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ABSTRACT

Hardware-acceleratedirectvolumerenderingof unstructuredol-
umetricmeshess oftenbasedntetrahedratell projection,in par
ticular, the ProjectedTetrahedraPT) algorithm and its variants.
Unfortunately evenimplementationsf the mostadwancedvariants
of the PT algorithmarevery proneto renderingartifacts.

In this work, we identify linear interpolationin screencoordi-
natesas a causefor signi cant renderingartifactsand implement
thecorrectperspectie interpolationfor the PT algorithmwith pro-
grammablegraphicshardware. We also demonstratéhow to use
featuresof moderngraphicshardware to improve the accurag of
the coloring of individual tetrahedraand the compositingof the
resulting colors, in particular by emplg/ing a logarithmic scale
for the pre-integratedcolor lookup table, using textureswith high
color resolution,renderingto oating-point color buffers, and al-
phadithering. Combinedwith a correctvisibility ordering,these
techniquegesultin the rst implementationof the PT algorithm
without objectionableenderingartifacts.Apartfrom theimportant
improvementin renderingguality, our approactalsoprovidesatest
bedfor differentimplementation®f the PT algorithmthat allows
us to study the particularrenderingartifactsintroducedby these
variants.

CR Categories:  1.3.3 [Computer Graphics]: Picture/Image
Generation—Displayalgorithms, Bitmap and framehuffer opera-
tions;1.3.7[ComputerGraphics]:Three-DimensionaBraphicsand
Realism—Raytracing

Keywords: volumevisualization,volumerendering,cell projec-
tion, projectedtetrahedraperspectie interpolation dithering, pro-
grammablegraphicshardware

1 INTRODUCTION AND PREVIOUS WORK

Thereareseveralapproacheso directvolumerenderingof unstruc-
turedmeshese.g.,ray castingandcell projection. However, most
implementationgor OpenGLgraphicshardware are basedon cell

projection; more speci cally, the ProjectedTetrahedrgPT) algo-
rithm publishedby Shirley andTuchman18].

ThePT algorithmexploits thetrianglerasterizatiorperformance
of graphicshardware by decomposinghe projectedsilhouetteof
atetrahedrorinto threeor four triangles,asin Figure 1. Previous
researchhasfocusedon two aspectf this algorithm: the color
computatiorfor thesetriangles[6, 14, 16, 19] andthecomputation
of avisibility orderingof thetetrahedrd2, 3, 10]. In thiswork, we
arenot concernedvith thelatterandassumehata correctvisibil-
ity orderingis available. In fact, we emplg/ the extensionof the
meshedpolyhedravisibility ordering(MPVO) algorithmfor non-
corvex meshesuggestedy Williams [22], which computesa cor
rectorderingfor mosttetrahedrameshes.
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Figure 1: Classi cation of non-degenerateprojected tetrahedra (top
row) and the corresponding decompositions (bottom row).

To computethe colors of trianglesgeneratedy the PT algo-
rithm, Shirley andTuchman[18] suggested¢omputingcorrectcol-
ors only for the triangles' vertices. Thus, the efcient linear in-
terpolationof vertex colorsprovided by graphicshardware canbe
exploited. Unfortunately this resultsin renderingartifactsevenfor
uniformattenuatiorcoefcients asnotedby Stein,Becler, andMax
[19]. Theirsolutionwasto interpolatethethicknessandtheaverage
attenuationcoefcient of the projectedtetrahedrorfor eachfrag-
mentby meansof texture coordinatenterpolation.Basedon these
two interpolatedralues the opacityof eachfragments determined
by a two-dimensionatexture lookup. This opacityis eithermod-
ulatedwith a constantcolor, or with an interpolatedvertex color.
Unfortunately the linear interpolationof the averageattenuation
coefcient andthethicknessds only correctfor orthogonalprojec-
tionsandleadsto renderingartifactsfor perspectie projections.

An ef cient computatiorof the correctperspectie interpolation
hasbeenpublishedby HeckbertandMoreton[7] andindependently
by Blinn [1]. Moreover, correctperspectie interpolationis usually
offered by moderngraphicshardware supportingOpenGL.How-
ever, the perspectie interpolationemplo/edin OpenGL[17] can-
not directly curethis problemfor the PT algorithmbecausét was
designedfor an interpolationof valueson triangles—notwithin
tetrahedra.

