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Abstract Traditional volume renderingdoesnot incorpo-
rate a numberof optical propertiesthat are typically ob-

sened for semi-transparennaterials suchasglassor wa-

ter, in the real world. Therefore,we have extendedGPU-
basedraycastingo spectralvolumerenderingbasedon the
Kubelka-Munktheoryfor light propagtionin parallelcol-

orantlayersof a turbid medium.This allows usto demon-
stratethe effects of selectve absorptionand dispersionin

refractive materials by generatingzolumerenderingsising
real physical optical properties We show thatthis extended
volumerenderingtechniquecanbe easilyincorporatednto

a e xible framework for GPU-basedolumeraycastingOur
implementatiorshavs a promisingperformancdor a num-
ber of realdatasets.Particularly, we obtainup to 100times
the performancef a comparabléCPUimplementation.

Keywords GPU-Raycasting SpectraMolumeRendering
Kubelka-MunkTheory

1 Intr oduction

Scienti ¢ volume visualizationplays an importantrole in
both academiandindustry Dependingon the application,
variousvisualizationtechniquesare beingemployed. In or-
derto obtaina productie systemthatis universally appli-
cable— in medicine,geosciencesgngineeringetc. — it
is necessaryo integratethesetechniquesnto a singletool.
Furthermoreavolumerenderingool is supposedo befuture-
proof.Of coursethisrefersto technicakbdwanceslikee.g.in
graphicshardware,to guaranteebestperformancealso for
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increasinghjargedatasets;but this desirealsorefersto new
methodologies,e.we expectanoptimaltool to bevery e x-
ible andto allow for fastandpainlessntegrationof innova-
tive new volumerenderingtechniques.

At the moment,actual volume renderingimplementa-
tions are almostexclusively basedon slice-basednethods
where axis-alignedor viewport-alignedtextured slicesare
blendedtogetherto approximatehe volumerenderingnte-
gral. Withoutdoubt,theseslice-base@pproachebave their
bene ts. However, slice-basedmplementationsre rasteri-
zation-limitedandcanhardlybe optimizedfrom analgorith-
mic pointof view. Furthermorewhenapplyingaperspectie
projectionthe integrationstepsizewill vary alongviewing
rayswhenusingplanarproxy geometriesleadingto visible
artifacts.Finally, they do not easilyallow for animplemen-
tation of techniqueswith viewing rays changingdirection
asit occursin refractingvolumes.Slice-basedechniques,
thereforedonotful Il all of thecriteriade ned abore.

On the other hand,the recentadvancementsn highly
programmablegraphicsprocessingunits provide an ideal
platform for efciently mappingraycasting-basesiolume
renderingto graphicshardware.A fragmentprogrambased
raycastingdoesnot suffer from ary e xibility issuesand,
thereforeful lls theseconcdtriterion.Furthermoregraphics
hardware manufcturersurge usto useary novel fragment
programfeature,promisingthat this functionality will be-
comeveryfastin futuregenerationsf theirhardware.It can
thusbe assumedhat GPU-basedaycastings alsofuture-
prooffrom atechnicalpoint of view and,accordinglymeets
all criteriade ned.

Although, the traditional volume renderingintegral al-
lows oneto createrenderingghat are suitablefor the anal-
ysis of typical volumedatasetsin a large numberof appli-
cationsit doesnot incorporateimportantoptical properties
thataretypically obseredfor real semi-transparenhateri-
als, suchasglassor water This includesthe re ection, re-
fraction, selectve absorptionscattering,or polarizationof
light. Therefore mary extensionsto the basicvolumeren-
dering equationhave beenproposedn orderto allow for
moresophisticatedjlobalillumination effects,for example,
subsurécescatteringtransluceny, or volumetricshadavs.
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However, anumberof opticalcharacteristictik e dispersion
or selectve absorptionare basedon the spectralproperties
of light andthe wavelength-dependemharacteristicsvhen
interactingwith different media. While theseeffects have
gainedmuchattentionin photorealistidmagesynthesisin
the eld of volumerenderingfew publicationson this sub-
jectcanbefoundin theliterature.

This paperis an extensionto our previous work [40]
that describesour experiencedn developing a framework
for GPU-basedaycastingand a seriesof single-passvol-
umeshadergor bothstandarcdaindnon-standardolumeren-
deringtechniquesSpeci cally we have includedthefollow-
ing topics. First, we have extendedthe framework to sup-
portmulti-passrenderingn off-screerbuffersto accountfor
comple volume renderingalgorithmsthat cannotbe real-
ized within a single fragmentshader Secondwe describe
the implementatiorof spectralvolumerenderingincluding
wavelength-dependernrefraction and absorptionbasedon
measurednaterialpropertiedn the caseof volumeraycast-
ing. Last,we compareour GPU implementatiorto a CPU-
basedsolutionrealizedin the sameframevork.

2 RelatedWork

Most of the work in direct volume visualizationin recent
yearshasbeenfocusedon texture-basedapproacheskirst
introducedby Cullip andNeumanr{7] andCabralet. al [6],
the basicraycastingconcepis realizedby samplingthevol-
umedatausinga stackof, typically, planarslicesasa proxy
geometryand approximatingthe evaluationof the volume
renderingintegral by blendingthe textured slicesin front-
to-backor back-to-frontorderin theframehuffer. This pixel-
parallelprocessingf the viewing raysduring rasterization
of the proxy geometryexploits the unmatchedi- andtrilin-
earinterpolationcapabilitiesof moderngraphicshardware
and is the primary reasonfor the unsurpasse@peedand
succes®of this method.Many enhancement® this simple
approachhave beenproposedthat exploit more advanced
texture mappingcapabilitiesof today's graphicshardware
to increasdheinteractivity andapplicability of the method,
e.0.[32,42]. Theintroductionof multidimensionakransfer
functions[20] andpre-intgratedtransferfunctions[10] has
signi cantly improved the quality of renderingghatcanbe
achieved. Also, someacceleratiortechniquegroposedor
the original raycastingapproachsuchasearlyray termina-
tion and empty spaceskipping [26], or hierarchicalaccel-
erationstructuregd5, 13,25] have beensuccessfullyadopted
to texture-basedlirectvolumerendering Neverthelessit is
still much harderand requiresconsiderablymore effort to
integratesuchtechniquesnto a slice-basedolumerenderer
comparedo theimplementationn anobviously muchmore
e xible software-basedaycastingcode.

