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Abstract

OpenGLand its e� xtensionspro� vide access� to advancedper� -pixel
operationsa� vailable in the

�
rasterizationstageand� in the frame

buf� fer
�

hardw
�

are� of modern graphicsworkstations.� W
�

ith these
�

mechanisms,completelynew renderingalgorithms� canbe
�

designed
andimplementedin a� v� ery� particularw� ay. In

�
this paper� we e� xtend

theideaof e� xtensiv� ely� using� graphicshardwarefor the
�

renderingof�
volumetric� datasets� in

�
variousways.� First,

 
we� introduce

�
the
�

con-!
ceptof clipping geometries" by

�
meansof stencilb

�
uffer operations,

and we� e� xploit pixel te
�

xturesfor the mappingof volume datato
�

sphericaldomains.
#

W
�

e� sho� w w� aysto
�

use3D
$

te
�

xturesfor the ren-
deringof lightedand� shadediso-surfacesin real-timewithout ex-
tractingany polygonal� representation.% Second,

&
we� demonstrate

#
that
�

ev� en� for v� olumedata
#

on� unstructuredgrids, whereonly softw� are�
solutionsexist up to now,' both

�
methods,iso-surfaceextractionand�

directv� olumerendering,can! beaccelerated� to ne( w rates% of� interac-
�

tivity by simple� polygon� drawing and� framebuf� fer operations.
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1 Intr oduction

Over the
�

pastfew years2 w� orkstationswith hardware� support� for the
�

interactiv� e renderingof complex3 3D polygonal� scenesconsisting!
of directly
#

lit andshaded� triangles
�

hav� e become
�

widely� av� ailable.�
Thelasttw

�
o generations" of� high-endgraphics" workstations� [1, 17],

4
howe� v� er� ,' besides

�
pro� viding impressive� ratesof geometryprocess-

ing,alsointroducednew functionalityin therasterizationand� frame
buf� fer

�
hardware, lik

5
e te
�

xture and� environment� mapping,fragment
testsand� manipulationas� well� asauxiliary� buf� fers. The ability� to

�
exploit3 thesefeatures

�
throughOpenGLand its extensions3 allo� ws�

completelynew� classesof renderingalgorithms� to
�

be de
#

veloped.�
Anticipating similar� trends

�
for the

�
moreadv� anced� imaging func-

tionality of� todayshigh-endmachines6 weareactiv� ely� in
�

v� estigating
possibilitiesto accelerate� e� xpensive� visualizationalgorithms� by

�
us-�

ing thesee� xtensions.3
7
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In this
>

paper? we@ are dealingwith@ the
>

efA ficient generationB of a
visual representationofC the

>
informationpresentin volumetricC data

sets. ForC scalar-valuedD volumedatatwo standardE techniques,the
>

renderingof iso-surf
F

aces,D andD the direct volumeC rendering,G have
beende

H
vI elopedA to ahighdegreeB of sophistication.HoweverA ,J dueto

the hugenumberK of volumeC cellsL which@ havI eA to
>

be
M

processed? and
to the
>

variety ofC differentcell typesonly aD fe
N

w@ approachesD allow
parametermodificationsandnavigationatD interactiveA ratesfor real-
istically sizedE datasets.T

O
oC overcomeA these

>
limitations
P

we@ pro? vide
a basisfor hardware acceleratedinteractivI eA visualizationof both
iso-surfacesD andD directvolumerenderingon arbitraryD topologies.

>
Direct vI olumerenderingtries to conL vI eA y aD visual impressionof

the complete3D datasetby taking into accountthe
>

emissionA and
absorptioneffectsasD seenby

M
anD outsideC vieI wer@ . The

O
underlyingQ the-

>
ory ofC thephysicsofC light transportis simplifiedE to

>
the
>

well known
volumerenderinginte

F
gralB whenscatteringandfrequenc

N
yR effects

N
areD

neglectedB [9, 10,J 15,29]. A few@ standardalgorithmsD exist for com-
putingtheintensitycontributionalongaD rayof sight,E enhancedby

M
a

widevI arietyD ofC optimizationC strategies[13,J 15, 12,J 4,
S

11].
T

But only
recently, sincehardwaresupportedE 3D

U
te
>

xturemappingis aD vailable,
hasdirect

H
vI olumerenderingbecomeinteracti

F
velyA feasible

N
ongraph-B

icsworkstationsC [2, 3,
U

30]. W
V

eA eA xtendthis
>

approachD with respectto
flexibleW editingoptionsC andD advancedmappingandrenderingG tech-
niques.

Our
X

goalB is the
>

visualizationandmanipulationofC volumetricC data
setsofC arbitrary data type and grid topology

>
atD interacti
F

veA ratesG
within oneapplicationD on standardgraphicsB workstations.C In this
paperwe@ focus

N
onC scalar-valuedD vI olumesC andD shoE w ho

Y
w to
>

accelerD -
atetherenderingprocess? by

M
eA xploiting featuresof advancedgraph-B

icshardwareD implementationsthrough
>

standardAPIslikeA OpenGL.
X

Our approachD is pixelA oriented,taking advantageofC rasterization
functionality suchE as colorL interpolation,te

>
xture mapping,color

manipulationin the
>

pixelA transfer
>

path,? variousfragmentandstencilE
tests,andblendingoperations.In thiswayD we@Z extend[ v\ olume rendering via 3D

]
textur
^

es with respectto
>

arbi-D
trary
>

clippingL geometriesandeA xploit pixel te
>

xturesfor volumeC
renderingG in

F
sphericaldomains

H
_ r` ender shadeda iso-surfaces

b
at interactivI eA ratesG combiningL 3D

U
te
>

xturesandD fragmentoperationsthus
>

avI oidingC any polygonal
representationG

c accelerated v\ olumee visualization of tetrahedral
^

gridsf employ-
ing polygonrenderingof cellL facesandD fragmentoperationsfor
both
M

shadediso-surf
F

acesD anddirect
H

volumeC rendering.G
In
g

the
>

remainderG of this paper? we@ first
h

introduce
F

the
>

basic
M

con-
ceptof direct

H
volumerenderingvia 3D

U
textures.We thendescribe

our eA xtensionfor arbitraryD clippingL geometries,B andD we introduce
F

thepix? elA textureW mechanismi for sphericaldomainsbereusedG later
on. Basicalgorithmsfor renderingshadediso-surfacesD from regular
voxelA gridsB will bedescribed.Finally

j
, we@ propose? aD generalframe-

workC for the
>

visualizationofC unstructuredgrids.SomeofC theearlierA
ideascanbe

M
usedhereagain,D but 3D

U
texturesha

Y
vI eA to be

M
abandoned

in faD vI or ofC polygonrenderingof the
>

cell faces. W
V

eA concludeL ourC
paperwith@ detailedresultsandadditionalideasfor futurew@ ork.



2 Volume rendering via 3D te
k

xtures

When3D texturesW became
M

aD vI ailableD onC graphicsw@ orkstationstheir
>

potentialbenefit
M

in vI olumerenderingapplicationsD w@ assoonE recog-
nized[3,J 2].

l
The
O

basic
M

idea
F

is to
>

interpret
F

the
>

vI oxC el arrayD asaD 3D
U

texturedefinedoC ver m 0n 1o 3p andto
>

understandQ 3D texturemapping
asthe
>

trilinear
>

interpolationofC the volumedatasetat an arbitraryD
point within this

>
domain. At

q
the
>

coreL of the algorithmD multiple
planesparallel? to

>
the
>

imageplane? areclippedL againstD theparametric
texturedomain(see

r
Figure1) andsentto thegeometryB processing

unit. The hardwareD is thenexploited for interpolating3D
U

texture
coordinatesissuedatD the polygonvI erticesA andD for reconstructing
the texturesamplesby trilinearly

>
interpolatingwithin the volume.

