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Abstract

In this work we presentan acceleratiotechniquefor direct
volumerenderingthatis basedn apreprocessingtep.This
transformsthe original uniform grid into an adaptvely re-
ducedtetrahedrabrid. The basicideais to exploit the in-
herentadaptvity informationof thereducedyrid for theray
integrationwith importancesampling.An integrationstepis
alwaysperformedfrom cell faceto cell face. This way ev-
ery cell alongtherayis sampledandtheintegrationstepsize
correlatesvith thetetrahedraolume.In contrasto standard
integrationtechniqueso extrapolationor higherorderinte-
grationfor errorestimatiorandstepsizecontrolis necessary
This guaranteesxtraacceleratiomndavoidsthe problemof
missingdetailsif the stepsizebecomegoo large. Experi-
mentsare madeto shawv the quality of theimagesobtained
andthe speedup in contrasto standardsolumeray-casting
techniques.
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1 INTRODUCTION

Theintegrationacceleratioiechniqudollowedin this work
is basedntheideaof importancesampling.In volumeareas
of high variancethe integration stepsize shouldbe shorter
thanin areasof low variance. This techniquehasbeende-
scribedby Danskinin [DH92]. Thisway therelationof ap-
proximationerrorandnumberof samplepointsis optimized.
To changethe stepsize during integration Danskinusesa
pyramidaldatastructureandthe variancevalueat a certain
positionto determinethe next stepsize. In contrastour ap-
proachis basedon an adaptvely reducedtetrahedramesh
to representhe information and the stepsizeis implicitly
given by the geometryof the cells. The generatiorof the

adaptvely reducedyrid is doneby a finite elementanalyzer
thatcomputeghe best approximatiorof thevolumedatafor
agivennumberof tetrahedran the senseof theleastsquares
approximationwith the L, norm. This stratgy resultsin a
fine triangulationof areaswith high spatialfrequeng and
in a coarsetriangulationof areasof low spatialfrequeng.
Our approachexploits this givenadaptvity information. As
an explanation,we give a two dimensionalexample. The
MRI-slice of aheadthatis displayedn Fig. 1, hasbeenan-
alyzed.Theresultingtriangularmeshis alsodisplayedatthe
right handsideof the samefigure. Of courseotherreduction
techniquesthatgeneratéetrahedraimeshesasthoseusedn
Cignonietal., Lirig etal. [CDFM*94, LE96)], couldalsobe
usedo generatéheinitial datafor ourray-castinglgorithm.

Thereare mary differenttechniquedor adaptingthe in-
tegrationstepsizefor solvingtheray integral equation.The
approacHollowedby WestermanifWes95Jusesvaveletco-
efficientsof thewaveletanalyzedsignal. Thedecisiorfor the
next stepsizeis basedon the waveletcoeficientsatthelast
samplepoint. The problemof this methodis, thata recon-
structionat every samplepoint hasto be performedanda
comple recursve structurehasto betraversed.

Thebasicideato usea hierarchicadatastructurefor ray-
tracing hasbeenpublishedby Fujimoto et al. in [FT86].
They usean octreefor ray-tracingsceneswith surfacede-
scriptions. The octreeoffers the possibility to jump over
large empty spaceduring intersectioncalculation. The oc-
treeis a simpleandefficient way to represena volume,but
it cannotbefit to avolumetricdatasetaswell asanirregular
grid structure.Irregular grids have no constraintsaboutthe
orientationof thecell facesastheoctreehas.Thisis alsothe
mainreasorfor thedominanceof irregulargridsin thefield
of numericalcomputation. Irregular grids for representing
volumeshave beenusedby Cignognietal. in [CDFM+94].

Grosset al. [GGS9] useda mixture of quadtreesand
waveletsto reduceterraindata. The quadtreesare usedto
generata triangularmesh,andthe wavelet coeficientsare
usedto determinewvhetherto descendn theoctreeor not.