Although,aswe have seentheuseof graphicshardware
hasa long standingtraditionin volumerendering,only re-
centadwancesn the programmingmodelandtheincredible
paceat which the performanceof graphicsprocessordias

increasedover the last years,provide the meansof carry-
ing the bene ts of raycastingto hardware-acceleratedol-
umerendering GPU-basedmplementation®f the raycast-
ing algorithmthatovercomesomeof theshortcoming®f the
traditionalvolumeslicing approacthave beenpresentedor
both structuredandunstructuredyrids. Thesesolutionscan
bedividedin two classesThe rst [22,35,41] performsmul-
tiple renderingpasses— similar to traditional slice-based
volume rendering— in order to traversethe volume and
storesintermediateresultscomputedon a perfragmentba-
sisin temporanybuffersthatareaccesseth subsequerren-
dering passesUnfortunately theseapproachesuffer from
thelack of high accurag blendingsupportin contemporary
graphicshardwareor have to resortto ping-pongrendering
to overcomethis problem.

The secondgroup executesthe whole raycastingalgo-
rithm in a singlerenderingpass,exploiting the functional-
ity of dynamicloopingavailableon recentgraphicsproces-
sors.Thiswas rst shavn asa simpletechnologydemoby
NVIDIA [30] that demonstratethe use of advancedfrag-
mentshaderfunctionality to implementa basicsingle-pass
raycastingalgorithmfor regularvolumedatain asinglefrag-
ment program.In [40] we presenteda e xible framework
for single passGPU-raycastinghat takes advantageof the
easilyextensibleraycastingapproacho demonstrata num-
berof non-standardolumerenderingechniquesincluding
translucentmaterialandself-shadwing isosurfices aswell
asanacceleratiortechniquébasedn exploiting inter-frame
coherenceHadwigeretal [15] presented GPU-raycasting
systemfor isosurficerendering.They employ a two-level
hierarchicalrepresentatiorf the volume datasetfor ef -
cient empty spaceskipping and use an adaptve sampling
approactfor iterative re nementof the isosurficeintersec-
tions.

Spectralcolor modelshave beendeplgyed in computer
graphicssincethe 1980s.For example,the reconstruction
of the spectal power distribution (SPD) from RGB rep-
resentationsvere studiedby [11,17,28]. Peery et al. [31]
considered hardwareimplementatiorof full-spectralren-
deringona Silicon GraphicsRealityEnginéM. Johnsorand
Fairchild developedan OpenGLextensionfor full-spectral
local illumination [18] For a more extensve coverageof
spectralmodelingand rendering readersmay refer to [12,
16,36,38]

Noordmanset al. [29] were the rst to introducethe
spectralcolor modelto volume visualization,and demon-
stratedthata spectralvolumerenderemproducedohysically
more realistic visualizationin comparisonwith the tradi-
tional RGBa model.Bemgneretal. presentec spectralvol-
ume renderingsystem,which facilitates post-illumination
andinteractive dataexploration[3]. They recentlyexamined
theincorporationof spectralcolor representation several
renderingalgorithmsjncludingraycastingyolumesplatting
andFouriervolumerendering4].

In the eld of computergraphicsoneparticularoptical
model,namelythe Kubelka-Munkmodel (KM model)[24,
39], wasoftenusedin conjunctionwith spectralcolor com-
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putation. The model, which theorizesthe passagef light
amongmultiple inhomogeneousayers of translucentma-
terials, is often referredto as a one-dimensionatadiosity
model.HaaseandMeyer[14] employedthe Kubelka-Munk
modelfor pigmentmixing in orderto improve graphicalre-
alism.Dorsey andHanraharj9] usedthe modelfor simulat-
ing metallic patinasa type of weatheringeffect of metallic
objects.Othersdeployed the model for non-photorealistic
renderingthroughthe physically-basedimulationof differ-
entpaints,suchaswatercolor[8], wax crayon[37] and oil
paints[2].

RecentlyAbdul-RahmarandChen[1] presente@spec-
tral volumerenderingntegralbasedntheKM model.They
highlightedsomerelative meritsof the Kubelka-Munkthe-
ory over the Lambert-Bouguetaw in termsof its built-in
distanceattenuationand its capability of determiningthe
opacityandtranspareng optically accordingto the absorp-
tion andscatteringoropertiesjn additionto the advantages
of moreaccuratesimulationof selectve absorptionthe use
of measuredpectradataandpost-illumination.

Apart from the earlywork by Peerg [31] andthe spec-
tral volumesplattingby Bergneret al. [4], mostimplemen-
tation of spectralrenderinghave beencarriedout primarily
in software.