Finally,J pixelA vI aluesD areD blended
M

appropriatelyinto the
>

framebufQ fer
in orderC to approximatethe

>
continuousL volumerenderingintegral.

Figure
j

1: V
s

olumeC renderingG by
M

3D textureW slicing.

Nevertheless,besidesinteracti
F

vI eA framerates,G in
F

many practical?
applicationsediting the datain aD free andD easywayD is of partic-
ular interest.Althoughte

>
xture lookuptablesmight be

M
modifiedin

orderto enhanceor suppressE portions? ofC the
>

data,thereleG vI antD struc-
turescanoftenC be separatedE in aD muchmoreconvenientandD intu-
itivI eA w@ ay by

M
usingQ additionalD clippingL geometries.Planar

t
clipping

planesaD vailableD asD coreL OpenGLmechanismsmaybeutilized,Q butQ
from the

>
user’s point of vieI w@ morei complex geometriesB areD neces-

sary.

2.1 Arbitrar yu cv lipping gw eometriesx
A straightforwardapproachD which@ is implementedquitey oftenC is

F
the
>

useof multiple clipping planesto
>

constructmorecomplexW geome-
tries.However, noticethatthesimpletaskof clippinganD arbitrarilyD
scaledboxcannotL berealizedG in

F
thisw@ ay.

Evenmoreflexibility andD easeA ofC manipulationcanbeachieD vI edA
by takingadvD antageD ofC the

>
per? -pixel operationsprovidedI in the

>
ras-

terizationstage.E As
q

we@ will outline,C aslong asthe objectC againstD
whichthevI olumeC is to

>
be
M

clippedis aclosedsurfE aceD representedby
alist of trianglesit

F
canL be

M
efA ficiently
h

usedasthe
>

clippingL geometryB .
The
O

basicideais to determine
H

allD pix? elsA which arecoveredby
the cross-sectionbetweenthe

>
object andD the actualslicing plane?

(seeFigure
j

2).
l

These
O

pix? els,A then,
>

areD lock
P

ed, thus
>

prevI entingA the
>

texturedpolygon? from gettingdrawn to these
>

locations.
Thelocking mechanismis implementedexploiting the

>
OpenGL
X

stencilb
M
uffer test.It alloD ws@ pixelA updatesto be

M
acceptedorC rejectedG

basedonC theoutcomeof acomparisonbetween
M

auserdefined
H

refe-
rencevalueandthevI alueD of thecorrespondingL entryA in

F
the
>

stencil
bufQ fer

N
. Before
z

thetexturedW polygon? getsB renderedthe
>

stencilE bufQ fer
N

hasto be
M

initialized in sucha wayD that
>

all color vI aluesD written to
>

pixelsinside
F

the
>

cross-sectionL will@ be
M

rejected.
In
g

orderC to determinefor aD certainplanewhether@ a pix? elA is
F

coL v-I
eredby

M
aD cross-sectionL or notwerenderthe

>
clippingobjectC in poly-?

gonmode.i Ho
{

we@ vI erA ,J sincewe@ areonly interested
F

in
F

settingthe
>

sten-
cil buffer we@ do

H
not alterD anD y ofC the frameb

M
ufQ fer values. At first,

anadditionalclippingL planeis enabledA which@ hasthe
>

sameorienta-C
tion andD position? asD theslicingplane.All backfacesD with@ respectto

>
the actualvieI wing@ directionaredrawn, andevI erythingA in front ofC

|~}����~��~�����~��~�����~��~�����~��~�����~��~�����~��~�����~ 

Figure2: Theuseof arbitraryclipping geometriesis demonstrated
for the

>
caseL ofC a sphere.In

g
regionsB where@ theobjectC intersects

F
the
>

actualsliceE the
>

stencilE bufQ fer is locked. The intuitiveA approachD ofC
renderingonlyC the back f

N
acesD might resultG in the

>
patterned? erro-A

neousreG gion.

theplane? is clipped. WherevI erA aD pix? el w@ ould ha
Y

vI eA been
M

drawn the
>

stencilb
M
ufQ fer is set. Finally, by

M
changingthestencilE testappropri-

ately, renderingthe
>

texturedW polygon,now@ ,J onlyC afD fects
N

those
>

pix? els
wherethestencilbuffer is unchanged.

In general,B however, depending
H

onC the clipping geometrythis
procedurefailsD in

F
determining
H

thecross-sectionL exactlyW (seeright-G
mostimagein Figure2). Therefore,beforethetexturedpolygon? is
renderedallD stencilbufQ fer entrieswhich areD setimproperlyhave to
beupdated.Q Notice that in front

N
of a back

M
facewhich@ w@ asD written@

erroneouslythere
>

is alD waysD a front facedue
H

to
>

the
>

topologyofC the
>

clipping object.The
O

front facesareD thusrenderedinto
F

those
>

pixels
wherethe

>
stencilb

M
ufQ fer is setandthe

>
stencilb

M
ufQ fer is clearedL where

apix? elA alsoD passesthe
>

depthtest.
>

No
¡

w the
>

stencilb
M
ufQ fer is correctlyL

initializedandD all furtherdrawing operationsarerestrictedto
>

those
pixelsA whereit is setor viceI versa.Of

X
course,the

>
stencilE bufQ fer has

to beclearedin orderto
>

processthe
>

neK xt slice.E
Since
¢

this approachD is independentof the
>

usedgeometryB it al-
lows arbitraryD shapesto be

M
specified.E In particular? , it turnsout that

adaptive manipulationsof indi
F

vidualI vI erticesA canL behandledquite
easilythusprovidingI a flexible tool for carvingportionsout ofC the

>
datain

F
anintuiti
F

vew@ ay.

2.2
£

Spherical
¤

domains
¥

TraditionallyG , 3D te
>

xture spaceis
F

parameterized? oC ver a Cartesian
domain.Becausethetextureis mappedto

>
acube,allD cross-sections

betweenaD sliceE parallelto
>

the
>

image
F

plane? andthe
>

volumestillE re-
mainplanarin parametricte

>
xturespace.E As aD consequenceL it suf-E

ficesto assigntexturecoordinatesonC aD per? -verteA x basisandD to
>

bi-
linearly interpolatebetween

M
themduringrasterization.G

HoweverA ,J in manyR applicationsD the
>

texturehasto
>

be
M

mappedto
domainswhicharenotK Cartesian.

¦
F
j
orC instance,
F

observC ethatin geo-
scienceatmosphericdata

H
is oftenC parameterized? in sphericalcoorL -

dinatesandmappedto the
>

correspondingL domain.
H

No
¡

w 3D te
>

xturemappingbecomes
M

difficult becauseplanar? slic-
ing planesareD mappedto

>
non-planarsurfacesin texturespace.E No

¡
longercanL bilinearinterpolationonaD per? -verteA x basisbeused.One
wayD to

>
deal
H

with@ this limitation is to
>

assignD te
>

xturecoordinatesfor
eachpixel separatelyE rather than

>
to
>

interpolate
F

the
>

vI aluesD across
polygons. With

F
the pixel§ texgen

^
OpenGLextensionW aD vailableonC

SGI Impactarchitecturesthis
>

becomes
M

possiblein a quiteefficient
wayD by givingI the userQ direct controlL of textureW coordinatesL onC a
per-pixelA basis.

