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Figure 1: Various kinds of isocontours: (a) isolines at equidistant isovalueson a slice; (b) standard volume rendering of isosurfaces (with
gradient-dependent opacity); (c) scale-invaiant volume rendering of isosurfaceswith uniform opacity and (d) with silhouette enhancement

ABSTRACT

As standardvolumerenderingis basedon anintegral in physical
spacegor “coordinatespace”)jt is inherentlydependenbnthescal-
ing of this space.Althoughthis dependencis appropriatefor the
realisticrenderingof semitransparemlumetricobjectsjt hasser-
eralunpleasantonsequence®r volumevisualization.In orderto
overcomethesedisadwantagesa new variantof thevolumerender
ing integral is proposedwhich is de ned in dataspaceinsteadof
physicalspace.

Apartfrom achieving scaleinvariancethis nev methodsupports
therenderingof isosurficesof uniform opacityandcolor, indepen-
dently of the local gradientof the visualizedscalar eld. More-
over, it revealscertainstructuresn scalar elds evenwith constant
transferfunctions. Furthermorejt canbe de ned asthe limit of
in nitely mary semitransparensosurfices andis thereforebased
on anintuitive andat the sametime precisede nition. In addition
to thediscussiorof thesefeaturef scale-ivariantvolumerender
ing, ef cient adaptation®f existing volumerenderingalgorithms
and extensionsfor silhouetteenhancemenand local illumination
by transmittedight arepresented.

CR Categories:  1.3.3 [Computer Graphics]: Picture/Image
Generation—Displayalgorithms; 1.3.7 [Computer Graphics]:
Three-DimensionabraphicsandRealism—Raytracing

Keywords: volumevisualization,volumerendering.sosurfces,
silhouetteenhancementjolumeshadingtranslucence

1 INTRODUCTION

The goalsof photorealisticvolume renderingof semitransparent
volumetricobjectsareconsiderabhdifferentfrom the goalsof vol-
ume visualization. Thus, volume renderingalgorithmsfor vol-
umevisualizationoftenincludecomputationshatarenot basecon
physicsbut are designedo visually enhanceparticularstructures
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of thedata. This is not only truefor recentapproachethat explic-

itly referto non-photorealisticendering,e.g., volumeillustration
by Ebertand Rheingand1], but alsofor older volume rendering
algorithms.e.g.,therenderingof surfacesby Levoy [7].

In fact, without theseenhancementstandard/olumerendering
is ratherun t for mary visualizationtasks. Apart from the prob-
lem of visualizing surfacesin volumetric datasets,anothermain
challengss the speci cationof particularopacitiesfor partsof the
dataset. The ability to specifyan appropriateopacityis crucialin
volumevisualizationas structuresbecomeinvisible if their opac-
ity is too small,andhide occludedstructuresf their opacityis too
large. However, the opacityin standardsolumerenderingdepends
on several factorsthat are often unknavn to the user e.g.,the ge-
ometricsizeof thedataset,the unitsin which colorsandopacities
arede ned, or themagnitudeof thelocal gradient.Thus,appropri-
atecolorsandopacitiesfor directvolumevisualizationusuallyhave
to bedeterminedy trial anderror. Moreover, ary local variationof
the opacity for exampledueto adependenconthelocal gradient,
malesit dif cult to specifyvisualizationparametershat generate
appropriateopacitiesfor all visible partsof a volumetricdataset.
An exampleis depictedin Figurelb: thetwo isosurficesin asyn-
thetic dataset (featuringthree Coulomb potentials)are generated
by two sharppeaksin the transferfunctions. The blue isosurfice
is particularly opaquein betweenthe red isosurbice components
becausef the smallermagnitudeof the local gradientthere. The
bottommostcomponenbf the threered isosurficecomponentsn
Figurelbis moreopaquehantheothertwo for thesamereasonA
smallerlocal gradientalso correspondso less“dense”isolinesin
Figurela;thereforethedependencof theopacityonthelocalgra-
dientin standardrolumerenderings quite counterintuitve sincea
large magnitudeof the local gradientresultsin denserisolinesbut
lessopaquesosuraces.(More examplesof this unpleasantiepen-
deng arepresentedn Section6; the mathematicabackgrounds
discussedn Section3.2.2.)

While previous approachedried to solve theseproblemsby
addingadditionaltermsto the standardvolumerenderingintegral,
thispaperdescribesivariantof theintegralitself; morespeci cally,
anintegral in dataspacensteadof physicalspace.Oneimportant
motivation for this approachs to achieve scaleinvariance which
offers severalimmediateadwantages.For example,the geometric
size of the datasetbecomesrrelevant asit no longer affectsthe



rendering. Note that scaleinvarianceis alsoa basicfeatureof the
renderingof semitransparentolygonsastheir opacity is usually
speci ed independentlyof their size. The mathematicatle nition
of this scale-ivariantintegral is presentedn Section3 andallows
usto understandts relationto previously publishedapproachesn
particular to therenderingof surfacesfrom volumedatasuggested
by Levoy [7] andthe pre-integratedisosurficerenderingpublished
by Rottgeretal. [10].

In Section4, the mostimportantfeaturesof scale-iwvariantvol-
umerenderingare discussed Theseinclude scaleinvariance ren-
deringof isosuricesof uniform opacity(seealsoFigurelc), view-
dependeng renderingwith constantransferfunctions,andthein-
terpretatiorasthelimit of in nitely mary isosurfices.

