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Abstract

Theshearwarp volumerenderingalgorithmis oneof thefastestalgorithmsfor volumerendering but it achieves
this renderingspeedonly by sacri cing interpolationbetweerthe slicesof the volumedata. Unfortunately this
restrictionto bilinear interpolationwithin the slicesseverely compomisesthe resultingimage quality. This pa-
per presentsthe implementationof pre-integrated volumerenderingin the shearwarp algorithm for parallel
projectionto overcomethis drawbad. A pre-intggrated lookup table is usedduring compositingto performa
substantiallyimprovedinterpolationbetweerthe voxelsin two adjacentslices.

We discussthe designandimplementatiorof our extensionof the shearwarp algorithmin detail. We also clarify
the concepbf opacityandcolor correction,and derivetherequired samplingrate of volumerenderingwith post-
classi cation.Furthermog, themodi ed algorithmis compaedto thetraditional shearwarp renderingapproach

in termsof renderingspeedandimage quality.

CatagyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.3[ComputerGraphics]Picture/Imagéseneration
— DisplayAlgorithms;1.4.10[ImageProcessingnd ComputeVision]: ImageRepresentatior Volumetric.

1. Intr oduction

Although the sheatwarp volume rendering algorithm
achievesa high renderingperformanceit is still notwidely

usedfor interactve volume rendering.The mostimportant
competitoris probablytexture-basedolumerendering;see
for example3. This approachs very ef cient aslong asthe
graphicshardware provides the requiredfunctionality But

eventhen,this approacthassereral disadantagestheren-
dering speedis limited by the pixel ll-rate, shadingim-

posesa seriousperformancehit, andfor interactive render

ing theentirevolumedatasehasto t into texture memory

The sheaswarp algorithm,on the otherhand,is a software-
basedvolumerenderingalgorithm,which traverseghe vol-

umedatain objectorder Thereforejt is extremely e xible,

allowsrun-lengthencodingof thevolumedata,andsupports
ef cient cacheusage.

Pre-intgratedvolumerenderingprovidesanef cient way
to interpolatein-betweenslices of the volume data with
somelossin renderingoerformancePre-intgrationis based
on the pre-computatiorof a lookup table, which supplies

¢ TheEurographic#ssociation2003.

RGRA valuesfor every possiblepair of scalarvalues.With

thehelpof thistable,pre-intgratedvolumerenderings able
to interpolatelinearly betweerthe slices,insteadof assum-
ing aconstanscalarvaluebetweertheslices(asin theorig-

inal sheaswarp algorithm). Thus, pre-integration achieves
signi cantly improved results,in particular for nonlinear
transferfunctions.Pre-int@ratedvolumerenderings, there-
fore,a perfectcomplemento the sheaswarpalgorithm.

Beforewe presenbour new algorithm,we referenceprior
work anddiscussthe underlyingtheoreticalbackgroundn
Section2. In particular we addressthe employed optical
model, opacity and color correction,the requiredvolume
samplingrate for standardvolumerendering,andthe orig-
inal sheaswarp algorithm.In Section3, we discussthe de-
tails of our algorithmandits implementationPerformance
resultsandcomparison®f imagequality of several variants
of our algorithmarepresentedn Section4.
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2. Theoretical Background

In this section,we addresgshe mathematicafoundationsof
our new pre-int@ratedvolumerenderingalgorithm.

2.1. Volume Rendering Integral

The basictask of ary volume rendereris an approximate
evaluationof the volumerenderingintegral for eachpixel,

i.e., the integration of attenuatedcolors along eachview-

ing ray. Although the numericalevaluationof this integral

is well-known, it is brie y recapitulatecherein orderto in-

troduceour nomenclatureand to remind the readerof the

employed approximations.

We specify colors and extinction coefcients for each
scalarvalues of the volumedataby transferfunctionsc(s)
andt(s). The color emittedfrom one point of the volume
is determinedby t (s)c(s); thus,the volumerenderinginte-
gralfor theintensityl alonga viewing ray parametrizedy
x from 0 to D is givenby

ZD Zx
l= tEods)en t(sN A’ dx:
shkLA
s=sHdL
— >
i id H+ld X
el

<1

Figure 1: Samplingof s(x) alonga viewing ray.