Pixel texturesarespecifiedE in thesameE way asstandardE 3D te
>

x-
tures.OnceaD pix? elA te

>
xtureW has

Y
been
M

activatedallD pixel valueswhich
aredrawn from mainmemoryinto the

>
frameb

M
uffer areD interpreted

aste
>

xture coordinatesinto this
>

te
>

xture. At
q

first,
h

eachRGB colorL
triple is mappedto

>
the
>

te
>

xture.Then,insteadofC the
>

colorvaluesthe
>

interpolatedte
>

xturevI aluesD areD dra
H

wn.



Let usconsideraD simpleE eA xampleto demonstrate
H

the
>

relevanceofC
pixel te

>
xturesin volumerendering.A

q
sphericalobjectC is

F
rendered

having smoothE colorL interpolation
F

acrossD polygons.Redandgreen
colorcomponentsL areD setE accordingD to

>
the
>

normalizedsphericalE co-
ordinates. The

O
blue componentis initialized

F
by
M

a constantvalue
(seeleft ofC Figure3). By readingthe

>
frameb

M
uffer anddra

H
wing it

backwith enabledpixel te
>

xtureeachA of the RGB vI aluesD is treated
>

asaD texturecoordinateL into the
>

3D
U

map.

Figure3: Using
¨

pixel te
>

xturesto
>

performtextureW mappinganddis-
H

tortiononC sphericaldomains.TherightG imagewascreatedby
M

usingQ
constantcoloracrossfaces.

Sincetexture coordinatesL canL be modified in main memoryon
theper? -pixel basisit

F
is
F

easyto
>

applyD arbitrarytransformations
>

with-@
outmanipulatingandD re-loadingthete

>
xture.For example,in Figure

3 theoriginal te
>

xturew@ asjust
©

a simpleE stripedE pattern,? b
M
ut texture

coordinateswere@ distortedwith respectto avectorA field beforethe
>

yR
gotmapped(seemiddleof Figure3).

Arbitraryhomogeneoustransformations
>

canbeappliedusingQ the
OpenGLpixelA transfer

>
operations.C Beforepixel data

H
getswritten@ to

>
the frameb

M
ufQ fer
N

it is multipliedi with@ the color matrix andD finally
scaledandbiased

M
by
M

vector-valuedD factors.More precisely,J if CM
is the
>

4x4
S

colorL matrixi andb ands arethefour
N

componentbiasandD
scalevectorsA pro? viding separateE factorsfor eachA colorchannel,then

>
eachRGB

ª
α« quadruple,p¬ ,J becomesb + s ­ CM

® ¯
p.°

EvenmoreefA ficiently pixel texturescanL be
M

exploited in vI olume
renderingapplications.D F

j
orC example,W imagec)L in Figure

j
10waspro-

ducedby
M

renderingthe
>

sphericalE objectC multiple times,eachA time
>

whichaslightlyE increased
F

radiusG codedL into the
>

blue
M

colorL channel.
The pixelA data

H
wasD then

>
re-usedG to map to the 3D

U
texture before

it w@ asblended
M

into theframeb
M
ufQ fer thussimulatingvolumetricef-A

fects.

3 Rendering shaded iso-surfaces via 3D
te
k

xtures±
Sof

N
arD ,J with oureA xtensionsW to

>
textureW mappedvI olumerenderingwe@

introducedconceptsfor adaptiveexplorationof volumetricC datasetsE
aswell@ asfor theapplicationto

>
ratherG unusualdomains.

H
In practice,howe@ vI er, the

>
displayof shadediso-surfaceshasbeen

M
shown@ asD oneC ofC the

>
mosti dominantvisualizationoptions,which@

is particularlyusefulQ to enhanceA the spatial relationshipbetween
structures.Moreo

²
ver, this kind ofC representationG oftenC meetsi the

>
physicalcharacteristicsL ofC therealobjectin aD morenaturalw@ ay.

Different
N

algorithmsD have been
M

proposedfor efficiently
h

recon-
structingpolygonalrepresentationsof iso-surfacesD from scalarvol-C
ume data

H
[14, 16, 19,J 26], but unfortunatelyQ none ofC these

>
ap-

proachescanL efA fectivI ely be
M

usedQ in interactivI e applications.D This
is dueto

>
theefA fort

N
that
>

has
Y

to
>

bespentto
>

fit the
>

surfaceandD alsoD to
>

theenormousamountD ofC triangles
>

produced.?
F
j
or eA xample, the iso-surf

F
ace shown@ in Figure 4

S
w@ as recon-

structedfrom aD 512
³ 2

´
x128 abdomendataset. It took aboutD half

a minutei to
>

generate1.4 million triangles.
>

Renderingthe
>

trian-
>

gle list onC aD high-endgraphicsw@ orkstationtakesseE vI eralA seconds.
Thus,interactivelyA manipulatingthe

>
iso-valueis quite impossible,

Figure4: Iso-surfacereconstructedwith theMC algorithm.

andalsoD renderingthe
>

surfaceat acceptableframeratescanL hardly
be achieD vI ed. In

g
contrast,L with@ the methodwe@ proposethe

>
surfE aceD

canbe
M

renderedG in approximatelyD onesecond,E including
F

arbitraryD
updatesofC the

>
iso-value.D

In orderC to
>

design
H

anD algorithmD that
>

completelyavI oidsC anD yR polyg-?
onalrepresentationG wecombine3D

U
textureW mappingandadvD ancedD

pixelA transferoperationsin a wayD thatallows the iso-surfaceto
>

be
M

renderedon a per? -pixel basis.Since
µ

the
>

maximumpossible? feature
size is

F
aD singleE pixel we eA xpectourC methodto

>
be
M

ableD to captureL
evenA thesmallestfeaturesin thedata.

Recently,J first approachesfor combiningL hardwareD acceleratedD
volumerenderingvia 3D texture mapswith lighting andD shadingE
werepresented.? In [24] the

>
sumE of pre-computedambientD andre-

flectedlight componentsL is storedin the texturevolumeandD stan-E
dard3D

U
te
>

xturecompositionis performed.? On the
>

contrary,J in
F

[8]
the orientationC ofC voxC el gradientsis storedE togetherwith@ the

>
vol-

umedensityas the 3D
U

te
>

xture map.i Lighting is achieD vI edA by
M

in-
dexingW into

F
anD appropriatelyreplicatedcolorL table.

>
The inherent

F
drawbacks@ to

>
thesetechniquesis theneedfor reloadingthete

>
xture

memoryeachA timeany ofC thelighting
P

parameterschangeL (including
¶

changesin the
>

orientationC of theobject)C [24], andthe
>

difficulty to
achieve smoothlyshadedsurfE acesD due

H
to the limited

P
quantization

of the
>

normalorientationC andD the intrinsic
F

hardw
Y

areD interpolation
F

problems[8].
T

Basically, ourC approachis similarE to
>

the
>

oneC usedin traditional
>

volumeray-castingfor
N

the displayofC shadedE iso-surf
F

aces.D Let
·

usQ
considerthat

>
thesurfE aceD is hit if the

>
materialvaluesalongthe

>
raydo

H
exceedtheiso-valueD for thefirst time.