Another well-known disadwantageof the methodby Stein et
al. [19] is the restriction of the attenuationcoefcients to linear
functionswithin eachtetrahedron. This problemwas addressed
by a software-basedcomputationfor arbitrary attenuationtrans-
fer functionspublishedby Max, HanraharandCrawv s [13]. The
availability of hardware-supportethree-dimensionakexture maps
allowedRottger Kraus,andErtl [16] to implementageneralization
of this methodin graphicshardware. This techniquds now known
aspre-integratedcell projection. The basicideais to emplg lin-
earinterpolationof texture coordinatego interpolatethe thickness
of the tetrahedrorandthe scalardatavalue on the front andback
facesof the tetrahedrorfor eachfragment. Hardware-accelerated
three-dimensionalexture mappingis then exploited to performa
lookupof thecolorfor aparticularfragment.Notethatthis particu-



larimplementatiorof pre-intgratedcell projectionby Rottgeretal.
is alsorestrictedto orthogonalprojectionsandgeneratesendering
artifactsfor perspectie projections. Pre-intgratedcell projection
wasfurtherimproved[6, 14]; however, the artifactscausedy per
spectve projectionswerenever addressed.

An alternatve to cell projectionis ray castingin unstructured
meshes.The basicalgorithmfor traversingcells of a tetrahedral
meshalongviewing raysandan implementationin softwarewere
publishedby Garrity [5]. More recently Weiler etal. [20, 21] pub-
lisheda cell projectionalgorithmbasedon the ideaof ray casting
single tetrahedran graphicshardware and a hardware-basedm-
plementatiorof a pre-intgratedvariantof Garrity's algorithmus-
ing oating-point color buffers. With respecto renderingartifacts,
therearetwo adwantageof theray castingapproachn contrastto
the PT algorithm: the useof oating-point precisionto composite
colorsandthe absencef ary interpolationerrorsdueto perspec-
tive projection.In orderto achieve a similar renderingguality with
thePT algorithm,wederive thecorrectperspectie interpolatiorfor
projectedetrahedranddiscussts implementatiorwith thehelp of
programmablgraphicshardwarein Section2.

For the coloring of individual tetrahedra,Weiler et al. [20]
emplogyed a pre-intgratedlookup table implementedby a three-
dimensional oating-point RGBA texture. Unfortunately the lack
of trilinear interpolationin thesetexturesand the limited resolu-
tion resultin renderingartifacts. Our solutionto theseproblemsis
the useof textureswith 16 bits percolor componentandtheimple-
mentatiorof alogarithmicscalefor the pre-intggratedookuptable.
Theseenhancemen@redescribedn Section3.

While the compositingof color contrikutionsis performedwith
oating-point precisionby mostray castershardware-accelerated
cell projectionwith programmablgraphicshardware hasbeenre-
strictedto 8-bit x ed-pointcolor componentsintil recently Even
the currently available hardware supportfor oating-point color
buffersdoesnotallow usto blendsmall,overlappingtriangleprim-
itiveswithout renderingartifacts. Sincethe PT algorithmtendsto
generatanary smalltriangles,it is proneto theseartifacts.In Sec-
tion 4, we shav haw to avoid themat the costof renderingperfor
mance Moreover, we presentinalternatve approachor 8-bit color
componentsimilar to the alphaditheringtechniquesuggestedy
Williams, Frank,andLaMar [23, 11].

A comparisorof the commonrenderingartifactsof implemen-
tationsof the PT algorithmis givenin Section5. The rendering
performanceof our enhancedariantsof the PT algorithmarealso
discussedn this section. Section6 presentour conclusionsand
plansfor futurework.

2 PERSPECTIVE INTERPOLATION

Before discussingthe interpolationof vertex attributeswith per
spectve correctionfor the PT algorithmin Section2.2, we will
introduceour notationandderive therequiredequations.

2.1 Interpolation in Normalized Device Coordinates

Our notationis basedon the OpenGLspeci cation[17]; in partic-
ular, the homogeneousoordinatef a vertex vq in objectspace
are denotedby (xo;yo;zo;wo)T. Assumingw, is not equalto 0,
this four-dimensionalvector represents three-dimensionabec-
tor (x0=w0;yo=w0;zo=wo)T. The model-viev matrix M mapsa
vector vp from object spaceto a vector ve = (xe;ye;ze;we)T in
eye space,i.e., Ve = Mvy. The mappingfrom eye spaceto clip
spaceis performedby the projection matrix P: v¢ = Pve with
Ve = (xc;yc;zc;wc)T. Finally, we de ne the normalizeddevice co-
ordinatesasthe componentf the four-dimensionalvectorvy =
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Figure 2: The projection of a linear function f(v,) onto the view
plane results in a nonlinear function. In the depicted caseof a linear
color interpolation between vertices vél) and véz), the center point
o @ and its color are not projected to the center

between v¢”’ and v¢
point betweenvfjl) and vff) asillustrated by the centered dashedline.

(xd;yd;zd;l)T obtainedby a “perspectie division” from v, i.e,
Vg = Vc=We.