Analogouslyto therenderingof semitransparenuolygons a uni-
form opacityfor anentiresemitransparergurfaceis not alwaysde-
sirable;thus, extensionsfor silhouetteenhancemen(seealsoFig-
ure 1d) andvolumeshadingarepresentedn Section5.

Volumeshadingis particularly usefulfor renderingilluminated
isosurfices. However, previously publishedmethodsusually lack
supportfor illumination by transmittedlight. Therefore,an em-
pirically based,local illumination model for translucentsurfaces
is proposedn Section5.2. This modelsupportsplausiblediffuse
and speculartransmissiorof light and guaranteegonsistentllu-
mination by transmittedlight for surfacesof ary opacity without
requiringadditionalparametersThus,it canreplacePhongs illu-
minationmodelin mary volumeshadingmethods.

In Section6, additionalresultsare presented.Finally, conclu-
sionsandfuturework arediscussedn Section?.

2 RELATED WORK

Scaleinvariancehasnever beena topic in volume visualization;
probably becausehereis no physically basedreasonto require
it for volumerendering. However, the opacity of semitransparent
surfacesis usually expectedto be scale-ivariant; thus, ary ap-
proachthatusesvolumerenderingo displayisosurficesor material
boundarie®f auniform opacitywill inevitably facethe problemof
scaleinvarianceitself or arelatedproblem.

Oneof the rst approacheso volumerenderingof isosurbices
was publishedby Levoy [7], who alreadyobsered that the tran-
sition region associatedvith the renderedsurface should have a
uniformthicknessln particular it shouldbeindependenof thelo-
cal gradientof thescalareld. Sincethethicknesf thistransition
region increasesn inverseproportionto the magnitudeof the lo-
cal gradient,Levoy suggestdo eitherscalethe opacity of samples
or thewidth of a tent-shape@pacitytransferfunction by the local
gradients magnitude.As will be discussedn Sections3 and5.1,
theformerscalingresultsin a goodapproximatiorto therendering
of surfacesof uniform opacitywith silhouetteenhancement.

More recently Kindimannand Durkin [5] proposedhe use of
multidimensionaltransferfunctionsto rendermaterialboundaries
by meansof volumerendering.They alsosuggestedransferfunc-
tionsthatdependon thelocal gradient.

Volume renderingof isosurficeshasreceved nev attentionin
the context of pre-intggratedvolumerendering[2, 8, 10]. In fact,
the pre-intggratedtechniquefor renderingisosurficesin tetrahe-
dral meshessuggestedy Rottgeret al. [10] (and later by Engel
etal. [2] for texture-basedolumerenderingyesultsin isosurbices
of uniform opacityindependentlyf the local gradient. Thus, this
techniguealreadyobtainsscale-ivariantopacitieshowever, thisis
only true for the specialcaseof isosurices. Moreover, it lacksa
mathematicajusti cation sincethe uniform opacitiesareachieved
by ignoringthe differencebetweeranintegrationin physicalspace
anddataspace.

Oneof the rst techniquedor silhouetteenhancemerf semi-
transparensurfaceshasbeenpublishedoy Kay andGreenbey [4].

Since standardvolume renderingof surfacesalreadyresultsin a
similar effect, silhouetteenhancementasnot receved muchin-
terestin volume visualization. However, the adaptationof non-
photorealistitechniquedor volumevisualizationhasalsoincluded
techniquedor silhouetteenhancementsee,for example,the ap-
proachby EbertandRheingang1].

Volumeshadingwvasalsopioneeredy Levoy [7], whosuggested
to apply Phongs illumination modelto volumerenderingby sub-
stituting the normalizedlocal gradientof the scalar eld for the
surfacenormal. While volume shadingis very popularand has
beenextendedto global volumeillumination models,diffuse and
speculartransmissiorof light directly emittedby light sourcess
usuallyignoredin local volumeillumination modelsalthoughthe
transmissiorof light is often consideredn physically basedsur
faceillumination models(see,for example,the work by Hall and
Greenbgy [3] or RushmeieandTorrance11]).

3 SCALE-INVARIANT INTEGRATION IN DATA SPACE

In this section,a variantof the volume renderingintegral in data
spacds proposedndits numericalevaluationin dataspaceaswell
asin physicalspaceds discussedThis integral providesthe mathe-
maticalfoundationof scale-iwvariantvolumerendering.

3.1 Scale-Irvariant Volume Rendering Integral

In this work, the standardvolume renderingintegral for the line
segmentfrom point x; to point x» in physicalspacevisualizinga
scalareld s(x) usingtransferfunctionsfor (non-associatedjolors
Cp(s) andattenuatiorcoefcients tp(s) is writtenas
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with

X(X) = X1+ X(X2 X1)=jX2  xqj:
Note that the transferfunction tp(s) speci es attenuatiorper unit
length. Thetransferfunctioncp(s) speci esanon-associatedolor,
i.e., it is not pre-multiplied by an opacity If cp(s) is constant
(andtp(s) > 0), this coloris the (opaque)imit of Equation(1) for
ng X]_j ¥,

