithmsare now being mappedef�-
ciently onto graphicshardware. Moreover, this innovation
leadsto completelynew algorithms.Especiallyin the �eld
of volumegraphics,thatatall timeshadveryhighcomputa-
tion andresourcerequirements,the lastfew yearsbroughta
largenumberof new andoptimizedalgorithms.In returnfor
the innovationsdeliveredby thegamingindustry, scienti�c

volumevisualizationcanprovide new optimizedalgorithms
for volumetriceffectsin entertaimentapplications.

This report covers newest volume rendering algo-
rithms and their implementationon programmablecon-
sumer graphics hardware. Specializedvolume rendering
hardware34� 30 is not the focus of this report. If detailson
the implementationof a speci�c algorithmsare given, we
focusonOpenGLandits extensions32, althoughMicrosoft's
DirextX/3D API providessimilar functionalityfor a compa-
rableimplementation.

In this report, we restrict ourselves to volume datade-
�ned on rectilinear grids. In such grids, the volume data
arecomprisedof sampleslocatedat grid points,which are
equispacedalongeachvolumeaxis,andcanthereforeeas-
ily be storedin a texture map.We will startwith someba-
sic, yet importantconsiderations,that are requiredto pro-
ducesatisfyingvisualizationresults.After a brief introduc-
tion into the new featuresof consumergraphicshardware,
we will outline the basicprinciple of texture-basedvolume
renderingwith different slicing approaches.Subsequently,
we introduceseveraloptimizedalgorithms,which represent
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the state-of-the-artin hardware-acceleratedvolumerender-
ing. Finally, we summarizecurrentrestrictionsof consumer
graphicshardwareandgive someconclusionswith an out-
look on futuredevelopments.

2. Basics

Althoughvolumetricdatais de�nedoveracontinuousthree-
dimensionaldomain (R3), measurementsand simulations
provide volumedataas3D arrays,whereeachof thescalar
valuesthatcomprisethevolumedatasetis obtainedby sam-
pling the continuousdomainat a discretelocation. These
valuesarereferredto asvoxels (volumeelements)andusu-
ally quantizedto 8, 16,or 32bit accuracy andsavedas�x ed
point or �oating point numbers.Figure1 shows sucha rep-
resentationof a volumetricobjectasa collectionof a large
numberof voxels.

Figure 1: Voxel representationof a volumetricobjectafter
it hasbeendiscretized.

2.1. Reconstruction

In order to reconstruct25� 31 the original continuoussignal
from thevoxels,a reconstruction�lter is applied,thatcalcu-
latesascalarvaluefor thecontinuousthree-dimensionaldo-
main(R3) by performinga convolution of thediscretefunc-
tion with a�lter kernel.It hasbeenproved,thatthe“perfect”,
or idealreconstructionkernelis providedby thesinc�lter 33

sinc
�

x���

sin
�

px�

px �

(1)

As this reconstruction�lter hasanunlimitedextent,in prac-
tice more simple reconstruction�lters like tent or box �l-
tersare applied(seeFigure 2). Currentgraphicshardware
provides linear, bilinear, and trilinear �ltering for magni�-
cation and pre-�ltering with mip-mappingand anisotropic
�lters for mini�cation. However, due to the availability of
multi-textures and �e xible per-fragment operations,con-
sumergraphicshardwarealsoallows�lters with higherqual-
ity (seeChapter7).

Givenareconstruction�lter andthethree-dimensionalar-
rayof voxels,thedatais visualizedby sendingraysfrom the
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Figure 2: Threereconstruction�lter s: (a) box,(b) tentand
(c) sinc�lter s.

eye througheachpixel of the imageplanethroughthe vol-
ume and samplingthe datawith a constantsamplingrate
(ray-casting)23. Accordingto theNyquisttheorem,theorig-
inal signalcanbe reproducedas long as the samplingrate
is at leasttwice that of the highestfrequency containedin
theoriginal signal.This is, of course,a problemof thevol-
umeacquisitionduring the measurementsandsimulations,
sothis problemdoesnot concernushere.In thesameman-
ner thesampledsignalmay bereconstructedaslong asthe
samplingdistancein thevolumedatais at leasttwice thatof
thehighestfrequency containedin thesampledvolume.As a
consequenceof theNyqisttheoremwehaveto chooseasam-
pling ratethatsatis�esthoseneeds.However, we will show
in Chapter8 thatdueto high frequenciesintroducedduring
theclassi�cation,which is appliedto each�ltered sampleof
thevolumedataset,it is in generalnot suf�cient to sample
thevolumewith theNyquist frequency of thevolumedata.
Becauseof theseobservationswe will later presenta clas-
si�cation schemethatallows us to samplethevolumewith
theNyquistfrequency of thevolumedataby pre-integrating
ray-segmentsin a pre-processingstep(seeSection8).

2.2. Classi�cation

Classi�cation is anothercrucial subtaskin the visualiza-
tion of volumedata,i.e. themappingof volumesamplesto
RGBA values.Theclassi�cationstepis introducedby trans-
fer functionsfor color densitiesc̃

�

s� and extinction densi-
ties t

�

s� , which map scalarvaluess � s
�

x � to colors and
extinction coef�cients. Theorderof classi�cationand�lter -
ingstronglyin�uencestheresultingimages,asdemonstrated
in Figure3. The imageshows the resultsof pre- andpost-
classi�cationat theexampleof a163 voxel hydrogenorbital
volumeanda high frequency transferfunctionfor thegreen
colorchannel.

It canbeobservedthatpre-classi�cation,i.e.classi�cation
before�ltering, doesnot reproducehigh-frequenciesin the
transferfunction. In contrastto this, post-classi�cation,i.e.
classi�cationafter �ltering, reproduceshigh frequenciesin
thetransferfunctionon theslicepolygons.

2.3. Ray Integration

After the �ltering and classi�cation of the volume data,
an integration along view rays through the volume is
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Figure 3: Comparisonof pre-classi�cationandpost-classi�cation.Alternateorders of classi�cationand�ltering leadto com-
pletely different results.For clari�cation a randomtransferfunction is usedfor the greencolor channel.Piecewise linear
transferfunctionsare employedfor the other color channels.Note, that in contrast to pre-classi�cation,post-classi�cation
reproducesthehigh frequenciescontainedwithin in thetransferfunction.

required23� 27. A commonapproximationusedin thevisual-
ization of volumedatais the density-emittermodel,which
assumesthat light is emittedandabsorbedat eachpoint in
thevolumewhileneglectingscatteringandfrequency depen-
denteffects.

We denotea ray castinto thevolumeby
�

x
�

t � , andparam-
eterizeit by thedistancet to theeye. Thescalarvaluecor-
respondingto this positionon a ray is denotedby s

�

�

x
�

t � � .
Sincewe employ anemission-absorptionopticalmodel,the
volume renderingintegral we are using integratesabsorp-
tion coef�cients t

�

s
�

�

x
�

t � � � (accountingfor theabsorptionof
light), andcolors c

�

s
�

�

x
�

t � � � (accountingfor light emittedby
particles)alonga ray.

Thevolumerenderingintegral cannow beusedto obtain
theintegrated“output” colorC, subsumingbothcolor(emis-
sion) andopacity(absorption)contributionsalonga ray up
to a certaindistanceD into thevolume(seeFigure4):

C �

� D

0
c

�

s
�

�

x
�

t � � � e���

t
0 t � s��� x� t � 	
	�	 dt � dt (2)

The equationdenotes,that at eachposition in the volume,
light is emittedaccordingto the term c

�

s
�

�

x
�

t � � � , which is
absorbedby thevolumeatall positionsalongarayin frontof
thelight emissionpositionaccordingto thetermt

�

s
�

�

x
�

t � � � � .

(t)x

0

D

Figure4: Integration alonga ray throughthevolume.

By discretizingthe integral, we can now introducethe
opacity valuesA, “well-known” from alpha blending, by
de�ning

Ai � 1 
 e�

t � s��� x � id 	�	
	 d (3)

Similarly, thecolor(emission)of thei-th raysegmentcanbe
approximatedby:

Ci � c
�

s
�

�

x
�

id � � � d (4)

Having approximatedboth the emissionsand absorptions
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along a ray, we can now statethe approximateevaluation
of thevolumerenderingintegral as(denotingthenumberof
samplesby n �

�

D � d � ):

Capprox �

n

å
i � 0

Ci

i
�

1

Õ
j � 0

�

1 
 Ai � (5)

Equation5 canbeevaluatediteratively by alphablending36� 3

in eitherback-to-front,or front-to-backorder.

The following iterative formulationevaluatesequation5
in back-to-frontorderby steppingi from n 
 1 to 0:

C�i � Ci �

�

1 
 Ai � C�i � 1 (6)

2.4. Shading

In the above considerationswe did not take the effects of
external light sourcesinto account.Instead,we assumeda
simpleshading,i.e.we identi�ed theprimarycolorassigned
in theclassi�cationwith c

�

s
�

�

x
�

t � � � .

The mostpopularlocal illumination model is the Phong
model35� 4, which computesthe lighting as a linear combi-
nationof threedifferent terms,an ambient, a diffuseanda
specularterm,

IPhong � Iambient �

Idiffuse �

Ispecular
�

(7)

Ambient illumination is modeledby a constantterm,
Iambient � ka � const

�

Without the ambientterm partsof
the geometrythat arenot directly lit would be completely
black.In therealworld suchindirectilluminationeffectsare
causedby light re�ectedfrom othersurfaces.

Diffuse re�ection refersto light which is re�ected with
equalintensityin all directions(Lambertianre�ection). The
brightnessof a dull, matte surface is independentof the
viewing direction and dependsonly on the angle of inci-
dencej betweenthe direction

�

l of the light sourceandthe
surfacenormal

�

n. Thediffuseillumination termis writtenas
Idiffuse � Ip kd cosj � Ip kd

�

�

l �

�

n� . Ip is theintensityemitted
from the light source.Thesurfacepropertykd is a constant
between0 and1 specifyingtheamountof diffusere�ection
asa materialspeci�c constant.