>
At this locationthe

>
material

gradientis computedwhichis
F

then
>

usedQ in the
>

lightingcalculations.L
By
z

recognizingG that we do alreadyeA xploitW te
>

xture interpolation
F

to re-samplethedata,all thatneedstobe
M

eA vI aluatedD ishow@ to captureL
thosete

>
xturesamplesE aboveA the

>
iso-valueD which arenearestto the

>
imageplane.Therefore

O
weha

Y
vI eA emploA yedR theOpenGL

X
alpha test

^
,

whichis usedQ to rejectpix? elsbasedonC the
>

outcomeofC acomparison
betweentheiralphaD componentL andD a referenceG vI alue.D

Each
¸

elementA of the
>

3D textureW getsB assignedD the
>

materiali vI alueD
asit’ sE alphacomponent.L Then,texturemappedvolumeC rendering
is performedasD usual,but pixelA valuesareonlyC dra

H
wn if

F
they pass

thez-buffer test
>

andif
F

the
>

alphaD valueis largerB than
>

or equalA to the
>

selectediso-value.In anD yR ofC theaffectedpix? elsA in theframeb
M
uffer,

now, the
>

colorL presentat the
>

first
h

surfE aceD point is
F

beingdisplayed.
In
g

orderto
>

obtainthe
>

shadedE iso-surf
F

aceD from
N

the pixel values
alreadydra

H
wn@ into the framebuffer we@ proposetwo dif

H
ferent
N

ap-D
proaches:¹

Gradient
º

shading: A four component3D
U

te
>

xtureW is stored
which@ holdsin eachA elementA the

>
materialgradientasD well asD the

>
materiali value. Shadingis performed? in imagespaceE by

M
meansi

ofC matrix multiplicationusingQ anappropriatelyinitialized color
matrix.



» Gradientless shading: Shading
µ

is simulatedE by simple frame
buf¼ fer arithmeticcomputingforwarddifferenceswith respectto

>
thelight sourcedirection.

H
Pixel texturingW is

F
exploitedW to encom-

passmultiple renderingpasses.
Both approachesaccountD for dif

H
fuseshadingwith respectto

>
aD

parallel light
P

sourcepositioned? at infinity. Then
O

the
>

diffuse
N

term
>

reducesto the
>

scalarE product? between
M

the surfE aceD normal,N, andD
the directionof the

>
light
P

source,E L
½

,J scaledby the materialdiffuse
reflectivityI ,J kd

¾ .
The texture elementsA in gradientshadingeachA consistofC an

RGBα« quadruplewhichholdsthe
>

gradientB componentsin
F

the
>

colorL
channelsandD the

>
materialvalue in the alphachannel. Beforethe

>
texture is storedE andinternallyclampedto therangeG [0,1] the

>
gra-

dientcomponentsL arebeingscaledE andD translated
>

by aD factorD of 0.5.
¿

By slicing the
>

textureW therebyeA xploiting the alphatest asD de-
scribedthe

>
transformedgradientsB atD the surfE aceD pointsareD finally

displayedin the
>

RGB frameb
M
ufQ fer components(seeleft imagein

Figure5).
³

F
j
orC the
>

surfE aceD shadingto proceedproperly,J pixel values
have to

>
be
M

scaledE andtranslated
>

backto
>

the range[-1,1]. W
V

eA also
have to accountfor changesL in theorientationC ofC theobject. Thus,

O
the normalK vI ectorsA ha

Y
vI eA to be transformedby the model rotationG

matrix. Finally,J the
>

dif
H

fuseshadingE term is calculatedL by comput-
ing the

>
scalarE product? betweenthe light sourceE directionandD the

>
transformednormals.

Figure5: Onthe
>

left,
P

for
N

aniso-surfaceD the
>

gradientB componentsL are
displayedin the

>
RGB pixel values.On the

>
right, for thesameE iso-

surfacethe coordinatesin
F

textureW spacearedisplayedin the
>

RGB
ª

components.

All three
>

transformationscan be
M

appliedsimultaneouslyE usingQ
one4x4 matrix. It is storedin the currentlyselectedE colorL matrix
which post-multiplieseachof the

>
four
N

-componentpix? elA valuesif
pixel data

H
is copiedwithin@ the

>
actiD vI eA frameb

M
uffer.°

For the
>

color matrix to
>

accomplishD the transformations
>

it hasto
>

beinitializedasD follo
N

ws:@

C
À

M
Á Â LxÃ LyÄ LzÅ 0

LxÃ LyÄ LzÅ 0
L
Æ

xÃ L
Æ

yÄ L
Æ

zÅ 0
0
¿

0
¿

0 1

M
Ç

rÈ oÉ tÊ
2 0 0 Ë 1
0 2 0 Ì 1
0 0 2 Í 1
0 0 0 1

By just
©

copL yingR the framebuffer contentsontoC itself eachA pix? el
getsmultiplied by

M
the color matrix. In addition,D it

F
is scaledE andD

biasedin orderto accountD for the
>

materialdiffusereflectivityI andD
theambientterm.The

O
resultingG pix? elA valuesareD

I
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Ò
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α«
whereobviouslyI differentambientD terms

>
andreflectivitiesI canbe

specifiedfor eachcolorL component.L
To circumventA the

>
additionalamountD of memorythat is needed

to storethe
>

gradientte
>

xturewe propose? a secondtechniquewhich@

appliesconceptsL borro
M

wed from [18] b
M
ut in an essentiallyA dif

H
fer-

entscenario.The
O

dif
H

fuseshadingtermcanbe
M

simulatedE by simple
framebuffer arithmeticif the

>
surfaceis locally

P
orthogonalC to

>
the
>

surfacenormalandthe
>

normalaswell asD thelight sourceE direction
H

areorthonormalvI ectors.A
Notice
¡

that the
>

dif
H

fuseshadingE term is thenproportional? to the
>

directionalderi
H

vI ative to
>

wardsD thelight
P

source.E Thus,it
F

canL be
M

sim-
ulatedby

M
taking
>

forward differencestow@ ard the light sourcewith
respectto the

>
materialvalues:

∂
ã

X
∂
ã

L
Æ ä X åçæpè 0

é êìë X íçîpè 0
é ïñðóòõôL ö

By
z

renderingthe materiali values twice, once at the originalC
surfacepoints? andD thenshiftedE tow@ ardsthe light source,E OpenGL

X
blendingoperationscanbeexploitedW to computeL the

>
dif
H

ferences.
In
g

orderC to
>

obtainthe coordinatesof the
>

surfacepoints? we take
advantageofC the alphatest asD proposed? and we alsoD apply pixel
texturesW to re-sampleG the

>
materialvalues.Thereforeit is

F
important
F

to know@ that
>

eachA vertex comeswith aD texture coordinateL asD well
asaD color value.Usuallythe

>
color valuespro? vide a base

M
colorL and

opacityin
F

orderto modulatei theinterpolatedtextureW samples.
Let usQ considerthat

>
to eachvI ertex the

>
computedtexture coorL -

dinate ÷ u ø vù ú wû ü is
F

assignedD asD RGB colorL vI alue.D Since
µ

te
>

xture co-L
ordinatesareD computedin parametric? te

>
xturespaceE the

>
yR areD within@

therange[0,1]. MoreoverA ,J thecolorL valuesinterpolated
F

during
H

ras-G
terizationcorrespondL to

>
the
>

texturespacecoordinatesL of points? onC
the slicing plane.? As a consequencewe now havI eA the position? ofC
surfacepoints? avI ailableD in theframeb

M
uffer ratherG thanthe

>
materiali

gradients.
In orderto

>
display
H

the
>

correctcolorL valuesthey mustnotbemod-
ulatedby

M
thete

>
xtureW samples.Ho

{
we@ vI erA ,J rememberthatin

F
gradient-B

lessshadingE we@ usethe
>

sametextureformatasin traditional
>

te
>

xture
slicing. Eachelementcomprisesa single-vE aluedcolorL entryA which
is mappedviaI aD RGBα« lookup table. This alloD ws@ usQ to

>
temporar-

ily setE allD RGB
ª

valuesin the
>

lookuptable
>

to
>

onethus
>

aD voiding anD y
modulationofC colorvalues.
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]
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Figure6:
^

Process
t

flo
_

w for
N

te
>

xture basedvolumerenderingtech-
niques.Green:

`
Standard;Red: Gradient

`
Shading;Blue: Gradient-

`
lessShading

At
q

thispoint,? the
>

realG strengthE of pix? el te
>

xturescanL be
M

eA xploited.
The RGB entriesofC the texture lookup table

>
areD resetin orderC to

producetheoriginal scalarE values.Then,the
>

pix? elA datais readG into
F

mainmemoryandD it is dra
H

wn twice into the
>

frameb
M
ufQ fer with@ en-A

abledpix? elA texture.W In thesecondE pass? pixelA valuesareshiftedto-
wardsD thelight sourceby meansofC theOpenGLpix? elA bias.Chang-

a
ing the

>
blendingequationappropriatelylet vI aluesD get subtractedE



from those
>

alreadyin the frameb
M
uffer.° Figure6

^
summarizesthe

basicb stagesE andinstructionsin
F

vI olvC edA in
F

theoutlinedmethods.i
Sof

N
arD ,J weha

Y
vI eA acceptedD that

>
only the

>
first
h

materialvalueexceed-
ing the

>
iso-valueD will@ be

M
captured.L In practice,however, it is oftenC

usefulto visualizethe
>

exteriorW andD the
>

interiorof aniso-surface,D the
>

latteroneC oftencharacterizedL by
M

materialvaluesfalling below the
>

iso-value.D F
j
oreA xample,W the

>
left imagein Figure7 w@ asgeneratedB us-Q

ing ourapproach.D Sincecloseto
>

thevolumeboundaries
M

datalarger
thanthe iso-valueD is present? the first pix? el drawn locks the frame
bufQ fer

N
.

This problemis solvE edA by aD multi-passrenderingapproach.D At
first, the

>
depthb

M
uffer is initialized

F
with avaluerightG behindthefirst

h
intersectionwith@ the

>
texturebounding

M
box.
M

All structurescloseL to
>

the boundarywhich are drawn,@ therefore,f
N
ail the depth

H
test.
>

At
theselocationsthe

>
stencilb

M
ufQ fer
N

is
F

set.Now@ thevI olumeis
F

renderedG
with the

>
alphatestperformedasusualQ into pixelswhere@ the

>
stencil

bufQ fer
N

is unchanged.Then,the
>

alphatest
>

is reG vI ersedandD thevI olumeC
is renderedG into pix? elsA where@ the

>
stencilb

M
ufQ fer
N

has
Y

alreadybeenset.E
Theresultis shoE wn in Figure7.

Figure7: Multi-passrenderingto
>

determinethe exterior and the
interiorof iso-surfaces.D
3.1
c

Bric king

All presentedapproachesD w@ ork equallywell if the
>

volumedata
H

has
to be splitE into

F
smallerblocks

M
which@ areD small enoughto fit into

texture memory.° Eachbrick
M

is
F

renderedseparatelyE from
N

front to
>

backstartingwith the oneC nearestto
>

the
>

imageplane. Sincethe
stencilb

M
uffer is

F
immediatelylockedA wheneverA aD hit

Y
with@ the

>
surface

occurs,onceC avaluehasbeen
M

setE correctlyL it will@ nevI erbechanged.L
Evenwhen@ pixel texturesareD usedQ thesameE algorithmD proceeds

withoutessentialmodifications.i Since
µ

therenderedcolorvaluesareD
alwaysD specifiedE with@ respectto theparametric? domainofC theactualD
block thepixel te

>
xturewill@ alD waysD beaccessedcorrectly.

4 Volume rendering of unstructured
grids

Now weturn
>

ourattentionto
>

tetrahedral
>

gridsB mosti familiarD in CFD
simulation, which havI e also recentlyG shown their importancein

F
adaptiveA refinementstrateE gies. Sincemostgrid types

>
which@ pro-

vide thedata
H

at unevenly spacedE samplepointscanL be
M

quiteeasily
convertedinto this

>
representation,our technique,in general,is po-

tentiallyattractiveA to
>

awide@ areaofC differentapplications.D
Causedby

M
the irregularB topology

>
ofC the
>

gridsB to be
M

processed
the intrinsic problemshoE wing up in direct volumerenderingis to

>
find thecorrectL visibilityI orderingof the involved primiti? ves. Dif-
ferentwaysD haveA beenproposedto

>
attackthisproblem,e.g.by

M
im-

provingI sortingE algorithmsD [23, 28, 5], by
M

usingspacepartitioning?
strategiesB [27], by taking advantageof hardwareD assistedpolygon
rendering[20, 23, 31, 25]

T
andD by

M
exploiting the

>
coherenceL within@

cuttingplanes? in objectspace[6, 21]. Similarto
>

themarchingcubesL
algorithm,the

>
marchingi tetrahedraapproachD suffers

N
from thesame

limitations,i.e., thelargeB amountof generatedtriangles.
>

In
g

eachA tetrahedron(hereafter
¶

termed
>

the
>

volume primiti? vI e or
cell)we@ haveA alinearrangein thematerialdistributionandD therefore

>
a constantgradient. The affine interpolationfunction

N
f
d e

xf g yh i z jlk
a m bx

n o
cyp q d

r
zs which defines

H
thematerialdistribution within one

cell is computedby
M

solvingthesystemof equations

1 xf 0
é yh 0

é z0
é

1 xf 1 yh 1 z1
1 xf 2 yh 2 z2
1 xf 3

t yh 3
t z3

t
au
b
n
c
d
v

w
f
d

0
é

f
d

1
f
d

2
f
d

3
t

for theunknoQ wns@ au x bn y c andd
v
.° f
d

i arethe functionvI aluesD giB ven at
locationsz xf i { yh i | zs i } .

No
¡

w@ the
>

partialderi
H

vatives,b ~ c andd, pro? videthegradientB com-
ponentsof eachA cell.L Gradients

`
atD the verticesare computedby

M
simply aD veragingallD contribL utionsQ from differentcells.L TheseareD
storedin

F
additionD to thevI ertex coordinatesandthescalarE materiali

values,the
>

latteronesC givI enA asone-componentC colorL indicesinto a
RGBα« lookup

P
table.

4.1
�

Shaded
�

iso-surfaces

In contrastto regularB volumedatawe@ areD no longerableD to
>

perform?
therenderingprocessby meansof 3D te

>
xtures.Howe@ vI er, geometryB

processingandD advancedper-pixelA operationswill@ be
M

exploitedW in a
highly effectiveA way which againD alloD ws@ usto

>
avI oidC anD yR polygonal

representation.
At first, let usconsiderL aD ray ofC sightE passing? through

>
oneC tetra-

hedronin orderC to re-sampleG the materialvalues. Since
µ

alongD the
>

ray thematerialdistribution is linearit sufE ficesto eA vI aluateD the
>

data
within the

>
appropriateD front andD backf

N
aceD andD to linearly interpo-

F
late in between.

M
This, again,canbe

M
solvedA quitey efA ficiently using

thegraphicsB hardware. Therefore
O

the
>

materialvaluesareissued
F

as
thecolorL of eachvertex before

M
thesmoothlyshadedcell facesareD

rendered.The correctlyL interpolatedsamplesareD then
>

being
M

dis-
playedandD canL begrabbedfrom the

>
frame
N

bufQ fer
N

.
Ob
X

viouslyI , the sameE procedure? canL be
M

appliedD by choosingL anD
appropriateshadingmodelandby issuingthe

>
materialgradientB as

theverteA xW normal.K ThentherenderedG triangleswill@ be
M

illuminated
F

with respectto the
>

gradientsB of thevolumeC material.
Ne
¡

vI ertheless,A sinceE we@ are interestedin
F

renderinga specific
iso-surfacewe@ haveA to

>
find thoseelementsthe

>
surfaceis passing

through. But evenA moredif
H

ficult,
h

the
>

eA xact location
P

of thesurfE aceD
within thesecellshasto

>
be
M

determined
H

in orderC to
>

computeappro-D
priateinterpolationweights@ (see

¶
Figure8).