In contrastto this integration in physical space, the scale-
invariantvolume renderingintegral is de ned in dataspace. For
this de nition, theline segmentfrom x; to X, is decomposedhto
smaller line sgmentssuch that the function s(x(x)) is strictly
monotoneon eachpart, i.e., the derivative ds(x(x)) :dx is eith_er
positive or negative on thei-th line segmentbetweerx(l') andx(z').
This decompositiorhasto cover all pointsof the original line seg-
mentwheres(x(x)) is strictly monotonewhile intervals with con-
stants(x(x)) arenot partof this decompositiorand,thereforewill
notcontrituteto thescale-ivariantintegral. Notealsothattheparts
areenumeratedrom 1 to N suchthatx(l') is closerto x; thanx(z'),
andx{" is closerto x; thanx{"* ¥,

The scale-ivariant volume renderingintegral for the i-th part
betweers(l') =s x(l') ands(z') =s x(z') is de ned as
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andthetransparer;ch(i) of thei-th partis
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Analogously to cy(s), cq(s) is a transfer function for a non-
associatedolor. Similarly to tp(s), thetransferfunctiont 4(s) spec-
i es attenuatiorperunit of the scalardatainsteadof length. Since
the datavalueis alsothe agumentof this transferfunction, inte-
gratingit over its own argumentresultsin meaningfulattenuation
coefcients.

For the completescale-ivariantvolumerenderingintegral, the

contributionsof the N, integralsléi) have to be attenuatedi.e., Iéi)

hasto be multiplied by all transparencie’s?d(j) with j < i:
1
NG
u= &1 o7 : (4)
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This de nition mightappeawery differentfrom thede nition of
the standardvolumerenderingintegral in Equation(1). However,
thenumericalkevaluationof bothintegralsis very similarin practice.

3.2 Numerical Integration

The previously describeddecompositioninto strictly monotonen-
tenalsis usuallyunnecessargincemostnumericalevaluationsof
thescale-ivariantvolumerenderingntegral cansafelyassumehat
thefunctions(x(x)) islocally strictly monotoneaslong asintenals
with aconstantlatavaluedo not contrituteto theintegral.

Here, a samplingof the line sggmentbetweenx; andx, at a
uniform samplingdistanced is assumedTheresultingNc sampled
datavaluesaredenotedby 5 with1 i Nc. Thegeneralizatiorno
arbitrarysamplingdistancess straightforvard. Note thatsamples
areorderedwith the rst samples; obtainedatx;. Eachsamples
corresponds$o anassociatedolor C; andanopacity a;j, which are
determinedy applyingtransferfunctionsasdiscussedelon. The
scale-ivariantvolumerenderingintegral is thenapproximatedy
asumof N terms:
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This sumcan be evaluatedby the sameblendingoperationsasin
the caseof the standardsolumerenderingintegral; see,for exam-
ple, thesuney by KrausandErtl [6], which alsocoversthe useof
transferfunctionsfor anassociatedolor densityé(s) insteadof the
productcp(s)tp(s).

Thereareseveralwaysto determinethe color G; andthe opacity
a; of thei-th samplej.e., to classifyit; in particular pre-intgrated
classi cation, post-classi cation andpre-classi cation.The adap-
tationsof thesethreemethodsfor scale-ivariantvolumerendering
arediscussedext.

3.2.1 Pre-IntgratedClassi cation

For pre-intgyratedvolumerendering colorsC; andopacitiesa; are
pre-computedor ray segmentsbetweentwo adjacentsampless
ands, atdistanced; i.e.,in generalathree-dimensiondbokupta-
ble hasto be pre-computed However, a two-dimensionatableis
sufcient for a uniform samplingdistanced. For scale-ivariant
volumerendering the samplingdistances not relevantat all (see
Equationg(2) and(3)); thus,a two-dimensionalookup tableis in
factsufcient. Pre-intgrationassumes linear interpolationbe-
tweentwo adjacentsamples;therefore,the assumptionof strict

monotory is alwaysful lled unlessthe two sampless; ands, are
identical.In thiscasethepre-intggrationhasto resultin transparent
black.

Thelookuptablefor colorsCy(st; S,) is computedby the scale-
invariantintegral

Z z
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Analogously the lookup table for opacities aq(s;s) is pre-
computedoy

Z
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Notethattheseintegralsarezeroif s is equalto s,. With thesepre-
integratedlookup tables,C; is determinedby Cy(s;S+1) and a;

by aq(s;s+1). Sincethesetablesaretwo-dimensionalthe scale-
invariantvariantis eitherasef cient asstandargre-integratedvol-

umerenderingor moreefcient if athree-dimensionalbleis re-
quiredfor thelatter

3.2.2 Post-Classi cation

Themappingof interpolateddatasamplego colorsandopacitiess
oftenreferredto as post-classi cationsincethe transferfunctions
areappliedaftertheinterpolationstep.In contrasto pre-integrated
volumerendering,post-classi cationprocessegachsamplesepa-
rately Thereforejt is lessstraightforvardto applythis approacho
scale-ivariantvolumerendering.

