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Abstract

Recentlythe classicrenderingpipelinein 3D graphicshardware hasbecomee xible by meansof programmable
geometryenginesand rasterizationunits. This developments primarily driven by the massmarket of computer
gamesand entertainmensoftwae, whosedemandfor new specialeffectsand more realistic 3D ervironments
induceda reconsideation of the oncestaticrenderingpipeline Besidesheimpacton visualscenecompleity in
computegamestheseadvancesn e xibility provideanenormousgpotentialfor new volumerenderingalgorithms.
Thereby they male yetunseemuality aswell asimproved performanceor scienti ¢ visualizationpossibleand
allow to visualizehiddenfeatuescontainedwithin volumetricdata.

Thegoal of this reportis to deliverinsightinto the new possibilitiesthat programmablestate-of-the-argraphics
hardware offers to the eld of interactive high-quality volumerendering e cover different slicing apptoaces
for texture-basedrolumerendering non-polygonalso-surfacesgot-productshading environment-magghading
shadowspre- and post-classi cation multi-dimensionatlassi cation, high-quality Itering, pre-integratedclas-

STAR- Stateof TheArt Report

si cation and pre-integratedvolumerendering large volumevisualizationand volumetriceffects.

1. Intr oduction

Themassie innovation pressurexertedon themanufctur
ersof PCgraphicshardwareby the computegamesmarlket

hasledto very powerful consumeBD graphicsaccelerators.

Thelatestdevelopmenin this eld is theintroductionof pro-
grammablegraphicshardware that allows computergame
developersto implementnew specialeffectsandmorecom-
plex and compellingscenesAs a result, the currentstate-
of-the-art graphicschips, e.g. the NVIDIA GeForce4, or
the ATI Radeon8500are not only competingwith profes-
sional graphicsworkstationsbut often surpasghe abilities
of suchhardwareregardingspeedguality, andprogramma-
bility. Thereforethiskind of hardwareis becomingncreas-
ingly attractve for scienti ¢ visualization.Due to the nev
programmabilityoffered by graphicshardware, mary pop-
ular visualizationalgorithmsare now being mappedef -
ciently onto graphicshardware. Moreover, this innovation
leadsto completelynew algorithms.Especiallyin the eld
of volumegraphicsthatatall timeshadvery highcomputa-
tion andresourcaequirementsthe lastfew yearsbroughta
large numberof new andoptimizedalgorithms.In returnfor
the innovationsdeliveredby the gamingindustry scienti ¢
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volumevisualizationcanprovide new optimizedalgorithms
for volumetriceffectsin entertaimengapplications.

This report covers newest volume rendering algo-
rithms and their implementationon programmablecon-
sumer graphics hardware. Specializedvolume rendering
hardware4 30 is not the focus of this report. If detailson
the implementationof a speci ¢ algorithmsare given, we
focuson OpenGLandits extension&?, althoughMicrosoft's
DirextX/3D API providessimilar functionalityfor a compa-
rableimplementation.

In this report, we restrict ourseles to volume datade-
ned on rectilinear grids. In such grids, the volume data
arecomprisedof sampledocatedat grid points,which are
equispacedlongeachvolumeaxis, and canthereforeeas-
ily be storedin atexture map.We will startwith someba-
sic, yet importantconsiderationsthat are requiredto pro-
ducesatisfyingvisualizationresults.After a brief introduc-
tion into the new featuresof consumergraphicshardware,
we will outline the basicprinciple of texture-based/olume
renderingwith different slicing approachesSubsequently
we introducesereral optimizedalgorithms,which represent



Engel andErtl / High-Quality VolumeRendering

the state-of-the-arin hardware-acceleratedolume render
ing. Finally, we summarizecurrentrestrictionsof consumer
graphicshardware and give someconclusionswith an out-
look onfuturedevelopments.

2. Basics

Althoughvolumetricdatais de ned overacontinuoughree-
dimensionaldomain (R%), measurementand simulations
provide volumedataas3D arrays,whereeachof the scalar
valuesthatcomprisethevolumedatasetis obtainedoy sam-
pling the continuousdomain at a discretelocation. These
valuesarereferredto asvoxels (volumeelementsandusu-
ally quantizedo 8, 16, or 32 bit accurag andsavedas x ed
pointor oating pointnumbersFigurel shavs sucharep-
resentatiorof a volumetricobjectasa collectionof alarge
numberof voxels.

Figure 1: \oxel reptesentatiorof a volumetricobjectafter
it hasbeendiscretized.

2.1. Reconstruction

In order to reconstruc® 3! the original continuoussignal
from thevoxels,areconstructionlter is applied,thatcalcu-
latesa scalarvaluefor thecontinuoughree-dimensionalo-
main (R3) by performinga corvolution of the discretefunc-
tionwith a lter kernel.lt hasbeerproved,thatthe“perfect”,
or idealreconstructiorkernelis provided by thesinc Iter 33

sin px B
px

As thisreconstructionlter hasanunlimitedextent,in prac-
tice more simple reconstructionlters like tent or box |-
tersare applied (seeFigure 2). Currentgraphicshardvare
provideslinear, bilinear, andtrilinear Itering for magni -
cation and pre- Itering with mip-mappingand anisotropic
Iters for mini cation. However, due to the availability of
multi-textures and e xible perfragment operations,con-
sumermraphicshardwarealsoallows Iters with higherqual-
ity (seeChapter7).

sinc x

Givenareconstructionlter andthethree-dimensionar-
ray of voxels,thedatais visualizedby sending-aysfrom the
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Figure 2: Threereconstructionlter s: (a) box, (b) tentand
(c) sinc lter s.

eye througheachpixel of theimageplanethroughthe vol-
ume and samplingthe datawith a constantsamplingrate
(ray-casting®®. Accordingto the Nyquisttheoremtheorig-
inal signal canbe reproducedaslong asthe samplingrate
is at leasttwice that of the highestfrequeng containedin
the original signal. This is, of course a problemof the vol-
umeacquisitionduring the measurementand simulations,
sothis problemdoesnot concernus here.In the sameman-
nerthe sampledsignalmay be reconstructe@dslong asthe
samplingdistancen the volumedatais atleasttwice thatof
thehighestrequeng containedn thesampledsolume.As a
consequencef theNyqisttheoremwve haveto chooseasam-
pling ratethatsatis esthoseneedsHowever, we will shav
in Chapter8 thatdueto high frequenciesntroducedduring
theclassi cation,whichis appliedto each Itered sampleof
thevolumedataset,it is in generalnot sufcient to sample
the volumewith the Nyquistfrequeng of the volumedata.
Becauseof theseobserationswe will later presenta clas-
si cation schemethatallows usto samplethe volumewith
theNyquistfrequeng of thevolumedataby pre-intgrating
ray-s@mentsin apre-processingtep(seeSection8).

2.2. Classi cation

Classi cation is anothercrucial subtaskin the visualiza-
tion of volumedata,i.e. the mappingof volume samplego
RGRA values.Theclassi cationstepis introducedy trans-
fer functionsfor color densities€ s and extinction densi-
tiest s, which mapscalarvaluess s x to colorsand
extinction coefcients. Theorderof classi cationand Iter -
ing stronglyin uencestheresultingimagesasdemonstrated
in Figure 3. Theimageshaws the resultsof pre- andpost-
classi cationattheexampleof a 163 voxel hydrogerorbital
volumeanda high frequeng transferfunctionfor thegreen
colorchannel.

It canbeobseredthatpre-classi cationj.e.classi cation
before Itering, doesnot reproducehigh-frequenciesn the
transferfunction. In contrastto this, post-classi cationj.e.
classi cation after Itering, reproducesigh frequenciesn
thetransferfunctionon theslice polygons.

2.3. Ray Integration

After the Itering and classi cation of the volume data,
an integration along view rays through the volume is
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Figure 3: Comparisorof pre-classi cationand post-classi cation Alternateorders of classi cationand Itering leadto com-
pletely different results.For clari cation a randomtransferfunctionis usedfor the greencolor channel.Piecavise linear
transferfunctionsare employedor the other color channels.Note that in contrast to pre-classi cation, post-classi cation
reproduceghehigh frequenciegontainedwithin in thetransferfunction.

required3 27, A commonapproximatiornusedin the visual-
ization of volume datais the density-emittermodel, which

assumeshatlight is emittedand absorbedat eachpoint in

thevolumewhile ngglectingscatteringandfrequeny depen-
denteffects.

We denotea ray castinto thevolumeby x t , andparam-
eterizeit by the distancet to the eye. The scalarvalue cor
respondingto this positionon a ray is denotedby s x t
Sincewe emplg/ anemission-absorptiooptical model,the
volume renderingintegral we are using integratesabsorp-
tion coefcientst sxt (accountingor the absorptiorof
light), andcolorsc s xt  (accountingor light emittedby
particles)alongaray.