For the derivation of the perspectie interpolatiod, we have to
considerlinear functionsin object space. In homogeneougo-
ordinates,ary scalarfunction f(vo) thatis linear in the three-
dimensionatoordinateso=wo, Yo=Wo, andzy=wj is of theform

with a constanfour-dimensionalvectorc = cx; Cy; Cz; Cw T. Note
thatthe projectionto normalizeddevice coordinateswill turn this
linearfunctioninto a nonlinearfunctionasillustratedin Figure?2.

Assumingw is notequalto 0 andthematrix productPM hasan
inverse we canalsowrite:

Vo W,
f(vo) = ¢ (PM) PM-2 €.

(Vo) (PM) Wo Wo

With the constantvector ©= (PM) * "¢ and the equality
PMvo=w; = v4 we obtain

Wo 0
f(vo)— = ¢’ vqg:
(O)WC d

Thisequationmpliesthat f (vo)Wo=w¢ is alinearfunctionof the
normalizeddevice coordinateXy, Yq, andzy. Thereforegivenary
function f(vp) thatis linear in the three-dimensionatoordinates
Xo=Wo, Yo=Wo, and z,=wp, we may linearly interpolatevaluesof
f(Vo)Wo=W¢ in normalizeddevice coordinates.

An importantexampleis f(vp) 1. Sincelis constantit is also
alinear“function” of Xo=Wp, Yo=Wo, andz,=wj. In this particular
case theresultfrom above implies thatwe=w¢ is a linear function
of X4, Y4, andzy; therefore,we may linearly interpolatevaluesof
Wo=W¢ in normalizeddevice coordinates.

Theseresultswere exploited by Heckbertand Moreton[7] and
independenthypy Blinn [1] for the perspectie interpolationof at-
tributesbetweerwvertices,e.g.,color or texture coordinates|f two
verticesareconnectedy aline, thecorrespondingttributesof the
two verticesde ne a linear function on the line segment. Analo-
gously if threeverticesareconnectedby atriangle,thecorrespond-
ing attributesde ne alinear function on the triangle. The domain

1CompareEquations3.4and3.6in the OpenGL1.5speci cation[17].
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Figure 3: Decomposition of the tetrahedron (ao;bo;Co;do) into three
smallertetrahedra corresponding to the triangles generatedby the PT
algorithm for classla (seeFigure 1). The new vertex t, is determined
by the intersection of triangle (ao;Co;do) with the extension of the
line from the eye point to b,. The three tetrahedra are (ao;bo; Co;to),
(Cosbo;do;to), and (do;bo;a0;to)-

of thesdinearfunctionsf(vy) maybeextendedo thewholethree-
dimensionalobjectspacewithout ary complications. The projec-
tion of thesefunctionsis, however, notlinearin normalizeddevice
coordinategseeFigure?). Thereforejnsteadof linearlyinterpolat-
ing vertex attributes thevaluesof f(vo)wo=w; andwy=w areinter-

polatedseparatelyor eachvertex, andthesevaluesareinterpolated
linearly in normalizeddevice coordinatedor eachfragment. The
valueof f(vo) is thenreconstructedtby onedivision perfragment:

f(vo) Yo
( 0) We interpolated,

f(vo) =

Wo
We interpolated

Assumingw, is equalto 1 (or at leastall wy's arethe samefor all
vertices) thisleadsdirectlyto Equations3.4and3.6in theOpenGL
1.5speci cation[17].

2.2 Interpolation for ProjectedTetrahedra

The original PT algorithm[18] decomposeshe (non-dgenerate)
projection of a tetrahedroninto threeor four triangles(seeFig-
ure 1), computescolors for all triangle vertices, and emplg/s
hardvare-acceleratettiangle rasterizatiorto interpolatethe frag-
mentcolor. Notethata correctperspectie interpolationof colors
is impossiblefor this algorithm becauseeachrasterizedragment
correspondso aviewing ray segmentthroughthetetrahedromwith
arangeof w; coordinatesnsteadof a singlew, coordinate.
Insteadof decomposingheprojectionof atetrahedrorinto three
or four triangles,we canalsodecomposéhetetrahedroritself into
threeor four smallertetrahedraln this case the decompositioris
performedn objectcoordinatesnsteadof normalizeddevice coor
dinates.As illustratedin Figure3, eachof thesesmallertetrahedra
is projectedto one of the trianglesof the original PT decomposi-
tion. Moreover, eachof the smallertetrahedrdeaturesone pair of
vertices,which are projectedto the sametwo dimensionalertex

in the view plane. In Figure4, for example,vg (n (the“front” ver

tex) andv(lb) (the“back” vertex) are projectedto the samevertex
in the view plane. In orderto processall threeverticesof the tri-
anglesin the view planein exactly the sameway (asrequiredby
ourimplementation)we duplicatethe othertwo three-dimensional

verticesof thetetrahedronFor example, V(Zf) andv(Zb) in Figure4
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Figure 4: The tetrahedron (do; bo; a0;to) from Figure 3 in our notation

for triangle vertices. Note that v(lf) and v(lb)
same point on the view plane.