3 Kubelka-Munk Theory in a Nutshell

The Kubelka-Munkmodelis basicallya two- ux approach
to the generalradiation transporttheory which considers
two radiation ux es,namelyre ectance(R) andtransmit-
tance(T), that passthrougha continuousmediumin two
oppositedirections While anearly versionof themodelas-
sumedthat the mediumis completelyhomogeneou$24],
Kubelkalater extendedthe KM model to inhomogeneous
layersof paint-like turbid substancesand eachelementary
layeris assumedo beisotropicandcompletelydiffuse[23].
Considera volume datasetto be evaluatedusing ray-
castingin direct volumerendering.Given a seriesof sam-

ataregularinterval d, we approximateheintersectiorvol-
umebetweertheray andthe datasetasa seriesof homoge-
neouselementaryayersof thicknessd. TheKM modelcan
therebybedeplo/ed,andwehavetwo ux esl¢ andl, owin
oppositedirections thatis, I+ o ws forwardsfollowing the
ray direction,andl, o ws backwards.Note that,thesetwo
ux eswere originally called downward and upward ux es
respectiely. Let there ectanceandtransmittancdor each
layerbeR; andT;, i = 1;2;:::;n,alight ux fromlayeri 1
passeshroughlayeri with theportionT;, thenthenext layer
with the portion T T+ 1, andso on. Meanwhile,a portion of
ux of theamountT;R+ 1 T; will bere ectedfrom layeri+ 1
andpassedackwardsthoughlayeri again. Thein nite pro-
cesf interactionbetweerayerscanbeconsideregsone-
dimensionatadiosity[9] — alimited form of globalillumi-
nation.

The sumsof the two in nite seriesof re ectanceand
transmittancele ne thecompositede ectanceR andtrans-
mittanceT. Let R; andT; betheaccumulatedumsof com-
positingre ectanceandtransmittancérom layer1 to layeri.
Let, Ri+1 andT;. 1 bethe samplede ectanceandtransmit-
tanceof layeri + 1. The compositingre ectanceandtrans-
mittancefrom layer1to layeri+ 1is asfollows:

T2R+1
Ri+1= Ri+ ——— 1
i+1 i 1 RiRi+l ()
TiTi+1
T = -
"7 1 RiRu1

Thisfacilitatesa discretevolumerenderingntegral with
built-in one-dimensionaladiosity

As sampledhere ectanceR andtransmittancd values
dependon the thicknessof the layer (or the samplingdis-
tance)d, it iscommonto calculateRandT from thesampled
absorptiorattribute K andscatteringattribute Sas:

_ sinh(b<d) @)
"~ asinh(bXd) + bcosHbd)
b
"~ asinh(bXd) + bcosHbd)
where
p
a= S+SK; b= az 1

Note that the absorptionand scatteringcoefcients K
andSarefunctionsof thewavelengthandderivedfrom ma-
terial propertieq14,2].

4 A Framework for GPU-Raycasting

The systemfor volume raycastingproposedin this paper
consistsof two major parts: a frameavork written in plain
C andbasedon OpenGLand GLUT, and a setof shaders
thatare e xibly loadedandmodi able atruntime.Someex-
amplesare givenin Secs.6 and 8. The systemis portable
betweerMS Windows andLinux.

Independenbf the selectedvolume shaderthe frame-
work generatetheprimaryrays,initializesthetextures,and
providesvariousfunctionalitylik e eventhandlingandtrans-
fer functions. Besidessettingup the rays, this is all stan-
dardfunctionalityalsofoundin ary slice-basedolumeren-
deringapplication Furthermoretheframeavork supportghe
useof offscreerbuffersandmultiple rendertargetsfor com-
plex shadersthatcannotbecarriedoutin asingle-passThis

functionalityis built ontop of theOpenGLEXTFRAMEBUFFER

OBJECTHENd ARBDRAVBUFFER®&Xtensions.As an exam-
ple for the useof this functionality we have implemented
a completely GPU-basedempty spaceskipping algorithm
for GPU-raycasting19] andthe spectralvolumerendering
approactdescribedn Sec.6.

The volume datasetis expectedin unsigned char or
unsigned short formatandstoredin a 3D texture. Since
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6.8/9.2/12.9 7.2/7.4/19.3

3.3/3.4/8.0 6.8/8.5/15.9

Figure 1 Examplesfor differentvolume shadergenderinga CT dataset(160 430 183voxels). Fromleft to right: opaqueisosurbicewith
self-shadwing, pre-intgratedvolumerenderingjsosuracecombinedwith pre-intggratedvolumerenderingandshadedrolumerenderingThe
minimum, average andmaximumframeratesregivenin thelower left corner

mary volumerenderingtechniquese.g. lighting or refrac-
tion, requiregradientinformation,thesecanbeprecomputed
usingcentraldifferencemra3 3 3 Sobeloperatoandop-
tionally storedtogetherwith the scalardata. Furthermore,
anadditional Itering stepcanbeappliedto achieze smooth
gradients As shavn in [34] Itering canbe signi cant for
the renderingquality, especiallyfor refractve volumeren-
dering methodsor datasetsthat have high noise.All pre-
computedgradientcomponentsare quantizedto 8 bits and
storedin theRGB componentsf the RGBA texturealready
holding the scalarvolume datain the alphachannel.Since
the quantizationposesa loss of accuray, it is possibleto
computegradientonthe y in thefragmentshadeif higher
quality gradientsarerequired In this casethesinglecompo-
nentvolumetextureis sufcient andlargerdatasetscanbe
loaded.

For the descriptionof the renderingprocesswve rst de-
ne thefollowing volumepropertiesLet S, denotehenum-
ber of slicesin c-direction and D, the slice distancein c-
directionwith c 2 fx;y;zg. Then

e = &Dc; )
Ec= (&Dc)=max(f e; &y, €,0) ; and
Ce= Ec=2

de ne thevolumeextentse;, normalizedvolumeextentsE,
and the volume centerC;. For displayingthe volume, we
bind a userselectedvolume shaderand as proxy geometry
renderan axis-alignedoox translatedoy ( Cx; Cy; C)T
with backface-cullingenabled Onecornerof the bounding
boxis locatedattheorigin, the oppositeoneat (Ex; Ey; E;) .
Theboxde nesthenormalizedboundingbox of thevolume
consideringboth the numberof slicesand their distances.
For eachboundingbox vertex we de ne texture coordinates
identicalto the vertex positions.Eachfragmentcanthusac-
cessthe respectie ray's entry point by just looking at its
interpolatedexture coordinate@nd— in combinatiorwith
the cameraposition — easily computethe parametricray
of sight. Thefragmentattributefragment.position ~ stores
the(x;y) window coordinate®f thefragmentcenterrelative
to thelower left cornerof thewindow andfragments z win-
dow coordinateandnot thefragments coordinatesn object

space;accessinghe objectspacecoordinatess, therefore,
not possiblewithouttheapparentlyredundansettingof tex-

ture coordinatesequalto vertex coordinatesA signi cant

bene t from this approachis the inherentminimization of

thenumberof raysthataregenerated.