In contrasto thewaveletbasedapproachefor refinement
decisionsourapproachs basedn multi-levelfinite element
analysisthat producesdirectly a tetrahedralgrid, that ap-
proximatesthe volume. The constructionof this grid and
the underlyinganalysismethodis describedn Grossoet al.
[GLE9€] in detail. Somemore aboutthe theoreticalback-
groundof thistechniquecanalsobefoundin Bank[Ban9§.
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Figurel: A sliceof aMRI-Headandthegeneratedriangularmesh

The basicideais to startwith a coarsetriangulationof the
volumedomainandto refineit afterwardsbasedon alocal
errorestimatoffor the actualapproximation.

In this work we concentrat®n the processingf thegen-
eratedgrid. The generatedyrid containsthe positionand
the valuesof the vertices,the tetrahedrandthe connectv-
ity information of the tetrahedra. This is very crucial for
the volumetraversal. This differs from the scan-linebased
algorithmpresentedy [WVGTG94. The scan-linebased
algorithmreducegshe costof determinghenext cell andthe
entrancepoint as very little resortingduring scan-lineand
scan-planehangeis necessaryThe algorithmpresentedn
this approactdoesnot needto sortatall, asthe connectvity
malkesit easyto determinghe next cell with its entry point.
Thecomputatiorof cell entryandexit pointis alsodescribed
in [Gar9d.

Ourrenderingool usegheadaptvely reducedyrid mainly
to acceleratehe traversalof the volume. As the amountof
cellsis alsoreducedn the pre-processingtep,memorycan
besaved. Integrationis acceleratetby the reductionof sam-
ple points.We have alsoimplementedheray-castingf iso-
surfacesin thereducedvolume.

The main problemsto be solved arethe efficient interpo-
lation of valuesandthe gradient.Both problemsare solved
using a combinationof LU-factorizationand interpolation
describedateron. Anotherproblemis thecell traversal that
usuallyresultsin asearchprocedurdo find thecell, thatcon-
tainsacertainsamplepoint. Searchindor traversingthevol-
umeis in our caseavoidedby combiningthe samplestrateyy
with thetopologyof thetetrahedragrid.

2 VOLUME RAY CASTING OF IR-
REGULAR GRIDS WITH
IMPLICIT ADAPTIVITY

Thealgorithmdescribedn this sectionconsistof threemain
parts:

1. Initializationandpreprocessing
2. Rayentrancecalculation
3. Raycasting

In thefirst partof thealgorithmthenecessargatastructures
areinitialized. Also computationghatarenecessaryor the
interpolationand ray intersectioncalculationwith the cell
boundariesreperformedn advance.

In the ray entrancecalculationthe volume entrancecell
of the ray is computed. The ray tracer that ray tracesthe
imagehasbeenadaptedto make this computatiorasquick
aspossible.

Afterwardsthevolumehasto betraversedandtheray has
to beintegrated.Thetraversalof theirregulargrid bringsup
somestability problemshatwill bediscussedfternards.

2.1 Initialization and Preprocessing

As aninitialization the verticesandtetrahedraare arranged
in lists. For every tetrahedroran interpolationfunction is
computed.Theinterpolationfunctionis of theform

flz,y,2) =a+br+cy+dz Q)

With thefour givenverticesof thetetrahedrortheir position
andtheirvalueghecoeficientsfor theinterpolatingfunction
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wheref = f(xz ,y ,z ) arethefunctionvaluesat thetetra-
hedraverticesand (z ,y , z ) arethe correspondingoordi-
nates. With the resulting coeficients interpolationcan be
performedvery easilylateron. For intersectiorcalculations
andthe searchprocedurat is necessaryo calculatethe nor-
mal forms of the triangles,that are facesof the tetrahedra.
Thisis alsodonein thepreprocessingifterwardsthevertex
list is deleted,as the information aboutthe verticesthem-
selvesarenotusedary more.In theendwe have anarrayof
tetrahedrawhereevery tetrahedrorcontainsfour triangles.
Thetrianglesareenumeratedhatway, thata relationof the
neighboringetrahedroris implicitly given.