�
ThekeA y idealies in amulti-passapproach:

a:D F
�

acesd are r` endered having\ smooth color� inter
b

polation¬ in
b

or-
der
�

to compute the
^

interpolation¬ weights.

b:
M

Facesd are rendered[ having\ smooth shadinga in order to
^

com-
pute¬ illuminated

b
pixels.¬

c:L The interpolation¬ weights are used� to modulate the
^

results
pr¬ operlye .
In orderto computethe

>
interpolationweightswe@ duplicate

H
the
>

materialvI aluesD givI enA atD the
>

vI erticesA into
F

RGB
ª

α« -quadruples.These
areusedasthe

>
currentcolorL values. Ne

¡
xt, allD the backfacesD areD

rendered,b
M
utQ only thosepixelsA nearestto

>
the
>

image
F

plane? with@ anD
alphavaluelarger than

>
the
>

threshold
>

aremaintainedby
M

exploiting
thealphaD testandthez-bufQ fer test.

>
ThestencilE b

M
uffer is setwhen-

everaD pixel passes? bothtests.
>

W
V

eA proceedby invertingA the
>

alphaD testandby
M

dra
H

wing thefront
N

faces.D Althoughz-bufQ fer comparisonL is in efA fect,z-valuesarenevI er
goingto bechangedL sinceE the

>
yR areD neededlater.° PixelA vI aluesD may



S
�

fS
�

b
�

Hit with back face

Hit with iso-surface

Hit with front face

S
�

iso
�

Figure8:
�

Interpolation
g

weights@ arecomputedL asD q ��� S� b � S
�

f
� �

S
�

iso � S
�

f
� andD

1 � q in
F

orderto obtainC the
>

iso-surf
F

ace.

beaffectedwherethe
>

stencilE b
M
ufQ fer isset,b

M
ut,Q in fact,notallD compo-L

nentswill be
M

alteredD in
F

orderC to
>

retainthepreviouslyI writtenresults.G
InsteadofC processing? allD front f

N
acesD atD oncewe@ alternatiD vely ren-

dereachelement’A s backfacesD again.D By
z

settingE their
>

alphaD values
to zero it is guaranteedB that the

>
yR alD waysD pass? the

>
alphatest.

>
No-
¡

tice that if
F

pixelswereacceptedD in thefirst
h

passthecorrespondingL
z-valuesareD stillE present? sinceE we@ did notalterD thez-bufQ fer.° Choos-
ing anD appropriatestencil function

N
alloD ws@ the stencilbuffer to be

lockedA whenevI erA aD pix? elA is written@ with az-valueD equalA to thestoredE
one. At theselocationsthe framebufQ fer is lockedA in orderC to

>
pre-

ventA thecorrectlydra
H

wn@ pixels from being
M

destro
H

yed.R Finally,J the
>

pixel datais readinto mainmemoryandthe interpolationweights@
arecomputedL andD storedE into

F
tw
>

o distinct
H

pix? elA imagesI
Î

f
� andD I

Î
b
� ,J

respectivelyA .°
Once
X

again,D the
>

entireA procedureis repeated,G b
M
ut now the

>
hard-
Y

wareD is eA xploited to
>

renderilluminated facesD insteadofC colored
ones. The resultsofC the

>
first renderingG pass? areD blendedwith the

>
pixel image I f

� and the
>

modulatedpix? elA data is transfered
>

to
>

the
>

accumulationbuffer [7].
T

Pixel dataproducedin thesecondE passis
blendedwith@ the

>
pix? elA image

F
I
Î

b
� andD addedto thedata

H
alreadyD storedE

in the accumulationD b
M
ufQ fer.° During both passesblending

M
ensures

that the
>

shadedf
N
acesD areD interpolatedcorrectlyL in

F
orderC to produce

the surfE aceD shading.E Finally, entireA imageis dra
H

wn@ back into the
>

frameb
M
uffer.°

Howe@ vI erA ,J evenA withoutcomputingL theinterpolationweights,just
©

by equallyblendingthe lighted front
N

andD backfaces,this
>

method
producessufE ficient results(seeFigure9). It is quitey eA videntI that

>
sometimesthe geometricB structureE of the

>
cells shows@ up,Q b

M
utQ this
>

seemsto
>

be
M

tolerable
>

during
H

interactivesessions.E

Figure9: Iso-surfacereconstructedG from
N

a tetrahedral
>

grid. Color
valuesof the imagewere@ equalizedA to

>
enhancethe

>
effects. The

left imagew@ as generatedwithout@ usingQ the interpolationweights@
necessaryto achieD vI eA smoothresults.

4.2 Directl yu slicing� unstructured gridsw
It is
F

now@ easyA to derivI eanalgorithmwhich@ alloD ws@ usQ to reconstructG
arbitraryslicesE outC ofC the data. ForC eachverteA xW we alsoD storeE it’

F
s

distanceto
>

the
>

imageplaneanduseit temporarily
>

asthescalarma-
terialvI alue.D But

z
then,aD slicejust

©
correspondsto aD planariso-surf

F
aceD

definedby anD iso-valuethat is equalto
>

the
>

distanceof that
>

sliceE to
the imageplane.? As a consequenceour methodfor reconstructing
shadediso-surf

F
acescanbeapplieddirectly

H
. EvenA morei efA ficiently,

sincewe areonlyC interestedin thescalarE materialvI aluesD facesD areD
alw@ aysrenderedG ha

Y
vingI smoothcolorL interpolation.

ForC the
>

methodto
>

proceed? properly? ,J westorethe
>

scalarE vI aluesD in
theRG colorL componentsL andD the

>
distance
H

valuesin the Bα« com-
ponentsissued

F
atD eachA vertex.W Again we@ start renderingthe back

M
faces.D ForC asliceatD the

>
distance
H

d
v

from the
>

imageplane? onlyC pixel
valueswith@ an alphavaluelargerB thanorC equalto d

v
areD accepted.D

WeonlyC alloD w@ RB pixel vI aluesD to
>

be
M

writtento theframebuffer. As
usual,the

>
stencilbuffer is setwhere@ aD pixel passesthe

>
depth
H

test
andthe alphaD test. No

¡
w@ the front

N
f
N
acesareD renderedbut only the

>
Gα« componentsareD goingB to

>
be
M

altered.D Locking the
>

stencilE buffer
is done
H

in the
>

sameE wayD asD described.
H

Finally, allD valuesnecessaryto
>

correctlyL interpolatethe scalar
valueswithin the

>
actualslice areaD vailable in

F
the
>

pixelA data. We
readthedataandcalculate

S
� � R

Ò �
d
v

R � B � G
� � d

v �
B
Ó

R � B � α« �
for eachA RGB

ª
α« pix? elA vI alue.D Before

z
the resultingG scalarE vI alueD areD

written back
M

into the framebuffer they get mappedviaI a lookup
tablepro? vided by the

>
graphicsB hardware. In orderC to

>
approximate

thevI olumeC renderingG integral the
>

grid is slicedmultiple times
>

and
thegeneratedimagesareD blended

M
properly? .