<Y

The volumerenderingintegral canbe approximatedy a
Riemannsumof n equalray segmentsof lengthd := D=n.
This evaluationassumeshats(x) is approximatelyconstant

for eachray sggment(seealsoFigurel):
|
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with the opacitya; of thei-th ray segment,whichis de ned
by
Z (i+1)d

t(s(x)) dx

ai = 1 exp

1 exp( t(s(id)d)
t(s(id))d:
The (premultiplied)color ¢; emittedin thei-th ray segment
is de ned by
Z (i+1)d z

ci= e e St(s(x"»dx" b

Neglecting the self-attenuatiorwithin the ray segment, ¢;
maybeapproximatedy

Z (i+1)d
G y t (s(x)) c(s(x)) dx
t(s(id)) c(s(id)) d
ajc(g(id)):
Therefore a front-to-backcompositingalgorithm (which

is usually emplo/ed in the sheafwarp algorithm) imple-
mentstheequations

a4 =1 (1 & 1)1 &)
& 1+ (1 & 1ai;
G =6 1+ & 1o

for the accumulatedbpacity &; andcolor ¢ of thei-th ray
sgment.

2.2. Opacity and Color Correction

Somevolume renderingalgorithms,for example the non-
perspectie sheaiwarp algorithm or 2D texture-basedsol-
umerendering(see?), evaluatethe volume renderinginte-
gralwith equallyspacedsamplesi.e., a constandistanced
betweensamplesThus,the opacitiesaj andcolorsc; may
be precomputedor a constand.

volume volume
@d slices slices

viewing rays
CY (b)

Figure2: Differentdistancebetweersampleslependingn
theviewing direction.

viewing rays

However, the distanced still depend®n the viewing di-
rectionasillustratedin Figure2. Thus,it is necessaryo cor-
recttheprecomputedpacitiesandcolors.While the opacity
correctionis well-known (seefor example®), thecorrection
of colorsappearso belesscommon.Thereforepothcorrec-
tionsarebrie y derivedhere.

Assumingthatanopacitya; hasbheencomputedor acon-
stantscalarsandthesampledistanced, thecorrectepacity

¢ TheEurographic#ssociation2003.



Sdulzeetal. / Integrating Pre-Integration Into TheSheasWarp Algorithm

aiofor a differentsampledistanced0 maybe computediy

aiO: 1 exp t(s)d0
d°

=1 exp t(s)dH

1 ep( t(9d)*

=1 (1 ai)dozd:

As suggestedy Lacroutein 8, this correctioncanbe ef -
ciently implementecdby a lookup tablefor a? asa function
of a.

Thepremultipliedcolorc; hasto becorrectedcorrespond-
ingly sinceit is proportionatto aj:
0

o_ .4aj.

0_ o 4.
Ci "a

A morerigorousderivation of this result can be given by

evaluatingc; for aconstanscalars:

Z (i+1)d Zy 0
G = t(s)c(s) exp _dt(s)dx dx
Z (i+1)d
= t(s)c(s)exp( t(s)(x id))dx
i+1)d

[ c9em( te(x id)ly
(9 (1 exp( t(9d)):
With a; anda from above, the correctecolor ¢ for d®is
0 0

P=c9 1 ep 9 =d9al= o9a =

For a physicalinterpretationof this color correctionthe
casedf very low andvery high opacityareof particularin-
terest:For averylow opacitytheself-attenuatiomaybene-
glectedthus,thecolor emissions proportionalto thelength
of theray segment.Onthe otherhand,for a very high opac-
ity thecolor cannotdependn thelengthof theray segment
sincethelight fromits farendis blockedand,therefore can-
not in uence the integratedcolor. Both casesare correctly
describedy the color correctiongivenabove.

Notethatthis color correctionis perfectlyconsistentvith
the specialcaseof d%d = 1=2 discussedy Sweeng and
Mueller in 20 sincethe correctionfactor (called! in 29) is
givenby

a’_ 1 (1 a)P_1 Pq ai_ 1 _
Y a; 1 (1 a) 1+°1 a

2.3. Volume Sampling Rate

Thediscreteapproximatiorof thevolumerenderingntegral
will corverge to the correctresultonly for high sampling
rates1=d. Unfortunately nonlineartransferfunctions may
considerablyincreasethe samplingrate requiredfor a cor
rectevaluationof the volumerenderingntegral asthis sam-
pling ratedepend®n the productof theNyquistfrequencies
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of the scalar eld andthe transferfunctionsas mentioned
(but not proved) by Engeletal. in 3.