2.2 Ray entrance calculation

In this work we visualizemedicaldatasets. Thesedatasets
have a cubic definitiondomain. This propertymay be used
to write a fastvolume entrancecalculationalgorithm, that
will bedescribedn thefollowing sectionsBut especiallyin
combinatiorwith finite elemenmethodsmorecomplec def-
inition domainsareof interest.In thesecasegshe presented
entrancecalculationalgorithmwill not be appropriate. A
possibleapproacho solwe this problemis describedn the
sectionb.

To performtheintegrationof theray, thefirst cell theray
intersectswith, hasto be computed. The volume entrance
point is computedby clipping the ray with a cube,asthe
initial regulargrid alwaysfits into a cube.Than,thecell that
containghis volumeentrancegointis searchedThis search
is performedteratively. If theactuallyregardeccell doesnot
containthe point, theregardedcell of the next iterationwill
beoneof theneighboringcellsof theactuallyregardedcell.

To estimatethe next cell, the coordinatesf the entrance
point areinsertedin the normalforms of all borderingtri-
anglesof the actualtetrahedronThetriangle,thatproduces
the smallestvaluewill bethefacetriangle of the actualand
the next tetrahedronlf the computedvaluefor atriangleis
negative, the triangleis separatinghe entrancepoint of the
ray from all inner partsof the tetrahedron.If thereis more
thanonenegative value,the smallestvaluecharacterizethe
triangle,wherethe accordingplanehasthe highestdistance
to theentrancepoint. Thisis explainedin Fig. 2.

To make the searchingaseasyaspossible thestartcell is
alwaysthe cell that containedthe entrancepoint of the last
ray. As theray tracerof theimageis tracingsystematically
the new entrancepoint shouldnot be too far away from the
old one.To increaseoherenceheray tracerscanghescan-
linesalwaysin reversedirectionthanthe previousone.

next estimation

T Normal Vector () Volume Entrance Point

- Plane with highest negative distance value
-===Plane with negative distance value

-------- Plane with positive distance value

Figure2: Explanatiorof the searchingscheme

2.3 Ray casting

Oncetheentrancesell of theray hasbeenfound,theray will
betracedin front to backmanner The samplepointsof the
ray arealwayson the surfaceof the tetrahedron.This sam-
pling techniquds basedon anideaof Max etal. [MHC9Q].
With certainassumptiongboutthe interpolationfunctions
they performananalyticalintegration. Sothe processingf
anintegrationstepconsistof thefollowing sub-tasks:

1. Computetheexit point of theray andgetthe neighbor
ing tetrahedron

2. Computethelengthof theray
3. Interpolationonthefaces
4. Performintegration

The exit pointis computedusing somekind of -clipping
(see[FvDFH92Z). Only thethreetriangles,thatarenotthe
ray entrancdriangleof thetetrahedroraretakeninto consid-
erations.The -clippingroutinealsosayswhichtrianglewas
hit by theray, whatis usedto look for the next tetrahedron
theray enters.This is doneusingthe connectvity informa-
tion. As theray directionvectoris normalizedin adwance,
thelengthof the ray partwithin the tetrahedroris given by
thegenerated -value. Theintegrationof theray-partis per
formedusingthetrapezoidrule. Thelocationof the sample
pointsis demonstrateth Fig. 3. In this figure onecanalso
clearlysee thatin areasof fine triangulationthe integration
stepsizegetsshorterwhatmakestheeffectof implicit adap-
tivity. The interpolationof the functionvalueis doneusing
equation(1).

