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Abstract

Recentadwancesdn thetechnologyof 3D sensorandin the perfor
manceof numericalsimulationsresultin the generatiorof volume
dataatever grawing size.In orderto allow real-timeexplorationof
even the highestresolutiondatasets,adaptve techniquedenefit-
ing from the hierarchicahatureof multi-resolutionrepresentations
have gainedspecialattention.In this paperwe proposean adap-
tive approacho thefastreconstructiorf iso-surbicesrom regular
volumedataatarbitrarylevelsof detail. Thealgorithmhasbeende-
signedto enablereal-timenavigation throughcomple structures
while providing useradjustableresolutionlevels. Since adaptve
on-the-flyreconstructiorand renderingis performedfrom a hier
archicaloctreerepresentationf the volumedata,the methoddoes
not dependon pre-processingvith respectto a specificiso-value
thusallowing the userto interactvely brovsethroughthe setof all
possiblaso-surfices Speciakttentionis paidto thefixing of cracks
in the surfacewherethe adaptve reconstructiorievel changesand
to theefficient estimationof theiso-surfces cunature.

1 Introduction

Theextractionof iso-surficeds awidely usedvisualizatiormethod
for scalarvaluedvolumedatasets.It is especiallyappropriatefor
volumedatacontainingobjectswith clearlydeterminedoundaries
(like bonesin CT), wherethe lighting and shadingof the surface
greatlyenhancetheir 3D structure Furthermorethe generatiorof
polygonaliso-surbicesseemso bethe preferredvisualizationtech-
niqguefor workstationswith 3D graphicsaccelerators.

The standardviarchingCubesalgorithm[11] traversesall cells
of the volume and determineghe triangulationwithin eachcell
basedon trilinear interpolationof the valuesat the cell vertices.
Specialtreatmentof ambiguitiesis requiredto avoid inconsisten-
ciesvisible asholes[13]. While this methodleadsto satishctory
resultsfor smallto mediumsizeddatasets,it turnsoutthatit is not
appropriatdor datasetsizestypically found,e.g.,in medicalappli-
cations.Here,the surfaceextractionwith sequentiaktandardlgo-
rithmstakeson the orderof minutesandgeneratesip to a million
trianglesandmorewhich both severelyrestrictinteractve manipu-
lation.

Sincevolumetricdatasetsareintrinsically huge,a lot of efforts
have beenundertakn during the last yearsto comeup with opti-
mizedvisualizationalgorithms.The goalis to develop algorithms
whichreactto change®f mappingoarameterge.g.varyingtheiso-
value)by almostimmediatelyregeneratinghe correspondingeo-
metricalrepresentatiomhich thenoughtbe renderedvith several
framespersecondOnly with this type of real-timeinteractionand
navigationit is possibleto effectively analyzeanunknavn dataset
andto compensatéor theinformationlost duringthe projectionof

*Computer SciencesDepartment(IMMD9) University of Erlangen-
Nirnbeg, Am Weichselgarten9, 91058 Erlangen, Germal, Email:
{west er | kobbel t| ert| }@ nf or mati k. uni - erl angen. de

the 3D sceneonto the screenVariousmethodsto dealwith these
problemsdncludediscretizedalgorithmg/12], improvedsortingand
incrementalipdatetechnique$17, 1], efficient cell searchwith in-

tenal datastructureg10] andpolygonreduction[15, 6, 7].

However, despiteall the sophisticationincorporatednto these
methodsit seemgshatthedatasetsaregrowing fasterthanalgorith-
mic progresss made For example,datavolumesfrom 3D medical
imaginglike CT areapproachingizesof 512° which amountsto
morethan 100 million voxel cells. It is obvious that visualization
methodswhich essentiallyhave to acces®achcell of a datasetin
orderto derive a visual mappingmight not catchup to the goal of
interactve processingThus,we have to reducethe numberof cells
thathave to bevisuallymappedwhich meanghatwe have to adap-
tively switchto coarserepresentationsf thedatawheneer thisis
acceptablavithin tolerancegprescribedy theuser

Thefirst of thesehierarchicalapproachesppliedin volumevi-
sualizationrwerebasedon octrees The basicideais to recursiely
combineeightcubedsub-wlumesto acoarsercell working bottom-
up from the original dataset.By storingadditionalinformationat
eachnodeone can detectand skip uninterestingpartsof the vol-
umeduring the traversal.Using suchhierarchiesor the mapping
itself, i.e. for the iso-surficeextraction,is difficult becauseneigh-
boringoctreeleavesat differentlevelsof resolutionexhibit hanging
nodeswhich leadto interpolationdiscontinuitiesvisible ascracks
[14, 16].