The
O

remarkableG f
N
actD is that

>
weneK verneedto eA xplicitly useQ the

>
ge-B

ometricdescription
H

of primiti? vesorC thetopologyof the
>

underlying
grid. Sorting

µ
is
F

implicitly
F

doneon theper-pixelA basis
M

in
F

the
>

raster-
izationunit.Q Polygondrawing is eA xploitedfor

N
reconstructingG scalar

valueson thecellL faces.All valuesnecessaryto
>

interpolatewithin@
onesliceE areD accessedfrom the framebuffer. MoreovI erA ,J adaptiD vI e
slicingcanL easilybe

M
performed.? ForC example,to

>
previeI w@ the

>
result

ataD vI erycoarseL le
P

vel only a fe
N

w@ sliceshave to
>

berendered.G
4.3 Data Structures

 
In this sectionE we@ briefly discuss

H
the
>

basic
M

data
H

structuresusedin
the presented? approaches.D In particularthe

>
follo
N

wing@ two issues
will beaddressed:D
¡ Find alld elements a particular¬ iso-surface passes¬ throughe
¢ Which
£

elements contribute� to a particular slicea
It is importantthatthedecision

H
whetheraD cellL hasto

>
berendered

ornotK canL bedonein aD predictivI eA w@ ay. The
O

naiK vI eA approachto renderG
everyA cellL in eachpassof the algorithmwouldC causethe graphics
hardwareto collapseL for sufficiently largeB datasets.E

In iso-surfaceD renderingwe prefer a simple byte
M

streamE data
structurewhich is easyto

>
accessandefA ficient

h
to
>

store. All scalar
materialvI aluesD areD scaledto the range[0,1] which@ is

F
partitioned

into anarbitraryD numberof equallyA spacedintervals.D
Let
·

usQ considerthatwe@ ha
Y

veA N
¡

cellsL to process.For eachA interv
F

al
astreamof ¤ N× ¥

8
� ¦

bytes
M

is stored.E A bit
M

is setif notall ofC the
>

values
givenA atD the

>
verticesofC thecorrespondingL cell arecompletelyless

P
orC

largerB than
>

the
>

bounds
M

of theinterv
F

al. ForC a surfE aceD to
>

be
M

renderedG
with respectto aD particulariso-valueit now sufE ficesto find those
entriesin

F
the
>

releG vI antD streamwhich areD set.Since
µ

in generalB mani y
adjacententriesA within thesameE intervalD will beemptythis

>
kind ofC

representationpro? videsan effecti
N

vI e data
H

structureto be
M

runlengthG
encoded.In addition,thisencodingschemealloD ws@ emptyA intervals
to beskippedquitey efficiently.



In our slicing approachD to simulatedirectvolumerenderingwe@
mainly§ borro

M
wed ideasfrom

N
[31].

T
Each
¸

cellL occurstwice
>

in
F

a setE
of lists,
P

eachof which@ is storedfor
N

eA xactly oneC slice. Since
µ

eachA
element,in general,B contributeto multipleslices,it is includedinto
thoselistswhich@ areD storedfor thefirst

h
andthelast

P
slicethat

>
is
F

cov-I
eredby

M
theelement.In addition,D anactiD vecellL list is utilizedwhich@

capturesallD cellsL contribL utingQ to the
>

slicethatis
F

actuallybeingren-
dered. ObviouslyI ,J otherC data

H
structuresE [27] might be

M
well@ suitedE

for thiskind ofC application,D butQ we@ foundthepresentoneC to
>

be
M

opti-C
mal in

F
our test

>
cases.T

O
ree-likeA data

H
structures,ofC course,aD void the

>
incrementalupdateQ from sliceE to

>
sliceandfrom vieI wpoint@ to vieI w-

point, butQ in
F

order to k
¨
eepthe memoryi oC vI erheadmoderatemuchi

morecellsL havI e to
>

be renderedin general.B In allD ourC experiments
thetime

>
necessaryto updateQ the

>
cell lists

P
w@ asneK gligibleB compared

to thefinal
h

renderingtimes.
>

We believI eA that
>

theadditionalD amount
of memoryintroducedby this approachD is fairlyD acceptablecom-L
paredto the

>
gainsB it

F
ofC fers.
N

5 Results

Comparedto
>

pure? softwaresolutionsE theaccuracyR of theresultspro-
ducedby

M
ourC approachesstronglydepends

H
onC the avI ailableD frame

bufQ fer hardware. Whenever pix? elA valuesare readandD processed
furtheronC the

>
numberK of bits

M
per? colorL channeldetermines

H
thepre-

cision that canL be achieved.A This turns
>

outC to be mostcriticalL in
renderingshadedE iso-surfaceswith@ thepixel te

>
xturewhere@ we may

accesswrong@ locations
P

in
F

the te
>

xturedomain.F
j
or eA xample,let

P
usQ

consideraD 10243
t

te
>

xturewhich@ shouldE be processedusingQ aD 8
�

Bit
framebufQ fer

N
. Since
µ

pix? elA vI aluesD areonlyC precise? within 1
256 wemayi

accessvoxC el vI aluesD whichareD aboutD 4 cellsaside.D
Limited precision? is alsoD a problem? in direct renderingof un-

structuredgridsB where@ the
>

framebuffer is accessedD multiple times
>

to retrievethe
>

scalarmateriali vI aluesD andD thevaluesnecessaryto per? -
form the interpolation.By repeatedlyblendingthe

>
quantizedy data

samplesthefinal image
F

mighti getdegraded.
Throughoutour experimentsW we@ usedQ the 8 bit frameb

M
ufQ fer
N

on
a SGI
µ

MaximumImpactwherepixelA textureshavI eA beeneA xploited
andin all otherC casesL the

>
12bit frame

N
b
M
ufQ fer
N

ofC theRealityEngineII.
TheSGIX pb¬ uffer,J anD additionalframebufQ fer

N
in
F

visibleI to
>

the
>

user,
was usedthroughout

>
the
>

implementationssinceit can be
M

locked
exclusiW vely in

F
orderC to

>
pre? ventotherapplicationsfrom

N
drawing@ into

pixel data
H

to be
M

read.
All the

>
resultswere@ runonC differentdata

H
setscarefullychosenL to

>
outlinethebasic

M
features
N

ofC ourapproaches.D Thefirst
h

row of Figure
10shows aD selectionE ofC imagesdemonstratingtheextensionsto

>
the
>

traditional texture basedvI olumeC renderingwe developed. In the
>

imagesa) andD b) a simpleE box w@ as usedto clipL the interior andD
the eA xterior of aD MRI-scan. Imagec) shoE ws the benefitsof pix? el
texturesfor the visualizationI ofC atmosphericD data.

H
The multi-pass

algorithmasdescribedwasD employed.
In thesecondrow@ wecompareresultsof theproposedrendering

techniquesfor
N

shadedE iso-surf
F

aces.ThesurfaceonC theleftmostim-
F

agewasD renderedG in roughlyG 15secondsE usingaD softwarebased
M

ray-
caster. 3D

U
te
>

xturebased
M

gradientB shadingE wasrunwith@ 6
^

framesper
secondon the

>
next image.Thedistance

H
betweensuccessivI eA slicesE

wasD equalA to the
>

samplingintervalsD usedin the
>

softwareapproach.D
ThesurfE aceD ontherightG appearsD somewhatbrighter

M
with a little less

P
contrast,but basically

M
there
>

canhardlybeseenanD y dif
H

ferences.
N

The
O

neK xtW tw
>

oC images
F

show the comparisonL betweengradient
shadingandD gradientlessshading.E Obviously, surfacesrenderedby
thelatter

P
oneC exhibitW lo

P
w@ contrastL andeA venincorrect

F
resultsG areD pro-

ducedespeciallyin regionswhere@ thevI ariationD of the
>

gradientmag-
nitudeacrossthe

>
surfaceis

F
high. Although

q
the
>

materialdistrib
H

utionQ
in theeA xampledatais almostiso-metric,at someE points? thedif

H
fer-

encescanL be
M

easilyrecognized.At thesesurfacepointsthestepE sizeE

usedto computeL the
>

forwardD dif
H

ferencehasto be
M

increased,which,@
of course,canL notbe

M
realizedG by

M
our approach.