In orderto evaluatethe scale-ivariantintegralsof Equationg2)
and (3) by meansof post-classi cation,the integration variables
have to bereplacedy spacialvariables:
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wherejN, s(x)j is the magnitudeof the projectionof the local gra-
dientof s(x) ontotheline from x1 to x»:

iNes(x)j = jNs(x) (x

Basedon theseintegrals and the assumptionof local monotoly,
Equation(5) may be employed for a discreteapproximatiorof the
scale-ivariantintegral with colorsC; andopacitiesa; beingevalu-
atedaccordingo theseequations:

X1)j=iX2  Xij:

G
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cd(s)ai; (10)
ta(s)iNesjd  ta(s)iNesjd;  (11)
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whered is the uniform samplingdistanceandjR, sj is the magni-
tudeof the projectedocal gradientat thei-th sample.
Notethatthis factorjN, sj is missingin the correspondingqua-
tions for standardvolume rendering. Thus, opacitiesand colors
computedn standardsolumerenderingarescaledoy 15K, sj. In
otherwords,a smallmagnitudeof the projectionof thelocal gradi-
entin view directiontendsto increaseopacitiesandcolorsin stan-
dardvolumerendering for examplesseeFigureslb, 8a,and8c.



3.2.3 Pre-Classi cation

For pre-classi cation, transferfunctions are applied to the data
before the interpolationis performed. The transferfunctionsin
Equations(10) and (11) can also be evaluatedin this way; how-
ever, the projectionof the gradientis view-dependenand, there-
fore, cannotbe pre-computed Moreover, pre-classi cationis less
appropriatefor thin isosurfices. In orderto visualize thesewith
pre-classi cationmore powerful techniqguegshanone-dimensional
transferfunctionsshouldbeemplo/edto extractvoxels,verticesor
polygonsthatform a surface.

3.2.4 RequiredSamplingRate

Thesamplingratesrequiredfor anaccuratesvaluationof thescale-
invariant volume renderingintegral are the sameas for the stan-
dard volume renderingintegral; seethe discussionby Schulzeet

al. [12]. l.e., pre-intgratedvolumerenderingrequiresa sampling
rate high enoughto accuratelysamplethe scalardatas(x) while

post-classi cationrequiresa productof this samplingrate and a

samplingratethatis high enoughto accuratelysamplethe trans-
fer functions. Pre-classi cationonly requiresa samplingratethat
is high enoughto accuratelysamplethe pre-computedtolorsand
opacitiessincethe samplingof thetransferfunctionsis determined
by the datasets mesh.

3.3 Comparisonwith PreviousWork

As discussedh Section3.2, pre-integratedvolumerenderings par

ticularly well suitedfor scale-ivariantvolumerendering.In fact,

thetwo-dimensionalookuptableemplo/edfor pre-integratedvol-

umerenderingin Section3.2.1wasusedby Rottgeretal. [10] and
laterby Engeletal. [2] to rendersemitransparensosurficeswith a

uniform, userspeci ed color andopacity independenthof the lo-

cal gradientor the geometricsize of the dataset. Sincea uniform

color andopacityprovideslessinformationaboutthe shapeof sur

faces(seeFigure 2a), it wasimportantto combinethis technique
with volumeshading(seeFigure2b).

For the special caseof in nitesimally thin isosurfces, this
methods equialentto scale-ivariantvolumerendering However,
the mainmotivationin thosepublicationswvasthe ef cient compu-
tationof two-dimensionalookuptableswhile theauthorswereun-
aware of the integrationin dataspace andthe uniform color and
opacitywasnotrecognizecasan advantage.In fact,the“ at” ap-
pearancef isosurficesof uniformopacityandcolor (seeFigure2a)
was considereddisadwantageousthus, more recentpublications,
e.g.,Lum etal. [8], againemplo/ed standardrolumerenderingfor
isosurficessinceef cient techniquedor thecomputatiorof lookup
tableshadbeendeveloped.

There are also predecessorsf scale-ivariant volume render
ing using post-classi cationand pre-classi cation. In particular
Levoy [7] suggestedo scaleopacitiesof samplesby the magni-
tudeof thelocal gradient(seeEquation(4) in his work [7]). (The
scalingof the width of a tent-shapeapacitytransferfunctionalso
proposedy Levoy [7] hasa similar effect on thetotal opacityof a
surface.) The scalingby the local gradientinsteadof the projected
local gradient(asin Equation(11)) resultsin an approximatiornto
thesilhouetteenhancemerdiscussedn Section5.1.

More generally spolen, the use of gradient-dependentwo-
dimensionatransferfunctionscanapproximatescale-ivariantvol-
umerendering;however, the speci cationandef cient implemen-
tationof appropriat@ransferfunctionsis farmorecomplicatedhan
theapproacheproposedn Section3.2.

Thus, scale-ivariantvolumerenderingprovidesthe mathemat-
ical backgroundfor a thoroughunderstandingf several volume
renderingechniqueswhich arealreadyknown to generateeason-
ableresults.

(@) (b)

Figure 2: Scale-invaiant volume rendering of isosurfaceswith uni-
form opacity: (a) without and (b) with volume shading

4 FEATURESOF SCALE-INVARIANT VOLUME RENDERING

Thereare several characteristic®f scale-ivariantvolumerender
ing that distinguishit from standardvolumerendering. The most
importantfeaturesarediscussedn this section.

4.1 Scalelnvariance

In this work, scale invariance denotesthe invariance of colors
andopacitiesunderscalingtransformation®f the physicalspace.
While this is a basicfeatureof standardpolygonalgraphicscolors
andopacitiesin standardsolumerenderingarenot scale-ivariant.
Thisis appropriatdor mary applicationsof volumegraphicshow-
ever, for volume visualizationand especiallyfor the renderingof
isosurfices scaleinvarianceis necessaryo allow usersto specify
colorsandopacitiesndependentlypf particularpropertieof adata
set,e.g.,its geometricsizeor local gradients.