Thevolumerenderingintegral cannow be usedto obtain
theintegrated‘output” colorC, subsumindyothcolor (emis-
sion) and opacity (absorption)contributionsalonga ray up
to acertaindistanceD into the volume(seeFigure4):

D

C csxt
0

e (;I sxt dt dt (2)

The equationdenotesthat at eachpositionin the volume,
light is emittedaccordingto thetermc sxt , which is
absorbedby thevolumeatall positionsalongarayin front of
thelight emissionpositionaccordingo thetermt s x t
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Figure 4: Integration alonga ray throughthevolume

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

Ai 1 eISXid d (3)

Similarly, thecolor (emission)of thei-th ray segmentcanbe
approximatedy:

G csxid d (4)

Having approximatedboth the emissionsand absorptions
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along a ray, we cannow statethe approximateevaluation
of thevolumerenderingntegral as(denotingthe numberof

sampledyn D d):
n i1
Capprox acO1 A (5)
io jo

Equation5 canbeevaluatedteratively by alphablending® 3
in eitherback-to-front,or front-to-backorder

The following iterative formulation evaluatesequation5
in back-to-frontorderby stepping fromn 1to0:

G G 1 AC, 6)

2.4. Shading

In the aborve considerationsve did not take the effects of
external light sourcesinto account.Instead,we assumecda
simpleshadingj.e.we identi ed the primarycolor assigned
in theclassi cationwithc s x t

The mostpopularlocal illumination modelis the Phong
modeps 4, which computesthe lighting as a linear combi-
nation of threedifferentterms,an ambient a diffuseanda
specularterm,
|specular (7)

IPhong Iambient Idiffuse

Ambient illumination is modeledby a constantterm,
lambient Ka const Without the ambientterm partsof
the geometrythat are not directly lit would be completely
black.In therealworld suchindirectillumination effectsare
causedy 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 independenbf the
viewing direction and dependsonly on the angle of inci-
dencej betweenthe direction| of thelight sourceandthe
surfacenormaln. Thediffuseilluminationtermis written as
lgiffuse  1p Kg COS Ipka | n.lpistheintensityemitted
from the light source The surfacepropertyky is a constant
betweerD and1 specifyingthe amountof diffusere ection
asamaterialspeci ¢ constant.

Specular re ection is exhibited by every shiry surface
and causesso-calledhighlights. The speculadighting term
incorporateghe vectorv from the objectto the viewerseye
into the lighting computation.Light is re ected in the di-
rectionof re ection r which is the direction of light | mir-
rored about the surface normal n. For efciency, the re-
ection vectorr canbe replacedby the halfway vector h,
Ispecular  Ip ks cos'a Ipks h n " Thematerialprop-
erty ks determineshe amountof speculare ection. Theex-
ponentn is calledthe shininesf the surfaceandis usedto
controlthesizeof thehighlights.

3. Programmable ConsumerGraphics Hardware

The typical architectureof todaysconsumermraphicspro-
cessingunits (GPUSs)is characterizetby a con gurableren-
deringpipelineemplg/ing anobject-ordeapproachthatap-
plies several geometrictransformationn primitiveslikes
points,linesandpolygons(geometryprocessing)beforethe
primitivesarerasterizedrasterizationandwritten into the
framebuffer afterseveralfragmenioperationgseerFigure5).
Thedesignasa strict pipelinewith only local knovledgeal-
lows lots of optimizations,for examplethe geometrystage
is ableto work on new vertex data,while the rasterization
stageis processingearlierdata.However, the currenttrend
is to replacethe conceptof a con gurablepipelinewith the
conceptof a programmableipeline. The programmability
is introducedn thevertex processingtageaswell asin the
rasterizatiorstage We will mainly be concernedvith pro-
grammableunits in the rasterizatiorstage, sincethe major
tasksin texture-basedolumerenderings donein this stage,
i.ein volumerenderinggeometryprocessin®f theproxyge-
ometryis very simplewhile rasterizations quite complex.

scene GEOMETRY FRAGMENT raster
description PROCESSING [ ] RASTERIZATION ¥ opepations [ image
° T
o
NCATYT
o ) D W o
o 733:

Vertices Primitives Fragments Pixels

Figure 5: Thegraphicspipelinethatis usedin commonPC
consumegraphicshardware.

At the time of this writing (summer2002),the two most
importantvendorsof programmablé&PUsareNVIDIA and
ATI. Thecurrentstate-of-the-artonsumegraphicsproces-
sorsarethe NVIDIA GeForced4andthe ATI Radeon8500.
In the following, we will focuson the programmablger
fragmentoperationextensionsof thesetwo manufcturers.

Traditional lighting calculationswere done on a per
vertex basis,i.e. the primary (or diffuse) color was calcu-
lated at the verticesandlinearly interpolatedover the inte-
rior of atriangle by the rasterizerOneof the rst possibil-
ities for perpixel shadingcalculationswas introducedfor
computergamesthat employ pre-calculatedight mapsand
decalmapsfor global illumination effectsin walkable 3D
scenesThe texels of the decaltexture map are modulated
with thetexelsof the light texture map.This modelrequires
to apply two texture mapson a polygon, i.e. multi-textures
areneededTheway the multiple texturesarecombinedo a
singleRGBA valuein traditionalOpenGLmulti-texturing is
de ned by meansof severalhard-wiredtexture ervironment
modes.

The OpenGL multi-texturing pipeline hasvariousdraw-
backs,particularly it is very in e xible and cannotaccom-
modatethe capabilitiesof today’s consumeigraphicshard-
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ware. Startingwith the original NVIDIA register combin-
ers,whicharecomprisedf aregisterbasedxecutionmodel
andprogrammablénput andoutputroutingandoperations,
the currenttrendis toward writing a fragmentshaderin an
assemblyanguagehatis downloadedto the graphicshard-
wareandexecutedfor eachfragment.

TheNVIDIA modelfor programmabldragmentshading
currentlyconsistof a two-stagemodelthatis comprisedof
the distinct stagef texture shades!4 andregister combin-
erst2,

ARB_multitexture only ARB_multitexture with NV_texture_shader

(str.a) unit 0 |GL_TEXTUREO_ARE (stra)y [‘stage O
fetch : math & fetch
(stra); [Funit 1 |GL_TEXTURE1_ARB Stage 1 |GL_TEXTURE1_ARB
gt
fetch math & feteh

GL_TEXTUREO_ARBE

(str.a)

*"SJ3UIGWOD By} 0
*"SJ3UIGWI0D By} 0}

iterated texture coordinates...
iterated texture coordinates

:
(stra), unit 2 |GL_TEXTURE2_ARB (stra);, [‘stage 2 |GL_TEXTURE2 ARB
fetch math & fetch
!

(stra); [‘stage 3 |GL_TEXTURE3_ARB

math & fetch

(stra); unit 3 |GL_TEXTURE3_ARB
fetch

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

Texture shadersare the interfacefor programmablaex-
ture fetch operationsFor eachof the four multi-texturesa
fetch operationcanbe de ned out of oneof 23 pre-de ned
texture shaderprograms whereashe GeForce 4 offers 37
different suchprogramé&s. In contrastto traditional multi-
texturing, theresultsof a previoustexturefetchmaybeem-
ployed as a parameteffor a subsequentexture fetch (see
Figure6). Additionally, eachtexturefetchoperationis capa-
ble of performinga mathoperatiorbeforethe actualtexture
fetch. A very powerful optionaredependentexture fetches,
which usethe resultsof previous texture fetchesastexture
coordinatedor subsequentexture fetches An examplefor
oneof thesetexture shadeprogramss dependenglpha-red
texturing, wherethe texture unit for which this modeis se-
lected,takesthe alphaandred outputsfrom a previous tex-
ture unit as 2D texture coordinatedor a dependentexture
fetch in the texture boundto the texture unit. Thusit per
formsadependentexturefetch,i.e. atexturefetchoperation
thatdepend®n the outcomeof a fetch executedoy another
unit.

The major drawback of the texture shadersmodel is
speci cally that it requiresto 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, emplg/ing a registerbased execution model.
The register combinersinterface is exposedthrough two
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OpenGLextensions:GL_NV_register_combiners 12

andGL_NV_register_combiners2 13,
input registers output registers
RGB A RGB A
primary color H primary color
o || nea || ||
secondary color S secondary color
texture 0 A B c o == texture 0
texture 1 AB+CD == texture 1
spare 0 ABmuxCD == spare 0
spare 1 == spare 1
i AB scale P
9 -or- and °g
constant color 0 AlB bias constant color 0
constant color 1 constant color 1
CcD
Ccl D
not readable not writeable

computations

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

CurrentNVIDIA GPUsfeatureeightgeneralandone -
nal combinerstage.Eachgeneralcombinerstage(seeFig-
ure 7) hasfour input variables(A,B,C and D). Thesein-
put variable can be occupiedwith one of the possiblein-
putparameterse.g.theresultof atexture fetchoperationor
the primary color. As all computationare performedin the
rangeof 1to 1 aninputmappingis requiredfor eachvari-
able,that mapsthe input colorsto thatrange.A maximum
of threemathoperationsnaybe computecpergeneracom-
biner stagee.g.a component-wisaveightedsumAB CD
andtwo component-wis@roductsAB, CD or two dot prod-
uctsA BandC D. Theresultaremodi ed by scaleandbias
operationsandusedin subsequengeneralcombinerstages.
TheRGBandtheAlphachannelsrehandledndependently
i.e. alphaportion of eachgeneralcombinercan performa
differentmathoperatiorasthe RGB portion.

input registers. input | | input
map | | map
RGB A
E F
E
|

texture O

spare 0 +
texture 1 1 secondary color

spare 0

input | | input | | input [ [ input input

spare 1 map || map || map || map map
fog

A B c D G

fragment RGB out
AB + (1-A)C + D
- s

computations

primary color

secondary color

constant color 0

constant color 1

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

After all enabledgenerakcombinerstageshave beenexe-
cuted,asingle nal combinerstage(seeFigure8) generates
the nal fragmentcolor, whichis thenpassednto fragment
testsandalphablending.



Engel andErtl / High-Quality VolumeRendering

In contrastto the NVIDIA approach,fragment shad-
ing on the Radeon8500 usesa uni ed model that sub-
sumesboth texture fetch and color combinationoperations
in asinglefragmentshadep program.The fragmentshader
interfaceis exposedthrough a single OpenGL extension:
GL_ATI_fragment_shader

texturecoordinates
constants
primary& secondargolor

!

- sampling& routing

1stpass
- arithmetics

temporary
registers

- Hlepend_sampling& routing

2nd pass

- arithmetics

1

fragment
color

Figure 9: TheATI fragmentshaderunit.