are projected to the

areidenticalcopiesof onevertex. Analogouslyv(sf) andv(sb)

identical.
Oncethe5|xvert|cesv(1f) (1b), 820 (Zb),v(f) andvg ~ are
computed eitherthe front facingtriangle spanneddy the vertices

(”) (Zf) andv(Sf) or thebackfacingtrianglespannedy thever-

tICESV(lb) (Zb) andv(3b) canberasterizedecausdothtriangles
will cwerthesameplxels. During the rasterizatiorof eithertrian-
gle,we caninterpolateary vertex attributeeitheronthefront facing

trlangleby|nterpolatlngbetweerwertlcesv(lf) 820 andv(3f) or
onthebackfacingtriangleby interpolating(with thesameweights)

betweervertlcesv(lb), (20) andv(sb) Thecorrectperspectie in-
terpolationcanbe performedasdescrlbedn Section2.1.

This approachavoids renderingartifactscausecdoy anincorrect
(nonperspecie) interpolationin several importantvariantsof the
PT algorithm.For example,in thevariantof the PT algorithmpub-
lishedby Steinetal. [19], we caninterpolatethe attenuatiorcoef-

cients t () andt (® with perspectie correctionon thefront facing
andthe backfacingtriangle, respectiely, while rasterizingeither
one. Similarly, we caninterpolatethe scalardatavaluess” and
s® on thetwo trianglesin the pre-inteyratedvariantof the PT al-
gorithmsuggestethy Rottgeretal. [16].

Thesetwo variantsof the PT algorithm also requirethe thick-
nessf thetetrahedrodor therasterizedragment.This thicknesd
may be computedasthe distancg(in three-dimensionadye space)
betweerthe pointsonthetwo trianglescorrespondingo theraster
izedfragment:

are

(30)

5

o

o

All coordinatesof v(f) (e) andv(b) (b) are linear functions of
the three- dlmensmnabbjectcoordlnatesfor ary model-viav ma-

trix M with a fourth row vectorof (0;0;0;1)T; therefore v(ef) -w(ef)

and v(b) (eb) can be interpolatedwith perspectie correctionon
thefront facingandbackfacingtriangle,respectrely, asdescribed
above.

Usually all we coordinatesare 1. Furthermorewe can exploit

the fact that the three-dimensiongboints representedby v(f) and
( ®) areon oneline with theorigin:

() 0
= véb) vg) = v(ef) %= .
=0
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Figure 5: Data o w in our implementation of perspective interpola-
tion for the PT algorithm.

Note thatjv(ef)j denotesthe Euclideanvector norm of the three-

dimensionakye spacevectorrepresentethy v(ef) . Thelatterequa-
tion is alsoemplg/edin ourimplementationwhich is presentedn
thenext section.

2.3 Implementation with Programmable Graphics Hardware

Ourimplementationis basedon the OpenGL1.5 ARB extensions
for vertex programsand fragmentprograms[17]. Figure5 illus-
tratesthe data o w for perspectie interpolationin our implemen-
tationof the PT algorithmfor pre-inteyratedcell projection.
Asdiscusseth Section2.2,eachtetrahedroris decomposehto
threeor four smallertetrahedracorrespondingo the trianglesof
the original PT algorithm. For eachof the smallertetrahedrathe

Six verticesv((,lf), v(()lb), v((32f), ngb), v((f’f), andv((,gb) arecomputed.

Moreover, six correspondingscalardatavaluessitf), s(18, 20

29 30 ands3Y aredetermined.We rasterizethe front facing

triangle spannedy the verticesvglf) , v((JZf) and vfff) . Apart from

thesecoordinateseachtrianglevertex is alsoprovidedwith the ob-
ject coordinateof the correspondingback” vertex andthe scalar
datavaluesfor thefront and ba(_:kvertex. For example,for thei-th
vertex with objectcoordinates_/gf) we specifythescalardatavalues

i ands(®  andthevectorvi® asadditionalvertex attributes.

Thesevertex attributes are the input parameterdor our ver
tex program. For the i-th vertex, the vertex programcomputes

clip coordinateygf) = PMvgf) andnormalizeddevice coordinates

ng) = viP=w{" By performingthe perspectie division andre-
turning normalizeddevice coordinatesnsteadof clip coordinates,
we ensurethat OpenGLdoesnot useperspectie interpolationbut
linearinterpolationsincewe specifythatw; is equalto 1.