The scaleinvarianceof the presentecapproachdependson the
invarianceof the volumerenderingintegral in Equation(4) under
scalingtransformationf the physicalspace. Sincethe decom-
positionof theline sggmentfrom x; to x» is scale-ivariant(apart
from the scaledcoordinates)all of the variablesin Equations(2)
and(3) arescale-ivariant;thus,Equationq?2), (3), and(4) arealso
scale-ivariant.

In additionto Equation(4), the numericalintegration presented
in Section3 shouldalsobe scale-ivariant. Sincetherequiredsam-
pling ratedepend®n the scalingof the physicalspaceijt is appro-
priateto scalethesamplingdistanceaccordinglyin orderto guaran-
teetheaccurag of the numericalintegration. In this caseall sam-
pledvaluess will beinvariant. Sinceno othervariablesareused
to computecolors and opacitiesin the pre-intgratedcase,these
computationsreexplicitly scale-iwvariant.

The computationsfor post-classi cationand pre-classi cation
includethe samplingdistanceandthelocal gradientwhich arenot
scale-ivariant. However, the samplingdistanceis scaledlike ary
distancewhile the magnitudeof the projectedgradientis scaledby
the reciprocalfactor Thus, the productof the samplingdistance
andthe magnitudeof the projectedgradientis alsoscale-ivariant.
Sincethe samplingdistanceand the local gradientoccur only in
suchproductsthesecomputationsreimplicitly scale-ivariant.

Figure2aprovidesan examplefor scaleinvariancebecausehe
two smallredisosurbicecomponentgorrespondo two Coulomb
potentials,which are smallercopiesof the bottommostCoulomb
potential. While all threecomponentsarerenderedvith the same
opacity by scale-ivariant volume rendering(seeFigure 2), stan-
dardvolumerenderingesultsin visible differencegseeFigurelb).



4.2 Isosurfacesof Uniform Opacity

One of the most important consequencesf scaleinvarianceis

the possibility to renderisosurficesof uniform color and opacity
whereasthe opacity of isosurficesin standardvolume rendering
depend®n thelocal gradient.Moreover, this dependencis coun-
terintuitive becausdt resultsin brighterandmoreopaquecolorsfor

partsof theisosurficewith asmalllocal gradientwhich usuallyin-

dicatesa soft, lesspronouncedransition;seealsothe discussiorof

Figurelbin Sectionl andFigures8aand8cin Section6.

An in nitesimally thin isosurficecanbe speci ed by a d-peak
in thetransferfunctiont y(s) thatis placedatthecorrespondingso-
value. Sincetheintegrationfor scale-ivariantvolumerenderings
performedn dataspaceary integralthatincludesthisisovaluewill
resultin the samecolor andopacity This specialcasewasalready
implementedby Rottgeret al. [10] and Engel et al. [2] although
they werenotfully awareof themathematicabackground.

Thescale-ivariantintegrationalsoresultsin well-de ned colors
andopacitiesfor extendedpeaksprovidedthattheintegrationcov-
ersthewholepeakandthatthe samplingis ne enough.n contrast
to this integrationin dataspace the integrationin physicalspace
for standardvolumerenderingscalesa peakin physicalspaceby
thereciprocalmagnitudeof the projectedocal gradientand, there-
fore, resultsin scaledcolorsandopacities.This corresponds$o an
isosurice of varying thicknesswhile scale-ivariantvolumeren-
deringguaranteea uniformthickness.

Justasin the caseof semitransparergolygonalsurfacesthere-
alistic appearancef semitransparerisosuraicescanbeimproved
by shadingand/or silhouetteenhancementseeSection5. How-
ever, theuniform color andopacitycanalsobe modulatecby other
quantitiesin orderto visualizeadditionaldataonisosurfces.

4.3 View-Dependency

Thecolorsandopacitiesof pointsamplesn scale-ivariantvolume
renderingdependon the orientationof the local gradientin rela-
tion to the positionof the viewer; morespeci cally, it dependn
the magnitudeof the local gradientprojectedontothe view direc-
tion; seeSection3.2. This additionalview-dependengc might ap-
pearcounterintuitve; however, thereis a similar view-dependenc
in polygonalgraphics: the projectedareaand thereforethe total
color contribution of a at, semitransparentolygonto animage
alsodependsn the projectionof its normalvectoronto the view
direction. In both casesthis view-dependengc resultsin a “ at”
appearancewhich canbe curedby shadingand/orsilhouetteen-
hancementasdiscussedn Section5.

4.4 Renderingwith Constant Transfer Functions

Anotherinterestingfeatureof scale-ivariantvolume renderingis

thepossibilityto revealstructureswith the help of constantransfer
functions,i.e., a mappingof all datavaluesto the samecolor and
attenuatiorcoefcient. While standardsolumerenderingonly ren-
dersthe domainof the whole datasetwith a uniform color andat-
tenuatiorcoefcient underthesecircumstancescale-ivariantvol-

umerenderingrevealsregionswith large variationsof the data;see
Figure 3a, which visualizesthe samescalar eld asFiguresl and
2. Thus,materialboundariesandlocal extremain the datacanbe
visualizedeven without speci cally designedransferfunctionsor
techniquesuchasvolumeshading.