The fragmentshaderunit is divided up into two (cur
rently) or more passesgeach of which may perform six
texture samplingand routing operationsfollowed by eight
arithmeticcalculationgseeFigure9). The seconcbhaseal-
lows dependentexturefetcheswith theresultsfrom the rst
phaseSuchresultsarestoredin a setof temporaryregisters.

On the Radeon 8500, the input registers used by
a fragment shader consist of six RGBA registers
(GL_REG_O_ATI to GL_REG_5 ATI), correspond-
ing to this architectures six texture units. Furthermore,
two interpolatedcolors,andeight constantRGBA registers
(GL_CON_O_ATI to GL_CON_7_ATI) are available to
provide additionalcolor inputto afragmentshader

Eachof the six possiblesamplingoperationscan be oc-
cupiedwith a texture fetch from the correspondingexture
unit. Eachof the eightfragmentoperationsanbe occupied
with oneof thefollowing instructions:

MOV: Movesoneregisterinto another

ADD: Adds oneregisterto anotherand storesthe result
in athird register

SUB: Subtractsoneregisterfrom anotherand storesthe
resultin athird register

MUL: Multiplies two registers component-wiseand
storesheresultin athird register

MAD: Multiplies two registerscomponent-wiseaddsa
third, andstorestheresultin afourth register

LERP: Performslinearinterpolationbetweentwo regis-
ters,gettinginterpolationweightsfrom a third, andstores
theresultin afourthregister

DOT3: Performsa three-componentlot-product, and
storesthereplicatedresultin athird register

DOT4: Performs a four-componentdot-product, and
storesthereplicatedresultin athird register
DOT2_ADD: ThesameasDOT3, howeverthethird com-
ponentis assumedo be 1 0 and thereforenot actually
multiplied.

CND: Moves one of two registersinto a third, depend-
ing on whetherthe correspondingomponentn a fourth
registeris greaterthan0 5.

CNDO: The sameasCND, but the conditionalis a com-
parisonwith 0 0.

Thecomponentsf inputregistersto eachof thesenstruc-
tions may be replicated,and the output can be masled for
eachcomponentwhich allows for e xible routing of color
componentsScaling,bias, negation,complementationand
saturation(clamp against0 0) are also supported Further
more, instructionsareissuedseparatelffor RGB andalpha
componentsalthougha single pair of RGB and alphain-
structionscountsasa singleinstruction.

In general,it canbe saidthat the ATI fragmentshader
modelis much easierto usethanthe NVIDIA extensions
providing similarfunctionality andalsooffersmore e xibil-
ity with regardto dependentexture fetches However, both
modelsallow speci ¢ operationghatthe otheris notableto
do.

4. Texture-BasedVolume Visualization

As discussedin the previous section, current consumer
graphicshardwareis basedon an object-orderrasterization
approachij.e. primitives (polygons,lines, points) are scan-
corvertedandwritten pixel-perpixel into the frame buffer.
Sincethe volume datadoesnot consistsof suchprimitives
per se aproxy geometryis de ned for eachindividual slice
through the volume data. Each slice is textured with the
correspondinglatafrom the volume.The volumeis recon-
structedduring rasterizatioron the slice polygonby apply-
ing a convolution of the volumedatawith a lter kernelas
discussedh Section2. Theentirevolumecanberepresented
by a stackof suchslices,if the numberof slicessatis esthe
restrictionamposedby the Nyquisttheorem.

There exist at least three different slicing approaches.
View-alignedslicingin combinationwith 3D textures isthe
mostcommonapproach{seeFigurel0). In thiscasethevol-
umeis storedin asingle3D textureandthreetexturecoordi-
natesfrom theverticesof the slicesareinterpolatecoverthe
insideof theslice polygons.Thesethreetexture coordinates
areemplo/edduringrasterizatiorfor fetching Itered texels
from the 3D texture map.
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Figure 10: The 3D texture-basedappmoac uses view-
alignedslicesasproxygeometry

Final Image

Polygon Slices 2D Textures

Figure 11: The 2D texture-basedapptoac usesobject-
alignedslicesasproxygeometry

If only 2D texture mappingis supportecby the graphics
hardvare,i.e.thehardwareis ableto performbi-linearinter-
polation,the sliceshave to be alignedorthogonalwith one
of the the threemajor axesof the volume.For this socalled
object-alignedslicing (seeFigure 11), the volume datais
storedin several two-dimensionatexture 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 the slice stackthatis mostperpendicular
to theviewer's line of sightis choserfor rendering(seeFig-
urel?).

image plane image plane image plane image plane image plane

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

ing.

Therearemajordisadwantagesvhenusingobject-aligned
sliceswith standard®D texturing. First, the volumemustbe
tripled, which is critical especiallyin the context of lim-
ited memoryof consumergraphicshardware. Second the
numberof slicesthat are renderedis limited to the reso-
lution of the volume, becausehe insertionof interpolated
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slicewill increasehe memoryconsumptionTypically, un-

dersamplingoccursmostvisibly on the side of the volume
alongthe currently usedmajor axis. Another disadwantage
is, that switchingfrom oneslice stackto anotherwhenro-

tatingthe volumeleadsto anabruptchangeof the currently
usedsamplingpoints, which becomesiisible asa popping
effect(seeFigurel3). Finally, thedistanceof samplingpoint
dependson the viewing angleas outlinedin Figure 14. A

constansamplingdistances however necessaryn orderto

obtaincorrectresults.

Figure13: Abruptchange of thelocationof samplingpoints,
whenswitching fromoneslice stad (A) to another(B).

el

Figure 14: Thedistancebetweeradjacentsamplingpoints
depend®ntheviewing angle

However, almostall of thesedisadwantagesare circum-
ventedby using multitexturesand programmableasteriza-
tion units. The basicideais to renderarbitrary tri-linearly
interpolated,object-alignedslices by mappingtwo adja-
cent texture slicesto a single slice polygon by meansof
multitextures?. Thetexture ervironmentof thetwo 2D tex-
turesperformstwo bi-linear interpolationswhilst the third
interpolationis donein the programmableasterizatiorunit.
Thisunitis programmedo computea linearinterpolationof
two bi-linearly interpolatedexel from the adjacenslices.A
linear interpolationin the fragmentstageis implementable
on a wide variety of consumergraphicshardware architec-
tures.A register combinersetupfor the NVIDIA GeForce
seriesis illustratedin Figure 15. The interpolationfactora
(variableD) is mappednto a constantolor registerandin-
vertedby meansof acorrespondingnput mappingto obtain
thefactorl a (variableB). Thetwo slicesthatenclosethe
position of the slice to be renderedare con gured as tex-
ture 0 (variableA) andtexture 1 (variableC). The combiner
is con guredto calculateAB CD, thusthe nal fragment
containghelinearly interpolatedesultcorrespondingo the
speci edfractionalslice position.

With the aid of this extensionit is how possibleto freely
adjust the sampling rate without increasingthe required
memory Furthermore by adaptingthe samplingdistance
to the viewing angle,the samplingrateis held constantat
leastfor orthogonalprojections Thereremainsthe problem
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Figure 15: Ragistercombines con guration for theinterpolationof intermediateslices.

of tripled memory consumptionyet this problemis solv-
able with a small modi cation of the above approachFor
that purposeview-aligned slice polygonssimilar to a 3D
texture-basedapproachare computed(seeFigure 10). By
intersectingview-alignedsliceswith a singleobject-aligned
slicestackwe obtainsmallstripes,eachof whichis bounded
by two adjacenbbject-alignealices(seeFigurel16). Instead
of a constaninterpolationfactorit is nowv necessaryo lin-
earlyinterpolatethe factorfrom O to 1 from onesliceto the
adjacentslice on the stripe polygon. By enablingGouraud
shadingfor the stripe polygonsand using a primary color
of 0 and1 for the correspondingerticesof the stripe poly-
gonthe primary color is linearly interpolatedandtherefore
employedastheinterpolationfactor An appropriateegister
combinercon gurationis shawvn Figurel17.
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Figure 16: Interpolationof view-alignedslicesby rendering
slab-polygons.
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Figure 17: Reister combines con guration for rendering
tri-linearly interpolatedstripe polygons.

Consequentlyavolumerenderingalgorithmsimilarto the
3D texture-basedpproacthis possiblewith 2D texturesand
simple perfragmentoperations.The only remainingprob-
lem s the subdvision of the slice polygonsinto stripesand

the larger numberof resultingpolygonsto be renderedln

orderto circumwent a potentially expensve calculationof

thestripepolygonvertices ananalogalgorithmwith object-
alignedstripescanbeimplementedSincevolumerendering
is usually llirate or memorybandwidthboundandthe num-
ber of polygonsto berendereds still quite limited for ren-
dering stripe polygons,frameratessimilar to a 3D texture-
basedalgorithmarepossible.

A.Parallel Projection
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Figure 18: For perspectiveprojectionsthe samplingrate
variesfor ead viewing ray (left: parallel projection,right:
perspectiveprojection).
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A generaldisadwantageof a planarproxy geometryis the
still varying samplingdistanceinside the volume for each
viewing ray when using perspectie projections(seeFig-
ure 18). This problemis circumventableby renderingcon-
centricsphericalshellsaroundthe camerapositior?! © (see
Figurel9). Theseshellsaregeneratedtby clippingtessellated
spheresgainsthe viewing frustumandthe volumebound-
ing box. However, the setupandrenderingof shellsis more
complicatedhanrenderingplanarslice polygons.Sincethe
pixel-to-pixel difference dueto unequakamplingdistances
is often not visible, shellsshouldonly be usedfor extreme
perspecties,i.e. large eld-of-views.