The actualsamplingraterequiredfor anaccuratesvalua-
tion may be estimatecdby the samplingrate requiredfor an
accurateeconstructiorof the functionst (s(x)) andc(s(x)) .
This samplingrate may be obtainedby comparisorwith a
frequeng-modulatedsignalsim (t) (seeSection6.4in 19):

Sim(t) ;= Acos(2pfct + (Df=fm) sin(2p fmt))

with the amplitude A, the carrier frequenyg fc, the maxi-
mum deviation Df from fc, andthe modulationfrequeny
fm (Whichis themaximumfrequeng of themodulationsig-
nalif it is not a singlefrequeny tone).With the help of the
identity

1

o

a coqa+ kb)J(x)
k=1

coqa+ xsin(b)) =

(with the Besseffunction J¢ of the rst kind of orderk), the
modulatedsignalmaybewritten as

1
sm®)=A & k(Df=fm)cos(2pfct+ 2pfmkt):
k= 1

The spectrumof s (t) may be obtaineddirectly from this
representationApart from the carrierfrequeny fc, thereis
anin nite numberof sidebandsitfrequenciesc  fmk with
k 2 N. Thus,themodulatedsignalis not bandwidth-limited
andthereis no maximumfrequeng. However, accordingto
anapproximatiorby Carson(known as“Carsonsrule”), the
actuallyrequiredbandwidth(for morethan98% of the sig-
nal power) is 2(Df + fm), i.e., contributions of sidebands
outsidetheintenal [fc  (Df + fm); fc+ (Df + fm)] areneg-
ligible.

In orderto apply this resultto the problemof determin-
ing anappropriatesamplingfrequeng alonga viewing ray,
someadditionalsymbolshaveto beintroducedLetU(S) de-
noteacontinuoudransfeffunctionfor scalavaluesS2 [0; 1]
with Nyquistfrequeng fy. (A discontinuougransferfunc-
tion could be approximatedwith extremely high frequen-
cies.)In orderto de ne valuedU(S) for S640; 1], letU (S) be
asymmetricfunctionwith period2,i.e.,U(§ = U( 9 and
U(S = U(S+ 2Kk) for k2 N. Furthermorelet S(t) denotea
scalareld with Nyquistfrequeng fs. Thus,the problemis
to determineanappropriatesamplingfrequeng for U (S(t)) .
Thisproblemcanbesimpli ed with thehelpof a Fourierco-
sineseries:

1
U(S) = & akcogpkS(t)):
k=0
As theappropriatessamplingratefor this sumcorrespondso
the maximumof the samplingratesfor the individual sum-
mandsijt is possibleto restrictthe following considerations
to thesummandvith themaximumk with a, 6 0. This kmax
correspondt amaximumfrequeng kmax=2, whichis given
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by half the Nyquistfrequeny fy, i.e.
kmax=2 = fy=2:
Thus,U(S(t)) canbespecializedo theform

Acogp kmax S(t)) = Acos((2pfy=2) §(t)) ;

with A= a . Thisfunctionis alreadycloseto afrequeng-
modulatedsignal, where S(t) corresponddo the modula-
tion signal. As mentionedabore, it is commonto replace
an arbitrary modulationsignal by a single-frequeng tone
of the maximum frequeng for the purposeof estimating
an appropriatesampling rate. Thus, St) is replacedby
sin((2pfs=2)t). Thenew form of U (Y(t)) is:

U(&1) = Acos((2pfu=2) sin((2pfs=2)1)) :

In orderto applyCarsonsrule, U (§t)) hasto bematched
to s (t), whichis de ned by

Sm(t) := Acos(2pfct + (Df=fm) sin(2p fmt)) :

For this purpose, fm should be identi ed with half the
Nyquist frequeng fs of the scalar eld, and fc hasto be
0 asthereis no “carrier frequeng” for thetransferfunction.
Thus,Df =fm shouldbeidenti ed with 2p fy=2.

Accordingto Carsons rule, the requiredfrequenciedor
this signal (fc = 0) arein the intenal [0; Df + fm] corre-
spondingto [0;2pfy fs=4+ fs=2]. For fyfs fg thisin-
terval is given by [0; pfy fs=2], i.e., the requiredsampling
frequeny is p fy fs. While Carsonsruleis awell-known ap-
proximationin signaltheory it has—toour knowledge—not
beenappliedto volumerenderingoefore.

Becauseof this result, it is by no meanssufcient to
samplethe volumerenderingintegral with the Nyquist fre-
queng fg of thescalar eld if non-lineartransferfunctions
are employed. Artif actsresulting from this kind of under
samplingarefrequentlyobseredunlesshey areavoidedby
very smoothtransferfunctions,i.e., transferfunctionswith a
smallNyquistfrequeng fy.

2.4. Pre-Integrated Volume Rendering

Pre-intgratedvolumerenderingovercomeshenecessitjor
extremely high samplingratesby splitting the numerical
evaluationof the volume renderingintegral into two inte-
grations:onefor thecontinuousscalareld s(x) andonefor
the transferfunctionst(s) and c(s); thus, the problematic
productof Nyquistfrequenciess avoided.