4.5 Limit of In nitely Many Isosurfaces

Standardrolumerenderingcanbe de ned asthelimit of in nitely

mary samplingslices(or shells)througha volumetricdataset. For
this limit, the slicing distanceandthe opacitiesof samplesarede-
creasedat the samerate. A nite numberof slicescorresponds$o

(@) (b)

Figure 3: (a) Scale-invaiant volume rendering with constant transfer
functions and (b) a set of isosurfacesapproximating the limit in (a)

theevaluationof the standard/olumerenderingntegralin physical
spaceby a discretesum.

Similarly, scale-ivariantvolumerenderingcanbede ned asthe
limit of in nitely mary isosurfices. In this case,eachisosurfice
hasa uniform colorandopacity whichis decreasedtthesamerate
asthedistancebetweerisovalues. Therefore the evaluationof the
scale-ivariantvolumerenderingntegral in dataspaceby adiscrete
sumcorrespondso a nite numberof isosurfices.For example the
setof isosurficesin Figure 3b approximateghe constantransfer
functionemplg/edin Figure3a.

5 EXTENSIONSFOR | SOSURFACE RENDERING

Scale-ivariantvolumerenderings very well suitedfor therender
ing of isosurficessinceit allows usergo specifyuniformcolorsand
opacitiesfor isosurficesindependentlyof the dataset. Therefore,
this sectionpresentdwo extensionswhich are particularly bene-
cial for the renderingof isosurfices,namelysilhouetteenhance-
mentandlocal illumination by transmittedight. Note, however,
thatbothextensionsarenotlimited to isosuracesbut areusefulfor
scale-ivariantvolumerenderingn general.

5.1 SilhouetteEnhancement

Onepositive aspectof the dependengc of colors and opacitieson
thelocal gradientin standardrolumerenderings atendenyg to en-
hancesilhouetteof isosurbicesand,thereby to provide additional
cuesabouttheir shape;see,for example,Figurelb. Sincethereis
no suchdependengcin basicscale-ivariantvolumerenderingijt is
lackingthis enhancemertf silhouettesseeFigurelc.

In computegraphicssilhouetteenhancemeris acommontech-
nigue to improve the realisticappearancef semitransparergur
faces. Oneapproachfor thin surfaceshasbeenproposedoy Kay
and Greenbgy [4], who implementedan exponentialattenuation
of the transpareng by the total length D of the paththroughthe
medium.In our notation:

a=1 exp( toD); (12)

seeEquation(6) in theirwork [4]. Here,tq is the uniform attenua-
tion coefcient of themedium.

In orderto integratesilhouetteenhancemerihto scale-ivariant
volumerenderingno new parametersuchastheindicesof refrac-
tion or the uniform thicknessof the surfaceshouldbe introduced
sincetheprimarygoalis aplausiblesilhouetteenhancemerior iso-
surfacesof ary opacitywithout the necessityto specifyadditional
parametersThus,refractionis nottakeninto accountn this work,
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Figure 4: Path of a ray of length D through a surface of thickness Dy

andthe thicknessDy andthe attenuationcoefcient tg of isosur
facesarecomputedrom the userspeci ed opacityag:
toDp= In(1 ap): (13)
Thiscomputatiorassumethattheopacityag is speci edfor aview
directionperpendiculato the surface. Only the productof ty and
Dy canbedeterminedhisway and,fortunately noadditionalinfor-
mationis required.
Withoutrefractionandassuminga (locally) at surfaceof thick-
nessDy, thelengthD of the paththroughthe mediumis given by
D= Dy Y. (14)

jv nj’

wheren is the surfacenormalandyv is the directionto the viewer;
seeFigure4. Thus,the silhouetteenhancemenproposechereis
achieved by increasingthe opacity ag accordingto the following
equation:
- jviinj
a=1 ep In(1 aO)jv N (15)

Associatectolorsshouldbe scaledby thefactora=ag; seethedis-
cussionby Schulzeet al. [12]. An exampleof this silhouetteen-
hancemenis depictedn Figure5a;seealsoFigure2afor thesame
scenewithout silhouetteenhancement.
A goodapproximatiorof Equation(15) for smallopacitiesis:
; ovin
a min 1’a0jv N (16)

Unfortunatelythisapproximatiorbreaksdowvn nearthesilhouettes,
resultingin too large opacities.Nonethelesghevisualresultswith
clampedopacitiesareoftenacceptableseeFigure5h.

This procedurecanalso be emplgyed to modify the opacity of
ary volume sampleby replacingag by the samples opacity and
the surfacenormaln by the gradientNs(x). Sincethe directionv
correspondso (X2 X1), themagnitudeof the projectedgradient
iNs(x)j isjv nj=jvj. Thisresultsin theequation

jvijnj _ iR
Vi RS

7

Thisrelationis particularlyusefulbecaus¢hegradientNs(x) is of-
tenalreadycomputedor volume shadingandthe projectedgradi-
entjN, s(x)j maybeapproximatedy js, sj=d in apre-intgrated
volumerenderingalgorithm.

It was mentionedin Section3.3 that substitutingthe local gra-
dientfor the projectedocal gradientcorresponds$o addinganap-
proximationto thesilhouetteenhancemeriroposedn this section.