In this paperwe describea nev methodwhich solvesthe prob-
lems associatedvith adaptve iso-surfice extractionfrom octrees
andwhich providesthe basisfor the real-timeexplorationof large
regularvolumedatasets.After discussingtheroctreeapproaches
in Section2, wedescriben detailhow continuitycanbeestablished
acrosshierarchylevels (Section3). View dependencasthe basic
requiremenfor real-timeperformancgSection4) is achieved by
two complementaryefinemenbraclespresentedn Section5. Im-
plementatiorissuesaretreatedin Section6, beforewe discussour
results(Section7) andconcludewith ideasfor futurework.

2 Octree based iso-surface
reconstruction

Thebenefitof octreedor fastereconstructiomf iso-surbcesrom
regularvolumedatawerefirstrecognizedn [20]. By storingateach
inner nodeof the treethe minimum and maximummaterialvalue
thatappearsn ary of the branche$elown thatnode,the searchfor
all relevant cells wherethe surfacepasseshroughcanbe speeded
up considerably

Neverthelessalthoughthenumberof cellswhich have to bevis-
ited is reducedwhenrecursvely traversingthe hierarchy the sur
faceis still reconstructedrom the original data.As a consequence
the size of the detailscaptureds determinedoy the resolutionof
the original cells, thus preventing an adaptve reconstructiorwith
adjustableapproximationprecision.For high resolutiondatasets,
however, thecompleity of thegeneratedneshesnalesinteractve



surfaceextractionimpossiblesincethe numberof generatedrian-
glescanhardlybedisplayedn real-time.

In orderto circumwent thesedravbacksalgorithmshave been
designedo enableadaptive surfacereconstructiorfrom hierarchi-
cally decomposedolumedata[14, 16]. Usually the hierarchyis
traversedn atop-davn ordertherebyapplyingthe marchingcubes
extractionprocedurg11] to thosenodeswhich meeta certaincri-
terion. Oncea nodehasbeenselectedor extraction,the traversal
is prunedto avoid the processingf child nodesbelown the current
one.

Whengeneratingnoctreehierarchyfor agivenvolumedataset
therearedifferentstrat@ieshow to obtainthe coarserepresenta-
tions. In volumerenderingapplicationg9, 8, 3] averagepyramids
arecommonlyused.Thesearecomputediy successiely applying
a low-passfilter to the voxel datastartingat the finestlevel. Ev-
eryothersamples pushedipto thenext level in thehierarchythus
reducingheresolutionin eachdimensiorby afactorof two (down-
sampling). The smallmemoryoverheadof 15% to storethe lower
resolutioncanbe avoidedif coarsetevel aregeneratedy merely
sub-samplinghe original data[14] sincetheaccesgo coarselev-
elscanbeimplementedy index scaling.Wavelettechniqueg19]
combinein-placestorageof the octreehierarchywith low-passfil-
teringfor coarsetevels but requiremoreinvolved methodgo ran-
domly access specificvoxel value.

3 Contin uous iso-surfaces

Despitethe apparentadwantagesof octreerepresentationsvhich
provideincreasinglysmootheapproximationsf thedataatcoarser
levels, problemsoccurif aniso-surfceis to bereconstructeddap-
tively from differentlevels. Sincedatasamplesare averagedthe
iso-surfice may shift or it completelydisappearsat one of the
coarserevels. Cracksand holeswill be the consequenceven if
the gradientof the volumedatais suficiently smooth.
Thereasorfor thesedifficultiesis thatwhenadaptvely travers-
ing the octreestructure,the underlyingscalarfield in factis no
longercontinuousin [14] an approachis proposedvherecoarser
approximationsare obtainedby sub-samplingthe original data.
To maintaina continuous scalarfield even if the extraction level
changesthematerialvaluesatcell facesvherealevel transitionoc-
cursareproperlyadjustedWheneer a cell is adjacento a coarser
level cell, the correspondinglatavaluesareresampledy interpo-
latingbetweerthevoxel valuesatthecoarsetevel (seeFigurel). A
similar approachs proposedn [16], wheretheintersectiorpoints
of the cell edgeswith the surfaceof interestare computedn ad-
vanceat thefinestlevel andeachcoarsetevel sub-sampleamong
thesepointsin orderto maintainthe surfacecontinuity
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Figurel: Resamplingatlevel transitions.