Ho
{

weverA ,J onlyC oneC fourth
N

of the memoryi neededin
F

gradientB
shadingisusedin gradientlessshading,andD alsotherenderingtimes
differ insignificantly. Theonly dif

H
ferencelies in the

>
wayD theshad-

ing is
F

finally computed. In gradientshadingE we@ copL y the whole
framebuffer once.In gradientlessshadingE wehavI eto

>
readthe

>
pixel

dataandwe@ ha
Y

vI eA to write it
F

twice
>

with@ enabledA pix? elA texturing.W For
a512x512vieI wport thedifferencewasD 0.08seconds.Comparedto
thetraditional

>
renderingvia 3D te

>
xturesgradientB shadingranaboutD

0.04secondsslower.° On the otherC hand,sincethe
>

overheadA does
notdependonthedata

H
resolutionbut onthe

>
sizeofC the

>
viewportwe

expectit’
F

s relativI eA contribution to decrease
H

rapidly with@ increasing
datasize.E

Our
X

final resultsillustrate the
>

renderingof scalarvI olume data
definedon tetrahedralgridsB (see

¶
last
P

roG w@ in Figure10). The first
h

imageshows@ an iso-surfaceD from
N

the
>

N
¡

ASA bluntfin
M

which w@ as
convI ertedinto 225000tetrahedra.To generateB the 512x512

³
pixel

imageit
F

took
>

0.2secondsE onaD RE2
ª

with@ oneR10000195Mhz
²

cpu.
Direct
©

vI olumerenderingofC a finite-element
h

data
H

setE is demon-
stratedby

M
the secondeA xample. Notice

¡
the adaptiD vI e manipulation

of the
>

transferfunction in orderto indicateincreasing
F

temperature
from blue

M
to
>

yelloR w. ThegloB wing@ innerkernelA canbe clearlydis-
tinguished.In Table1 we@ comparetimings

>
for variousparts? of the

>
algorithm. Thesearemainlyi the

>
elapsedA times

>
neededto readand

write the
>

frameb
M
ufQ fer (

¶
FbOps)

ª
andD to renderthe

>
element’s facesD

(GrOps), andD the cpuL time requiredG to calculatethe interpolation
weightsfor all slicesE (

¶
Cmp
®

).
ª

Table1: Processedprimiti? vesandtimings
>

(seconds)for thefinite-
elementdata

H
set.E (400

¶
slices,E 400x400viewport)

#TetraA FbOps GrOps Cmp TotalC
fedata0
N

60000
^

5.0 9.2
«

6.4 20.6
fedata1
N

110000 5.0 11.5 6.4 22.9
fedata2
N

150000 5.0 15.3 6.4 25.7
fedata3 200000 5.0 18.0 6.4 29.4

Observ
X

eA that
>

the time
>

neededK to compute the
>

interpolation
F

weightsdoesnotK changeL sincethe numberof pix? elsA which@ have
to beprocessedremainsconstant.L

The eA xperimentaltimes
>

are significantly fasterthan the times
>

proposedin [31, 25
l

,J 22
l

]
T

without@ noticeableK lossesin the
>

image
quality.° Compared

a
to the lazy sweepE algorithm[21], howeverA ,J ourC

methodis slightlyE slower.° Thesignificantimpro
F

vI ementis that
>

the
>

expectedtimesdo
H

not dependonC the gridB topology.° As aD conse-L
quencewe@ endA upwith@ constantframeratesfor arbitraryD topologies

>
but equalnumberof primitives.A This is aD majordifferenceto

>
aD vari-

ety ofC eA xisting approacheswhich@ eA xploit the
>

connectivity between
cells.Once

X
the
>

first
h

intersectionwith@ theboundaries
M

has
Y

beencom-
putedthe

>
gridB canL be

M
tra
>

versedveryA efficiently takingbenefitofC the
>

pre-computedneighborhoodinformation.
Our
X

final imageshoE ws a particularstateE of a binarycellularL au-D
tomaton.A

q
testcasefor

N
which@ we@ eA xpectotherC techniquestaking

>
advantageof the

>
coherenceL betweenprimiti? vI esto

>
be significantly

slower.° EachprimitivI e representsa living cell in the automaton.
Originally,J 8000

�
cellsweregenerated.EachcellL hasbeenconL vI ertedA

to 12 tetrahedra
>

which@ ha
Y

veA the
>

centerL point? ofC the
>

original cell in
common.In

g
orderC to

>
show aD potentialsurfE aceD aroundD the

>
centersL of

thecells,L there,thematerialvaluesweresetE to
>

one.C At allD otherver-
ticesthe

>
yR weresetto zero.No

¡
connectivityI information

F
w@ asused.Q

Thetime
>

neededto rendertheshown iso-surfacew@ as1.8 seconds.E
Direct volumerenderingwith@ the sameE settingsE asD describedtook
14.1seconds.E

Ob
X

viouslyI , sincethe
>

performanceofC ourC algorithmsD stronglyde-
H

pendsonC the
>

throughputofC thegeometryengineA asD well asD theras-



terizationunit,weeA xpectthem
>

to
>

be
M

acceleratedconsiderablyif run
on the¬ currentlyL aD vI ailableD high-end

Y
systemslike the

>
InfiniteReality

or future
N

architectures.

6 Conc lusion

In this
>

paperwe@ ha
Y

vI eA presented? mani y dif
H

ferent
N

ideas
F

to exploit ad-
vancedfeaturesofferedby modernhigh-endgraphicsworkstationsC
throughstandardE APIs

q
likeA OpenGLin

F
volumerenderingapplica-

tions. In particular? , real-timerenderingofC shadedE iso-surfaceshas
beenmadepossiblefor Cartesian

a
andD tetrahedralgridsavoidingC anD yR

polygonalrepresentation.Furthermore,we@ have presentedaD direct
volumeC renderingalgorithmD for unstructuredgrids with@ arbitraryD
topologyby

M
meansi ofC hardw

Y
areD supportedgeometryprocessing? andD

color interpolation. SinceanyR connectiL vityI informationhasbeen
M

abandonedwe eA xpectW theframe
N

ratesto
>

beindependentof the
>

grid
topology.

Our resultsG havI e shown that the presented? methodsareD signif-
icantly fasterthan

>
otherC methodspreviouslyI proposedwhile onlyC

introducingslight imagede
H

gradations. Sincewe take advantageD
of graphicshardw

Y
areD whenevI erA possible,? thenumberK of operations

to be performed? in software is minimizedmaking the
>

algorithms
relativI elyA simpleandeasyA to implement. However, there

>
areD stillE

severalA areasD to be
M

exploredin this research:­ Hardware[ supported speculara lighting
®

effects[ and shadows¯
will helpto improvI eA thespatialE perception? of volumetricobjects
andmayalsobe

M
integratedB in globalilluminationalgorithms.° Image based

±
pixel¬ manipulations² areD usefulin

F
aD varietyof ap-

plications, e.g.A imagebased
M

rendering,vI olumeC morphingorC
vectorfield visualization.I In

g
this
>

conteL xt,W the benefits
M

of pix? el
textureshavI e to

>
be
M

eA xploredmorecarefullyL .°³ Multi-block data
�

sets and arbitrary cell primiti¬ ves[ area ma-
jor
©

challengeL in
F

scientificvisualization. Efficient renderingal-D
gorithmsfor thesekindsofC representationstill needto be

M
de
H

vel-
oped.
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