(@) (b)

Figure 5: Scale-invaiant volume rendering of isosurfaceswith sil-
houette enhancement: (a) without and (b) with the approximation
in Equation (16)

In fact,themagnitudeof thelocal gradientcorrespondso the prod-
uct of the magnitudeof the projectedlocal gradientandthe factor
thatis responsibldor the silhouetteenhancement:

Y - NS(x)j
Ns(x)j = X)) = -
iRs00j = RSO0l
Thus,within the limits of the approximationin Equation(16), the

useof thelocal gradientinsteadof the projectedlocal gradientin
Equation(11) canbejusti ed by silhouetteenhancement.

= iR, ()

jv nj’

5.2 lllumination by Transmitted Light

Local volume shading(or volume lighting) is often usedto illu-
minate surface structuresn volume rendering. For this purpose,
Phongs empirically basedllumination modelis usuallyemplo/ed
(seefor example Figure 6a) becausdt can be implementedvery
efciently andis often supportecby graphicshardware. For vol-
ume shading the surfacenormalis replacedby the local gradient
of thescalareld becausehelocal gradientis orthogonato thelo-
calisosurfce. SincePhongs illumination modeldoesnot include
diffuse or speculartransmissionstheseare also not implemented
in standardvolume shading. Thus, backlightusually hasvery lit-
tle effect in local volume shading;for an exampleseeFigure 6h.
Thisresultsin animplausibleillumination, which canbeavoidedin
somecasedy placingadditionallights oppositethe original light
sourcesHowever, theseadditionallights do not curethereasorfor
theimplausibleillumination but ratherdistractthe viewer from the
missingtransmittedight by addingadditionalre ectedlight.

Therefore a consistenextensionof Phongs illumination model
is suggestecdhere, which includesplausiblediffuse and specular
transmission(seeFigures6c, 6d, and 7) for surfacesand volume
samplesof ary opacity without requiring additional parameters.
Sinceprogrammablgraphicshardwareprovidesa corvenientway
to customizelocal shading this extensioncanbe integratedeasily
in mary hardware-acceleratedolumeshadingalgorithms.

As in Section5.1, no refractionis taken into account. Further
more,ideal diffusetransmissions assume@ndspeculatransmis-
sionis modeledanalogouslyo speculare ectionin Phongs model
with there ected light directionr; beingreplacedby the light di-
rection |j; seeFigure?. In particular the speculaire ection ex-
ponentn is alsoemplo/edfor speculatransmission.

Thediffusetransmissions affectedby the color of the material
andby its opacity As the materials color for diffusere ection is
usedfor surfacesof ary opacity i.e., alsofor almostcompletely
transparensurfaces,it is plausibleto usethe samecolor for dif-
fuseandspeculatransmissionWhile a differentcolor for specular
transmissiorcanresultin morerealisticimagesiit is very unlikely
that speculatransmissiorcould be modeledby the samecolor as
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Figure 6: Scale-invaiant volume rendering with silhouette enhancementand volume shading: (a) light from behind the viewer; (b) backlight
without transmission, (c) backlight with di use transmission, and (d) backlight with di use and specular transmission
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Figure 7: lllumination of a semitranspaent surface of opacity a with
normal n by light from direction [;, re ected to r;

specularre ection sincethe correspondinghysicalprocessesire
ratherdifferent.

The effect of the materials opacity a is slightly more com-
plicated becausethere should be no transmissiorfor completely
opaquesurfaces(a = 1) nor for completelytransparensurfaces
(a = 0) becausdight passeshrougha completelytransparensur
facewithout ary interactionin our model. The moststraightfor
wardwayto achieve thisbehaior is afactorof a(1 a) for diffuse
andspeculartransmission.This factoris plausiblebecausenly a
fraction(1 a) of theincidentlight is transmittedhrougha semi-
transparensurfaceandof the transmittedight only a fraction (a)
interactswith it.

In summarytheproposedocalillumination modeltakesthefol-
lowing ve contritutionsinto account(seealsoFigure7): ambient
light, diffuse re ection, specularre ection, diffuse transmission,
andspeculatransmissionThetotal (associatedntensitylgig (Of
onecolor component)s the sumof thesecontritutions:

ltotat = lamp@Cuift
+ & fagili Qi n)(v m) aCyyr 1i A
+Q((li n)(v ) aCspedmax(;fi V)" (19)

+ Q( (I n)(v n)a(l a)Cqs I 0
+ Q( (i n)(v n)a(l a)Cy max0; Ij v " ;

wherelamy is the intensity of the ambientlight; 1; is the intensity
of the i-th light source; fa; is an attenuationfactor for the i-th
light source Cyjf; is thematerials (non-associatedolorfor diffuse
re ection aswell asdiffuseandspeculatransmissionCspecis the
materials (non-associatedjolorfor speculare ection (oftenequal
to 1); nis theexponentfor speculare ection andtransmissionthe
HeavisidefunctionQ(x) (alsoknown asstepfunction)is 0 forx< 0
and1 for x> 0; |; andv arethe vectorsfrom theilluminatedpoint
to thei-th light sourceandtheviewer, respectiely; n is thesurface
normalatthis point; andr; is there ection of |; atn:

ri=2n(n ) I

li, v, n, andr; arethecorrespondingiormalizedvectors.

Notethattheorientationof n is irrelevantfor ligtg), i.€., substitut-
ing nfor nleadsto thesameresult.For numericakeasonst is of-
tenadvantageouto replacethetermv nin thecomputatiorof Iy
by a morerobustcomputation.For example,in pre-intgyratedvol-
umerenderingseeSection3.2.1)v ncouldbereplacedy (ss )
sinceonly thesignof v n isrelevanthere.