Pre-intgrationis similarto amethodpublishedoy Max et
al.in 19, whichwasreirventedandgeneralizedor hardvare-
acceleratetetrahedrarojectionby Rottgeretal. in 6. How-
ever, the name*“pre-integratedvolumerendering”was rst
usedby Engeletal. in 3 within the contet of texture-based
volumerendering.Thebasicconcepbf pre-intgrationmay
be appliedto mary othervolumerenderingalgorithms;for
example,Knittel demonstrategre-integratedray castingin

7. More applicationsand improvementsof pre-intgrated
volumerenderingmaybefoundin 2 4511131521,

skkL A

Figure 3: Piecaviselinear interpolationof samplef s(x)
for pre-integratedvolumerendering

For the purposeof pre-intgratedvolume rendering the
scalarfunction s(x) is approximatedby a piecavise linear
scalarfunction asillustratedin Figure 3. The volume ren-
dering integral for this piecavise linear scalarfunction is
efciently computedby onetablelookup for eachray seg-
ment. The threeargumentsof this table lookup for the i-th
ray sggmentfrom id to (i + 1)d arethe scalarvalue at the
start(front) of the segments; := g(i d), thescalarvaluethe
end(back)of thesegments, := s((i + 1)d)), andthelength
of the sggmentd (seeFigure3). If d is constantfor all seg-
mentsandall viewing rays,thetablelookupdoes of course,
notdependonit andatwo-dimensionatableis sufcient.

More preciselyspolen,the opacitya; of thei-th sggment
is approximatedy
Z (i+1)d
ai = 1 exp t(s(x)) dx
Z,
1 exp t (1 w)sf+ws, ddw
0
Thus, a; is a function of s¢, s, andd, if the latteris not
constant.

The (premultiplied) colors ¢; are approximatedcorre-
spondingly:
Z3
Ci t (1 wsi+wsg € (1 w)s+ ws,
0 z.,
exp o t (1 Wo)sf+wosb daw® ddw:

Analogouslyto aj, ¢; is afunctionof s¢, s, andd.

Apart from theseapproximationdor a; andc; thereare
nofurthermodi cations of theevaluationof thevolumeren-
deringintegral; i.e., the compositingalgorithmfrom above
may be employed for pre-intggratedvolumerenderingtoo.
In particular the opacity correctionof Section2.2 alsoap-
pliesto pre-intgratedrenderingandthe color correctionof
Section2.2is anappropriateapproximationn this case.
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viewing rays

volume
slices

image plane

(@)

sheared projection
slices intermediate
image
warp
(b)

Figure4: (a) Standad and(b) factorizedviewing transformation.

Note, howvever, that the pre-intgration always supplies
premultiplied colors ¢;; thus, a subsequenmultiplication
with a; hasto beavoided.

The computationof the pre-integratedlookup tablesfor
a; andc; is ratherexpensve astwo integralshave to beeval-
uatednumericallyfor a sufcient numberof combinations
of valuesfor s¢, s, andd. Moreover, thesetableshave to
berecalculatedvhene&er the transferfunctionst (s) or ¢(s)
aremodi ed; thus,anevaluationatinteractve ratess highly
desirableFortunatelythereareseveralwaysof accelerating
the computatiorof theselookuptables which arediscussed
in detailin 3. They allow usto performthe calculationof the
two-dimensionalookup tablesfor constantd at interactive
rates.

Oneremarkabléeatureof pre-intggratedvolumerender
ing is the possibility to renderclosedisosurficeseven with
very low samplingratesby specifying sharppeaksin the
transferfunctiont (s); see!® and? for details.

In summarypre-intgratedvolumerenderingallows usto
evaluatethe volume renderingintegral without the needto
increasethe samplingrate for ary nonlineartransferfunc-
tion. Thereforejt hasthe potentialto improve the accurayg
(by lessundersamplinggandthe performancégby fewer sam-
pling operationspf avolumerendereratthe sametime.

For an accurateevaluation of the volume renderingin-
tegral, the actual samplingrate should be well above the
Nyquist frequeng of the scalar volume data since pre-
integration usesa linear interpolationbetweensamplesn-
steadof anideal reconstructionlter . In practice,however,
samplingratescloseto this Nyquistfrequeng appeatto re-
sultin asufcient imagequality for mostdatasets.