Specular re�ection is exhibited by every shiny surface
andcausesso-calledhighlights.The specularlighting term
incorporatesthevector

�

v from theobjectto theviewerseye
into the lighting computation.Light is re�ected in the di-
rectionof re�ection

�

r which is the directionof light
�

l mir-
rored about the surface normal

�

n. For ef�ciency, the re-
�ection vector

�

r can be replacedby the halfway vector
�

h,
Ispecular � Ip ks cosna � Ip ks

�

�

h �

�

n�

n. Thematerialprop-
ertyks determinestheamountof specularre�ection. Theex-
ponentn is calledtheshininessof thesurfaceandis usedto
controlthesizeof thehighlights.

3. ProgrammableConsumerGraphics Hardware

The typical architectureof todaysconsumergraphicspro-
cessingunits(GPUs)is characterizedby a con�gurableren-
deringpipelineemploying anobject-orderapproach,thatap-
plies several geometrictransformationson primitives likes
points,linesandpolygons(geometryprocessing),beforethe
primitivesarerasterized(rasterization)andwritten into the
framebuffer afterseveralfragmentoperations(seeFigure5).
Thedesignasastrict pipelinewith only localknowledgeal-
lows lots of optimizations,for examplethe geometrystage
is able to work on new vertex data,while the rasterization
stageis processingearlierdata.However, the currenttrend
is to replacetheconceptof a con�gurablepipelinewith the
conceptof a programmablepipeline.The programmability
is introducedin thevertex processingstageaswell asin the
rasterizationstage.We will mainly be concernedwith pro-
grammableunits in the rasterizationstage,sincethe major
tasksin texture-basedvolumerenderingis donein thisstage,
i.ein volumerenderinggeometryprocessingof theproxyge-
ometryis very simplewhile rasterizationis quitecomplex.

raster
image

scene
description

RASTERIZATION
FRAGMENT

OPERATIONS
GEOMETRY

PROCESSING

Vertices Primitives PixelsFragments

Figure 5: Thegraphicspipelinethat is usedin commonPC
consumergraphicshardware.

At the time of this writing (summer2002),the two most
importantvendorsof programmableGPUsareNVIDIA and
ATI. Thecurrentstate-of-the-artconsumergraphicsproces-
sorsarethe NVIDIA GeForce4andthe ATI Radeon8500.
In the following, we will focuson the programmableper-
fragmentoperationextensionsof thesetwo manufacturers.

Traditional lighting calculationswere done on a per-
vertex basis,i.e. the primary (or diffuse) color was calcu-
latedat the verticesandlinearly interpolatedover the inte-
rior of a triangleby the rasterizer. Oneof the �rst possibil-
ities for per-pixel shadingcalculationswas introducedfor
computergamesthatemploy pre-calculatedlight mapsand
decalmapsfor global illumination effects in walkable3D
scenes.The texels of the decaltexture map aremodulated
with thetexelsof thelight texturemap.This modelrequires
to apply two texture mapson a polygon,i.e. multi-textures
areneeded.Thewaythemultiple texturesarecombinedto a
singleRGBA valuein traditionalOpenGLmulti-texturing is
de�ned by meansof severalhard-wiredtexture environment
modes.

The OpenGLmulti-texturing pipelinehasvariousdraw-
backs,particularly it is very in�e xible and cannotaccom-
modatethecapabilitiesof today's consumergraphicshard-
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ware.Startingwith the original NVIDIA register combin-
ers,whicharecomprisedof aregister-basedexecutionmodel
andprogrammableinput andoutputroutingandoperations,
thecurrenttrendis toward writing a fragmentshaderin an
assemblylanguagethat is downloadedto thegraphicshard-
wareandexecutedfor eachfragment.

TheNVIDIA modelfor programmablefragmentshading
currentlyconsistsof a two-stagemodelthat is comprisedof
thedistinctstagesof texture shaders14 andregistercombin-
ers12.

Figure 6: Comparisonof traditional multi-texturing and
multi-texturingusingNVIDIA's texture shaderconcept.

Texture shadersare the interfacefor programmabletex-
ture fetch operations.For eachof the four multi-texturesa
fetchoperationcanbede�ned out of oneof 23 pre-de�ned
texture shaderprograms, whereasthe GeForce4 offers 37
different suchprograms15. In contrastto traditional multi-
texturing, theresultsof a previoustexturefetchmaybeem-
ployed as a parameterfor a subsequenttexture fetch (see
Figure6). Additionally, eachtexturefetchoperationis capa-
bleof performinga mathoperationbeforetheactualtexture
fetch.A verypowerful optionaredependenttexture fetches,
which usethe resultsof previous texture fetchesastexture
coordinatesfor subsequenttexture fetches.An examplefor
oneof thesetextureshaderprogramsis dependentalpha-red
texturing, wherethe textureunit for which this modeis se-
lected,takesthealphaandredoutputsfrom a previous tex-
ture unit as2D texture coordinatesfor a dependenttexture
fetch in the texture boundto the texture unit. Thus it per-
formsadependenttexturefetch,i.e.atexturefetchoperation
thatdependson theoutcomeof a fetchexecutedby another
unit.

The major drawback of the texture shadersmodel is
speci�cally that it requires to use one of several �x ed-
function programs, instead of allowing arbitrary pro-
grammability.

After all texture fetch operations have been exe-
cuted (either by standard OpenGL texturing, or us-
ing texture shaders), the register combiners mecha-
nism may be used for �e xible color combination op-
erations, employing a register-based execution model.
The register combinersinterface is exposedthrough two

OpenGLextensions:GL_NV_register_combiners 12,
andGL_NV_register_combiners2 13.
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not writeable

Figure 7: A general combinerstage of NVIDIA's register
combinerunit.

CurrentNVIDIA GPUsfeatureeightgeneralandone�-
nal combinerstage.Eachgeneralcombinerstage(seeFig-
ure 7) has four input variables(A,B,C and D). Thesein-
put variablecan be occupiedwith one of the possiblein-
putparameters,e.g.theresultof a texturefetchoperationor
the primary color. As all computationareperformedin the
rangeof 
 1 to 1 aninput mappingis requiredfor eachvari-
able,that mapsthe input colorsto that range.A maximum
of threemathoperationsmaybecomputedpergeneralcom-
binerstage,e.g.a component-wiseweightedsumAB

�

CD
andtwo component-wiseproductsAB, CD or two dot prod-
uctsA � B andC � D. Theresultaremodi�ed by scaleandbias
operationsandusedin subsequentgeneralcombinerstages.
TheRGBandtheAlphachannelsarehandledindependently,
i.e. alphaportion of eachgeneralcombinercan performa
differentmathoperationastheRGBportion.

input
map

A B C D

primary color

secondary color

texture 0

texture 1

spare 0

spare 1

fog

constant color 0

constant color 1

zero

input registers

RGB A

input
map

input
map

input
map

input
map

input
map

input
map

EF

spare 0 +
secondary color

E F

G

AB + (1-A)C + D

G

computations

fragment RGB out

fragment Alpha out

Figure 8: The �nal combinerstage of NVIDIA's register
combinerunit.

After all enabledgeneralcombinerstageshave beenexe-
cuted,a single�nal combinerstage(seeFigure8) generates
the�nal fragmentcolor, whichis thenpassedonto fragment
testsandalphablending.
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In contrast to the NVIDIA approach,fragment shad-
ing on the Radeon8500 usesa uni�ed model that sub-
sumesboth texture fetch andcolor combinationoperations
in a singlefragmentshader8 program.Thefragmentshader
interface is exposedthrough a single OpenGL extension:
GL_ATI_fragment_shader .

texturecoordinates,
constants,

primary& secondarycolor

temporary
registers

fragment
color

1stpass

2ndpass

arithmetics

sampling& routing

arithmetics

Hdepend.Lsampling& routing

arithmetics

Figure9: TheATI fragmentshaderunit.

The fragmentshaderunit is divided up into two (cur-
rently) or more passes,each of which may perform six
texture samplingand routing operationsfollowed by eight
arithmeticcalculations(seeFigure9). Thesecondphaseal-
lowsdependenttexturefetcheswith theresultsfrom the�rst
phase.Suchresultsarestoredin asetof temporaryregisters.

On the Radeon 8500, the input registers used by
a fragment shader consist of six RGBA registers
(GL_REG_0_ATI to GL_REG_5_ATI), correspond-
ing to this architecture's six texture units. Furthermore,
two interpolatedcolors,andeightconstantRGBA registers
(GL_CON_0_ATI to GL_CON_7_ATI) are available to
provide additionalcolor input to a fragmentshader.

Eachof the six possiblesamplingoperationscanbe oc-
cupiedwith a texture fetch from the correspondingtexture
unit. Eachof theeight fragmentoperationscanbeoccupied
with oneof thefollowing instructions:

� MOV: Movesoneregisterinto another.
� ADD: Adds oneregister to anotherandstoresthe result

in a third register.
� SUB: Subtractsoneregisterfrom anotherandstoresthe

resultin a third register.
� MUL: Multiplies two registers component-wiseand

storestheresultin a third register.

� MAD: Multiplies two registerscomponent-wise,addsa
third, andstorestheresultin a fourth register.

� LERP: Performslinear interpolationbetweentwo regis-
ters,gettinginterpolationweightsfrom a third, andstores
theresultin a fourth register.

� DOT3: Performs a three-componentdot-product, and
storesthereplicatedresultin a third register.

� DOT4: Performs a four-componentdot-product, and
storesthereplicatedresultin a third register.

� DOT2_ADD: ThesameasDOT3,howeverthethird com-
ponentis assumedto be 1

�

0 and thereforenot actually
multiplied.

� CND: Moves oneof two registersinto a third, depend-
ing on whetherthecorrespondingcomponentin a fourth
registeris greaterthan0

�

5.
� CND0: ThesameasCND, but theconditionalis a com-

parisonwith 0
�

0.