Apart from the projectedposition,the outputparametersf our

vertex programfor thei-th vertex arel=wl?, i =pD D00
1=08? D=0 and AP =0l Note thatwe setall wy's to 1
thus,they do notappeain thesequantities.

Theseoutputvertex attributesarelinearly interpolatecbetween

the threeverticesof eachtriangle. We denotethe resultsof these
interpolationsby 1=, D =w? v =0 120, sOV=0? and

z(eb) =wf:b), respectiely. Theseareinputparameterfor ourfragment

programwhich completeghe perspectie interpolationby dividing
interpolatedvalues:

- D=l g D)

SWOR

o D= o A=

1 T

1oal)

Thethicknesd of thetetrahedroris computedrom thesequantities
asdescribedn Section2.2. Notethatit is oftenpossibleto simplify
thecomputatiorof | withoutintroducingvisible renderingartifacts

with the helpof theapproximatiorl jzéb) zg)j.

This completeghe perspectie interpolationof s, s® andthe
computatiorof |. Basedon theseparameterghe color of the frag-
mentis determinedby the fragmentprogramas discussedn the
next section.

3 ACCURATE COLORING

In thePT algorithm,mary tetrahedraancontrituteto thecolorof a
singlepixel; therefore gvensmall color contrikutionsof individual
tetrahedracansumup to a signi cant contribution to the nal im-
age.Thus,in orderto avoid renderingartifacts,theaccurayg of the
color computatiorfor a singletetrahedrorhasto exceedthe color
accurag of the nal image.

Fortunately arithmeticcomputationsn fragmentprogramamay
be performedwith oating-point precision.Thereforejt is bene -
cial to replacefor example thetexturelookupfor the correctexpo-
nentialattentuatiorsuggesteby Steinetal.[19] by amoreaccurate
computationin a fragmentprogram.For someoptical models,the
three-dimensionakexture lookup for pre-intgratedcell projection
canalsobereplacedy afragmentprogramassuggestethy Guthe
etal. [6]. In generalhowever, the pre-integratedlookup canonly
bereplacedoy anexpensve numericalintegration.

Thereforejnsteadof replacingthepre-intgratedtexturelookup,
we improve its accurag by employing textureswith 16-bit color
componentgso called“HILO textures”[9]), which supporttrilin-
earinterpolation.SinceHILO texturesareonly availablewith two
color componentsye have to split the RGBA lookup texture into
two HILO texturesandperformtwo texturelookupsto getall four
color components.Note that we avoid oating-point texturesbe-
causethey only permitnearest-neighbdinterpolation’

Apart from the accurag of the colors takulatedin the three-
dimensionalookuptexture,we alsohave to considerits minimum
dimensions. The threecoordinatedor this texture lookup corre-
spondto the scalardatavalueat thefront O, the scalardatavalue

atthe backs®, andthe thickness [16]. Thetexture coordinates
are usually computedby a linear mappingof the whole rangeof
s, s andl, respectiely, to the rangeof texture coordinatesin
our implementationthe rangeof a particulartexture coordinateis
[(2n) 1:1 (2n) 1], wheren is thedimensiornof thetexturein the
correspondinglirection. Notethat(2n) 1 and1 (2n) 1 specify
the coordinatef the centersof the 0-th andthe (n  1)-th texel,
respectiely, in OpenGLtextures.

For the dimensionscorrespondingo st ands® a resolution
correspondingo the Nyquist samplingrate of the transferfunc-
tionswill avoid mostvisible artifacts.In contrasto the scalardata
values therangeof thethicknesd dependenthetetrahedraimesh.
More speci cally, theminimumthicknesds zeroandthemaximum



Figure 6: Mapping of | 2 [0;Imax] to texture coordinate r 2 [(2n,) ;1
(2ny) 1 for dimensionn; = 8. Note that the mapping is linear instead
of logarithmic for 0 | 2 (™ 0= Inax=64

thicknesds equalto the lengthlmax of thelongestedgeof all cells
in eye space.If the model-viav matrix doesnotincludeary scal-
ing, Imax is alsothelengthof thelongestedgein objectspace Note
thatfragmenton the silhouetteof a tetrahedratell usuallyrequire
a thicknessvery closeto zero; thus, the pre-integratedlookup ta-
ble hasto cover the whole range[0; Imay]. The dependeng of the
color on thethicknesd is in generala very smoothfunctionsince
themostrelevantdependenciearethe exponentialattentuatiorand
the linear accumulationof emittedlight. Therefore previousim-
plementation®f pre-intgratedcell projectionhave oftenchosera
ratherlow resolutionfor thethickness.