It shouldbe notedthat pre-integgratedvolume rendering
will usuallygenerateslightly differentcolorsand opacities
comparedo mary othervolumerenderingalgorithmseven
for very smoothtransferfunctions; for example, because
the approximationl exp(t(s)d) t(s)d is never needed
for pre-intggratedvolumerendering. Theseapproximations
should not matter for high samplingrates1=d; however,
mary volumerenderingimplementationperformthe com-
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positing of colorswith x ed-pointarithmetic, resultingin
considerableolor alterationdor high samplingrates.

2.5. ShearWarp

Sincethe original presentatiorof the sheaswarp algorithm
by Lacroute? 9, therehave beenanumberof publicationson
thisalgorithm.Work wasdonein elds like sterearendering
6, fastslabrendering??, andfastrotation. The algorithm
was implementedn volume renderinghardware 14, and it
was comparedo other volume renderingalgorithmsin 12,
In 18, the algorithmwasextendedto perspectie projection,
andthenparallelizedin 17. In 20, several extensionsfor im-
proved imagequality were described However, the useof
pre-integrationwithin the sheatwarpalgorithmhasnot pre-
viously beenpublished.

The generalviewing transformatiorV consistsof a view
matrix M and a projectionP, suchthatV = P M. The
sheafwarp algorithmis basedon theideaof a factorization
of the view matrix M into a shearcomponentS anda warp
componenW with M = W S Lacroutes idea?® is to do
the warp after the projection,suchthat it becomesa two-
dimensionaloperation which is fastto compute.Thus,the
nal sheaswarpviewing transformatiorbecomes:

V=W P &

This factorizationallows us to performthe compositing
in objectspaceThereforethe memorycachecanwork ef -
ciently becausef frequentcachehits. The nal warpis an
afne two-dimensionakransformationwhich canbe done
on the processoef ciently, or evenfasterby using2D tex-
turing hardware.Figure4 depictsthefactorizationinto shear
andwarp. In Figure4a,the projectionof the volumeto the
imageplaneis donetraditionally while in Figure4bthevol-
umeslicesare rst shearedthenprojectedontoaninterme-
diateimage,and nally warpedto theactualimageplane.

In Lacroutesimplementationthe compositingof thevol-
umeslicesto the intermediateémageis doneslice by slice
and from front to back, with bilinear interpolationwithin
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eachslice and pre-interpolatectlassi cation. The interme-
diateimageis alignedwith the volumeslices,i.e., the front
voxels occupy one pixel pervoxel. Opacity correctionand
early ray terminationare performedfor the compositing.
Run-lengthencodingof thevolumedatais employedto save
memory and to speedup the compositingprocess.n the
warp, bilinearinterpolationis usedfor the projectionto the
nal image.

In summarythemostimportantfeatureof thesheaswarp
algorithm are: ef cient compositing; e xibility to incorpo-
rate shading,shadavs, and arbitrary compositingmodels;
andindependencef thecompositingfrom the outputimage
size.A disadwantageis that the warp introducesadditional
blurring becaus®f the necessaryesampling.

3. ShearWarp with Pre-Integration

This sectiondiscussesur extensionof the sheaiwarp al-
gorithmwith pre-intgrationandthe implementatiorissues

that we encounteredThe following topics are addressed:

slab rendering,buffer slicesto avoid redundantcomputa-
tions, the pre-intgrationtablelookup, andrasterizatiordif-

ferencedetweerour new andthe standarcgsheaswarpalgo-
rithm.

3.1. SlabRendering

As describedn Section2.4,pre-intgratedvolumerendering
computeghecolor of ray segmentsnsteadof pointsamples
on viewing rays. Thus, our variantof the sheafwarp algo-
rithm hasto renderslabsbetweenadjacentlicesinsteadof
individual slices;seeFigure5. More speci cally spolen,we
still traversetheslicesof thevolumedatain front-to-backor-
derbut renderthe slabin front of a sliceinsteadof theslice
itself.

<

. back slice
front slice

Figure 5: A viewing ray througha slab betweertwo slices.
Thescalarvaluesof the volumedata on the front slice and
thebad sliceare denotedby s; ands,, respectively

As eachslabbetweenwo slicesis renderedvith the help
of the scalarvaluesss ands, on theseslices,the bilinearly
interpolatedscalarvaluesare usedtwice, oncefor eachad-
jacentslab Insteadof computingthe samebilinearinterpo-
lation for eachslab,we employ a buffer slice, which is dis-
cussedext.