Thecomponentsof inputregistersto eachof theseinstruc-
tions may be replicated,andthe outputcanbe masked for
eachcomponent,which allows for �e xible routing of color
components.Scaling,bias,negation,complementation,and
saturation(clampagainst0

�

0) arealso supported.Further-
more,instructionsareissuedseparatelyfor RGB andalpha
components,althougha single pair of RGB and alphain-
structionscountsasa singleinstruction.

In general,it can be said that the ATI fragmentshader
model is much easierto usethan the NVIDIA extensions
providing similarfunctionality, andalsooffersmore�e xibil-
ity with regardto dependenttexture fetches.However, both
modelsallow speci�c operationsthattheotheris notableto
do.

4. Texture-BasedVolume Visualization

As discussedin the previous section, current consumer
graphicshardwareis basedon an object-orderrasterization
approach,i.e. primitives(polygons,lines, points)arescan-
convertedandwritten pixel-per-pixel into the framebuffer.
Sincethe volumedatadoesnot consistsof suchprimitives
perse, a proxygeometryis de�ned for eachindividual slice
through the volume data.Each slice is textured with the
correspondingdatafrom thevolume.Thevolumeis recon-
structedduring rasterizationon theslice polygonby apply-
ing a convolution of the volumedatawith a �lter kernelas
discussedin Section2. Theentirevolumecanberepresented
by a stackof suchslices,if thenumberof slicessatis�esthe
restrictionsimposedby theNyquisttheorem.

There exist at least three different slicing approaches.
View-alignedslicing in combinationwith 3D textures5 is the
mostcommonapproach(seeFigure10). In thiscase,thevol-
umeis storedin asingle3D textureandthreetexturecoordi-
natesfrom theverticesof theslicesareinterpolatedover the
insideof theslicepolygons.Thesethreetexturecoordinates
areemployedduringrasterizationfor fetching�ltered texels
from the3D texturemap.
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Polygon Slices Final Image3D Texture

Figure 10: The 3D texture-basedapproach uses view-
alignedslicesasproxygeometry.

Polygon Slices Final Image2D Textures

Figure 11: The 2D texture-basedapproach usesobject-
alignedslicesasproxygeometry.

If only 2D texture mappingis supportedby the graphics
hardware,i.e. thehardwareis ableto performbi-linearinter-
polation,the sliceshave to be alignedorthogonalwith one
of thethethreemajoraxesof thevolume.For this socalled
object-alignedslicing (seeFigure 11), the volume data is
storedin several two-dimensionaltexture maps.To prevent
unfavorablealignmentsof thesliceswith theviewersline of
sight, that would allow the viewer to seein betweenindi-
vidual slices,oneslice stackfor eachmajor axis is stored.
During rendering,theslicestackthat is mostperpendicular
to theviewer's line of sightis chosenfor rendering(seeFig-
ure12).

image planeimage planeimage planeimage plane image plane

B EA C D

Figure 12: Choosingthe mostperpendicularslice stack to
the viewer's line of sightduring object-alignedslicing. Be-
tween(C) and(D) anotherslicestack is chosenfor render-
ing.

Therearemajordisadvantageswhenusingobject-aligned
sliceswith standard2D texturing.First, thevolumemustbe
tripled, which is critical especiallyin the context of lim-
ited memoryof consumergraphicshardware. Second,the
numberof slices that are renderedis limited to the reso-
lution of the volume,becausethe insertionof interpolated

slicewill increasethememoryconsumption.Typically, un-
dersamplingoccursmostvisibly on the sideof the volume
along the currentlyusedmajor axis. Anotherdisadvantage
is, that switchingfrom oneslice stackto anotherwhenro-
tatingthevolumeleadsto anabruptchangeof thecurrently
usedsamplingpoints,which becomesvisible asa popping
effect(seeFigure13). Finally, thedistanceof samplingpoint
dependson the viewing angleas outlined in Figure 14. A
constantsamplingdistanceis however necessaryin orderto
obtaincorrectresults.

CA B

Figure13:Abruptchangeof thelocationof samplingpoints,
whenswitching fromoneslicestack (A) to another(B).

d2 d4d3d0 d1

Figure 14: Thedistancebetweenadjacentsamplingpoints
dependson theviewingangle.

However, almostall of thesedisadvantagesare circum-
ventedby usingmultitexturesandprogrammablerasteriza-
tion units. The basicidea is to renderarbitrary, tri-linearly
interpolated,object-alignedslices by mapping two adja-
cent texture slices to a single slice polygon by meansof
multitextures37. Thetextureenvironmentof thetwo 2D tex-
turesperformstwo bi-linear interpolationswhilst the third
interpolationis donein theprogrammablerasterizationunit.
Thisunit is programmedto computea linearinterpolationof
two bi-linearly interpolatedtexel from theadjacentslices.A
linear interpolationin the fragmentstageis implementable
on a wide variety of consumergraphicshardwarearchitec-
tures.A register combinersetupfor the NVIDIA GeForce
seriesis illustratedin Figure15. The interpolationfactora
(variableD) is mappedinto a constantcolor registerandin-
vertedby meansof acorrespondinginputmappingto obtain
thefactor1 
 a (variableB). Thetwo slicesthatenclosethe
position of the slice to be renderedare con�gured as tex-
ture0 (variableA) andtexture1 (variableC). Thecombiner
is con�gured to calculateAB

�

CD, thusthe �nal fragment
containsthelinearly interpolatedresultcorrespondingto the
speci�edfractionalsliceposition.

With theaid of this extensionit is now possibleto freely
adjust the sampling rate without increasingthe required
memory. Furthermore,by adaptingthe samplingdistance
to the viewing angle,the samplingrate is held constant,at
leastfor orthogonalprojections.Thereremainstheproblem
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Figure15: Registercombiners con�guration for theinterpolationof intermediateslices.

of tripled memoryconsumption,yet this problemis solv-
ablewith a small modi�cation of the above approach.For
that purposeview-aligned slice polygonssimilar to a 3D
texture-basedapproachare computed(seeFigure 10). By
intersectingview-alignedsliceswith a singleobject-aligned
slicestackweobtainsmallstripes,eachof whichis bounded
by two adjacentobject-alignedslices(seeFigure16). Instead
of a constantinterpolationfactorit is now necessaryto lin-
early interpolatethefactorfrom 0 to 1 from onesliceto the
adjacentslice on the stripepolygon.By enablingGouraud
shadingfor the stripe polygonsand using a primary color
of 0 and1 for thecorrespondingverticesof thestripepoly-
gon the primary color is linearly interpolatedandtherefore
employedastheinterpolationfactor. An appropriateregister
combinercon�gurationis shown Figure17.

calculate
cross-section

cut polygon 
into stripes

specify alpha 
values

apply 
multi-texture

Figure16: Interpolationof view-alignedslicesbyrendering
slab-polygons.
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Figure 17: Register combiners con�guration for rendering
tri-linearly interpolatedstripepolygons.

Consequently, avolumerenderingalgorithmsimilarto the
3D texture-basedapproachis possiblewith 2D texturesand
simpleper-fragmentoperations.The only remainingprob-
lem is thesubdivision of theslicepolygonsinto stripesand

the larger numberof resultingpolygonsto be rendered.In
order to circumvent a potentially expensive calculationof
thestripepolygonvertices,ananalogalgorithmwith object-
alignedstripescanbeimplemented.Sincevolumerendering
is usually�llrate or memorybandwidthboundandthenum-
berof polygonsto berenderedis still quite limited for ren-
deringstripepolygons,frameratessimilar to a 3D texture-
basedalgorithmarepossible.

view
ing

rays

image plane

view
ing

rays

image plane

viewing

rays

eye
image plane

view
ing

rays

eye

image plane

B. Perspective projectionA.Parallel Projection

Figure 18: For perspectiveprojectionsthe samplingrate
variesfor each viewing ray (left: parallel projection,right:
perspectiveprojection).

A generaldisadvantageof a planarproxy geometryis the
still varying samplingdistanceinside the volume for each
viewing ray when using perspective projections(seeFig-
ure 18). This problemis circumventableby renderingcon-
centricsphericalshellsaroundthe cameraposition21� 9 (see
Figure19). Theseshellsaregeneratedby clippingtessellated
spheresagainsttheviewing frustumandthevolumebound-
ing box.However, thesetupandrenderingof shellsis more
complicatedthanrenderingplanarslicepolygons.Sincethe
pixel-to-pixel difference,dueto unequalsamplingdistances
is often not visible, shellsshouldonly be usedfor extreme
perspectives,i.e. large�eld-of-views.

All of the above slicing approachesrenderin�nitesimal
thinslicesinto theframebuffer, wherebythenumberof slices
determinesthe samplingrate. In contrastto this slice-by-
slice approach,pre-integratedvolumerenderingemploys a
slab-by-slabalgorithm,i.e. the spacein betweentwo adja-
centslices(or shells)is renderedinto the framebuffer. De-
tailsonpre-integratedvolumerenderingwill bepresentedin
Chapter8.
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eye

Figure 19: Shell renderingprovides a constantsampling
ratefor all viewing rays.

A continuousvolumeis reconstructedon the slice poly-
gonsby the graphicshardware by applying a reconstruc-
tion �lter . Currentgraphicshardwaresupportspre-�ltering
mechanismslike mip-mappingandanisotropic�ltering for
mini�cation andlinear, bilinear, andtri-linear�lters for mag-
ni�cation. However, in Section7 multi-textures and pro-
grammableper-fragmentoperationsallow to apply high-
quality �lters to thevolumedataon-the-�y.