5 Raycastingon the GPU

In the last yearsprogrammabilityof workstationand con-
sumerlevel graphicshardware hasevolved at an increas-
ing pace.Driven by the steadily groving demandsof the
gameindustry performanceof moderngraphicsprocessors
hasexceededhe computationapower of CPUsbothin raw
numbersandin their extraordinaryrateof growth. Abandon-
ing the simple x ed-functionpipeline which wasthe char
acteristicfeature of graphicsprocessoronly a couple of
yearsago, today's GPUs have evolved into very sophisti-
cated,highly programmableSIMD processingunits. With
the adwent of graphicsprocessorsupportingthe new fea-
turesof DirectX Pixel Shader3.0 and equivalentOpenGL
extensionsnamelydynamiclooping and branching,GPUs
are becomingmore and more “generalpurposeprocessing
units” comparableo the CPU.

The basicraycastingapproachts very well into thein-
trinsically parallelstreanprocessingemantic®f thesenew
fragmentprocessorg-or eachpixel of the nal imageasin-
gle ray is tracedindependentlythroughthe volume. There-
fore, a fragmentprogramimplementatiorof this simpleal-
gorithmworking onthefragmentgeneratedy rasterizinga
polygoncoveringthe screerspaceareaof thevolume's pro-
jectedboundingbox is sufcient to computethe correctre-
sult. Thevolumerenderingntegral for eachpixel is thenap-
proximatelyevaluatedoy samplingtherayata nite number
of positionsinside the volume. The contrikutions of those
samplesalongthe ray areaccumulatedo the overall chro-
maticity andopacity Applying anappropriatepticalmodel
every desiredkind of interactionbetweenrlight andthe vol-
umetricobjectcanberealized Unfortunatelydueto limited
capabilitiesof graphicshardwaremostof theelaborateopti-
cal modelsalreadyproposeda decadeago[27] have not or
only with considerable=ffort and overheadbeenintegrated
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into slice-basedolumerenderersin contrastjt is oftenvery
easyto includetheminto araycastingsysten21,33]. Fig. 1
shavs a numberof imagesthathave beenrenderedwvith the
presentedsPU-basedsolume raycastingframewnork using
differenttypesof volumeshadersPerformancelatafor each
shadewasmeasuredlor a512 512viewportwhenrotating
the volume oncearoundthe y-axis. The samplingstepsize
waschoserto be approximatelyhalf the smallestvoxel dis-
tance All performanceneasurementaereconductecon a
standardPC equippedwith a 3.4GHzPentium4 processor
andaNVIDIA GeForce7800GTX basedgraphicsacceler
ator card. Note that the performancedropssigni cantly in
the caseof mixed volume andisosurficerenderingdueto
the high overheadbf conditionalbranching.

First we startwith a brief overview of the GPU-based
raycastingFor theprimaryraysthedirectionfor therespec-
tive fragment/piel togethemwith the entrypoint,i.e the rst
intersectiorof the eye ray with the volume's bounding-box,
hasto be determinedThenin eachstepof theloop the ac-
tual interpolateddatavalue for the currentsamplepoint is
fetchedfrom a 3D texture mapandthe alreadyaccumulated
color and opacity valuesfor the fragmentare updatedac-
cordingto the chosenoptical modelor renderingstyle. In
the simplestcase this could be a dependentexture look-up
combinedwith alpha-blendindor a basicvolumerendering
transferfunction. Then, the samplingpositionis advanced
alongtheray by a speci ¢ stepsize.Theloop is terminated
eitherif the ray hasleft the volume or if someother cri-
teria— dependingon the chosenoptical model— is met,
e.g.earlyray terminationdueto high accumulatedpacity
or the rst hit semantidf an opaqueisosurficeis encoun-
tered.

Thecompletecodefor asimplefragmentprogrambased
volumeraycastelis shovn in Fig. 2. As mentionedn sec-
tion 4, theboundingboxwith attachedexturecoordinatess
renderedas proxy geometryto generateall necessaryrag-
ments.Eachof thesefragmentscorrespond$o a singleray
with the startingposition given by the interpolatedtexture
coordinate®f its fragment.Thedirectionfor theinitial rays
is given by subtractingthe positionof the camerafrom the
ray startingposition.Not shavn in the codeis thatthe cam-
eraposition canbe easily derived by reversingthe transla-
tion dictatedby the modelviav matrix. Sincethe camerais
initially locatedat the origin, this translatedo a singlein-
structionin thefragmentprogram.

Usingtheray's entry point andthe computedray direc-
tion, it is now possibleto samplethe volumewith a setof
two nestedREPIoops, allowing for an overall number of
65,025iterations.Note that current GPUs only supporta
maximumof 255 iterationsper loop, which would not be
sufcient for traversingreasonablysizeddatasets.The ac-
tual volume samplingis then straightforvard sincewe ba-
sically cannow follow the softwareapproachwithout sacri-
cing theparallel-processingowerof modernGPUs.Inside
theloopthe rst stepis to samplethe volumedatasetatthe
currentposition. Dependingon the optical model and the

chosentype of classi cation, the obtainedscalarvalueand
optionalgradientcanbe processedurther.