All of the above slicing approachesenderin nitesimal
thin slicesinto theframetuffer, wherebythenumberof slices
determineshe samplingrate. In contrastto this slice-by-
slice approachpre-intgratedvolumerenderingemplo/s a
slab-by-slabalgorithm,i.e. the spacein betweentwo adja-
centslices(or shells)is renderednto the framehuffer. De-
tails on pre-integratedvolumerenderingwill bepresentedn
ChapterB.

¢ TheEurographic#ssociation2002.
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Figure 19: Shell renderingprovides a constantsampling
ratefor all viewingrays.

A continuousvolumeis reconstructean the slice poly-
gons by the graphicshardware by applying a reconstruc-
tion Iter. Currentgraphicshardware supportspre- ltering
mechanismdik e mip-mappingand anisotropic Itering for
mini cation andlinear, bilinear, andtri-linear Iters for mag-
ni cation. However, in Section7 multi-textures and pro-
grammableperfragment operationsallow to apply high-
quality Iters to thevolumedataon-the-y.

The classi cation step in hardware-acceleratedolume
renderingis either performed before or after the lIter -
ing step. The differencesof pre- and post-classi cation
werealreadydemonstrateth Section2.2. Pre-classi cation
canbe implementedn a pre-processingtepby using the
CPU to transformthe scalarvolume datainto a RGBA
texture containing the colors and alpha values from the
transfer function. However, as the memory consumption
of RGRA texturesis quite heary, NVIDIA's GPUs sup-
porttheGL_EXT_paletted_texture extensionwhich
uses8 bit indexed texturesand performsthe 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 extensionmales it
possibleto implementpost-classi cationin graphicshard-
wareusingdependentexturefetchesFor that, rst a Itered
scalarvalueis fetchedfrom the volume, thatis usedas a
texturecoordinatdor adependentbokupinto atexturecon-
taining the RGRA valuesof the transferfunction. The vol-
umetexture andthe transferfunction texture are boundby
meanf multi-texturesto aslice polygon.Thisalsoenables
usto implementmulti-dimensionatransferfunctions,i.e. a
2D transferfunction is implementedwith a 2D dependent
texture anda 3D transferfunctionis possibleby usinga 3D
dependentexture (seeSection6).

5. lllumination

Realisticlighting of volumetricdatagreatlyenhanceslepth
perceptionFor lighting calculationsa pervoxel gradientis
required,thatis determineddirectly from the volume data

¢ TheEurographic#ssociation2002.

by investigatingthe neighborhoodof the voxel. Although
newestgraphicshardwarewill enablethe calculationof the
gradientateachvoxel on-the- y, in the majority of thecases
thevoxel gradientis pre-computedn a pre-processingtep.

For scalarvolume datathe gradientvectoris de ned by
the rst orderderivative of the scalar eld | x y z, which
is de ned asby the partial dervativesof | in the x-, y- and
z-direction:

AR ®)

NE Iy I, w W

Thelengthof this vectorde nesthelocal variationof the
scalareld andis computedisingthefollowing equation:

NI [ IV 9)

Note that for dot-productlighting calculationsthe gradi-
ent vector must normalizedto a length of 1 to obtain cor
rectresults.Dueto thefactthatthegradientsarenormalized
during pre-calculatioron a pervoxel basisandinterpolated
tri-linearly in spacejnterpolatecgradientwill generallynot
be normalized.Thus,insteadof dot-productlighting calcu-
lations,oftenlight- or ervironment-mapsreemplo/ed, be-
causen thiscasethelookupof theincominglight purelyde-
pendsonthedirectionof the gradient(seeSection5.3). An-
other possibility are normalizationmaps,that containnor
malizedgradientsor eachlookupwith unnormalizedyradi-
ents.A normalizedgradientis thenusedfor furtherlighting
calculations.

Oneof themostcommonapproacheto estimatethe gra-
dientis basedon the rst term of a Taylor expansion With
this centrl differencesmethod the directionalderivative in
thex-directionis calculateddy evaluating

Ix 1yz Ix 1lyz with xyz IN

(10)

The deriativesin the othertwo directionsarecalculated
respectrely. A commonway to store pre-computedyradi-
entvectorsfor hardware-acceleratedolumerenderingis to
storethe three componentof the gradientand the scalar
valueof thevolumedataasa RGBA texture:

Ix Xyz

Ix

<
-
Nl

(11)

Iz
| A

Use of gradientsfor the visualizationof non-polygonal
shadedso-surfcesandfor volumeshadings demonstrated
in thefollowing subsections.
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T(s)
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Figure 20: A stepin the transferfunctionor an alphatestGL_GEQUAIlgenentesa single-sidedso-surface Note that the
artifactsin theiso-surfaceare remaedby very high samplingrates.

5.1. Non-polygonallso-surfaces

Aside from the explicit reconstructiorof thresholdsurfaces
from volumedatain apre-processingtepto renderingthere
exist also techniquesfor the visualizationof iso-surfices
duringrendering The underlyingideais to rejectfragments
from being renderedthat lie over (and/orunder)the iso-
value,by applyinga perfragmenttestor assigninga trans-
parentalpha-alue by classi cation. Westermanrproposed
to usethe OpenGL alphatestto reject fragmentsthat do
not actually contritute to an iso-surceswith given iso-
valuetl. The OpenGL alphatestallows usto de ne a al-
phatestreferencevalue and a comparisortestthat rejects
fragmentshasedon the comparisorof the alphachannelof
thefragmentandthe givenreferencevalue.With the RGBA
texture setupfrom the last sectionand by setting the al-
phatestreferencevalue to the iso-value and the compari-
sontestto GL_GEQUAL(greateror equal)one side of the
iso-surficeis visualized,while atestGL_LEQUAL(lessor
equal)visualizegheotherside(seeFigure20). An alphatest
with GL_EQUALwill leadto atwo-sidediso-surfice.Rezk-
Salamaet al 37 extendedWestermanrs approacho usepro-
grammablegraphicshardwarefor the shadingcalculations.

The similar resultis obtainedby usingappropriaterans-
fer functionsfor classi cation.Single-sidedso-surbcesare
generatedby usinga stepfunctionfrom fully transparento
fully opaquevaluesor vice versa,whilst peaksin thetrans-
fer function causedouble-sidedso-surices.The thickness
of the iso-surficesis determinedby the width of the peak.
As peaksin the transferfunction generatehigh frequencies
in the classi ed volumedata,holesin the surfacewill only
beremoredby emplagying very high samplingrates(seeFig-
ure21). It shouldbe noted,thatonly post-classi cationwill

Il the holesin the surfacesfor high samplingrates,since
pre-classi cationdoesnot reconstructhe high frequencies

of thetransferfunctionontheslice polygonsproperly 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 mode?s into a single-paswvolumerenderingalgorithm,
dot-productsand component-wiseproductsmust be com-
putedwith perfragmentarithmeticoperationsThis mech-
anismis providedby modernPCgraphicshardwarethrough
adwancedperfragmentoperations.The standardOpenGL
extensionEXT_texture_env_dot3 provides a simple
mechanisnfor productcalculations Additionally, NVIDIA
providesthemechanisnof textureshadersindregistercom-
binersfor texture fetchingandarithmeticoperationsyvhilst
ATl combinesthe functionality of thesetwo units into the
fragmentshadeAPI.

Althoughsimilarimplementationgarepossiblewith ATI's
fragmentshaderextension,the following examplesemploy
NVIDIA's register combiners.The combinersetupfor dif-
fuseillumination with two independenlight sourcess dis-
playedin Figure22. In this setuptwo texturesare usedfor
eachslice polygon- onefor the pre-calculatedradientsaand
one for the volume scalars.The rst combinercalculates
the two dot productsof the gradientwith the directionsof
thelight sourcesThe secondccombinermultipliesthesedot
productswith the colors of the correspondindight sources
andsumsuptheresultsIn the nal combinerstageheRGB
valueafterclassi cationis addedto the RGB resultandthe
transpareng of the fragmentis setto the alphavalue ob-
tainedfrom classi cation.

Speculaanddiffuseilluminationis achiezed by usingthe

¢ TheEurographic#ssociation2002.
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T(s)

50x more slice

Figure21: Threepeaksn thetransferfunctiongenerate threedouble-sidedso-surfacesNote thattheholesin theiso-surfaces

are remavedby veryhigh samplingrates.
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Figure 22: N\Mdia registercombinersetupfor diffuseillumination with two independenlight sources.

register combinersetupdisplayedin Figure 23. Here, the
rst combinercalculatesa singledot productof thegradient
with asinglelight sourcedirection.Theresultis usedin the
secondgeneralcombinerfor calculationof a diffuse light-
ing termandat the sametime the dot productis squaredin
the nal combinerthe squarediot productis squaredwice
beforethe ambient,diffuse and speculadighting termsare
summedup.

5.3. Light/Re ection Maps

In theaborelighting calculationghecompleity of thelight-
ing conditionsis limited by the numberof arithmeticopera-
tions(or combinerstagesjhatareallowedonaperfragment
basis.Additionally, duethe currentunavailability of square
rootanddivision operationsn thefragmentstage theinter-
polatedgradientcannoterenormalizedDot-productight-
ing calculationswith unnormalizedgradientswill lead to
shadingartifacts.
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In orderto allow more comple lighting conditionsand
prevent artifacts,the conceptof re ection mapsis applica-
ble. A re ection map cacheghe incidentillumination from
all directionsatasinglepointin spaceThegenerabssump-
tion for thejusti cation of re ection mapsis, thatthe object
to which the re ection mapis appliedis smallwith respect
to the ervironmentthatcontainsit.

For alookupinto a re ection mapon a perfragmentba-
sis,adependentexturefetchoperatiorwith thenormalfrom
apreviousfetchis required.The coordinatedor thelookup
into a diffuseervironmentmaparedirectly computedrom
the normalvector whereaghe re ection vectorsfor re ec-
tion maplookupsarea function of boththe normalvectors
andtheviewing directions.