The classi�cation step in hardware-acceleratedvolume
rendering is either performed before or after the �lter -
ing step. The differencesof pre- and post-classi�cation
werealreadydemonstratedin Section2.2. Pre-classi�cation
can be implementedin a pre-processingstepby using the
CPU to transform the scalar volume data into a RGBA
texture containing the colors and alpha values from the
transfer function. However, as the memory consumption
of RGBA textures is quite heavy, NVIDIA 's GPUs sup-
port theGL_EXT_paletted_texture extension,which
uses8 bit indexed texturesandperformsthe transferfunc-
tion lookup in the graphicshardware.Unfortunately, there
doesnotexist anequivalentextensionfor post-classi�cation.
However, NVIDIA 's GL_NV_texture_shader and
ATI' s GL_ATI_fragment_shader extensionmakes it
possibleto implementpost-classi�cationin graphicshard-
wareusingdependenttexturefetches.For that,�rst a �ltered
scalarvalue is fetchedfrom the volume, that is usedas a
texturecoordinatefor adependentlookupinto atexturecon-
taining the RGBA valuesof the transferfunction.The vol-
umetexture andthe transferfunction texture areboundby
meansof multi-texturesto aslicepolygon.Thisalsoenables
us to implementmulti-dimensionaltransferfunctions,i.e. a
2D transferfunction is implementedwith a 2D dependent
textureanda 3D transferfunctionis possibleby usinga 3D
dependenttexture(seeSection6).

5. Illumination

Realisticlighting of volumetricdatagreatlyenhancesdepth
perception.For lighting calculationsa per-voxel gradientis
required,that is determineddirectly from the volume data

by investigatingthe neighborhoodof the voxel. Although
newestgraphicshardwarewill enablethecalculationof the
gradientateachvoxel on-the-�y, in themajorityof thecases
thevoxel gradientis pre-computedin a pre-processingstep.

For scalarvolumedatathe gradientvector is de�ned by
the �rst orderderivative of the scalar�eld I

�

x � y� z� , which
is de�ned asby thepartial derivativesof I in the x-, y- and
z-direction:

�

ÑI �

�
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(8)

Thelengthof this vectorde�nesthelocal variationof the
scalar�eld andis computedusingthefollowing equation:

�
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(9)

Note that for dot-productlighting calculationsthegradi-
ent vectormustnormalizedto a lengthof 1 to obtaincor-
rectresults.Dueto thefactthatthegradientsarenormalized
duringpre-calculationon a per-voxel basisandinterpolated
tri-linearly in space,interpolatedgradientwill generallynot
benormalized.Thus,insteadof dot-productlighting calcu-
lations,oftenlight- or environment-mapsareemployed,be-
causein thiscasethelookupof theincominglight purelyde-
pendson thedirectionof thegradient(seeSection5.3). An-
otherpossibility arenormalizationmaps,that containnor-
malizedgradientsfor eachlookupwith unnormalizedgradi-
ents.A normalizedgradientis thenusedfor furtherlighting
calculations.

Oneof themostcommonapproachesto estimatethegra-
dient is basedon the �rst term of a Taylor expansion.With
this central differencesmethod, thedirectionalderivative in
thex-directionis calculatedby evaluating

Ix
�

x � y� z��� I
�

x
�

1 � y� z� 
 I
�

x 
 1 � y� z� with x � y� z � IN
�(10)

Thederivativesin theothertwo directionsarecalculated
respectively. A commonway to storepre-computedgradi-
entvectorsfor hardware-acceleratedvolumerenderingis to
store the threecomponentsof the gradientand the scalar
valueof thevolumedataasaRGBA texture:

�
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(11)

Use of gradientsfor the visualizationof non-polygonal
shadediso-surfacesandfor volumeshadingis demonstrated
in thefollowing subsections.
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Figure 20: A stepin the transferfunctionor an alpha testGL_GEQUALgeneratesa single-sidediso-surface. Note, that the
artifactsin theiso-surfaceare removedbyveryhighsamplingrates.

5.1. Non-polygonalIso-surfaces

Asidefrom theexplicit reconstructionof thresholdsurfaces
from volumedatain apre-processingstepto rendering,there
exist also techniquesfor the visualizationof iso-surfaces
duringrendering.Theunderlyingideais to rejectfragments
from being renderedthat lie over (and/or under) the iso-
value,by applyinga per-fragmenttestor assigninga trans-
parentalpha-value by classi�cation.Westermannproposed
to use the OpenGLalpha test to reject fragmentsthat do
not actually contribute to an iso-surfaceswith given iso-
value41. The OpenGLalphatest allows us to de�ne a al-
pha test referencevalue anda comparisontest that rejects
fragmentsbasedon thecomparisonof thealphachannelof
thefragmentandthegivenreferencevalue.With theRGBA
texture setupfrom the last sectionand by setting the al-
pha test referencevalue to the iso-value and the compari-
son test to GL_GEQUAL(greateror equal)onesideof the
iso-surfaceis visualized,while a testGL_LEQUAL(lessor
equal)visualizestheotherside(seeFigure20). An alphatest
with GL_EQUALwill leadto a two-sidediso-surface.Rezk-
Salamaet al.37 extendedWestermann's approachto usepro-
grammablegraphicshardwarefor theshadingcalculations.

Thesimilar resultis obtainedby usingappropriatetrans-
fer functionsfor classi�cation.Single-sidediso-surfacesare
generatedby usinga stepfunctionfrom fully transparentto
fully opaquevaluesor vice versa,whilst peaksin thetrans-
fer function causedouble-sidediso-surfaces.The thickness
of the iso-surfacesis determinedby the width of the peak.
As peaksin the transferfunctiongeneratehigh frequencies
in theclassi�ed volumedata,holesin thesurfacewill only
beremovedby employing veryhighsamplingrates(seeFig-
ure21). It shouldbenoted,thatonly post-classi�cationwill
�ll the holesin the surfacesfor high samplingrates,since
pre-classi�cationdoesnot reconstructthe high frequencies

of thetransferfunctionon theslicepolygonsproperly. For a
solutionof this problemwe referto Section8.

5.2. Fragment Shading

With the texture setupintroducedin the section,interpo-
lated gradientsare available during rasterizationon a per-
fragmentbasis.In order to integrate the Phongillumina-
tion model35 into a single-passvolumerenderingalgorithm,
dot-productsand component-wiseproductsmust be com-
putedwith per-fragmentarithmeticoperations.This mech-
anismis providedby modernPCgraphicshardwarethrough
advancedper-fragmentoperations.The standardOpenGL
extensionEXT_texture_env_dot3 provides a simple
mechanismfor productcalculations.Additionally, NVIDIA
providesthemechanismof textureshadersandregistercom-
binersfor texturefetchingandarithmeticoperations,whilst
ATI combinesthe functionality of thesetwo units into the
fragmentshaderAPI.

Althoughsimilar implementationsarepossiblewith ATI' s
fragmentshaderextension,the following examplesemploy
NVIDIA 's registercombiners.The combinersetupfor dif-
fuseillumination with two independentlight sourcesis dis-
playedin Figure22. In this setuptwo texturesareusedfor
eachslicepolygon- onefor thepre-calculatedgradientsand
one for the volume scalars.The �rst combinercalculates
the two dot productsof the gradientwith the directionsof
thelight sources.Thesecondcombinermultiplies thesedot
productswith the colorsof thecorrespondinglight sources
andsumsuptheresults.In the�nal combinerstagetheRGB
valueafterclassi�cationis addedto theRGB resultandthe
transparency of the fragmentis set to the alphavalue ob-
tainedfrom classi�cation.

Specularanddiffuseillumination is achievedby usingthe
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Figure21: Threepeaksin thetransferfunctiongeneratethreedouble-sidediso-surfaces.Note, thattheholesin theiso-surfaces
are removedbyveryhigh samplingrates.
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Figure22: NVidia registercombinersetupfor diffuseilluminationwith two independentlight sources.

register combinersetupdisplayedin Figure 23. Here, the
�rst combinercalculatesasingledotproductof thegradient
with a singlelight sourcedirection.Theresultis usedin the
secondgeneralcombinerfor calculationof a diffuse light-
ing termandat thesametime thedot productis squared.In
the �nal combinerthesquareddot productis squaredtwice
beforethe ambient,diffuseandspecularlighting termsare
summedup.

5.3. Light/Re�ection Maps

In theabovelightingcalculationsthecomplexity of thelight-
ing conditionsis limited by thenumberof arithmeticopera-
tions(or combinerstages)thatareallowedonaper-fragment
basis.Additionally, duethecurrentunavailability of square
rootanddivision operationsin thefragmentstage,theinter-
polatedgradientscannotberenormalized.Dot-productlight-
ing calculationswith unnormalizedgradientswill lead to
shadingartifacts.

In order to allow morecomplex lighting conditionsand
prevent artifacts,the conceptof re�ection mapsis applica-
ble. A re�ection mapcachesthe incidentillumination from
all directionsatasinglepoint in space.Thegeneralassump-
tion for thejusti�cation of re�ection mapsis, thattheobject
to which the re�ection mapis appliedis smallwith respect
to theenvironmentthatcontainsit.

For a lookup into a re�ection mapon a per-fragmentba-
sis,adependenttexturefetchoperationwith thenormalfrom
a previous fetchis required.Thecoordinatesfor thelookup
into a diffuseenvironmentmaparedirectly computedfrom
thenormalvector, whereasthere�ection vectorsfor re�ec-
tion maplookupsarea functionof both thenormalvectors
andtheviewing directions.

Besidessphericalre�ection-maps,cube mapshave be-
comemoreandmorepopularwithin thepastyears(seeFig-
ure 24). In this casethe environmentis projectedonto the
six sidesof a cube,which are indexed with the largestab-
solutecomponentof thenormalor re�ection vector. Thede-
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Figure 23: NVidia registercombinersetupfor diffuseandspecularillumination.Theadditionalsum(+) is achievedusingthe
spare0 andsecondary color registers of the�nal combinerstage.

Figure24: Exampleof a cubeenvironmentmap.

pendentlookup into sucha cubemapis supportedin ATI' s
fragmentshaderandNVIDIA 's textureshaderOpenGLex-
tensions.With NVIDIA 's textureshaderextensionfour tex-
ture units are required.The �rst texture unit fetchesa �l-
tered normal from the volume. Since the re�ection map
is generatedin world coordinatespace,the currentmodel-
ing matrix is requiredto transformthe normalsinto world
space.The texture coordinatesof the threeremainingtex-
ture stagesare usedto passthe current modeling matrix

�

si � ti � r i �

� i �

�

1 � 2 � 3� and the eye vector
�

q1 � q2 � q3 � to the
rasterizationunit as vectorsvi �

�

si � ti � r i � qi �

� i �

�

1 � 2 � 3�

(seeFigure25). From this informationthe GPU calculates
a normalin world spacefor a diffuselookupor a re�ection
vectorin world spacefor are�ection maplookup.Thevalues
from thoselookupsare�nally combinedusingthe register
combinerextension(seeFigure26 for results).