Stability problemsduringtheray integrationmay occurif
therearetwo -valuesin the -clipping procedurewhich
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Figure3: Samplepointsfor a 2D simplicial mesh
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Figure4: Exceptionsituationin meshtraversal

arenearlyequally or if thelengthof the integratedray part
within thetetrahedrons very small. In this casethetetrahe-
dron,evaluatedo bethenext one,might not containthe exit

point of the actualtetrahedron.To avoid this casea special
correctionof the exit pointis made,if theintegrationlength
is very smallor if therearetwo -values,which are pretty
muchthesame In this case¢hecomputedkxit pointis moved
alittle bit towardsthemid point of thenext tetrahedroro be
traversed.Whatwould happernif this exceptionwould have
notbeenhandleds showvn in Fig. 4.

3 RAY CASTING OF ISO SUR-
FACES ON IRREGULAR GRIDS

To extendthevolumeray casting jso-suraiceshave beenim-
plemented. As the interpolationfunction (1) is affine one
caneasilycheck,if aniso-surfceis hit duringthetraversal
of the tetrahedronif the interval, spannedy the value at
the entrancepoint and the value at the exit point, contains
theiso-value. The exactintersectiorpoint canbe computed

usinglinearinterpolationdueto thelinearinterpolatiorfunc-
tion. As a shadingmodelwe usethe phongmodelwith pure
diffuse reflection. The transpareng of the surfacecanbe
definedbut is constant.

To performthe shadingalgorithmthe normal of the sur
faceis needed. As in mostiso-surficealgorithmswe use
the gradientto computethe normal. The differentiationof
equation(1) resultsin thegradient

b

f=1c¢ ©)
d

The applicationof this formularesultsin surfacesthatlook
flat shadedike, asthe resultinggradientis not continuous
overthewholevolume.

To avoid this effect the shadingnormalis computeddif-
ferently in our case. First equation(3) is usedto compute
gradientsfor every tetrahedron.Every tetrahedroraddsits
gradientto its four vertices which initially have a zerovec-
tor as gradient. This way every vertex containsa volume
weightednormalvectorof thetetrahedrat belongsto. In a
third iterationa setof interpolationfunctionsfor theinterpo-
lation of thethreegradientcomponentss computedThisis
doneby solvingthe equation(2) for all threegradientcom-
ponents.Thisis donein advancewith the preprocessinglo
performthe shadingthe gradientis interpolatedat the esti-
matedsurfaceintersectiorposition.

4 EXPERIMENTS

To analyzehecharacteristicef thepresentedlgorithmsev-
eralexperimentdave beenperformed.Our mainaimwasto
analyzetherelationof computatiortime andimagequality.
For this purposea chromosomelatasethasbeenused.This
datasetoriginatesfrom the institute of anatomy University
of Giessenlt consistof voxels.

The chromosomelataset, ray-tracecthe traditionalway
with two samplepervoxel,is shavnin image6f. All images
are ray-tracedat a pixels per imageresolution.
The otherimages6a - 6e shav the samedatasetwith the
sametransferfunctionsfor differentreductionstages.The
amountof verticesandtetrahedrdor every datasetleft, is
displayedesidesheusedcomputationatimein table4. For
theoriginaldatasetin plate6f theamountof cubiccellshave
beeninserted.

Theimagedifferencedbetweertheoriginalimagein plate
6f andthe reducedimagewith mosttetrahedrdeft, thatis
displayedn plate6eis mamginal. Thenumberof verticeshas
beenreducedo . Theimageray-tracingtime hasbeen
reduceddown to . Thesenumbersshav the strength
of the combinationof the finite elementanalysisalgorithm
with theinherentadaptye ray-castingnethod.The analysis
algorithmtendsto finer tetrahedrizatioof regionswith high
gradientmagnitude.This canbe clearly seenat the slopeof



plate cells vertices| time[sec]
6a 12,570 2,320 61
6b 25,571 4,613 74
6c 50,817 9,076 93
6d 111,891 19,769 117
6e 194,885 34,269 148
6f 16,581,375| 16,777,216 727

Tablel: Computationatime usedfor differentresolutions

Figure5: Timesfor theray-tracingof thechromosomelata-
set

the chromosomén theimages6a- 6f. This slopedegener
atesat the lower levels of resolutionvery quickly. On the
otherhandthe black kernel,which is the nucleusin the up-
perleft cornerof the chromosomeemainsquite stableeven
in levelsof lower resolution.