However, this is not appropriatefor datasetsfeaturinga very
highratio betweerthelengthsof thelongestandtheshortesedges
of themesh.In thesecasesthethicknessf mary smalltetrahedra
will becloseto zero. Therefore,on the one hand,thesedatasets
requirea very high resolutionof the lookup tablefor smallvalues
of I; onthe otherhand,the thicknesss still a smoothfunctionfor
largevaluesof |; thus,a coarseresolutionfor largel is sufcient.

Thereforealogarithmicmappingof thethicknesd to thetexture
coordinater is moreappropriatehana linear mapping. Note that
a thicknessof | = 0 should be mappedto the texture coordinate
of the O-th texel r = (2n;) 1 wheren, is the r-dimensionof the
texture. In orderto satisfytheseconstraintswe chosea mapping
of I tor, whichislinearfor0 | DI withDl =2 (™ 2|, and
logarithmicfor |  DI; seeFigure6 andEquationl.

| o : 1

r max log, D ;0 + min D 1 ne + o (1)

A straightforvardimplementatiorof Equationl usingthe OpenGL
ARB extensionfor fragmentprogramsrequiresseveninstructions.
(Implementingthis mapping by meansof a 1D texture lookup
would usuallyrequirea prohibitively large texture size.) To com-
pute the pre-intgrated lookup table efciently, we emplgy an
adaptedsariantof theincrementapre-integrationmethod[20] that
incrementally computestwo-dimensionalslices of the table for

| = 0:DI;2DI;4DI;8D;:::: 2" 2D).

4 ACCURATE COMPOSITING
In order to avoid renderingartifactsin volume renderingalgo-

rithms, colorshave to be compositedwith a higheraccurag than
mostgraphicsadapterffer for framebuffers. Unfortunately the

currenthardware supportfor oating-point color buffers hassome
crucial limitations, which preventtheir ef cient usein the context
of thePT algorithmasdiscussedh detailin Sectiord.1. Sectiord.2
describesn approactbasedon randomizedlitheringusingframe
buffers with 8-bit color componentgo improve the quality of the
nal image.

4.1 Floating-Point Color Buffer

Currentgraphicsadaptergbasedon NVIDIA's NV3x and ATI's
R3xx chipsetshllow fragmentprogramsto write to andreadfrom
oating-point texturesat the sametime. Although the resultsof
thesetexturereadoperationsareunde ned,thistechniquehasbeen
successfullyemployedto implementcolor blendingfor slice-based
volumevisualization[8].

For the small triangle primitives of the PT algorithm, however,
the resultsof thesetexture readoperationsarein facterroneous—
presumabldueto cachingof texturedata.lf thecompositingcom-
putationin the fragmentprogramis basedn outdateddata,severe
cachingartifactscan appear For the NVIDIA QuadroFX 3000
graphicsboardusedin this work, we found several waysto avoid
all thesecachingartifacts. Thetwo mostimportantare:

1. rasterizingalarge point primitive aftereachtrianglefan,or

2. bindingthe color buffer texture and sendinga fence(seethe
GL_NV _fenceextension[9]) aftereachtrianglefan?

Althoughratherslow, thelatterapproactperformedbetterandwas,
therefore usedfor ourmeasurements Section5.

The recently releasedNVIDIA GeForce FX 6800 (NV40
chipset)supportsrenderingto 16-bit oating-point color buffers
with alphablending;thus,thereis no needto simultaneouslyead
from andwrite to the sametexture. Our preliminarymeasurements
indicatethatthis allows usto use oating-point color buffersatin-
teractve frameratesfor the PT algorithm.

We found it extremely useful to employ oating-point color
buffers to generatereferencemagesbecausdhesevisualizations
avoid all artifactsdueto color quantizationrduring color composit-
ing. Thus,we areableto reveal renderingartifactsthatwould oth-
erwisebe hiddenby color quantizatiorartifacts.

4.2 Alpha Dithering

For framebufferswith very limited color resolution e.g.,8 bits per
color componentWilliams, Frank,andLaMar [23, 11] suggested
alphadithering asan ef cient way to overcomequantizationarti-
factsin volumerenderingalgorithms.

Our variantof alphadithering customizeshe 8-bit color quan-
tization of the color result of the fragmentprogram. The de-
fault quantizationon our graphicshardware mapsan output a-
componenbetween0 and 1 to b255a + 1=2¢=255 with the oor
functionbxc denotingthelargestinteger smallerthanor equalto x.
In contrasto this default quantizationwe implementthefollowing
quantizatiomatthe very endof our fragmentprogram:

(b25%ac+ 1) =255 if 2558 h25%ac> q
b255a¢c=255 otherwise

with a pseudo-randomumberq 2 [0; 1], which is determinecby
texture lookupsin tablesof randomnumbers.In otherwords, we
round up with a probability equalto the fractional part of 255a,
otherwisewe rounddown.