Dueto thefact,thattheuploadtimeof updatedcubemaps

Figure 25: Texture shader con�guration for lookup
into a re�ection cube map. For a diffuse cube map
lookup, the last fetch operation is replaced by a
DOT_PRODUCT_TEXTURE_CUBE_MAP_NVoperation.

is negligible, cubemapsareideally suitedfor complex, dy-
namiclighting conditions.

5.4. Shadows

Shadowsareanotherimportantvisualcluefor theperception
of 3D structures.Behrensand Ratering2 proposeda hard-
ware model for computingshadows in volume data.They
computeasecondvolumethatcapturesthelight arriving ata
certainvolumesample.During rasterizationthecolorsafter
thetransferfunctionaremultipliedwith thesevaluesto pro-
duceattenuatedcolors.However this approachsuffers from
blurryshadowsandtoodarksurfacesdueto theinterpolation
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Figure27: Examplevolumerenderingswith shadowcomputations.

Figure26: Iso-surfaceof theengineblock with diffusecube
map(left) andspecularre�ection map(right).

of thecoarselight intensityvolume.Thiseffect is referredto
asattenuationleakage.

An alternativeapproachwasproposedby Kniss18. Instead
of a shadow volumeanoffscreenrenderbuffer accumulates
the amountof light from the light's point of view. In order
to renderthe sameslicesfor light attenuationand volume
slicing,Knissproposedto slicethevolumewith a sliceaxis
that is thehalfway vectorbetweentheview andlight direc-
tions.For a singleheadlightthe sameslicesfor accumulat-
ing opacity and for volume renderingare employed (Fig-
ure28(a)).Theamountof light arriving from thelight source
at a particularslice is one minus the accumulatedopacity
from theslicesbeforeit. Giventhesituationin Figure28(b),
normally a separateshadow volumemustbe created.With
theapproachof Knissthehalfwayvectorsbetweenthelight
sourcedirectionl andtheview vectorv is usedasslicingaxis
(Figure28(c)). In orderto have anoptimalslicing direction
for eachpossiblecon�guration, the negative view vectoris
usedfor anglesgreaterthan90degreesbetweentheview and
thelight vector(Figure28(d)). Note,that in orderto ensure
a consistentsamplingrate,theslice spacingalongtheslice
directionmustbecorrected.

Giventheaboveslicingapproachandafront-to-backslice
renderingorder, a two-passvolumerenderingalgorithmwill
provide thedesiredresults.First,a hardware-acceleratedoff
screenrenderbuffer is initialized with 1 
 l ight_intensity.

v v -v

l ls
s

q

1
2- q

v
l

v

l

(a) (b)

(c) (d)

Figure 28: Modi�ed slicing approach for light transport
computation.

Alternatively, to createeffects like spotlights,the buffer is
initialized with an arbitrary image.Theneachslice is ren-
deredin a �rst passfrom theobserverspoint of view using
theoff screenbuffer to modulatethebrightnessof samples.
The two texturesare appliedto a slice polygon by means
of multi-textures.Then,in thesecondpass,theslice is ren-
deredfrom thelight'spointof view to calculatetheintensity
of the light arriving at thenext layer. Light is attenuatedby
accumulatingtheopacityfor eachsamplewith theover op-
erator. Optimizedperformanceis achievable by utilizing a
hardware-acceleratedoff screenbuffer, that canbe directly
usedasa texture.Suchfunctionalityis providedin OpenGL
by theextensionrenderto texture. Theapproachrendersone
light sourcepervolumerenderingpass.Multiple light source
requireadditionalrenderingpasses.Theresultingimagesare
weightedandsummed.Figure27demonstratesresultsof the
approach.As imagescreatedwith thethisapproachoftenap-
pearto darkbecauseof missingscatteringeffects,Knissalso
proposedto usetheapproachfor scatteringcomputations19

to simulatetranslucentmaterial.
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6. Multi-Dimensional Classi�cation

The term classi�cation was introducedin Section2 as the
processof mappingscalarvaluesfrom thevolumeto RGBA
valuesusinga one-dimensionaltransferfunction.Figure29
shows a one-dimensionalhistogramof a CT dataset (see
Figure31), thatallows to identify threebasicmaterials.

� � �

Figure 29: A 1D histogramof theCT humanheaddataset
(black: log scale, grey: linear scale).The colored regions
(A,B,C)identifybasicmaterials.

However, it is oftenadvantageousto have a classi�cation
thatdependsonmultiplescalarvalues.Thetwo-dimensional
histogrambasedonthescalarvalueandthe�rst orderderiva-
tive in Figure30 allows to identify thematerialsaswell as
the materialboundariesof the sameCT dataset (seeFig-
ure31).

� � �

� �

� 	�


�
����������� ���

Figure30: A log-scale2D histogram.Materials(A,B,C)and
materialboundaries(D,E,F)canbedistinguished.

Multi-dimensionaltransferfunctionswere�rst proposed
by Levoy22. They provideaveryeffectivewayto extractma-
terialsandtheir boundariesfor bothscalarandmultivariate
data.However, themanipulationof multi-dimensionaltrans-
fer functions is extremely dif�cult. Kindlman16 proposed
the semi-automaticgenerationof transferfunctionswhilst
Kniss17 proposeda setof direct manipulationwidgetsthat
make specifyingsuchtransferfunctionsintuitiveandconve-
nient.

Since identifying good transfer functions is a dif�cult
task,theinteractive manipulationof all transferfunctionpa-
rametersis mandatory. Fortunately, dependenttexturereads,
which wereintroducedin thelatestgenerationof consumer
graphicshardware,areparticularlysuitedfor an interactive
classi�cationwith multi-dimensionaltransferfunctions.In-
steadof the one-dimensionaldependenttexture from Sec-
tion 4, the transferfunction is transformedinto a two- or

�

�

�

�

�

Figure 31: CT scanof a humanheadshowingthe materi-
als andboundariesidenti�ed by a two-dimensionaltransfer
function.

three-dimensionalRGBA texturewith colorandopacityval-
uesfrom thetransferfunction.Thevolumeitself is de�ned
asa LUMINANCE_ALPHA-texturefor two scalarspervoxel
andasa RGB-texturefor threescalarspervoxel.

Figure 32: Texture shadersetup for a three-dimensional
transferfunction.Stage 0 fetchestheper-voxelscalarswhile
stage 1 performsa dependenttexture lookup into the 3D
transferfunction.

Figure 32 shows the texture shadersetupfor NVIDIA 's
GeForce4 chip. During rendering the �rst texture stage
fetches�ltered texels from the volumecontainingthe three
scalarsde�ned for thatvoxel in theRGB components.Tex-
ture stage1 performsdependenttexture lookupswith the
RGB componentsfrom stage0 as texture coordinatesinto
the 3D transfer function volume. Consequently, a post-
classi�cation with the 3D transferfunction is performed.
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It shouldbe noted,that a 3D dependenttexture lookup is
currentlyonly supportedby the texture_shader3 ex-
tension of the GeForce4 chip. In contrast,both the ATI
Radeon8500and the NVIDIA GeForce3 and GeForce4
chipssupport2D dependentlookups.

7. High-Quality Filtering

As outlined in Section 2, the accuratereconstructionof
theoriginal volumefrom thesampledvolumedatarequires
an appropriatereconstruction�lter . Unfortunately, current
graphicshardware only supportslinear �lters for magni�-
cation.However, Hadwigeret al.10 have shown that multi-
texturesand�e xible rasterizationhardwareallow to evaluate
arbitrary�lter kernelsduringrendering.

The�ltering of a signalcanbedescribedastheconvolu-
tion of thesignalfunctionswith a �lter kernelfunctionh:
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with thehalf width of the�lter kerneldenotedby I . Basi-
cally this means,thatwe have to collect thecontribution of
neighboringinput samplesmultiplied by thecorresponding
�lter valuesto get a new �ltered outputsample.Insteadof
this gatheringapproach,Hadwigeret al. usea distributing
approachfor a hardware-acceleratedimplementation.That
is, the contribution of an input sampleis distributed to its
neighboringsamples,insteadof the other way. The order
waschosen,sincethis allows to collect the contribution of
asinglerelative inputsamplefor all outputsamplessimulta-
neously. Thetermrelativeinput sampledenotestherelative
offsetof aninputsampleto thepositionof anoutputsample.
The �nal result is obtainedby addingthe result of multi-
ple renderingpasses,wherebythenumberof input samples
thatcontributeto anoutputsampledeterminethenumberof
passes.

Figure 33 demonstratesthis in the example of a one-
dimensionaltent �lter . As one left-handedand one right-
handedneighborinputsamplecontributeto eachoutputsam-
ple,atwo-passapproachis necessary. In the�rst pass,thein-
put samplesareshiftedright half a voxel distanceby means
of texture coordinates.The input samplesare storedin a
texture-mapthat usesnearest-neighborinterpolationandis
boundto the�rst texturestageof themulti-textureunit (see
Figure34). Nearest-neighborinterpolationis neededto ac-
cessthe original input samplesover the completehalf ex-
tend of the �lter kernel. The �lter kernel is divided into

input samples

resampling points

input samples

resampling points

Figure 33: Distributing thecontributionsof all “left-hand”
(a), and all “right-hand” (b) neighbors, whenusinga tent
�lter asa simpleexamplefor thealgorithm.

two tiles. One �lter tile is storedin a secondtexture map,
mirroredandrepeatedvia theGL_REPEATtextureenviron-
ment.This textureis boundto thesecondstageof themulti-
texture unit. During rasterizationthe valuesfetchedby the
�rst multi-texture unit aremultiplied with the resultof the
secondmulti-textureunit. Theresultis addedinto theframe
buffer. In thesecondpass,the input samplesareshiftedleft
half a voxel distanceby meansof texturecoordinates.For a
symmetric�lter thesameunmirrored�lter tile is reused.The
result is againaddedto the framebuffer to obtainthe �nal
result.

pass 1

pass 2

mirrored +

2 4

1 2 30

1 3

(nearest-neighbor interpolation)

filter tile (texture 1)

shifted input samples (texture 0)

x

output samples

Figure 34: Tent�lter (width two) usedfor reconstructionof
a one-dimensionalfunctionin two passes.Imagine theval-
uesof theoutputsamplesaddedtogetherfromtopto bottom.