If differentsetsof materialparametergCgitf, Cspec andn) are
usedfor the two sidesof the surface, it shouldbe consideredo
introducea third set of parametergor the averagevaluesof the
two sets)for diffuse and speculartransmissiorin eitherdirection
becausehe transmissiorof light is usuallyindependenbf its di-
rection.

Althoughthe proposednodelresultsin slightly moreexpensive
computationshanimplementation®f Phongsilluminationmodel,
it offers the advantagesof a plausiblelocal illumination of semi-
transparensurfacesand volume samplesof ary opacity by light
from ary direction;for anexampleseeFigure6.

6 RESULTS

The volumerenderingsin this work are all of dimensionsb12
512. All but Figures8e and 8f were generatedby a prototypical
implementatiorof the proposedechniquesvithin anexperimental
softwareray caster In orderto avoid ary problemscausedy lter -
ing or interpolationof sampleddata,all scalar elds andgradient
elds werecomputedorocedurallyin this ray caster

Sincethe visual differencesetweenstandard/olumerendering
andscale-ivariantvolumerenderingwith silhouetteenhancement
(see for example,Figureslb andlc) arenot alwaysclearlyrecog-
nizable,two additionalexamplesare presentedn this section.No
illuminationis includedin theseexamplesin orderto avoid unnec-
essarycomplications.

Figures8a and8b depicta semitransparerisosurbice(isovalue
0.5)in thetestsignalpublishedby MarschneiandLobb [9]. While
the scale-ivariantvolumerenderingin Figure 8b shavs plausible
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Figure 8: (a) & (b) Isosurfacein the Marschner-Lobb test signal; (c) & (d) isosurfacevisualizing the 3d,. hydrogen orbital; (e) & (f) volume
visualization of a tetrahedralization of the 32° bucky ball data set. (a), (c), and (e) were generatedby standard volume rendering; (b), (d), and

(f) by scale-invaiant volume rendering with silhouette enhancement.

silhouetteenhancementhestandardrolumerenderingn Figure8a

resultsin a too opaquesurfacenearthe top of ridgesandnearthe

bottomof valleys, wherethelocal gradientis relatively small. This

additionalopacityis not understandableithout knowledgeabout
the gradient eld and dif cult to distinguishfrom the increased
opacitynearsilhouettes.

In Figures8cand8d, the 3d,2 orbital of thehydrogeratomis vi-
sualizedby onesemitransparensosurfice which consistof three
separateomponentsAgain, the scale-ivariantvolumerendering
in Figure 8d is plausiblewhile standardvolumerenderingin Fig-
ure 8c shawvs a more opaquering in the centerof theimage. The
reasonfor this differenceis a small local gradientnearthe local
maximumof the scalar eld thatis within this componenbf the
isosurfice. Additional visual differenceshetweenFigures8c and
8d canbefoundatthetop andthe bottomof theimageswherethe
gradientis slowly decreasing.

Figures8e and 8f shav an example of hardware-accelerated
tetrahedraprojection. The visualizedtetrahedralmeshwas pro-
ducedby the decompositionof a uniform 323 grid into 148955
tetrahedratells. While the standardzolumerenderingn Figure8e
emplgys three-dimensionatextures as suggestedby Rottger et
al. [10], scale-ivariantvolumerenderingwith silhouetteenhance-
mentrequiresonly two-dimensionalookup tablesasdiscussedn
Section3.2.1. The useof two-dimensionaktexturesin Figure 8f
increasedhe renderingperformanceby about23% on the tested
system(800 MHz PowerPC G3 with an ATI Radeon7500 Mo-
bility). Without silhouetteenhancementyhich wasimplemented
usingthetexture combineervironmentmode the measuregerfor
mancegainwasevenabout27%.

7 CONCLUSIONSAND FUTURE WORK

As shown in this work, scale-iwvariant volume renderingoffers
various advantagesfor volume visualization. Apart from scale-
invariantcolorsandopacities the mostimportantadvantageis the
possibility to renderisosurficesof uniform opacityandcolor. In
combinationwith the presentedsilhouetteenhancemenand the
proposedllumination model,scale-ivariantvolumerenderingcan
considerablymprove the quality of isosurficesrenderecoy mary
volume visualizationalgorithms, including hardware-accelerated
algorithms. The performancecost comparedo standardvolume
renderingdependson the particularvolume renderingalgorithm;
for somepre-intgratedalgorithms,however, scale-iwvariantvol-
ume renderingoffers a signi cant increasein renderingperfor
mance. Moreover, it provides a variantof volume renderingthat
representshelimit of in nitely mary semitransparensosurfces,
andit alsoprovidesthe mathematicabackgroundor at leasttwo
adhoctechniqueshathave beenpublishedpreviously.

Apartfrom implementingscale-ivariantvariantsof variousvol-
umerenderingalgorithms themostimportantfuturework is thede-

signof appropriatauserinterfacessinceuserscangainmuchmore
controlover colorsandopacitiesin scale-ivariantvolumerender
ing thanin standardsolumerenderingif appropriaténterfacesare
provided. Furthermorethe speci c adwantagesf scale-ivariant
volumerendering(in respecbf andbeyondisosurficeshave to be
investigatedn actualapplications.
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