Besidessphericalre ection-maps,cube mapshave be-
comemoreandmorepopularwithin the pastyears(seeFig-
ure 24). In this casethe ervironmentis projectedonto the
six sidesof a cube,which areindexed with the largestab-
solutecomponenbf thenormalor re ection vector Thede-
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Figure 23: NMdia registercombinersetupfor diffuseand specularillumination. Theadditional sum(+) is achievedusingthe
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Figure 24: Exampleof a cubeervironmentmap.

pendentiookup into sucha cubemapis supportedn ATI's
fragmentshadermandNVIDIA's texture shadetOpenGLex-
tensionsWith NVIDIA's texture shaderextensionfour tex-
ture units arerequired.The rst texture unit fetchesa |-
tered normal from the volume. Since the re ection map
is generatedn world coordinatespace the currentmodel-
ing matrix is requiredto transformthe normalsinto world
space.The texture coordinatesof the threeremainingtex-
ture stagesare usedto passthe current modeling matrix
stir i 12 3 andtheeye vector q; g gz to the
rasterizationunit as vectorsy; Stirig i 123
(seeFigure 25). From this informationthe GPU calculates
anormalin world spacefor a diffuselookup or are ection
vectorin world spacdor are ection maplookup.Thevalues
from thoselookupsare nally combinedusingthe register
combinerextension(seeFigure 26 for results).

Dueto thefact,thattheuploadtime of updateccubemaps

registers of the nal combinerstege.

Figure 25: Texture shader con guration for lookup
into a re ection cube map. For a diffuse cube map
lookup, the last fetcdh opemtion is replaced by a
DOT_PRODUCT_TEXTURE_CUBE_MAPop&fation.

is nggligible, cubemapsareideally suitedfor comple, dy-
namiclighting conditions.

5.4. Shadowns

Shadavs areanothelimportantvisualcluefor theperception
of 3D structuresBehrensand Ratering proposeda hard-
ware model for computingshadevs in volume data. They
computeasecond/olumethatcaptureghelight arriving ata
certainvolumesample During rasterizatiorthe colorsafter
thetransferfunctionaremultiplied with thesevaluesto pro-
duceattenuatedolors.However this approactsufiersfrom
blurry shadavs andtoodarksurfacesdueto theinterpolation

¢ TheEurographic#ssociation2002.
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Figure 27: Examplevolumerenderingswith shadowcomputations.

Figure 26: Iso-surfaceof theengineblock with diffusecube
map(left) and speculamre ection map(right).

of thecoarsdight intensityvolume.This effectis referredto
asattenuatiorieakage.

An alternatve approactwasproposedy Kniss'8. Instead
of ashadav volumean offscreenrenderbuffer accumulates
the amountof light from the light's point of view. In order
to renderthe sameslicesfor light attenuationand volume
slicing, Kniss proposedo slicethe volumewith a slice axis
thatis the halfway vectorbetweerthe view andlight direc-
tions. For a singleheadlightthe sameslicesfor accumulat-
ing opacity and for volume renderingare employed (Fig-
ure28(a)). Theamounbf light arriving from thelight source
at a particularslice is one minus the accumulatecpacity
from theslicesbeforeit. Giventhesituationin Figure28(b),
normally a separateshadev volume mustbe created With
theapproactof Knissthehalfway vectors betweerthelight
sourcedirectionl andtheview vectorv is usedasslicing axis
(Figure28(c)). In orderto have anoptimalslicing direction
for eachpossiblecon guration, the negative view vectoris
usedfor anglegyreatethan90degreeshetweertheview and
thelight vector(Figure 28(d)). Note, thatin orderto ensure
a consistensamplingrate, the slice spacingalongthe slice
directionmustbe corrected.

Giventheabove slicing approactandafront-to-backslice
renderingorder atwo-pass/olumerenderingalgorithmwill
provide thedesiredresults.First, a hardware-acceleratedff
screenrenderbuffer is initialized with 1 light_intensty.
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Figure 28: Modi ed slicing appmoad for light transport
computation.

Alternatively, to createeffectslike spotlights,the buffer is
initialized with an arbitraryimage.Then eachslice is ren-
deredin a rst passfrom the obsererspoint of view using
the off screenbuffer to modulatethe brightnesof samples.
The two texturesare appliedto a slice polygon by means
of multi-textures.Then,in the secondpassthesliceis ren-
deredfrom thelight's point of view to calculatetheintensity
of thelight arriving at the next layer. Light is attenuatedy
accumulatinghe opacityfor eachsamplewith the over op-
erator Optimized performanceds achiezable by utilizing a
hardware-acceleratedff screenbuffer, that canbe directly
usedasatexture.Suchfunctionalityis providedin OpenGL
by theextensionrenderto texture. Theapproachrendersone
light sourcepervolumerenderingpassMultiple light source
requireadditionalrenderingpassesTheresultingimagesare
weightedandsummedFigure27 demonstratesesultsof the
approachAsimagesreatedvith thethisapproactoftenap-
pearto darkbecausef missingscatteringeffects,Knissalso
proposedo usethe approachor scatteringcomputation¥
to simulatetranslucenmaterial.
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6. Multi-Dimensional Classi cation

The term classi cation was introducedin Section2 asthe
procesf mappingscalarvaluesfrom thevolumeto RGBRA

valuesusinga one-dimensionairansferfunction. Figure 29
shavs a one-dimensionahistogramof a CT dataset (see
Figure31), thatallows to identify threebasicmaterials.

Figure 29: A 1D histagram of the CT humanheaddata set
(black: log scale grey: linear scale). The colored regions
(A,B,C)identifybasicmaterials.

However, it is oftenadwantageouso have a classi cation
thatdepend®n multiple scalarvalues Thetwo-dimensional
histogrambasednthescalavalueandthe rst orderderiva-
tive in Figure 30 allows to identify the materialsaswell as
the materialboundarief the sameCT dataset (seeFig-
ure31).

N
>

Figure 30: Alog-scale2D histagram.Materials(A,B,C)and
materialboundarieqD,E,F) canbedistinguished.

Multi-dimensionaltransferfunctionswere rst proposed
by Levoy?2. They provide avery effective wayto extractma-
terialsandtheir boundariedor both scalarandmultivariate
data.However, themanipulatiorof multi-dimensionatrans-
fer functionsis extremely dif cult. Kindlmanté proposed
the semi-automatigenerationof transferfunctionswhilst
Knissl” proposeda setof direct manipulationwidgetsthat
malke specifyingsuchtransferfunctionsintuitive andcorve-
nient.

Since identifying good transfer functionsis a dif cult
task,theinteractve manipulationof all transferfunction pa-
rameterss mandatoryFortunatelydependentexturereads,
which wereintroducedin the latestgeneratiorof consumer
graphicshardware,areparticularly suitedfor aninteractve
classi cationwith multi-dimensionatransferfunctions.In-
steadof the one-dimensionatiependentexture from Sec-
tion 4, the transferfunction is transformedinto a two- or

N

\

«—

\

Figure 31: CT scanof a humanheadshowingthe materi-
alsandboundarieddenti ed by a two-dimensionatransfer
function.

three-dimensiond®GBA texturewith colorandopacityval-
uesfrom thetransferfunction. The volumeitself is de ned
asa LUMINANCE_ALPH#Aexturefor two scalargervoxel
andasa RGBtexturefor threescalargervoxel.

Figure 32: Texture shadersetupfor a three-dimensional
transferfunction.Stage 0 fetchesthe pervoxelscalais while
stege 1 performsa dependentexture lookup into the 3D
transferfunction.

Figure 32 shaws the texture shadersetupfor NVIDIA's
GeForce4 chip. During renderingthe rst texture stage
fetchesltered texels from the volumecontainingthe three
scalargde ned for thatvoxel in the RGB componentsTex-
ture stagel performsdependentexture lookupswith the
RGB componentsrom stage0 astexture coordinatesnto
the 3D transfer function volume. Consequentlya post-
classi cation with the 3D transferfunction is performed.

¢ TheEurographicssociation2002.
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It shouldbe noted,that a 3D dependentexture lookup is
currently only supportedby the texture_shader3 ex-

tension of the GeForce4 chip. In contrast,both the ATI

Radeon8500and the NVIDIA GeForce3 and GeForced
chipssupport2D dependeniookups.

7. High-Quality Filtering

As outlined in Section 2, the accuratereconstructionof

the original volumefrom the sampledvolumedatarequires
an appropriatereconstructionlter . Unfortunately current
graphicshardware only supportslinear Iters for magni -

cation. However, Hadwigeret al.1° have shavn that multi-

texturesand e xible rasterizatiorhardwareallow to evaluate
arbitrary lter kernelsduringrendering.

The ltering of a signalcanbe describedasthe convolu-
tion of thesignalfunctionswith a lter kernelfunctionh:

¥
gt s ht st t ht dt (12)
¥
In thediscretizedorm this leadsto
o
G a % ih (13)
il

with the half width of the Iter kerneldenotedvy |. Basi-
cally this meansthatwe have to collectthe contritution of
neighboringinput samplesmultiplied by the corresponding
Iter valuesto getanew ltered outputsample.Insteadof
this gatheringapproachHadwigeret al. usea distributing
approachfor a hardware-acceleratednplementationThat
is, the contritution of aninput sampleis distributedto its
neighboringsamples,nsteadof the otherway. The order
was chosen sincethis allows to collect the contritution of
asinglerelative input samplefor all outputsamplesimulta-
neously Thetermrelativeinput sampledenotegherelative
offsetof aninputsampleto the positionof anoutputsample.
The nal resultis obtainedby addingthe result of multi-
ple renderingpasseswherebythe numberof input samples
thatcontritute to anoutputsampledeterminehe numberof
passes.