If a given hardware architecturesupports 2n multi-
textures,the numberof requiredpassescanbe reducedby
n. That is, two multi-textureunits arecalculatingthe result
of a singlepass.Note,thatthemethodoutlinedabove is not
consideringarea-averaging�lters, sinceit is assumedthat
magni�cation is desiredinsteadof mini�cation. For mini�-
cationpre-�ltering approacheslikemip-mappingareadvan-
tageous.Figure35 demonstratesthe bene�t of bi-cubic �l-
teringusinga B-spline�lter kernelover a standardbi-linear
interpolation.
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Figure35: Usinga high-qualityreconstruction�lter for vol-
umerendering. Thisimage comparesbi-linear interpolation
of object-alignedslices(A) with bi-cubic�ltering usinga B-
spline�lter kernel(B).

8. Pre-IntegratedVolumeRendering

Obviously, asoutlinedin Section2, post-classi�cationwill
reproducehigh frequenciesof the transferfunction. How-
ever, asobserved in Section5.1, high frequencies(e.g.iso-
surfacepeaks)areonly reproducedon slicepolygons.In or-
der to visualizedetailsof the transferfunction in between
slicepolygons,additionaltri-linearly interpolatedslicemust
be rendered.As this demandshigher rasterizationrequire-
mentsfrom thegraphicshardware,frameratesconsiderably
decrease.

8.1. Pre-IntegratedClassi�cation

In orderto overcomethelimitationsdiscussedabove,theap-
proximationof the volumerenderingintegral hasto be im-
proved. In fact, many improvementshave beenproposed,
e.g., higher-order integration schemes,adaptive sampling,
etc. However, thesemethodsdo not explicitly addressthe
problemof high Nyquist frequenciesof the color after the
classi�cation c̃

�

s
�

x ��� and an extinction coef�cients after
the classi�cation t

�

s
�

x �
� resulting from non-linear trans-

fer functions.On theotherhand,the goalof pre-integrated
classi�cation38 is to split thenumericalintegrationinto two
integrations:onefor thecontinuousscalar�eld s

�

x � andone
for the transferfunctionsc̃

�

s� andt
�

s� in orderto avoid the
problematicproductof Nyquistfrequencies.

The�rst stepis thesamplingof thecontinuousscalar�eld
s

�

x � alonga viewing ray. Note that the Nyquist frequency
for this samplingis not affectedby the transferfunctions.

sf = sHxHi dLL

sb = sHxHHi + 1LdLL

d

sHxHl LL

li d Hi + 1Ld

xHl LxHi dL xHHi + 1LdL

Figure 36: Schemeof theparameters determiningthecolor
andopacityof thei-th raysegment.

For the purposeof pre-integratedclassi�cation, the sam-
pledvaluesde�ne aone-dimensional,piecewiselinearscalar
�eld. The volumerenderingintegral for this piecewise lin-
earscalar�eld is ef�ciently computedby onetablelookup
for eachlinear segment.The threeargumentsof the table
lookuparethescalarvalueat thestart(front) of thesegment
sf : � s

�

x
�

id ��� , thescalarvaluetheend(back)of thesegment
sb : � s

�

x
� �

i
�

1� d �
� , andthe lengthof thesegmentd. (See

Figure36.) More preciselyspoken,theopacitya i of thei-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�

�

(14)

Thus,a i is a functionof sf , sb, andd. (Or of sf andsb, if the
lengthsof the segmentsareequal.)The (associated)colors
C̃i areapproximatedcorrespondingly:

C̃i
�

� 1

0
c̃

�

�

1 
 w � sf �

wsb �

� exp � 


� w

0
t

�

�

1 
 w�

� sf �

w� sb � d dw�

� d dw
�

(15)

Analogouslytoa i , C̃i is afunctionof sf , sb, andd. Thus,pre-
integratedclassi�cationwill approximatethevolumerender-
ing integral by evaluatingthefollowing Equation:

I �

n

å
i � 0

C̃i

i
�

1

Õ
j � 0

�

1 
 a j �

with colorsC̃i pre-computedaccordingto Equation(15) and
opacitiesa i pre-computedaccordingto Equation(14). For
non-associatedcolor transferfunction, i.e., whensubstitut-
ing c̃

�

s� by t
�

s� c
�

s� , we will alsoemploy Equation(14) for
theapproximationof a i andthefollowing approximationof
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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
�

(16)

Note that pre-integratedclassi�cationalwayscomputesas-
sociatedcolors,whethera transferfunction for associated
colorsc̃

�

s� or for non-associatedcolorsc
�

s� is employed.

In eithercase,pre-integratedclassi�cationallows to sam-
ple a continuousscalar�eld s

�

x � without the needto in-
creasethesamplingratefor any non-lineartransferfunction.
Therefore,pre-integratedclassi�cation hasthe potentialto
improve the accuracy (lessundersampling)andthe perfor-
mance(fewer samples)of a volume rendererat the same
time.

Oneof themajordisadvantagesof thepre-integratedclas-
si�cation is the needto integrate a large numberof ray-
segmentsfor eachnew transferfunction dependenton the
front andbackscalarvalueandtheray-segmentlength.Con-
sequently, aninteractivemodi�cation of thetransferfunction
is not possible.Thereforeseveralmodi�cations to thecom-
putationof theray-segmentswereproposed7, thatleadto an
enormousspeedupof theintegrationcalculations.However,
this requiresto neglecttheattenuationwithin a raysegment.
Yet, this is a commonapproximationfor post-classi�edvol-
ume renderingandwell justi�ed for small productst

�

s� d.
Thedimensionalityof thelookuptablecaneasilybereduced
by assumingconstantray segmentlengthsd. This assump-
tion is correctfor orthogonalprojectionsandview-aligned
proxy geometry. It is a goodapproximationfor perspective
projectionsandview-alignedproxygeometry, aslongasex-
tremeperspectives areavoided.This assumptionis correct
for perspective projectionsand shell-basedproxy geome-
try. In the following hardware-acceleratedimplementation,
two-dimensionallookup tablesfor the pre-integratedray-
segmentsareemployed, thusa constantray segmentlength
is assumed.

8.2. Texture-BasedPre-IntegratedVolume Rendering

Theutilizationof �e xible graphicshardwarefor ahardware-
acceleratedimplementationof pre-integratedvolumerender-
ing for volume dataon cartesiangrids was �rst proposed
in 7. The texture maps(either three-dimensionalor two-
dimensionaltextures)containthe scalarvaluesof the vol-
ume,just asfor post-classi�cation.As eachpair of adjacent
slices(eitherview-alignedor object-aligned)correspondsto
oneslabof thevolume(seeFigure37), the texturemapsof
two adjacentsliceshave to be mappedonto one slice (ei-
ther the front or the backslice) by meansof multiple tex-
tures.Thus, the scalarvaluesalonga viewing ray of both
slices(front andback)are fetchedfrom texture mapsdur-
ing therasterizationof thepolygonfor oneslab. Thesetwo
scalarvaluesareutilized as texture coordinatesfor a third

sf
sb

front slice
backslice

Figure 37: A slab of the volumebetweentwo slices.The
scalarvalueonthefront(back) slicefor a particular viewing
ray is calledsf (sb).

dependenttexture fetch operation.This fetch performsthe
lookup of pre-integratedcolors and opacitiesfrom a two-
dimensionaltexturemap.

Theopacitiesof thedependenttexturemaparecalculated
accordingto Equation(14), while the colorsarecomputed
accordingto Equation(15) if the transferfunctionspeci�es
associatedcolorsc̃

�

s� , andEquation(16) if it speci�esnon-
associatedcolorsc

�

s� . In eithercasethecompositingEqua-
tion (5) is usedfor blendingas the dependenttexture map
alwayscontainsassociatedcolors.

NVidia's texture shader extension provides a texture
shaderoperationthatemploys theprevious textureshader's
greenand blue (or red and alpha)colors as the

�

s� t � co-
ordinatesfor a non-projective 2D texture lookup. Unfor-
tunately, this operationcannotbe usedas the coordinates
are fetchedfrom two separate2D textures. Instead,as a
workaround,the dot product texture shader, which com-
putesthedot productof thestage's

�

s� t � r � anda vectorde-
rived from a previous stage's texture lookup is used(see
Figure 38). The result of two of suchdot product texture
shaderoperationsareemployed ascoordinatesfor a depen-
denttexturelookup.Herethedotproductis only requiredto
extract the front andbackvolumescalars.This is achieved
by storingthevolumescalarsin the red componentsof the
texturesandapplyinga dot productwith a constantvector

�

v �

�

1 � 0 � 0�

T . Thetextureshaderextensionallows usto de-
�ne to which previous texture fetch the dot productrefers
with the GL_PREVIOUS_TEXTURE_INPUT_NVtexture
environment.The �rst dot productis setto usethe fetched
front texel valuesasprevious texturestage,theseconduses
thebacktexel value. In this approach,theseconddot prod-
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uct performsthe texture lookup into our dependenttexture
via texturecoordinatesobtainedfrom two differenttextures.
As ATI' s fragmentshaderOpenGLextensionis more�e xi-
ble thantheNVIDIA counterpart,themoresimplesetupis
possible.The front and back scalarvaluesare fetchedac-
cordingly to the NVIDIA setup.After the fetchesthe two
scalarvalue are containedin the red componentsof two
temporaryregisters.Thenthescalarvaluefrom oneof tem-
porary registersis moved to the greencomponentof the
other registerwith a GL_MOV_ATIcommand.In the sec-
ondphaseof thefragmentshaderprogram,a 2D dependent
texturefetchwith theredandgreencomponentsof this tem-
poraryregisterfetchesthe pre-integratedray-segmentfrom
a texturemap.