3.2. Buffer Slice

Thebuffer slice storesinterpolatedscalarvaluesof the back
sliceas oating pointnumberssuchthatthesevaluescanbe
reusedor thefront slice of thenext slah For theimplemen-
tation of the buffer slice,we experimentedvith two slightly
differentapproachesThe rst optionis to storetwo buffer
slicesin memory eachwith thesizeof thevolumeslicesthat
are renderedto the intermediateimage (slice-sizedbuffer
slices;seeFigure6a). Two buffer slicesarerequiredin order
not to overwrite buffered valuesbeforethey areneededor
the pre-intgrationtablelookup. Thus,two blocksof mem-
ory have to beallocated andthe sizeof thetwo buffer slices
hasto be adaptedvhener the size of the displayedslices
changesDependingon the volume size, this may happen
wheneer the principal viewing axis changeslin the case
of cubicvolumes,the sizeof the buffer slicesis alwaysthe
samebecausgheslicesthatarerenderedo theintermediate
imageare of the samesizefor eachprincipal axis.In order
not to allocateand de-allocatememorywheneer the prin-
cipal axis changeswe decidedto allocatememoryfor the
buffer slicesonly onceandusethesizeof thelargestslices.

slice-sized
buffer slices

intermediate image-
sized buffer slice

intermediate image plane intermediate image plane
(a) (b)

Figure 6: (a) Slice-sizedand (b) intermediateimage-sized
buffer slices.

The secondapproachis to createa single buffer slice,
which hasthe samesize asthe intermediateimage (inter-
mediatémage-sizeduffer slice;seeFigure6b). In thiscase
only oneslice is neededbecausea scalarvalue is always
bufferedright after the scalarvalue buffered previously at
the sameposition hasbeenread.This approachrequiresto
changeahesizeof thebuffer slicewhen&erthesizeof thein-
termediatemagechangesi.e.,for every changeof theview-
point. This sizeis easilycomputedecaus@urimplementa-
tion of the sheaswarp algorithmis basedon the sameidea
for theallocationof thememoryfor theintermediatemage.
In orderto preventfrequentmemoryallocation,we canfol-
low the sameapproachasfor the slice-sizedbuffer slicesby
allocatingmemoryfor thelargestintermediatemagesize.

With the approacheglescribedabore, thereis no dif-
ferencein the frequeng of memory allocation, but there
is a differencein the size of the allocatedmemory Let
vx and vy be the width and height of the slicesin vox-
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els, respectiely. Then, in the caseof the parallel projec-
tion sheafwarp algorithm, the intermediateémage consists
of (2 w) (2 w)pixelsintheworstcasej.e.,whenthe
viewerlooksalongthediagonalof theobject. Theintermedi-
ateimage-sizeduffer slicerequiresalmostasmary oating

point( oat) elementsasthereareintermediatémagepixels,
ie,(2 w (2 w)=4 vx v oats. (Strictly speak-
ing, it requiresonerow andonecolumnless.)

Thetwo slice-sizedouffer slicesrequire2 vx vy oats
(again,the correctvalueis onerow andone columnless).
Thus,theslice-sizeduuffer slicesrequirealmostexactly half
theamountof memorycomparedo theintermediatémage-
sizedslice buffer.

We did notimplementa pre-integratedperspectie shear
warp algorithm, but similar considerationsas for parallel
projectionapply Theintermediatémage-sizeduffer slice
canbe usedin an analogousvay. However, the slice-sized
buffer slicesvary with the size of the volumeslicesthatare
compositedo theintermediatémage.As we allocatemem-
ory only for thefront slice,andchangehesizeof the buffer
sliceby changingts sizevariablesthereis no memoryallo-
cationpenaltyto theslice-sizedouffer sliceapproach.

3.3. Pre-Integration Table Lookup

Thepre-integrationtableis recomputedvheneer thetrans-
fer function changesWe computeonly a two-dimensional
pre-integrationtable for a constantdistanced, becausehe
computationof a three-dimensionatable is signi cantly
more expensve andthe imagequality is hardly improved.
Comparedto using a two-dimensionaltable and opacity
correction,the imagesgeneratedvith a three-dimensional
lookupwereslightly brighterin our experiments.

The bilinear interpolationthatis performedto determine
the scalar values sy and s, for the lookup in the pre-
integration table generatesoating point numbers.Thus,
thelookupin the pre-interationtable shouldbilinearly in-
terpolatethe takulated colors and opacities.This is rather
expensve, sinceit addsanotherbilinear interpolationfor
the compositionof eachvoxel. Therefore we experimented
with nearest-neighbointerpolationfor the pre-integration
lookup,andwith lookuptabledargerthan256entrieswhich
we usually use. We found that for typical transferfunc-
tions, no differenceis visible in theresultingimages.Thus,
it is sufcient to usenearest-neighbanterpolationfor the
lookup andgaina few percentof renderingspeedseeSec-
tion 4).