Our experimentshave shavn that even for moderatelysmooth
data setsthis stratgy leadsto unsatisctory resultsas soonas
the depth of the hierarchyexceeds2 or 3. Already after a few
sub-samplingtepsthe topologyof the extractediso-surficeis de-
stroyed eventhougha continuougepresentatiois guaranteedsee
Figure2).

Figure 2: Iso-surhicereconstructiorfrom averaged(left) and sub-
sampledright) data.

Dueto this obsenrationwe choseanaveragepyramidin our ap-
proach,but we did slightly changethe treatmentof level transi-
tions to meetthe continuity requirementsin the pyramid octree
with low-passfiltered coarseinevels the continuity at level transi-
tionscanbeestablishedby lettingthe coarsercell samplethescalar
field from thefiner level atthe evenindexed voxels(cf. Fig 1). The
oddindexedvoxelsonthefinerlevel have to berecomputedy lin-
earinterpolationin turn. As in the otherapproachesa continuous
transitionbetweerdifferentlevelsis achieved,but amuchsmoother
surfaceis reconstructeatthe coarsetevelsin the hierarchy

With the abore combinationof averagepyramid representation
with appropriatelyresamplingthe valuesat level transitionswe
guarante¢hecontinuityof the3D scalarfield wheretheiso-surfice
is to beextracted As aconsequencéhemarchingcubesprocedure
computegshe sameapproximatantersectiorpoint for all cells be-
ing adjacento a commonedge(edge-compatibility).
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Figure 3: Cracksin the piecavise linear approximatiorto the iso-
surfaceoccurat commoncell faceswherecellsfrom differentoc-
treelevelsmeet— evenif edge-compatibilitys guaranteed.

However the continuityof the scalarfield doesnotguarante¢he
continuity of theiso-surhceif extractionis performedon different
levels. This canbe clearly seenfrom the factthatthe iso-cune on
thecommorfaceis approximatedby astraightine from thecoarser



sidewhile it is abrokenline with several sggmentson thefiner side
(cf. Fig. 3).

Several authorshave proposedifferenttechniquedo solve this
cracking problem. In finite elementnalysisarelatedproblemarises
for adaptvely refinedvolumeelementsA standardsolutionthere
is to performa conformingsplit which eliminatesT-vertices[2]. In
the caseof hexahedralelementghe splitting is doneby inserting
a cubes centerand decomposinghe cubeinto six pyramidal el-
ements.This somavhat decoupleghe necessaryixing operations
on eachside.Accordingto the patternof hangingnodesfrom finer
neighboringcellswhich have anedgein commonwith the current
cell, we furthersplit the pyramids(cf. Fig. 4).

Figure4: Possibleconfigurationgor the conformingsplit.

Althoughtheconformingsplittechniquds appealingit turnsout
notto be usefulfor adaptve iso-surficeextractionsincethe mary
tetrahedrandpyramidelementgesultingfrom thesplit sometimes
causethe total numberof generatedrianglesto actuallyincrease
evenabove the numberof trianglesthatwould have beengenerated
for uniformreconstructioron thefinestlevel (cf. Fig 5).

Anotherfixing techniquehasbeenproposedy [16] wherethe
additionalintersectiorpointsfrom thefinerlevel areprojecteconto
the coarsetevel’s iso-lineto geometricallymendthe cracks.How-
ever, this techniqueproducesT-verticeswhich canleadto visual
artifactsif shadingtechniqueshasedon normalinterpolationare
applied.

For our approachwe assumethat the local refinementoracle
guaranteeteaf-cellsto not differ by morethanonegenerationln
this casethe genericconstellationto solve canbe depictedasin
Fig. 3: A cell from generation 1 is adjacento four cellsfrom
thenext finergeneration. In orderto minimizetheinformationthat
hasto be inquiredfrom neighboringcells, we decidedto leave the
marchingcubesalgorithmunchangedor the finer cellsand adapt
theextractionin thecoarseionein orderto closethecrack.

Consideranouterboundaryedgeof atrianglewhichthe march-
ing cubesalgorithmgenerate®n the coarserevel. Sincethe cor
respondingso-cune extractedfor the samefacebut from thefiner
sideis abrokenline, we splitthecoarsdriangleby insertingits cen-
terof gravity andrepresenit asafan of triangles. Facecompatibil-
ity is thenachieved by simply includingthe additionalintersection
pointsfound on thefiner level into the sequencef pointsdefining
thefan(cf. Fig. 6).