Figure 38: Texture shadersetupfor dependent2D texture
lookup with texture coordinatesobtainedfrom two source
textures.If 3D texturesareemployed,the�r sttwofetch oper-
ationsare replacedby thecorresponding3D texture fetches.

For direct volumerenderingwithout lighting the fetched
texel from the last dependenttexture operation is used
without further processingand blended into the frame
buffer with the OpenGL blending function glBlend-
Func(GL_ONE,GL_ONE_MINUS_SRC_ALPHA). A
comparison of the results of pre-classi�cation, post-
classi�cation and pre-integratedclassi�cation is shown in
Figure39.

Besidesthe suitability of high-frequency transferfunc-
tions for the evaluationof volume renderingquality, they
alsoallow to identify homogeneousregionsandsmall vari-
ations in the volume data (seeFigure 40, right). Random
transferfunctionsarea way to visualizeall iso-surfacesin
thevolumedataatonce,becausea randomtransferfunction
consistsof alargenumberof peaks,eachof whichrepresents
a single iso-surface.Homogeneousregionshave a low iso-
surfacedensity. In contrast,large variations,i.e. large gra-
dientsareidenti�able by applyinggradient-weightedopac-
ity. The usualway to implementgradientweighting is to

Figure 39: Comparisonof the resultsof pre-, post- and
pre-integratedclassi�cation for a randomtransferfunction.
Note, that pre-classi�cation doesnot reproducehigh fre-
quenciesof thetransferfunction,that post-classi�cationre-
producesthehighfrequenciesontheslicepolygons,but pre-
integratedclassi�cation producesthebestvisual resultdue
to thereconstructionof high frequenciesin thevolume.

storea pre-computedgradient-magnitudeper voxel and to
usea two-dimensionaltransferfunction to enhancebound-
ary structures.However, a directionalderivate in the view-
direction is implicitly containedwithin the pre-integrated
volumerenderingscheme,simplyby assigninghigheropac-
ity to texelsthatarefurtherawayfrom thediagonalof thede-
pendenttexture containingthe pre-integratedray segments
(seeFigure40, left). Note, thatentriesnearthediagonalof
thedependenttexturecorrespondto raysegmentswith simi-
lar front andbackscalarvalues,i.e. low gradientmagnitude,
whereasentriesfurther away from the diagonalcorrespond
to high directionalgradientmagnitude.
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Figure 40: Gradient-weightedopacityallowsto identifyre-
gionsof big variationin thedata(left), whilehigh-frequency
transferfunctionsallow to identify small variations(right).
Note, that homgeneousand inhomogeneousregions inside
theenginedatasetcaneasilybeidenti�ed.

8.3. Iso-surfacesand Shading

Oneof theadditionaladvantagesof pre-integratedclassi�ca-
tion is thepossibilityof classifyingeachray segmentin the
pre-processingstepregardingtheexistenceof iso-surfacesin
that segment.An iso-surfaceis containedwithin a ray seg-
ment,if theiso-valuelies in betweenthescalarvaluesat the
front andthe backslice positionalongthe ray. Justby ini-
tializing a transparentdependenttexture and thencoloring
pixelsin this texturewith thecolorandalphavaluethatcor-
respondto iso-surfacesthat intersectstheray segments,the
renderingof iso-surfacesis possible.Certainlythis is not re-
strictedto asingleiso-surfaceperray segment.If morethan
oneiso-surfaceintersectsaraysegment,theiso-surfacesare
blendedrespectively andtheresultingcolor andalphavalue
is usedfor thecorrespondingpixel in thedependenttexture.
Additionally, the back and front of the iso-surfacecan be
coloredindependently. This is demonstratedin Figure 41,
wherea dependenttexturethatis usedfor visualizing10 in-
dependentlycolorediso-surfacesat once.Certainly, visual-
izing multiple isosurfacesat oncehasno impacton frame
rates,asthis only requiresto modify thedependenttexture.

For shadingcalculationsit is commonto employ RGBA
textures,that hold the volumegradientin the RGBcompo-
nentsandthe volumescalarin the ALPHAcomponent.As
dot3dot-productson theNVIDIA architecturearerequired
to extract the front andbackvolume scalarfrom a RGBA
texel, thescalardatahasto bestoredin oneof theRGBcom-
ponents(herein red).The�rst gradientcomponentis stored
in theALPHAcomponentin return.In theregistercombiners
the redandalphavaluesareswappedbackfor shadingcal-
culationswith RGB gradients.This workaroundis not nec-
essaryontheATI Radeon8500board,sincethisarchitecture
allows more�e xible per-fragmentoperations,i.e. thescalar
valuein thealphachannelcanbe simply moved to another
colorchannelfor a dependenttexturefetch.

After the color andalphavalueshave beenfetchedfrom

the dependenttexture, the gradientsfrom the front and
the backslice areavailable for shadingcalculations.Note,
that due to limited amountof fetch operationson the cur-
rentNVIDIA GPUsandthe limited amountof dependency
phasesontheATI GPUs,light mapscannotbeemployedfor
shading.Insteaddot-productshadingis usedto evaluatean
ambient,diffuseandspecularlighting term.Thegradientis
linearly interpolatedto thepositionof theintersectionof the
iso-surfacesinsidearaysegment.If multipleiso-surfacesare
containedwithin a ray segment,thegradientis interpolated
to the position of the most front iso-surfaceor a weighted
combinationof multipleiso-surfacegradientsis used,if mul-
tiple semi-transparentiso-surfacesarevisible28. The result
of sucha shadingcalculationis shown in Figure41.

Figure41: Multiple shadednon-polygonaliso-surfacesthat
were extracted with the correspondingdependenttexture
(bottom,right). Note, that thefrontandback faceof theiso-
surfaceshavedifferentcolors.

Beyond that, volume shading29 can easily be integrated
into thepre-integrationscheme.As for iso-surfaces,RGBA
textureswith gradientsandscalarvaluesareemployed. In-
steadof the specialdependentiso-surfacetexture, the pre-
integrateddependenttexture is requiredagain.For shading,
thegradientis averagedbetweenthefront andbackgradient.
Figure42showstheresultof pre-integratedvolumeshading.

The volume shadingapproachis also useful as an al-
ternative approachfor iso-surface visualization. As dis-
cussedin Section5.1 a peak in the transferfunction de-
�nes a double-sidediso-surface.Due to the pre-integration
of ray-segments,theiso-surfaceresultingiso-surfacesdonot
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Figure 42: Pre-integratedvolumeshadedrenderingof con-
vection�ow in theearth's crust.

have holesasopposedto post-classi�cation(seeFigures43
and21 for a comparison).

Figure43: Visualizationof iso-surfacesusingtransferfunc-
tion peaks(bottom,left) and pre-integratedshadedvolume
renderingdoesnot leadto holesin theiso-surfacesfor a low
numberof slicesasopposedto post-classi�cation.

9. Lar geVolumes

Oneof the main limitations of employing currentPC con-
sumergraphicshardware for volumerenderingis the rela-
tively small amountof availableon-boardtexture memory.

Currently, amaximumof 128MB is supportedby NVIDIA 's
GeForce4andATI' s Radeon8500boards.Due to the quite
slow busbandwidthof currentPCarchitectures,theutiliza-
tion of the main memoryin combinationwith a bricking5

approachis often impractical.Although texture compres-
sion is available in current consumergraphicshardware
for quite a time in form of S3's texture compressionex-
tensionsEXT_texture_compression_s3tc and the
equivalentextensionNV_texture_compression_vtc
for 3D textures,the compressionratiosandquality is quite
limited. Multi-resolution methods39� 21 still have not pro-
videdsatisfactoryresults.

255 255 138 3

255 228 222 104

237 146 198 24

187 59 93 214

0

1

2

3

4

......

Figure44: Datastructure for vectorquantizationof volume
textures.Each byteof theindex dataspeci�esonedatablock
consistingof 2 � 2 � 2 voxels.

However, due to indirect memory accessfunctionality
provided by dependenttexture fetch operationsof mod-
ern PC graphicshardware, decodersfor compressedvol-
ume data can directly be integratedinto the rasterization
pipeline.Kraus et al.20 proposedto usedependenttexture
fetchesfor adaptive texturemapsandvector-quantizationof
volumedata.The basicideaof vectorquantizationof vol-
umedatais illustratedin in Figure44. Insteadof theoriginal
volumedata,the rendered3D texture containsindicesthat
referenceonevectorof voxels in a codebook.In the imple-
mentationof Kraus,thecodebookincludes256vectorscon-
sistingof 8 bytescorrespondingto 2 � 2 � 2 voxels of the
originalvolumedata.Thus,eachcell of theindex dataspec-
i�es the completedataof eight voxels with just onebyte,
i.e. thecompressionratio is about8 : 1 sincethesizeof the
relatively smallcodebookmaybeignored.Thecodebookis
computedin a pre-processingstepwith the help of oneof
thenumerousvectorquantizationalgorithms.

Sincethedependentfetch from thecodebookis doneaf-
ter the�ltering step,currentlynearestneighborinterpolation
is employed.In ahardwareimplementationon futuregraph-
ics hardware,a vectorquantizationdecodingunit would be
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placedin front of the texture �ltering unit to facilitate tri-
linearinterpolation.