Figure 33 demonstrateshis in the example of a one-
dimensionaltent Iter. As one left-handedand one right-
handedeighborinputsamplecontrituteto eachoutputsam-
ple,atwo-passapproachs necessaryn the rst passthein-
put samplesareshiftedright half a voxel distanceby means
of texture coordinates.The input samplesare storedin a
texture-mapthat usesnearest-neighbdnterpolationandis
boundto the rst texture stageof the multi-texture unit (see
Figure 34). Nearest-neighbainterpolationis neededo ac-
cessthe original input samplesover the completehalf ex-
tend of the Iter kernel. The lter kernelis divided into
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input samples

input samples

resampling points resampling points

Figure 33: Distributing the contributionsof all “left-hand”
(a), and all “right-hand” (b) neighbos, whenusinga tent
Iter asa simpleexamplefor thealgorithm.

two tiles. One lter tile is storedin a secondtexture map,
mirroredandrepeatediia the GL_REPEATextureerviron-
ment.Thistextureis boundto the secondstageof the multi-
texture unit. During rasterizatiorthe valuesfetchedby the
rst multi-texture unit are multiplied with the resultof the
secondmulti-texture unit. Theresultis addednto the frame
buffer. In the secondpassthe input samplesareshiftedleft
half a voxel distanceby meansof texture coordinatesFor a
symmetriclter thesameunmirroredlter tile isreusedThe
resultis againaddedto the framebuffer to obtainthe nal

result.

shifted input samples (texture 0)
(nearest-neighbor interpolation)

X
’/ filter tile (texture 1;
ilter tile (texture 1)

/
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Figure 34: Tent lter (width two) usedfor reconstructiorof
a one-dimensionafunctionin two passesimagine the val-
uesof theoutputsamplesaddedtogetherfromtop to bottom.

If a given hardware architecture supports 2n multi-
textures,the numberof requiredpassesan be reducedby
n. Thatis, two multi-texture units are calculatingthe result
of asinglepassNote,thatthe methodoutlinedabove is not
consideringarea-aeraging lters, sinceit is assumedhat
magni cation is desiredinsteadof mini cation. For mini -
cationpre- Itering approachesk e mip-mappingareadwan-
tageousFigure 35 demonstratethe bene t of bi-cubic |-
teringusinga B-spline lter kernelover a standardi-linear
interpolation.
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Figure 35: Usinga high-qualityreconstructionlter for vol-
umerendering Thisimage compaesbi-linear interpolation
of object-alignedslices(A) with bi-cubic Itering usinga B-
spline Iter kernel(B).

8. Pre-Integrated Volume Rendering

Olviously, asoutlinedin Section2, post-classi cationwill
reproducehigh frequenciesof the transferfunction. How-
ever, asobsenedin Section5.1, high frequencieqe.qg.iso-
surfacepeaks)areonly reproducedn slice polygons.In or-
der to visualizedetailsof the transferfunctionin between
slice polygons additionaltri-linearly interpolatedslice must
be rendered As this demandshigher rasterizationrequire-
mentsfrom the graphicshardware,frameratesonsiderably
decrease.

8.1. Pre-Integrated Classi cation

In orderto overcomethelimitationsdiscussed@bore, theap-

proximationof the volumerenderingintegral hasto beim-

proved. In fact, mary improvementshave beenproposed,
e.g., higherorder integration schemesadaptve sampling,
etc. However, thesemethodsdo not explicitly addresshe

problemof high Nyquist frequencief the color after the

classi cation € sx and an extinction coefcients after
the classi cationt s x resulting from non-lineartrans-
fer functions.On the otherhand,the goal of pre-integrated
classi catior® is to split the numericalintegrationinto two

integrations:onefor thecontinuousscalareld s x andone
for thetransferfunctions€ s andt s in orderto avoid the
problematigoroductof Nyquistfrequencies.

The rst stepis thesamplingof thecontinuousscalareld
s x alonga viewing ray. Note that the Nyquist frequeny
for this samplingis not affectedby the transferfunctions.
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Figure 36: Shemeof the parametes determiningthe color
andopacityof thei-th ray segment.

For the purposeof pre-intgrated classi cation, the sam-
pledvaluesde ne aone-dimensionapiecaviselinearscalar
eld. The volumerenderingintegral for this piecevise lin-

earscalar eld is ef ciently computedby onetablelookup
for eachlinear sgment. The three agumentsof the table
lookuparethe scalavalueat the start(front) of the segment
si: sxid ,thescalavaluetheend(back)ofthesegment
$: sx i 1d ,andthelengthof thesegmentd. (See
Figure36.) More preciselyspolen,the opacitya; of thei-th
segmentis approximatedy

i 1d

aj 1 exp t sxl dl

id

1 exp t 1 wst
0

ws, ddw  (14)

Thus,a; is afunctionof s¢, s, andd. (Or of s; ands,,, if the
lengthsof the segmentsare equal.) The (associatedgolors
C; areapproximatectorrespondingly:

- 1
Ci €1 ws wsg
0
w
exp 0t1WSf

ws, ddw d dwls)

Analogouslytoaj, Ci isafunctionof s¢, 5y, andd. Thus,pre-
integratedclassi cationwill approximatehevolumerender
ing integral by evaluatingthefollowing Equation:

with colorsG; pre-computecccordingto Equation(15) and
opacitiesa; pre-computediccordingto Equation(14). For
non-associatedolor transferfunction, i.e., when substitut-
ing€s byt scs,wewill alsoemploy Equation(14) for
theapproximatiorof a; andthefollowing approximatiorof
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theassociatedolorCt:

. 1
ct t
0

1 wsf wsgsCc 1 wsp ws

w
exp t
0
Note that pre-intgratedclassi cation always computesas-
sociatedcolors, whethera transferfunction for associated
colors€ s orfor non-associatedolorsc s is emploed.

1 ws ws ddw ddwl6)

In eithercase pre-intgratedclassi cationallows to sam-
ple a continuousscalar eld s x without the needto in-
creasehesamplingratefor ary non-lineartransferfunction.
Therefore pre-int@ratedclassi cation hasthe potentialto
improve the accurag (lessundersamplingandthe perfor
mance(fewer samples)of a volume rendererat the same
time.

Oneof themajordisadantage®f the pre-integratedclas-
si cation is the needto integrate a large numberof ray-
segmentsfor eachnew transferfunction dependentn the
frontandbackscalarvalueandtheray-sgmentlength.Con-
sequentlyaninteractve modi cation of thetransferfunction
is not possible Thereforeseveral modi cationsto the com-
putationof theray-s@mentswereproposed, thatleadto an
enormousspeedumf theintegrationcalculationsHowever,
thisrequiresto neglectthe attenuatiorwithin aray segment.
Yet, thisis acommonapproximatiorfor post-classi edvol-
umerenderingand well justi ed for small productst s d.
Thedimensionalityof thelookuptablecaneasilybereduced
by assumingconstantay sggmentlengthsd. This assump-
tion is correctfor orthogonalprojectionsand view-aligned
proxy geometry |t is a good approximationfor perspectie
projectionsandview-alignedproxy geometryaslong asex-
tremeperspecties are avoided. This assumptionis correct
for perspectie projectionsand shell-basedoroxy geome-
try. In the following hardware-accelerategnplementation,
two-dimensionallookup tablesfor the pre-integratedray-
segmentsareemplo/ed, thusa constantay segmentlength
is assumed.

8.2. Texture-BasedPre-Integrated Volume Rendering

Theutilizationof e xible graphicshardwarefor ahardware-
accelerate@nplementatiorof pre-intggratedvolumerender
ing for volume dataon cartesiangrids was rst proposed
in 7. The texture maps (either three-dimensionabr two-
dimensionaltextures) containthe scalarvaluesof the vol-
ume,just asfor post-classi cation As eachpair of adjacent
slices(eitherview-alignedor object-alignedorrespondso
oneslabof the volume(seeFigure 37), the texture mapsof
two adjacentsliceshave to be mappedonto one slice (ei-
ther the front or the back slice) by meansof multiple tex-
tures. Thus, the scalarvaluesalong a viewing ray of both
slices(front and back) are fetchedfrom texture mapsdur
ing the rasterizatiorof the polygonfor oneslah Thesetwo
scalarvaluesare utilized as texture coordinatedor a third
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backslice

front slice

Figure 37: A slab of the volumebetweentwo slices. The
scalarvalueonthefront(bad) slicefor a particular viewing
rayis calledss (sp).

dependentexture fetch operation.This fetch performsthe
lookup of pre-integratedcolors and opacitiesfrom a two-
dimensionatexture map.

The opacitiesof the dependentexture maparecalculated
accordingto Equation(14), while the colorsare computed
accordingto Equation(15) if the transferfunctionspeci es
associatedolors€ s , andEquation(16) if it speci esnon-
associatedolorsc s . In eithercasethe compositingequa-
tion (5) is usedfor blendingasthe dependentexture map
alwayscontainsassociatedolors.