3.4. Rasterization

A fundamentaldifferencein renderingbetweenthe tradi-
tional approachwith bilinearinterpolationcomparedo pre-
integration is the numberof slices that are actually ren-
deredtraditionally onesliceis renderedor eachslicethatis
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presenin thevolumedatasetn the principal viewing direc-
tion. Sincethepre-intgrationapproachrequiregwo volume
slicesandrendersthe slabin-betweenthem, oneslice less
hasto berasterizedwith this approachHowever, for typical
volumesizesstartingwith about100slicesthis effectcanbe
neglected.

4. Results

After we had integratedall the discussedmprovementsin
ourimplementatiorof the sheatwarp algorithmfor parallel
projection,we performedspeedtestsof the algorithmwith
differentcombinationsof extensionsand comparedhe re-
sultingimagequality.

4.1. Rendering Performance

The renderingperformanceestswere performedon a PC
with a1.7 GHz Pentium4 processqr256 MB RAM, andan
ATl Radeor7500graphicscard. The outputimagesizewas
512°. We usedthe following datasetdor the performance
teststhe GeneraElectricCT Engine theUNC's MR Brain,
andStefain Rottgers Bonsaitree. The opacitytransferfunc-
tion wassetto alinearrampfrom zeroto full opacity which
extendedover the entire datarange.In the caseof the pre-
integratedsheaswarp, the transferfunction doesnot affect
renderingperformancen ary otherway thanfor the tradi-
tionalsheaswarp,e.g.,via earlyray termination We applied
an automaticperformancemeasuremenprocedurewhich
rotatedthevolumeby 180degreesn stepsof 2 degreesabout
its vertical axis. The averagerenderingtimes per displayed
framearelistedin Tablel.

In the table, the rst three columnsspecify the dataset,
its size, and the percentageof transparentwoxels it con-
tains. The fourth column shavs the performanceof the
standardsheaswarp algorithm without pre-inteyration and
without opacity correction.The remainingcolumnslist the
timesthatareachievedwith differentcombination®f exten-
sions.Threetypesof extensionsaredistinguishedlookupin
thepre-intgrationtable,opacitycorrection(includingcolor
correction)andslicebuffers.Opacitycorrectionwasimple-
mentedasdescribedy Lacroutein 8. The rst four columns
of the pre-int@ratedrenderingtestsareresultsfrom render
ing with nearest-neighbdookup in the pre-intgrationta-
ble, for the last four columnsthis lookup is improved by
bilinear interpolationbetweenthe table values.The abbre-
viations usedfor the further classi cation of the table are
asfollows: OC: opacitycorrectionenabledNC: no opacity
correction,SB: two slice-sizedouffer slices,andIB: onein-
termediateémage-sizeduffer slice. In all the performance
tests,the intermediatémagewaswarpedby the 2D textur-
ing hardware,asmentionedn Section2.5.

The timesindicatethatthe pre-intgratedsheaswarp al-
gorithmachievesa performancevhich is betweer34% and
88% of the speeddf the standardshearwarp, dependingpn
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Pre-Intgration

NearestNeighborLookup Bilinear Lookup

NC ocC NC ocC
Dataset Size[voxels] Transparent Standard SB B SB B SB 1B SB B
Engine 128 55 28.0% 0.26 0.30 0.30 0.34 0.34 0.36 0.36 0.40 0.40
Brainsmall 128 84 13.3% 0.43 049 049 056 057 058 059 0.66 0.66
Bonsai 128 79.5% 0.23 0.56 057 0.60 0.60 0.65 0.65 0.69 0.69

Table 1: Renderingperformancen secondger frame Theabbreviatedrenderingparametes are: NC: no opacitycorrection,
OC: opacitycorrection,SB:slice-sizeduffer slices,|B: intermediatémage-sizedouffer slice

the datasetPre-intgrationis fastestwith nearest-neighbor
interpolationin the pre-intgrationlookup table,no opacity
correction,and slice-sizedbuffer slices. Slice-sizedbuffer
slicesareslightly fastetthanintermediatemage-sizedbuffer
slices becausehe computationof the location within the
buffer slicesis simpler but the performancedifferenceis
lessthan 1% andthe resultingimagesare identical. In the
performanceests,opacitycorrectionaccountdor 6-13%of
the renderingtime if enabled bilinear interpolationin the
pre-intggrationlookup tableresultsin 14-20%performance
penalty

4.2. Image Quality

A numberof images,which result from different combi-
nationsof renderingparametersre presentedn the color
page.Theimageswererenderedvith the samedatasetand
outputimageresolutionasin the performanceests,but we
selecteddifferent transferfunctionsin orderto emphasize
the differencesof the appliedalgorithms.The insetin the
top right cornerof everyimageshavs amagni cationof the
region highlightedby a blacksquare.