10. Volumetric FX

In returnfor theadvantagesthescienti�c visualizationcom-
munity takes from the rapid developmentin the consumer
graphicshardware,wecanprovideadvancedalgorithmsthat
facilitatenew volumetriceffectsin computergames.In or-
derto capturethecharacteristicsof many volumetricobjects
suchasclouds,smoke, trees,hair, and fur, high frequency
detailsareessential.Ebert's6 approachfor modelingclouds
usesacoarsetechniquefor modelingthemacrostructureand
usesproceduralnoise-basedsimulationsfor themicrostruc-
ture(seeFigure45). This techniquewasadaptedby Kniss19

to interactive volumerenderingthroughtwo volumepertur-
bation approacheswhich are ef�cient on moderngraphics
hardware.The �rst approachis usedto perturbtexture co-
ordinatesandis usefulto perturbboundariesin thevolume
data,e.g.theboundaryof thecloudin Figure45. Thesecond
approachperturbsthevolumeitself,whichhastheeffectthat
materialsappearto have inhomogeneities.

Bothvolumeperturbationapproachesemploy asmall3D-
perturbationvolumewith 323 voxels. Eachtexel is initial-
izedwith four random8-bit numbers,storedasRGBA com-
ponents,andblurredslightly to hide theartifactscausedby
trilinear interpolation.Texel accessis thensetto repeat.An
additionalpassis requiredfor both approachesdueto lim-
itations imposedon the numberof textureswhich can be
simultaneouslyappliedto a polygon,andthenumberof se-
quentialdependenttexture readspermitted.The additional
passoccursbeforethestepsoutlinedin theprevioussection.
Multiple copiesof thenoisetextureareappliedto eachslice
at differentscales.They arethenweightedandsummedper
pixel.To animatetheperturbation,they addadifferentoffset
to eachnoisetexture'scoordinatesandupdateit eachframe.

In thecaseof themodi�cation of the locationof thedata
accessfor the volume, the threecomponentsof the noise
texture form a vector, which is addedto the texture coor-
dinatesfor thevolumedataperpixel. Offset texturesin cur-
rent graphicshardware would be ideally suitedto add the
noisevectorto eachper-fragmenttexturecoordinate.Unfor-
tunately, NVIDIA 's textureshaderextensiondoesnot facil-
itate 3D offset textures.Instead,the perturbeddatais ren-
deredto a pixel buffer that is usedinsteadof the original
volumedata.Figure46 illustratesthis process.Notice that
thehigh frequency contentis createdby allowing thenoise
textureto repeat.

In the caseof the modi�cation of the volume itself, the
scalarvaluefor eachfragmentis modi�ed with theweighted
sumof thethreenoisetextures.Thenthis modi�ed scalaris
employedfor thetransferfunctionlookup.

Figure47 shows a �reball that is renderedwith a small

Figure 45: Procedural clouds.Theimage on the top shows
the underlyingdata, 643. Thecenterimage showsthe per-
turbedvolume. Thebottomimage showstheperturbedvol-
umelit from behindwith low frequencynoiseaddedto the
indirectattenuationto achievesubtleiridescenceeffects.

modi�cation of the pre-integrated volume renderingap-
proachfrom Section8. Insteadof a indexed3D-texturecon-
taining just the scalarvaluesfrom a singlevolume,a RGB
texture is employed, thatcontainsthevolumescalarsin the
redchannel,alow-frequency noisetexturein thegreenchan-
nel and a high-frequency noise texture in the blue color
channel.If we apply texturecoordinates

�

a � b � g� insteadof
theconstant

�

1 � 0 � 0� texturecoordinatesasoutlinedin Fig-
ure38, thethreevolumescontainedin thecolorchannelsare
weightedusingthedot-productbeforethedependenttexture
lookupis performed.Thus,if we storea radialdistancevol-
umein theredcolor channel,it is perturbed.Flamesarean-
imatedby changingtheweightingfactors

�

a � b � g� , while an
outwardsmovementis achievedby colorcycling thetransfer
function.
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Figure 46: An exampleof texture coordinate perturbation
in 2D. A showsa square polygonmappedwith theoriginal
texturethat is to beperturbed.B showsa low resolutionper-
turbationtextureappliedto thepolygonmultipletimesatdif-
ferentscales.Theseoffsetvectors are weightedandsummed
to offset the original texture coordinatesas seenin C. The
texture is thenreadusingthe modi�ed texture coordinates,
producingtheimage seenin D.

11. Limitations

Eventhoughtherehasbeena enormousdevelopmentin the
consumergraphicsmarket in thelastfew years,currentlow-
costgraphicshardwarestill hasits drawbacks.

First, thecomputationalprecisionof currentPCgraphics
hardwareisquitelimited,especiallyin therasterizationstage
of therenderingpipeline.Framebufferscurrentlysupport32
bits, 8 bits percolor channel.NVIDIA 's registercombiners
extensionhas9 bitsprecisionfor arangefrom 
 1 to 1,while
the texture shaderunit has �oating point precision.ATI' s
fragmentshaderunit supports16 bits precisionfor a range
of valuesfrom 
 8 to 8,13bit in therange
 1 to 1.Note,that
for calculationsin 16 bit precision,it is necessaryto expand
the valuesto the full rangeof 
 8 to 8. Texturescurrently
have8 bit precisionpercolorchannel.The�rst steptowards
higherprecisionis NVIDIA 'sHILO textureformat,thatsup-
ports two channelsper texture with 16 bits precision.The
result limited precisionareartifacts,that canbe frequently
observed in hardware-acceleratedrenderings.Onesolution
wasalreadyintroduced-thepre-computationof valueswith
thefull precisionof theCPUin apre-processingstep,asem-
ployedfor pre-integratedvolumerendering.

Anotherdrawbackis the limited programmabilityof cur-
rent units in the renderingpipeline.NVIDIA supportsfour
texture fetchesin a pass,followed by 8 generalcombiner
and one �nal combineroperation.ATI' s fragmentshaders

Figure 47: Pre-Integrated volumerenderingof a �r eball.
The �r eball effect is obtainedby mixing different volumes
during rendering. (1) Radial distancevolumewith high-
frequency�r e transfer function, (2) Perlin-Noise-Volume
with �r e-transferfunction,(3)Weightedcombinationof the
distancevolumeandtwoPerlin-Noisevolumes,(4) Like (3),
but with higherweightsfor thePerlin-Noise-volumes.

currentlysupport2 phases,eachwith 8 texture fetchesfol-
lowed by 8 mathoperations.More complex operationsre-
quireto split thecomputationinto multiplerenderingpasses.
Hardware-acceleratedoffscreenbuffers (PBuffers) and the
possibility to directly renderto a texture (renderto texture
OpenGLextension)help to limit the loss in performance
causedby slow read-backsfor subsequentrenderingpasses.

As alreadydiscussedin Section9, the limited amountof
texture memoryin combinationwith the low bandwidthof
the AGP bus is oneof the main obstaclesfor volumeren-
deringon low-costPCgraphicshardware.Whilst theavail-
abletexturememorymightbesuf�cient for computergames,
thecurrentlyemployedbrute-forceapproachesof rasterizing
the completevolume make it necessaryto keep the com-
plete dataset in the texture memory. Current frame rates
aremainlylimited by rasterizationpowerandmemoryband-
width. Progressin this �eld is thusdependenton thedevel-
opmentof fastermemory in the memorymarket. Besides
texturecompressionasdiscussedin Section9, earlyz-tests
or embeddedDRAM with widebussesmightbefuturesolu-
tionsto this problem.

From theapplicationdeveloper's point of view, the vari-
ety of different (and highly incompatible)extensions,that
give accessto the featuresof the proprietaryhardware ex-
tensionsof graphicshardware manufacturerson a low ab-
stractionlayer, make it hardto developprograms,thatwork
onall graphicsboards.Shadinglanguages,thatraisetheab-
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stractionlayerarecurrentlyunderdevelopmentfor thefuture
OpenGL2.0andDirectX9 APIs.A �rst big stepis theStan-
ford shadinglanguage,that is alreadyavailable for quite a
while26.

12. Summary and Conclusions

This report presentedthe latest algorithms that utilize
�e xible consumergraphicshardware for high-quality vol-
ume rendering.We have shown a numberof new, highly-
optimizedmethods,that permit an interactive visualization
of quitelargevolumetricdatasetswith yetunseenspeedand
quality.

Apart from the thesealgorithms,multi-texturesandpro-
grammablerasterizationunits provide a numberof addi-
tional options, like per-fragment clipping with arbitrary
clipping geometry40, speedupof renderingusing parallel
rasterization37 andthe renderingof translucentmaterials19.
The parallelizationof multiple consumergraphicsboards
to a rendering cluster has been investigatedby several
authors11� 24.

We believe, thatthetrendtowardsmoreprogrammability
of thegraphicspipelinewill carryon.A fully programmable
rasterizationunit, thatfacilitatesarbitraryper-fragmentpro-
grams,mightevenbeavailablein thenext generationof con-
sumergraphicshardware.Earlyz-testswill preventunneces-
saryrasterizationandmemoryaccesses.Anothertrendis the
developmenttowards�oating point precisionin the frame-
buffer andtextures.This is particularlyusefulfor multi-pass
approaches,that currently suffer from accumulatederrors
during renderingpasses.Insteadof merely renderingge-
ometrycreatedfrom scienti�c data,programmablegraphics
hardwarewill beincreasinglyusedfor �ltering andmapping
tasksin scienti�c datavisualizationin thefuture.

The next generationof consumergraphicshardware is
just on thehorizon.3DLabsjust announced1 theP10Visual
ProcessorUnit (VPU), thatwill befully programmableand
supporttheupcomingstandardsOpenGL2.0andDirectX9.
NVIDIA 's and ATI' s next generationGPUswill follow in
fall 2002.
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Web-Links

Semian:
http://www.cs.utah.edu/~jmk/simian/

Pre-IntegratedVolumeRendering:
http://wwwvis.informatik.uni- stuttgart.de/~engel/

Interactive VolumeRendering:

http://www9.informatik.uni- erlangen.de/Persons/Rezk/

High-Quality�ltering onPCgraphicshardware:
http://www.vrvis.at/vis/research/hq- hw- reco/algorithm.htm l

SiggraphcourseonPCvolumegraphics:
http://www.siggraph.org/s2002/conference/courses/crs42 .html
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