In this example,we use standardfront-to-backalpha-
blendingto accumulatethe opacity in combinationwith a
pre-intggratedtransferfunction. Notethatin theimplemen-
tation presentedthe integration doesnot have to resortto
low-accurag frameluffer blendingoperationsandcantake
advantageof highly accurate32 bit oating point compu-
tations. For the specialcaseof pre-intgration, we bene t
of the e xibility of the GPU-raycastingpproachThistech-

# Get start
MO\position,

position
startPosition;

# Determine ray direction

SUBdirection, position, camera;
NRMdirection, direction;
MULdirection, direction, scaleFactors;

value in 3D volume texture
position,  texture[0], 3D;

# Lookup scalar
TEXscalar.g,

# Moveone step forward along ray direction
MADposition.xyz, direction, step, position;

# Start ray traversal

MOMst, 0.0;

REP255;

REP255;
# Lookup scalar value in 3D volume texture
TEX scalar.r, position,  texture[0], 3D;
# Lookup in pre-integrated  transfer function
TEXsrc, scalar, texture[1], 2D;
# Perform front-to-back  blending
SUBtexblen.r, 1.0, dst.a;
MAD_SATst, src, texblen.r, dst;
# Moveone step forward along ray direction
MADposition.xyz, direction,  step, position;
# Test if outside volume and exit loop
SGEtempl.xyz, position, volExtentMin;
SLE temp2.xyz, position, volExtentMax;
DP3inside.x, templ, temp2;
SEQdnside.x, inside.x, 3.0;
BRK(EQ.x);
# Save current scalar value for pre-integration
MO\Vscalar.g, scalar.r;

ENDREP;

# Exit loop if volume left

BRK(EQ.x);

ENDREP;

# Write output color to framebuffer

MOWesult.color, dst;

Figure 2 Basic fragment program code of a volume ray-
caster using pre-integrated lookup tables. Implementedusing the
GLNVfragment _program2 extension.
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niqueusesalookup-tabledependenbntwo consecutie vol-
umesamplesn orderto increasehe renderingguality [10].
Theray traversalin onesinglefragmentprogramallows us
to storeintermediatevaluesandreusethemin thefollowing
iterations.In the examplethis refersto the MO\struction
at the end of the loop. Thus, pre-intgyration canbe imple-
mentedwith only oneadditionaltexture lookup.On the op-
posite, slice-basedapproachesannoteasily communicate
informationbetweerthe slicesandthereforea commonso-
lution would needto samplethe texture twice for eachslab
beforeperformingthelookup.

Theremaininglinesof codeinsidetheloop performthe
actualray traversalandthe testwhetherthe ray hasalready
left the volume. The test compareghe currentpositionto
the minimal andmaximalextent of the volumeandusesthe
dynamic o w control of ShadeModel 3.0to exit theloop.
However, therearestill two subtleissueghathave to bead-
dressed.

First,whenleaving thevolume,the sampldying outside
the volume mustbe projectedback alongthe ray direction
ontotherespectre boundingbox backsideandthe volume
renderingintegral mustbe evaluatedusingthe reduceddis-
tance However, amemory-eftient 2D pre-intgrationtable
is only valid for asingle x edinterval lengthandthusa 3D
pre-intgrationtable would be required,consumingan im-
menseamountof memory We thereforeacceptheerrorin-
troducedby terminatingthe samplingjustbeforethevolume
is left and neglect a correctboundaryhandlingasis com-
monly donealsowhenusingslice-basedolumerendering.

Secondasseenin Sec.4, the normalizedooundingbox
extentsaregivenby thevaluesE;. Thosevaluescorrespond
to the geometricextent of the volumein eachaxis, but they
cannotdirectlybemappedo themaximumextentof thevol-
umein texture spaceThis originatesfrom the x edinterval
[0::1] usedfor texture coordinatesn all dimensionsinde-
pendentlyof the numberof voxels provided on eachaxis.
Thus,beforeaccessinghevolumedatathecoordinatesieed
to bescaledby afactorof é thatis passedo theshadersas
programparametersThe scalingcanthenbe eitheraccom-
plishedwithin theinnerloop — which is very costly — or
outsidetheloop by scalingthe entry point andthe direction
vector It shouldbe notedthat the latter mustbe doneafter
normalization.The resultingraycastingthentakes placein
texture spaceandneithertheray directionnor the sampling
positioncanbe usedary morefor geometriccomputations
in objectspacewhich arerequiredfor renderingthe back-
ground.

To optimize the renderingperformancewe alsoimple-
mentedearly ray termination,which can be easily added
to the codeasa single conditional BRKinstruction. Unfor-
tunately this did not improve the overall renderingperfor
mancewhich canlik ely beexplainedwith thehigh overhead
for conditionalbranchingin the fragmentshaderaswell as
the fact that fragmentsare processedn large groupsand
thereforean equallylarge numberof coherenfragmentsis
necessaryo gain ary positive effects. Althoughthe perfor
mancebene t thatcanbe achiezed by earlyray termination

(@) (b)

Figure 3 lllustration of sampledistancesn direct volumerendering
approachedn contrastto raycasting(b), the samplingdistanceis not
constanin slice-basedolumerendering(a).

is hardto quantify— it stronglydepend®n the structureof
thedataset,thechosertransferfunction,thecurrentview di-
rection,andthesamplingrate— we foundthatin mostcases
very little is gained.For typical transferfunctionsusedfor
pre-intggratedvolume renderingwe have measuredevery-
thingfrom a20%performancéossupto a60%performance
increase.

Thefactthatthe principalrasterizatiorcompleity is the
samefor both raycastingand corventionalslice-baseden-
dering posesthe questionaboutwhy a single passvolume
raycastingshouldbe superiorto 3D texture-basedslicing.
First, it obviously eliminatesthe necessityfor intermediate
buffer readsandwrites.Secondsincebasicallyonly asingle
polygonhasto berenderedn orderto generate¢henecessary
fragmentsraycastingexhibits avery low geometryprocess-
ing andfragmentgeneratioroverhead And, third, raycast-
ing allows for adaptve stepsizes(includingearlyray termi-
nationandemptyspaceskipping),andby de nition samples
the volumeat equaldistancegFig. 3), therebyavoiding ar
tifacts[25]. Otheroptimizationsbasedon the history along
the samplingray alsobene t from the e xibility of our ray-
castingapproachaswill bedemonstrateth Secs6 and?.