Our randomizedrounding performsvery well in mary cases;
however, it doesnot avoid all renderingartifactssincethe graphics

2This methodwassuggestedy Nick Triantos(NVIDIA).
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Figure 7: Rendering of the NASA blunt n data set: (a) without HILO lookup textures, (b) without oating-p oint color buer, and (c) with

both HILO lookup textures and oating-p oint color bu er.

Table 1: Total rendering times per frame (including cell sarting) and
overheadintro duced by our enhancementsfor the blunt n data set.

renderingechnique/enhancementtime in secs

basicpre-integgratedPT algorithm(i) 0.195
overheador perspectie interpolation(ii) 0.048
overheador HILO lookuptextures(iii) 0.031
overheador logarithmiclookup (iv) 0.040
total for framebuffer (i+ii+iii+i v) 0.314

total with alphadithering 0.621

totalfor oating-point color buffer 1.781

Table 2: Number of tetrahedra and total frame bu er renderingtimes
per frame for di erent data sets.

dataset no.tets timein secs tetspersec
heatsink 121,668 0.252 483K
blunt n 187,318 0.314 597K
cylinder 624,960 0.929 673K
X38 1,943,483 3.07 633K

hardware performsa secondquantizationafter the blendingoper
ation of the x ed-functionOpenGLpipeline. Unfortunately this
blendingoperationis not customizablethus,we cannotavoid ar
tifactsintroducedat this point. The only exceptionto this rule is
purely additive blending. In this case the resultof the blendingis
guaranteedo be quantized andthe secondquantizationis, there-
fore, ineffective. Thisis alsothe only casein which arrandomized
roundingof thered,greenandbluecomponentss preferableo the
randomizedoundingof a.

5 RESULTS

5.1 Timings

We testedourimplementatioron a Windows XP PCwith anAMD

Athlon 64 3400+ processof2.4 GHz), an AGP 8 bus, andan
NVIDIA QuadroFX 3000graphicsadaptemwith 256 MB of video
memory As discussedh Section2.3,ourimplementationiakesad-
vantageof the programmablevertex andfragmentprocessingro-
videdby thegraphicshardware. Mary factorsin uence therender
ing performancefor example,the numberof tetrahedratheimage
dimensionsandthe depthcompleity. The transferfunctiondoes

@) (b)

Figure 8: Isosurfacevisualization of the heat sink data set: (a) with-
out and (b) with perspective interpolation.

not affect the renderingperformancesincedifferenttransferfunc-
tionsareachieved by modifying the pre-integratediookuptable.

Tablel shavs thetiming resultsfor theNASA blunt n dataset,
whichis decomposedhto 187,318etrahedrdeforerendering All
times were measuredor imagesof 800 600 pixels. Sinceour
systemis fragment-boundadditionalinstructionsin the fragment
programincreasethe renderingtime. Note that we could greatly
improve therenderingperformanceby culling transparentetrahe-
drain software; however, for benchmarkingpurposeswe are pro-
jectingall tetrahedra.

Perspectie interpolationis implementedisingvertex andfrag-
mentprogramswith twelve andeleven arithmeticinstructions re-
spectvely (seeSection2.3). The useof HILO lookup textures
requiresan additional 3D-texture lookup per fragment(see Sec-
tion 3). Thelogarithmiclookupis implementedwith seven arith-
metic instructionsper fragment,as mentionedin Section3. For
theimagesin this paperwe alwaysemplo/ed lookup tablesof di-
mension256 256 16 wherel6 is the dimensionof the texture
correspondingo thethicknesd.

Ten arithmetic instructions and two 2D-texture lookups in
pseudo-randomumbertablesare neededper fragmentfor alpha
dithering (seeSection4.2). Due to the additionaloperationsre-
quiredto eliminatethetexturecachingartifactsasdiscussedh Sec-
tion 4.1, the color compositingin a oating-point color buffer is
considerablslower thanin aframebuffer.

Table2 presentsherenderingtimesperframefor differentdata
setsrenderedvith perspectie interpolationandlogarithmicHILO
lookuptextures.Thetimesareroughlylinearin the numberof pro-
jectedtetrahedraut alsodependstronglyon the numberof raster
izedfragments.



@)

(b)

(©)

Figure 9: Rendering of the NASA tapered cylinder data set: (a) with color compositing in the frame bu er, (b) with alpha dithering and color
compositing in the frame bu er, and (c) with color compositing in a oating-p oint color bu er.

@)

(b)

Figure 10: Isosurfacevisualization of the pressurecomponent of the
NASA X38 data set: (a) with a uniform lookup texture and (b) with
a logarithmic lookup texture.