In Figure7, the Enginedatasets depictedusingthreedif-
ferentsettings Figure 7awascreatedy the standardshear
warp algorithmwithout ary of the extensionspresentedn
this paper For Figure7b, we usedthe pre-intgratedrender
ing algorithmwith nearest-neighbanterpolationin the pre-
integrationtable and no opacity correction.Figure 7¢ was
computedusingthe samesettings,exceptthat opacity cor
rection was enabled.The differencebetweenthe standard
algorithmandpre-integrationis clearlyvisible: the engines
featuresare depictedmuchsmootherandshav more detail
with pre-intayration. The impact of opacity correctioncan
clearly be seenby comparingFigures7b and7c: the semi-
transparenéngineblockis moreopaquen Figure7c.

For the creationof theimagesof the Brain datasetn Fig-
ure 8, the samepre-integgration settingswere appliedas for
the Engine.Here, the subtledetailson the cheek,which is
enlagedin theinset,canonly be seenwith pre-intgration.
Again, opacitycorrectionmakesa difference put dueto the

natureof the selectedransferfunction, it cannotbe seenas
clearlyasin the previousexample.

The imagesof Figure9 depictthe BonsaidatasetThey
wererenderedisingthe samepre-intgyrationsettingsasbe-
fore. Pre-intgrationaccountdor signi cantly lessstaircas-
ing artifactson the o wer pot thanthe standardalgorithm,
ascanbeseenvery well in theinset.Furthermorethe color
differencebetweerthe standardandthe pre-intgyratedalgo-
rithm, as was mentionedin Section2.4, is clearly visible,
especiallyin theleaves.

In Figure 10, texturing hardware was emplagyed for ren-
deringthe Bonsaidatasetvith the sametransferfunctions,
the sameviewpoint, andthe samevolumeresolutionasfor
thesheaswarp.In Figure10a,128imageplanealignedtex-
turedpolygonswererenderedyhichis the sameamountof
slicesaswerecompositedor thesheasrwarpalgorithm.The
texturing hardware's capabilityof performingtrilinearinter-
polationwhile compositingand samplingat imageresolu-
tionresultin acleareiimagethanthesheaswarpcanachie/e
evenwith pre-integration.However, staircasingartifactsare
ohviousin theresultingimage.For Figure10b,256textures
wererenderedThis reduceghe staircasingartifactssigni -
cantly but they arestill noticeablegvenmoreclearlythanin
theimagesrenderedoy the pre-intgratedsheaswarp algo-
rithm. Figure10cdemonstratethat 1024texturedpolygons
resultin animageof high quality.

5. Conclusionsand Futur e Work

We have presentedhe integrationof the pre-intgratedvol-
umerenderingapproachnto the sheatwarpalgorithm.Pre-
integrationimposesanoticeableperformancéit onthestan-
dardsheaswarpalgorithm,but it resultsin substantiallyim-
proved imagequality. Staircasingartifactsare reducedand
colortransitionsaremoreaccurate.

In thefuture,we areplanningto integrateshadingwhich
is essentialfor the renderingof iso-surfices.Also, pre-
integrationcanbe incorporatednto the perspectie projec-
tion sheaswarp algorithm analogouslyto the caseof par
allel projection; however, the scalingof the slicesslightly

¢ TheEurographic#ssociation2003.
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increaseshe compleity of this approachThe imagequal-

ity of our algorithmcould be furtherimproved by sampling
at (or above) the Nyquist frequeny of the scalarvolume

data.This could be accomplishedby adaptingthe approach
of Sweeng andMueller 20,
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(@) (b) (©

Figure 7: The Enginedataset:(a) standad shearwarp, (b) pre-integrated shearwarp without opacity correction and (c)
pre-integratedshearwarp with opacitycorrection.

(@) (b)

Figure 8: TheBrain dataset:(a) standad shearwarp, (b) pre-integrated shearwarp without opacity correctionand (c) pre-

integratedshearwarp with opacitycorrection.

[ A

@) (b)
Figure 9: TheBonsaidataset:(a) standad shearwarp, (b) pre-integrated shearwarp withoutopacitycorrectionand(c) pre-
integratedshearwarp with opacitycorrection.

(b) (©
Figure 10: TheBonsaidatasetrendeed with 3D texturing hardware supportusingdifferentnumbes of textured polygons:(a)
128polygons{b) 256 polygons|c) 1024polygons.
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