Moreover, raycastinghasa much higheraccurag than
slice-basedenderingsincetheentirealgorithmis performed
in full 32bit oating pointprecisionln contrastslice-based
renderingsuffers from the lack of high accurag oating
point blendingin today's graphicshardware. Although, it
is possibleto avoid frameluffer quantizationand to emu-
latefull precision oating point blendingby ping-pongren-
deringto an off-screen oating point texture targetinstead
of the framehuffer, this approachurtherincreaseshe cost
associatedvith buffer accesseandreduceshe amountof
videomemorythatcanbe usedto storevolumedata.

6 Spectral Volume Raycasting

In thissectionwe extentthesofar presentedPU-raycasting
approaclby thespectravolumerenderingmethodbasedn
theKubelka-Munktheorydescribedn Sec.3. Standardol-
umerenderingusingalphacompositingdoesnotaccounfor
selectve absorptionof light, hencethe color accumulation
only depend®n the assignedpacityof the materialandall
intensity component®f the light areattenuateaqually In
contrasttheamountof light absorptiorby realmediavaries
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over the spectrum.That meanswith an RGBa model,it is

sine and cosine.Fortunately when the thicknessd of the

not possibleto combinedifferent coloredsemi-transparent layeris known, which is the casefor raycastingwith a con-

layersin an optically correctmanner An examplefor this
is givenin Fig. 4a. The semi-transpareritomogeneoublue
cubeabsorbsnostwavelengthsof theredspectrumthusthe
yellow square®f the backgroundappearto be greenwhen
seenthroughthe cubeandthe red partsof the background
completelyloosetheir colorinformation.Neithereffectsare
reproducedising a-compositing,asshavn in Fig. 4b. The
RGB transferfunction usedin (b) was computedfrom the
spectralpropertieof the cubes materialandthe a transfer
functionadaptedo matchtheappearancef thecubeshavn
in (a).

Toincludethosespectrakffectsinto thevolumeraycast-
ing framewvork describedn Secs4 and5 we needo take the
wavelengthdependenbehaior of the mediainto account.
Thereforewe usea equidistansamplingof the spectrunof
visible light in therangefrom 400nmto 700nmat 10nmin-
tervals, resultingin atotal of 31 distinctwavelengthd that
have to be consideredndependently

Similar to the transferfunction usedin traditional vol-
ume renderingfor eachscalarvalue of the volume, a cor
respondingsetof spectralabsorptionand scatteringcoef-
cients§ andK; hasto be de ned thatmapsdatavaluesto
materialproperties.

The volume samplingthen proceedsas usual,with the
differencethat insteadof accumulatingcolor and opacity
values,for eachwavelengtha re ectancevalue according
to the re ectanceandtransmittancesncounteredlong the
samplecpathin thevolumeis computedIn otherwords,the
classi cationby thetransferfunctionlookupandthevolume
integrationbasedon alphablendingis replacedoy alookup
of the Kubelka-Munkcoefcients S andK; for the sam-
pled materialor scalarvalue,the evaluationof the Egs. (2)
for there ectanceandtransmittanceandtheKubelka-Munk
compositionasde ned by Eq. (1).

Although, a straightforward implementatiorof Egs.(2)
canbedonevery easilyin thefragmentprogram this is not
very efcient sincewe would needto usea lot of costly
shaderinstructionslik e the squareroot and the hyperbolic

(a) Kubelka-Munk (b) RGBa

Figure 4 Comparisorof our spectralvolumeraycastingopasedon the
Kubelka-Munkmodel (a) to traditional RGBa blending(b) to shov
the effect of selectve absorption.Note how the appearancef color
changesvhenseenthroughthe bluecoloredcube.

stantsteplength,R and T canbe pre-computedor a nite
setof scalarvaluesand wavelengthsand storedin a two-
dimensionatexture map.Sincebothfunctionsarebounded
betweerD andl it is possibleto storethesevalueswith high
precisionin a16 bit oating pointtexture.

Whenthe ray exits the volume boundingbox we have
to addthe contrikution of the background We assumethe
backgroundo be a completelyopaqudayerrepresentetly
are ectancemapRy(/ ). Thismapis obtainedrom anRGB
imageusinganalgorithmby Glassnef11] thatcomputeshe
spectralrepresentatiorof an RGB value under controlled
lighting conditions.Note that sincethereare an unlimited
numberof possibilitiesto de ne a spectrumfor an RGB
color triplet andthe limited humberof frequencieghat we
samplein the spectrumRGB valuesare not accuratelyre-
producedin this approachHowever, the approximationis
sufciently closefor our application.The nal spectralre-
ectance map R, (/) of the image can then be computed
accordingto Eg. (1) by compositingR,(/ ) andthe accu-
mulatedre ectanceof thevolumeRy(/ ) as

TA(DRe(!)
1 Ra(lRe(l)

As a last step,the computedre ectancemap hasto be
lit with anappropriatdight sourceto producethe nal color
valuesof theimage.This is doneby applyingthe spectrum
L(/) of the CIE standardlluminant D65 representatioof
naturaldaylight[43]. Which givesus a spectralrepresenta-
tion of theimage:

Ri(l') = Ra(l)+ (4)

I = Ri(H)L(l): 5)
Finally, thespectraimagehasto becorvertedto RGB color
spacedor displayingtheresult.Thisis accomplishedby con-
vertingthe color spectruml; to the XYZ color spaceusing
the tristimulus color matchingfunctions, x(/ );y(/ );z(! ),
de nedfor theCIE 1964standardatolorimetricobsener[43]

by

Ixvz = & 1 (XU )Y ); Al ) (6)
I

andtransformingthesevaluesto RGB space

IreB = Mxyz! rReBlIxYZ (1)

usingthecolor corversionmatrix Mxyz: rgg givenin [11].