NMdia's texture shader extension provides a texture
shaderoperationthatemploys the previous texture shaders
greenand blue (or red and alpha) colorsasthe st co-
ordinatesfor a non-projectve 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-
putesthe dot productof thestages st r andavectorde-
rived from a previous stage$ texture lookup is used(see
Figure 38). The resultof two of suchdot producttexture
shaderoperationsareemplo/ed ascoordinatedor a depen-
denttexturelookup.Herethedot productis only requiredto
extract the front andbackvolumescalarsThis is achieed
by storingthe volumescalarsin the red componentof the
texturesand applying a dot productwith a constantvector
v 100 ". Thetexture shaderextensionallows usto de-
ne to which previous texture fetch the dot productrefers
with the GL_PREVIOUS_TEXTURE_INPUT_N¥exture
ervironment.The rst dot productis setto usethe fetched
front texel valuesasprevious texture stage the seconduses
thebacktexel value. In this approachthe seconddot prod-
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uct performsthe texture lookup into our dependentexture
via texture coordinate®btainedrom two differenttextures.
As ATI's fragmentshadeiOpenGLextensionis more e xi-
ble thanthe NVIDIA counterpartthe moresimplesetupis
possible.The front and back scalarvaluesare fetchedac-
cordingly to the NVIDIA setup.After the fetchesthe two
scalarvalue are containedin the red componentsof two
temporaryregisters.Thenthe scalarvaluefrom oneof tem-
porary registersis moved to the greencomponentof the
otherregisterwith a GL_MOV_ATIcommand.In the sec-
ond phaseof the fragmentshadeprogram,a 2D dependent
texturefetchwith theredandgreencomponentsf thistem-
poraryregisterfetchesthe pre-intgratedray-sgmentfrom
atexturemap.

Figure 38: Texture shadersetupfor dependen®D texture
lookup with texture coodinatesobtainedfrom two source
textures.If 3D texturesare employedthe r sttwofetch oper
ationsare replacedby thecorrespondingD texture fetches.

For direct volumerenderingwithout lighting the fetched
texel from the last dependenttexture operationis used
without further processingand blended into the frame
buffer with the OpenGL blending function gIBlend-
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 shavn in
Figure39.

Besidesthe suitability of high-frequeng transferfunc-
tions for the evaluation of volume renderingquality, they
alsoallow to identify homogeneougegionsandsmall vari-
ationsin the volume data (seeFigure 40, right). Random
transferfunctionsare a way to visualizeall iso-surficesin
thevolumedataat once becausea randomtransferfunction
consistof alargenumberof peaksgeachof whichrepresents
a singleiso-surfice.Homogeneousegionshave a low iso-
surfacedensity In contrast,large variations,i.e. large gra-
dientsareidenti able by applyinggradient-weightedpac-
ity. The usualway to implementgradientweighting is to

Figure 39: Comparisonof the results of pre-, post- and
pre-integratedclassi cation for a randomtransferfunction.
Note that pre-classi cation doesnot reproduce high fre-
gquencieof thetransferfunction,that post-classi cationre-
produceghehighfrequenciesntheslicepolygonshut pre-
integratedclassi cation producesthe bestvisual resultdue
to thereconstructiorof high frequenciesn thevolume

storea pre-computedyradient-magnitudg@er voxel andto
usea two-dimensionatransferfunction to enhancebound-
ary structuresHowever, a directionalderivatein the view-
direction is implicitly containedwithin the pre-integrated
volumerenderingschemesimply by assigninghigheropac-
ity to texelsthatarefurtherawayfrom thediagonabf thede-
pendenttexture containingthe pre-intgratedray segments
(seeFigure40, left). Note, thatentriesnearthe diagonalof
thedependentexture correspondo ray sggmentswith simi-
lar front andbackscalavalues,.e.low gradientmagnitude,
whereasentriesfurther away from the diagonalcorrespond
to high directionalgradientmagnitude.
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Figure 40: Gradient-weighteapacityallowsto identify re-
gionsof big variationin thedata(left), while high-frequency
transferfunctionsallow to identify small variations (right).
Note that homgneousand inhoma@eneousregions inside
theenginedatasetcaneasilybeidenti ed.

8.3. Iso-surfacesand Shading

Oneof theadditionaladwantage®f pre-integratedclassi ca-
tion is the possibility of classifyingeachray segmentin the
pre-processingtepregardingtheexistenceof iso-surficesn
that sgment.An iso-surficeis containedwithin a ray seg-
ment,if theiso-valueliesin betweerthe scalarvaluesatthe
front andthe backslice positionalongthe ray. Justby ini-
tializing a transparentlependentexture and then coloring
pixelsin this texturewith the color andalphavaluethatcor
respondo iso-surficesthatintersectghe ray segments the
renderingof iso-surficess possible Certainlythisis notre-
strictedto a singleiso-surfceperray segment.If morethan
oneiso-surficeintersectaray sgment.theiso-surbicesare
blendedrespectiely andtheresultingcolor andalphavalue
is usedfor the correspondingixel in the dependentexture.
Additionally, the back and front of the iso-surfice can be
coloredindependentlyThis is demonstratedn Figure 41,
wherea dependentexturethatis usedfor visualizing10in-
dependentlycolorediso-surficesat once.Certainly visual-
izing multiple isosurficesat oncehasno impacton frame
rates asthis only requiresto modify thedependentexture.

For shadingcalculationsit is commonto employ RGBA
textures,that hold the volume gradientin the RGBcompo-
nentsandthe volume scalarin the ALPHAcomponentAs
dot3 dot-productn the NVIDIA architecturearerequired
to extract the front and back volume scalarfrom a RGBA
texel, thescalardatahasto bestoredin oneof theRGBcom-
ponentgherein red).The rst gradientcomponents stored
in the ALPHAcomponenin return.In theregistercombiners
thered andalphavaluesare swappedbackfor shadingcal-
culationswith RGB gradientsThis workaroundis not nec-
essanonthe ATl Radeon850®oard,sincethis architecture
allows more e xible perfragmentoperationsj.e. the scalar
valuein the alphachannelcanbe simply moved to another
colorchannefor a dependentexturefetch.

After the color and alphavalueshave beenfetchedfrom
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the dependenttexture, the gradientsfrom the front and
the backslice are available for shadingcalculations.Note,

that dueto limited amountof fetch operationson the cur

rentNVIDIA GPUsandthelimited amountof dependenc
phase®ntheATI GPUs light mapscannotbe employedfor

shading.Insteaddot-productshadingis usedto evaluatean

ambient diffuseandspeculatdighting term. The gradientis

linearly interpolatedo the positionof theintersectiorof the

iso-suricesnsidearay segment.If multipleiso-surbcesare
containedwithin a ray sggment,the gradientis interpolated
to the position of the mostfront iso-surficeor a weighted
combinatiorof multiple iso-suricegradientss usedjf mul-

tiple semi-transpareriso-surbicesare visible28. The result
of sucha shadingcalculationis shawvn in Figure41.

Figure41: Multiple shadechon-polygonalso-surfaceghat
were extracted with the correspondingdependentexture
(bottom right). Note thatthe frontand bad faceof theiso-
surfaceshavedifferentcolors.

Beyond that, volume shading® can easily be integrated
into the pre-intggrationschemeAs for iso-surbces RGBA
textureswith gradientsandscalarvaluesareemployed. In-
steadof the specialdependentso-surfcetexture, the pre-
integrateddependentexture is requiredagain.For shading,
thegradients averageetweerthefront andbackgradient.
Figure42 shavstheresultof pre-intgratedvolumeshading.

The volume shadingapproachis also useful as an al-
ternatve approachfor iso-surfice visualization. As dis-
cussedin Section5.1 a peakin the transferfunction de-
nes a double-sidedso-surfice.Due to the pre-intgration
of ray-s@mentstheiso-surbiceresultingiso-suricesdo not
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Figure 42: Pre-intgratedvolumeshadedenderingof con-
vection ow in theearth'scrust.

have holesasopposedo post-classi cation(seeFigures43
and21 for acomparison).

Figure 43: isualizationof iso-surfacesisingtransferfunc-
tion peaks(bottom,left) and pre-integrated shadedvolume
renderingdoesnotleadto holesin theiso-surfacedor alow
numberof slicesas opposedo post-classi cation.

9. LargeVolumes

One of the main limitations of emplgying currentPC con-
sumergraphicshardware for volume renderingis the rela-
tively small amountof available on-boardtexture memory

Currently amaximumof 128 MB is supportedy NVIDIA's

GeForcedand ATI's Radeon850Moards.Due to the quite

slow bus bandwidthof currentPC architecturesthe utiliza-

tion of the main memoryin combinationwith a bricking®

approachis often impractical. Although texture compres-
sion is available in current consumergraphics hardware
for quite a time in form of S3's texture compressiorex-

tensionsEXT_texture_compression_s3tc and the
equialentextensionNV_texture_compression_vtc

for 3D textures,the compressiomatios and quality is quite
limited. Multi-resolution method&° 21 still have not pro-

videdsatishctoryresults.
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Figure 44: Data structuee for vectorquantizationof volume
textures.Eacd byteof theindex dataspeci esonedatablodk
consistingof2 2 2 voxels.

However, due to indirect memory accessfunctionality
provided by dependenttexture fetch operationsof mod-
ern PC graphicshardware, decodersfor compressedsol-
ume data can directly be integratedinto the rasterization
pipeline. Kraus et al.20 proposedto use dependentexture
fetchedfor adaptve texture mapsandvectorquantizatiorof
volume data. The basicidea of vector quantizationof vol-
umedatais illustratedin in Figure44. Insteaddf theoriginal
volume data,the rendered3D texture containsindicesthat
referenceonevectorof voxelsin a codebookin theimple-
mentatiorof Kraus,the codebookincludes256 vectorscon-
sistingof 8 bytescorrespondingo 2 2 2 voxels of the
original volumedata.Thus,eachcell of theindex dataspec-
i es the completedataof eight voxels with just one byte,
i.e. the compressiomatio is about8 : 1 sincethe sizeof the
relatively smallcodebookmaybeignored.The codebookis
computedin a pre-processingtepwith the help of one of
the numerous/ectorquantizatioralgorithms.

Sincethe dependentetch from the codebookis doneaf-
terthe ltering step,currentlynearesheighborinterpolation
is employed.In ahardwareimplementatioron futuregraph-
ics hardware,a vectorquantizationdecodingunit would be
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placedin front of the texture Itering unit to facilitate tri-
linearinterpolation.