This hasthe consequencéhatthe mainfeaturesof avol-
ume are still intact at lower resolutions,what males this
techniqueinterestingfor interactive preview, asthesedras-
tically reducedrepresentationare still usefulfor deciding,
whetherthereareinterestingfeaturesin the data-sebr not.
In plate 6afor instancethe amountof verticeshasbeenre-
ducedowvnto 1 oftheoriginaldataset,andtherequired
computationatime hasbeenreduceddown to of the
original dataset. Themain characteristicasthe orientation
of the chromosomendthe positionof the nucleusare still
visible.

The computatiortime for the original datasetandfor the
reducedoneshasbeenvisualizedin image5. The dotted
line representshe computatiortime of the original data-set
with standardvolumeray-castingtechnique.The computa-
tion time for the reduceddatasetswith respecto the num-
ber of tetrahedrdeft, is shavn in the scatterplot. Onecan
see thatthe functionis nearlylinear exceptfor the the first
samples.The reasonfor this phenomenors, that the ray-
entrancecalculationconsumeselatively moretime, if there
arejust few tetrahedrathataretraversedalongasingleray.

The presented/olumeray-castingacceleratiortechnique
is orthogonalto the most known volume ray-tracing ac-
celerationtechniques. In other words the combinationof
the presentedcceleratiortechniquewith oneof the known
onesresultsin extra acceleration As an exampleearly ray-
terminationhasbeenimplementecandexperimentswith the
chromosomalatasethave beenmade. The imagesshavn
in plate 6f and6e have beenray-tracedusinga terminating
opacityof . Thetime neededor theoriginal datasetwas

secondsindfor thereduceddatasetwith vertices
left, thecomputationatimewasl secondsTheaccelera-
tion factorof five remainechearlyconstant.

Furtherthe ray-tracingof iso-suriceshas beenimple-
mented. As an examplewe have chosena MRI-scanof a
head. The original dataset contains 11 vox-
els. In plate6athe volumerenderingof thereducedlataset
with verticesleft is shavn. In plate6g aniso-surfice
of this reduceddatasetis shavn. Due to the interpolation
of the weightedgradientsa Gouraudshadingeffect is pro-
duced.

5 CONCLUSIONS AND FUTURE
WORK

We have shawvn thatimplicit adaptve volume-ray-castings
apowerful methodfor volume-ray-castingccelerationThe
basicideato generateheadaptvity informationin aprepro-
cessingstep,andto codeit implicitly into a datastructure
offersthe possibilityto constructspecialvisualizationalgo-
rithms, thatmake useof thisimplicit adaptvity information.

We arecurrentlyplanningto extendthis approacho volu-
metricdefinedcomplex domains.Theproblemin this casds
to find the ray-entrancepoint of the volume. Anotherprob-
lem is the fact, thattheremay be multiple ray-entranceand
exit points,if the domainis not corvex. An efficient solu-
tion to this problemmight be to extractthe boundarytrian-
glesof this volumefirst. The ray-entranceand exit points
may be computedby usinga scan-lineorientatedalgorithm.
Thescan-comersiorwould beperformedisingamodifiedz-
buffer algorithm thatstoresevery fragmentwith its z-values,
thatare sortedafter the scan-linealgorithmhasbeentermi-
nated.Thisway onegetsevery volumetricentranceandexit
point alongtheray. The traversalwithin the definition do-
main would againbe doneusingthe connectvity informa-
tion.
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(a) 0.01%of thevertices (b) 0.03%o0f the vertices (c) 0.05%of thevertices

(d) 0.1%o0f thevertices (e)0.2%of thevertices (f) full resolution

(9) iso surface1% of thevertices

Figure6: Imageplateshaving theresultsof volumeray-casting