Theimageghatcanberenderedisingthealgorithmde-
scribedabove in generalook at andunrealistic,especially
for nearlyopaquematerialsLike in RGBa volumerender
ing we canimprove this by addinga shadingterm. Since
the Kubelka-Munkmodelassumessotropiclight scattering
that obeys Lamberts cosinelaw we canmultiply the local
re ectancecoefcient by adiffuseshadingtermwithout vi-
olatingthe model.
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Although it is theoreticallypossibleto do the spectral
raycastingfor all wavelengthsin parallelin a single frag-
mentprogram,thereareseveral drawbacksthat preventthe
useof this approachFirst, the numberof temporaryregis-
tersthat would be necessaryo storeall intermediateval-
ueswould be very high. Secondsincethereis no possibil-
ity for indirectaddressingf registersin fragmentprograms
thenumberof linesof codenecessaryo implementhis pro-
gramwould beveryhighresultingin codethatis errorprone
and unmaintainableAnd third, and mostimportantly this
would evenfor fairly large samplingstepsexceedthe max-
imum instructionlimit of 65k executedfragmentshadeiin-
structiongperfragmentThereforewetreateachwavelength
separatelyisinga multi-passsolution.Sincethe summation
of color matchingfunctionsandthe following color trans-
formationsare linear operationsadditive blendingcan be
usedfor accumulatinghe contritutionsof the 31 rendering
passef a oating pointrendertarget.Unfortunatelyblend-
ing in oating point frameluffer objectsis only supported
for 16bit precision But, asonly colorvaluesareblendedhe
precisionshouldbesufcient. Of courseanotherpossibility
would beto usea pair of 32bit oating pointtexturesanddo
theadditionin a ping-pongfashion but with a muchhigher
overheadlgnoringtherefractive effects,asdescribedn the
following section,t would be alsopossibleto treatfour fre-
queng bandsin parallel,to accountfor the vectorprocess-
ing capabilitiesof the GPU.

7 Refractive Volumes

Besidesthe selectve absorptionpropertythat canbe mod-
eledbasedon the Kubelka-Munktheorythereare otherim-
portanteffectsthat can be obsered for transparentedia.
Fig. 5ashavs a photograplof a cubemadeof plexiglassin
aboxwith differently coloredsidewalls. Therearetwo im-
portantphenomenghatcanbe obsenredin thisimage.First,
the partsof the blue-white coloredback planethat canbe
seenthroughthe cubearedistorteddueto the refractionof
light andthesidewalls of theboxaremirroredin theleft and
right backwardsfacingsidesof the cubedueto total re ec-
tionthatoccursin certaincaseonthetransitionfrom anop-
tically densetdayerto anoptically lighter material.Another
effectthatcanbeoftenobsenedis dispersionThisis aphe-

@ (b)

Figure5 Refractve volumes.(a) Photograplof acubemadeof plexi-
glassin aboxwith differentlycoloredsidewalls; (b) Volumerendering
of acubedatasetusingspectrakefractive volumerendering.

nomenorthatalsoarisesrom thevariationof therefraction
coefcient of the materialover the spectrunmof light. Since
differentwavelengthsare refractedto differentdegrees,an
achromatidight ray is split into raysof chromaticlight that
follow differentpathsthroughthe media.Typically this phe-
nomenoris associateavith prisms.

Although the KM-model assumeghat the entire volu-
metric domain of coloranthasthe samerefractve index,
it shouldnot prevent the introductionof refractionin such
a volume renderingintegral in an approximatve manner
Firstly, having refractionin the KM modelis not in ary
way lessaccuratethan having refractionin the traditional
volumerenderingntegral, sincethe traditionalvolumeren-
deringintegral is basedon the Lambert-Bouguetaw [43],
which alsoassumeshatthe entire volumetricdomainis of
thesamerefractive index. Secondlyif therewererefraction
betweerdifferentelementanfayers,changingthe direction
of a ux accordingto the relative refractive index between
the two layersis more accuratehanno directionalchange
of the ux. Thereasorof thisis obviousasthe dominantdi-
rectionof transmittancén the phaseunctionof avolumeis
largely determinedby the eld of refractive index.

Implementingefractve volumerenderings straightfor-
wardwith the presentedaycastingapproachrequiringonly
few modi cations. The rst is anadditionalrefractioncoef-
cient thathasto be storedin the materialtexture for each
of the 31 wavelengthsof our spectrarenderingmodel. The
secondis the updateof the currentray traversaldirection.
Similarly to storingthescalarvalueof theprevioussampling
in the caseof pre-intggratedvolume rendering(cf. Sec.5)
we keeptherefractioncoefcient h; 1(/ ) obtainedfor the
lastsample Thenin the currentintegrationstepthe new ray
directiond; is givenby

q
h(di 1 n)+ 1

di= hd; ; h2(1 (di 1 m)?) ni;

(®)

whereh = h; 1(/ )=h;(I' ) and n; is the volume gradient
at the currentsamplingposition,if necessarye-orientedo
pointin the directionoppositeto d;. Both d; andn; areas-
sumedto be normalized.If the anglebetweenthe volume
gradientandthe incomingdirection of the ray exceedsthe
critical angley = arcsinh ! theincomingray is re ected
from the materialinterface ratherthanbeingrefracted.This
total re ection is indicatedby a negative value below the
squaregootin Eq. (8). In this cased; is setto
di=d 1 2(di 1 nj)n;: 9)
Unfortunatelytherearesomeproblemaswith totalre ections.
It is possibleandin the caseof real datasetsnot unlikely
thatvery long light pathscanoccurwhenaray is re ected
multiple timesinside the volume. Suchproblemsare typi-
cally causeddy noiseandinaccurategradientsor numerical
inaccuraciesn the computation.This not only makes the
computationvery slow, especiallyas quite large groupsof
pixels seemto be processedh "lock-step” modeon current
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Figure 6 Comparisonof RGBa volume raycastingusing a pre-integratedtransferfunction (left), spectralvolume raycastingbasedon the
Kubelka-Munkmodel(middle),andspectravolumeraycastingncluding refractive effectslik e dispersion(right).