10. Volumetric FX

In returnfor the advantageshe scienti c visualizationcom-
munity takes from the rapid developmentin the consumer
graphicshardware,we canprovide advancedalgorithmsthat
facilitate new volumetriceffectsin computergamesin or-
derto capturethecharacteristicef mary volumetricobjects
suchasclouds,smole, trees,hair, and fur, high frequeny
detailsareessentialEbert's® approactor modelingclouds
usesa coarsdechniquedor modelingthemacrostructurand
usesprocedurahoise-basedimulationsfor the microstruc-
ture (seeFigure45). Thistechniquevasadaptedy Knisst®
to interactive volumerenderingthroughtwo volume pertur
bation approachesvhich are ef cient on moderngraphics
hardware. The rst approachs usedto perturbtexture co-
ordinatesandis usefulto perturbboundariesn the volume
data,e.g.theboundaryof thecloudin Figure45. Thesecond
approaciperturbghevolumeitself, which hastheeffectthat
materialsappeato have inhomogeneities.

Bothvolumeperturbatiorapproachesmploy asmall3D-
perturbationvolume with 328 voxels. Eachtexel is initial-
izedwith four random8-bit numbersstoredasRGBA com-
ponentsandblurredslightly to hide the artifactscausedy
trilinear interpolation.Texel accesss thensetto repeatAn
additionalpassis requiredfor both approacheslueto lim-
itations imposedon the numberof textureswhich can be
simultaneouslhappliedto a polygon,andthe numberof se-
guentialdependentexture readspermitted. The additional
passoccursbeforethe stepsoutlinedin the previoussection.
Multiple copiesof the noisetextureareappliedto eachslice
atdifferentscalesThey arethenweightedandsummecdper
pixel. To animatetheperturbationthey addadifferentoffset
to eachnoisetexture's coordinatesndupdatet eachframe.

In the caseof the modi cation of the locationof the data
accesdfor the volume, the three componentsof the noise
texture form a vector which is addedto the texture coor
dinatesfor the volumedataper pixel. Offsettexturesin cur
rent graphicshardware would be ideally suitedto add the
noisevectorto eachperfragmenttexture coordinate Unfor-
tunately NVIDIA's texture shaderextensiondoesnot facil-
itate 3D offset textures.Instead the perturbeddatais ren-
deredto a pixel buffer thatis usedinsteadof the original
volume data.Figure 46 illustratesthis processNotice that
the high frequeng contentis createdby allowing the noise
textureto repeat.

In the caseof the modi cation of the volumeitself, the
scalarvaluefor eachfragmentis modi ed with theweighted
sumof the threenoisetextures.Thenthis modi ed scalaris
emplgyedfor thetransferfunctionlookup.

Figure47 shaws a reball thatis renderedwith a small
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Figure 45: Procedual clouds.Theimage on the top shows
the underlyingdata, 64°. The centerimage showsthe per-
turbedvolume Thebottomimage showsthe perturbedvol-
umelit from behindwith low frequencynoiseaddedto the
indirectattenuationto achieve subtleiridescenceeffects.

modi cation of the pre-intgrated volume rendering ap-
proachfrom Section8. Insteadof aindexed 3D-texture con-
taining just the scalarvaluesfrom a singlevolume,a RGB
textureis emplgyed, that containsthe volumescalarsin the
redchannelalow-frequeny noisetexturein thegreenchan-
nel and a high-frequeng noise texture in the blue color
channellf we applytexture coordinatesa b g insteadof
theconstant1 0 O texture coordinatesasoutlinedin Fig-
ure38, thethreevolumescontainedn thecolor channelsre
weightedusingthe dot-productheforethe dependentexture
lookupis performed.Thus,if we storearadialdistancevol-
umein theredcolor channeljt is perturbed Flamesarean-
imatedby changingtheweightingfactors a b g, while an
outwardsmovements achiezedby colorcycling thetransfer
function.
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Figure 46: An exampleof texture coorinate perturbation
in 2D. A showsa squae polygonmappedwith the original
texture thatis to beperturbed B showsa low resolutionper-
turbationtexture appliedto thepolygonmultipletimesat dif-
ferentscales Theseoffsetvectos are weightedand summed
to offsetthe original texture coorinatesas seenin C. The
texture is thenread usingthe modi ed texture coorinates,
producingtheimage seenin D.

11. Limitations

Eventhoughtherehasbeena enormousievelopmentin the
consumegraphicamarlketin thelastfew years currentiow-
costgraphicshardwarestill hasits dravbacks.

First, the computationaprecisionof currentPC graphics
hardwareis quitelimited, especiallyin therasterizatiorstage
of therenderingpipeline.Framelffers currentlysupport32
bits, 8 bits per color channel NVIDIA's registercombiners
extensiorhas9 bits precisiorfor arangefrom 1to 1, while
the texture shaderunit has oating point precision.ATI's
fragmentshaderunit supportsl6 bits precisionfor a range
of valuesfrom 8t08,13bitintherange 1tol.Note,that
for calculationdgn 16 bit precision,it is necessaryo expand
the valuesto the full rangeof 8 to 8. Texturescurrently
have 8 bit precisionpercolorchannelThe rst steptowards
higherprecisionis NVIDIA'sHILO textureformat,thatsup-
portstwo channelsper texture with 16 bits precision.The
resultlimited precisionare artifacts,that can be frequently
obsered in hardware-acceleratetenderingsOne solution
wasalreadyintroduced-thgpre-computatiorof valueswith
thefull precisionof theCPUin a pre-processingtep,asem-
ployedfor pre-intgratedvolumerendering.

Anotherdravbackis the limited programmabilityof cur
rentunitsin the renderingpipeline.NVIDIA supportsfour
texture fetchesin a pass,followed by 8 generalcombiner
andone nal combineroperation.ATI's fragmentshaders

Figure 47: Pre-Intgrated volumerenderingof a r eball.

The r eball effectis obtainedby mixing different volumes
during rendering (1) Radial distancevolumewith high-

frequency r e transfer function, (2) Perlin-Noise-\lume
with r e-transferfunction, (3)\Weightedcombinationof the

distancevolumeandtwo Perlin-Noisevolumes(4) Like (3),

but with higherweightsfor the Perlin-Noise-volumes.

currentlysupport2 phaseseachwith 8 texture fetchesfol-
lowed by 8 math operationsMore complex operationsre-
quireto split the computatiorinto multiple renderingpasses.
Hardware-acceleratedffscreenbuffers (PBuffers) and the
possibility to directly renderto a texture (renderto texture
OpenGL extension)help to limit the loss in performance
causedy slow read-back$or subsequentnderingpasses.

As alreadydiscussedn Section9, the limited amountof
texture memoryin combinationwith the low bandwidthof
the AGP bus is one of the main obstacledor volumeren-
deringon low-costPC graphicshardware. Whilst the avail-
abletexturememorymightbesufcient for computeigames,
thecurrentlyemployedbrute-forceapproachesf rasterizing
the completevolume male it necessaryo keepthe com-
plete datasetin the texture memory Currentframe rates
aremainly limited by rasterizatiorpover andmemoryband-
width. Progressn this eld is thusdependenbn the devel-
opmentof fastermemoryin the memorymarket. Besides
texture compressiorasdiscussedn Section9, early z-tests
or embeddedRAM with wide bussesnight befuturesolu-
tionsto this problem.

From the applicationdevelopers point of view, the vari-
ety of different (and highly incompatible)extensions that
give accesdo the featuresof the proprietaryhardware ex-
tensionsof graphicshardware manufcturerson a low ab-
stractionlayer, make it hardto develop programsthatwork
onall graphicshoards Shadinganguagesthatraisetheab-
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stractionlayerarecurrentlyunderdevelopmenfor thefuture
OpenGL2.0andDirectX9 APIs. A rst big stepis the Stan-
ford shadinglanguagethatis alreadyavailable for quite a
while2s,

12. Summary and Conclusions

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

Apart from the thesealgorithms,multi-texturesand pro-
grammablerasterizationunits provide a numberof addi-
tional options, like perfragment clipping with arbitrary
clipping geometry°, speedupof renderingusing parallel
rasterizatio®” andthe renderingof translucenmaterial$®.
The parallelizationof multiple consumergraphicsboards
to a rendering cluster has been investigatedby several
authorég? 24,

We believe, thatthe trendtowardsmoreprogrammability
of thegraphicipelinewill carryon.A fully programmable
rasterizatiorunit, thatfacilitatesarbitraryperfragmentpro-
gramsmightevenbeavailablein thenext generatiorof con-
sumermgraphicshardware.Early z-testswill preventunneces-
saryrasterizatiorandmemoryaccessednothertrendis the
developmenttowards oating point precisionin the frame-
buffer andtextures.Thisis particularlyusefulfor multi-pass
approachesthat currently suffer from accumulatecerrors
during renderingpasseslinsteadof merely renderingge-
ometrycreatedrrom scienti ¢ data,programmabl@raphics
hardwarewill beincreasinglyusedfor Itering andmapping
tasksin scienti ¢ datavisualizationin thefuture.

The next generationof consumergraphicshardware is
justonthehorizon.3DLabsjustannouncetithe P10Visual
Processotnit (VPU), thatwill befully programmabland
supportthe upcomingstandard®©penGL2.0 andDirectX9.
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-IntgratedvolumeRendering:
http://wwwvis.informatik.uni- stuttgart.de/~engel/

Interactive VolumeRendering:
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http://www?9.informatik.uni-

erlangen.de/Persons/Rezk/

High-Quiality Itering on PCgraphicshardvare:

http:/iwww.vrvis.at/vis/research/hg-

hw- reco/algorithm.htm |

Siggraphcourseon PCvolumegraphics:

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