Theseadditionalintersectionpoints have to lie on the interior
edgesemanatingrom the centervertex onthefinerlevel (cf. edges
a,b,c,d in Fig 3). The particularconfigurationscanbe indexed by
an eight digit binary numberwith eachdigit being setby the bi-
nary predicatedndicating whetherone of the edgesnumbered
through in Fig. 3 intersectghe isosurficeor not. This amounts
to 5 differentconfigurationsvhich canbe solved off-line
andstoredin alook-uptable.Noticethatsomecaseshave ambigu-
ousconfigurationsvhichhaveto beresohedby checkingthescalar

valueat the centervertex. In fact, the sign of the centervalue de-
cideswhethertheiso-surcepassesbore or below.

Figure5: Thetriangulationof aniso-surficeby theuniformmarch-
ing cubesalgorithm on the finest level contains triangles
(left) while the adaptve extractionwith conformingsplits at the
level transitionsgenerates triangles(right). Althoughlarger
trianglesarevisible, mary smalltrianglesoccurdueto the splitting
of somecubesnto pyramidalcells.

4 Real-time exploration of volume data

In thelastsectionwe saw thathierarchicabndadaptve reconstruc-
tion of iso-surfcesfrom anoctreedatastructuress the key to cope
with the surfaces exponentialgrownth of compleity for increasing
resolutionHoweverfor real-timeapplicationstherequirementsre
even harderand the meshquality apparentlyhasto be tradedfor
CPUcycles.In orderto allow the useran effective exploration of
largevolumedatasetsin real-time the systemhasto be ableto not
only generatdifferentviews of the sameiso-surficewith several
framespersecondout alsoto let the userbrowsethroughthewhole
pencilof iso-surbcesThelatterfeatureturnsoutto be particularly
importantif thetargetiso-valuehasto befoundby trial anderroror
if multiple relevantiso-surficesarepresenin thedata.

Although adaptve iso-surfice extraction significantly reduces
the amountof triangles,we still wastegraphicsperformancefor
renderingunimportantuninterestingpr eveninvisible partsof the
surface.Thestandardansweto this obserationfrom thecomputer
graphicspoint of view is view dependency. Thedecisionon which
level of the octreea particularregion of theiso-surficeis to be ex-
tractedis not only basedn intrinsic propertieof the surfaceitself
(e.g.cunvature)but also”environmental’aspectdik e the distance
from the viewing camerathe angleto the viewing direction (e.qg.
back-faiceculling), or the distancefrom the centerof the view port
have to betakeninto account.

However, sincethe algorithmfor iso-surfce extraction cannot
predictthe users interaction,i.e. predictwhetherthe viewing per
spectve or the currentiso-value will changewe have to run the
completeextraction algorithm for eachframe. As a consequence
thereis no point in cachingary geometricinformationaboutthe
currentiso-surbice.We thereforeadwocatea one-passchemefor
the extractionalgorithm.Whentraversingthe octree a local oracle
decidesat every nodewhetherthe surfacecanbe extractedon this
level accordingto the prescribecerrortoleranceslf the answers
affirmative, we prunethe octreebelav the currentnode,computea
local piecavise linearapproximatiorandsendthe trianglesimme-
diatelyto thegraphicipelinewithoutfurthermaintainingaglobal
datastructurefor theiso-surfice.



Figure6: Thecracksin theiso-surficeat level transitionsarefixedby replacingcoarsedrianglesby fansof triangles.

5 Refinement oracles

The crucialingredientfor an octree-baseddaptve reconstruction
algorithmis the oraclewhich decideswhetherthe traversal pro-
ceedsor the local reconstructiorstarts.Typically suchoraclesare
basednsomeestimateof thelocal curvature[14] or onanestimate
of the potentialapproximatiorerrorcausedy notfurtherdescend-
ing the octree[16]. In our iso-surbceextractiontool we pursuea
two fold stratgy wherewe combineview dependentefinement
with alocal flatnessestimator

During the browsing phasethe userwantsto find a specificfea-
turein the data.Hence the emphasiss on providing real-timevi-
sual feedbackto interactionslike moving/rotatingthe volume or
changingheiso-value.In correspondend®e the humarnvisualcog-
nition interfaceit is usuallysufiicienttherenderthe surfacein high
detailonly in arathersmallregion of interestwhile therestcanbe
displayedrathercoarsely

5.1 Focus point oracle

We implementedhis strateyy by controlling the local refinement
througha focus point (centerof interest)which senesasapointing
device to indicatethe region wherethe userexpectsto find impor
tantdetail. The focuspoint canbe moved freely in spaceg.g.,by
usingaspacemouse Thesizeof theregion of interestcanbe mod-
ified by adjustingtheradius of interest.