GPUs,but also asthe maximumnumberof fragmentpro-
graminstructionscanbe easilyexceededn thatcase As a
solutionwe have limited the maximal numberof total re-
ections thatareallowed whentraversinga ray throughthe
volumeto atotal of ve.This effectively containsthe num-
ber of iterationsin the samplingloop andin fact doesnot
introducesigni cant error, sincemultiple re ectionsarenot
easilyunderstoody the obsenrer andin the caseof volume
renderingtypically leadto noisyimages.

In this sectionit becomeslsoclearwhy we usearather
costly testfor checkingwhethera ray hasleft the volume.
It would be muchcheapeto just renderthe front andback
facingpolygonsof thevolume’s boundingbox separatelyas
it is done for example,in [22,15] andfrom thatinformation
computehenumberof stepghatarenecessaryo samplethe
volume.Thisobviously only worksfor linearrays,wherethe
exit pointanddirectionis knownin advancewhichis notthe
casefor refractve volumes.

8 Resultsand Discussion

In this sectionwe presentresultsof our spectralrefractive
volume raycastingalgorithm, as well as a comparisonto
standard/olumerenderingwith pre-intgratedransferfunc-
tionsanda CPU-basedmplementationAgain all presented
performancenumberswere measuren a standarddesk-
top PC equippedwith a 3.4GHzPentium4 processoand
a NVIDIA GeForce 7800GTX basedgraphicsaccelerator
card.

Fig. 6 shavsthreerenderingof a256° 225CT dataset
usingthe samebasicrenderingparametershut threediffer-
entraycastingechniguesTheleftmostimageshavs there-
sult of standardpre-integratedvolumerendering.Thetrans-
fer functionin this casewasderived from the spectralma-
terial propertiehoserfor generatinghe othertwo images.
Note that only the color componentof the RGBa trans-
fer functionwereautomaticallycalculatedyhile theopacity
valueswerechoserto matchthe appearancef the spectral

renderingsasgoodaspossible.The othertwo imageswere
renderedbasedon the Kubelka-Munkmodelusing 31 sam-
plesof the spectrunof visible light. In contrasto theright-
mostimagethemiddleimagedoesnotincluderefractionand
its resultanteffects.But distortionof the backgroundmage
aswell astheinner structuref the volumeanddispersion
of thelight areclearlyvisible in thelastimage.Both effects
signi cantly helpto depictthe three-dimensionahatureof
the dataset.Partsof the volumethatwerehardly visible in
the rst two imagesdueto their high transparenc cannow
beclearlyidenti ed. Ontheotherhand artifactsdueto noise
in thedatasetaremuchmoreapparentvhile renderingwith
refractionasit is easyto noticein theleft partof theimage.

Whatcanalsobe noticedis thatthe selectve absorption
actsasanadditionaldepthcue.Thisis evenmoreobviousin
theimagesshown in Fig. 7. Note how the red color compo-
nentof theyellow structuress Itered outby thetransparent
blue mediumandtheir apparentolor change®ver greento
blue dependingn thedepthof the structure.

In Tah 1 performancenumbersfor both datasetsand
all renderingtechniquesare presentedSince the data set
hasto be sampled31 timesfor the spectralraycastingthe
renderingtimesare signi cantly larger thanfor the RGBa
method.Giventhe highercompleity of the Kubelka-Munk
compositingaswell asthe overheadntroducedby combin-
ing the3lintermediateesultstheperformancebtainedor
thespectratenderingseemso bereasonablandevenbetter
thanwe anticipatedAdditionally, includingrefractionposes
ahighcomputationagéffort for eachsamplingstep therefore
therenderingimesfor theseeffectsaresigni cantly higher
Neverthelessthe performancethat can be achiezed using
the GPUis up to two ordersof magnitudehigherthanwhat
canbe obtainedby a software solution. Sincecomparinga
GPU-basedvith a CPU-basedlgorithmis alwaysanintri-
catetaskwe tried to includethe sameoptimizationsin both
solutions,e.g.a pre-computedook-up tablefor re ectance
andtransmittancevalues.
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Table1 Performanceesultsfor renderinghevolumedatasetsshowvn in Figs.6 and7. Timingsaregivenin secondgerframe.

GPU-based GPU-based GPU-based CPU-based speedup

RGBa, w/orefraction  spectralw/o refraction spectraw/ refraction spectraw/ refraction
Head 0.3 11.8 18.0 2109.7 117.3
Corvection 0.1 55 9.8 960.6 98.5

9 Conclusion

In this paperwe have presentedn extensionto our frame-
work [40] for hardware-acceleratedlisualizationof volu-
metric datasets.Our systemis basedon a single-passay-
castingapproachakingadwantageof recentadvancesn pro-
grammablegraphicshardware.Comparedo standardslice-
basedsolumerenderingechniquesthesystemexhibitsvery
high e xibility andallows for an easyintegration of non-
trivial volumerenderingiechniquesvhich hasbeendemon-
stratedfor a spectralvolume renderingapproachbasedon
the Kubelka-Munkmodel. At the momentspectralvolume
raycastings far from beinginteractive, but allows to create
imagesof higheropticalcorrectnesghanit is possibleusing
the traditional RGBa volume renderingmodel. Neverthe-

Figure 7 Spectralvolumerenderingsincluding refractve effectsfor
two different setsof material properties.The datasetis a 256 64
simulationof the convection o w in the earths crust.

less,for typical volumedatasetsthe presentedsPU-based
raycastingmplementatiorof thespectralvolumeraycasting
achievesup to two ordersof magnitudehigherperformance
comparedo a equivalentsoftwareimplementation.
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