Our preliminary measurementsn an NVIDIA GeForce FX
6800GT clocked at 350 MHz shaw only a slightincreasedn per
formance. For example, the renderingwith all enhancementto
an 8-bit frame buffer is about22% fasterthanwith the NVIDIA
QuadroFX 3000.This is presumabhdueto bottlenecksausedy
the CPU or the AGP bus. Thereis, however, animportantexcep-
tion: the renderingwith hardware-supportedlendingto a 16-bit

oating-point color buffer is only lessthan1 % slower thantheren-
deringto an 8-bit frame buffer sinceno additionaloperationsare
necessaryo avoid cachingartifacts.

5.2 Comparisonof Artifacts

Oneadwantageof our implementatioris thatit allows usto study
artifactsin termsof their causesand remedies. In the following
discussionwe comparedifferentrenderingsandrelateartifactsto
techniqueshatremove them.

Perspectie interpolationof vertex attributesis requiredin the
PT algorithm sincean incorrectlinear interpolationof texture co-
ordinatescausesrroneouscoloring (seeSection3). In Figure 8,
we shav a volume visualizationof the heatsink dataset, which
mimics an isosurficerenderingby emplg/ing a transferfunction
with a sharppeakat the isovalue. Without perspectie interpola-
tion, artifactsin the form of cracksand overlapsoccuralongthe
intersection®f theisosurficewith cell facesasshowvn in theinset
in Figure8a. In contrastrenderingwith perspectie interpolation
shaws no artifacts,asshavn in theinsetin Figure8h Notethatall
insetsin Figures7 to 10 aremagni ed andcontrast-enhanced.

An 8-bit per componenpre-intgratedlookup texture doesnot
offer sufcient colordepth,asmentionedn Section3. Forexample,
the structuredartifactsshavn in Figure 7aresultfrom the coarsely
quantizectolorsof suchalookuptexture. Ontheotherhand,HILO
lookup texturesproduceartifact-freerenderingsas shovn in Fig-
ure 7c. Color compositingalsorequiresa high color accurag, as
notedin Section4.1. Figure 7b shavs a renderingusinga frame
buffer with only 8 bits percomponenfor color compositing.This
limited color depthresultsin structuredartifacts,which aresimilar
to thosein Figure7a.

As explainedin Section4.2, alphadithering alleviatesrender
ing artifactsresultingfrom quantizationerrorsto a certainextent.
Figure9ashavs the NASA tapereccylinder datasetrenderedvith
an 8-bit percomponenframebuffer. Alpha ditheringlessensarti-
factsin inset“1” andalmostremovesthemin inset“2” asshown in
Figure9b. With oating-point precisionfor the color compositing,
alphaditheringis unnecessarasshavn in Figure9c.

As explainedin Section3, a uniform lookuptextureis inappro-
priateif theratio betweerthelengthsof thelongestandtheshortest
meshedgess very high, which is the casein the NASA X38 data
set.Very smalltetrahedrdnave thicknessesloseto zero;thus,they
requirelookuptextureswith anextremelyhigh resolutionfor small
thicknessesUniform lookuptexturescannotoffer sucha high res-
olution at a feasiblesize and, therefore,lead to undersampling
errorsfor extremely small tetrahedra. This resultsin darker ren-
deringswith substantiakedgeartifacts(Figure 10a) asopposedo
the artifact-freerenderingwith a logarithmiclookup texture (Fig-
ure 10b).



6 CONCLUSIONSAND FUTURE WORK

We have identi ed andcuredall major renderingartifactsthatare
commonin implementationsf the PT algorithm. Thesencludein-
correctinterpolation,insufcient accurag anddimensionsof pre-
integratedlookup tables, and insufcient accurag of the frame
buffer usedfor compositing. With our improvements,the PT al-
gorithmis capableof achiezing a renderingquality thatwasprevi-
ouslyonly possiblewith ray castingapproaches.

Our solutionto the limited accuray of framebuffersis the use
of oating-point color buffers,whichis well supportecbnly by the
latestgraphicshardware. This hardware allows us to provide the
highestrenderingguality atinteractve framerates.

Several of our improvementsare not restrictedto the PT algo-
rithm. For example, the correct perspectie interpolationcould
also be appliedto pre-intgratedtexture-basedsolume rendering
[4], andlogarithmiclookup texturescould be usedfor hardware-
accelerateday castingalgorithmswith an adaptve samplingrate
[15, 20].

In orderto furtherimprove thePT algorithm,we planto integrate
the volumelighting methoddescribedy Lum et al. [12] with cor
rectperspectie interpolation. Moreover, we intendto validatethe
volumevisualizationgyeneratedby our systemby meansof acom-
parisonwith a softwareray caster This will allow usto studythe
effect of incorrectvisibility orderingsandto comparethe numeri-
cal pre-integrationwith analyticsolutionsof the volumerendering
integral for piecavise-linearntransferfunctions.
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