The oraclenow simply computesthe Euclideandistanceof a
cell's centerfrom the focus point and evaluatesa profile function
which determineglown to which level the cellshave to berefined.
Sincewe wantto keepthe crackfixing assimpleaspossiblewe
have to constructaradialfunctionwhich guaranteethatthe oracle
doesnotallow neighboringecellsto differ by morethanonegenera-
tion.

Considerthe steepestegal level transitionwhich is a cell from
level (the cell in which the focus point lies) neighboringa cell
from level 1, neighboringa cell from level andsoon. The max-
imum distancethe centerof the th cell in this sequenceanhave
from thefocuspointis

with " beingthe diagonalof a level cell. Sincewe want

to boundthe coarseningvhenmaoving away from the focuspoint,

we haveto basethe oracleon amonotonicfunctionwhich mapsthe
to . Thefunction

1 — 1)

satisfieghis requirementTheradiusof interest is introducedby
simply evaluating insteadof andclampingtheargu-

mentof thelogarithmappropriatelyFor efficiencgy, thefunction(1)
canbeprecompute@dndstoredin atable.

5.2 Curvature dependent oracle

Whenthe radiusof interestis setto a ratherlarge value,we end
up extractinga considerabl@ortionof theiso-surceon thefinest
level. To have more control over the compleity of the generated
surfacewe thereforeintroducean additionalcurvature dependent
oraclewhich is appliedto all cellsin theinterior of the sphereof
interest( ). Obviously this oraclehasto be definedonly for
thefinestbut onelevel.

We wantto construcaneasy-to-galuatefunction which
gives an estimatefor the maximum curvature of the iso-surfice

within the unit cube 1 3. For the sale of sim-

plicity we restrictthefunction to beatrilinearinterpolant.

For aregularpoint ontheiso-surfice we have
andwe can (without lossof generality)assumehe existenceof a
function suchthat

in the vicinity of . It is now straightforward to derive the
coeficientsof thefirst andsecondfundamentaforms for the sur
face andto computeary cunaturemea-

surefrom this. With thestandardhotation for thepartial
derivativesof  we obtainthetotal curvature

@)
of thesurface whereall partialderivative areevalu-
atedat

Of coursethis functionalis rathercomplicatedto evaluateand
we haveto derive aresimplerestimateOur goalis to getthe coefi-
cients of alow-degreepolynomial suchthat for
all . Sucha polynomialis precomputedor each
cell andstored.Whenextractingthe iso-surbicefor somevalue
the cunaturedependentraclejust hasto evaluatethis polynomial.
In the caseof a constan{degree0) polynomialwe simply estimate
the maximumcurvature.This kind of errorestimatehasbeenused
by otherauthors[14, 5] but taking the total maximumof the cur
vaturefor all possibleiso-surficeswithin the rangeof oneoctree
cell usuallyover-estimateshe true cunaturesignificantly The ad-
ditionaldegreesf freedomin higherorderpolynomialscanbeused
to find tighter upperbounds We found that quadraticpolynomials



yield goodresultsin mostcasesSincethis requiresthree coefi-
cientfor eachcell on thefirst dovn-sampledevel, we endup with

amemoryoverheadf 2 5%.
For arandomsamplepoint 1% wegetthescalar
value andthe correspondingunature by

evaluating(2). Distributing mary sampleswithin the unit cube ,we
obtaina cloud of points in the —planewhich char
acterizeghe potentialcunaturerangedor all possibleso-surfices
(cf. Fig 7). The taskis thento find a polynomial which sat-
isfies for all astight aspossible.Sincethe marching
cubesalgorithm computesiso-surfice points on the edgesof the
finestgrid only andlinearly interpolatebetweerthemaryway, we
canalsorestricttherandomsampledo theseedgeswithout signifi-
cantlyaffectingthe curvatureestimates.
We apply a simpleheuristicfor the computationof which
leadsto reasonableesults. Thereforewe try to find coeficients
(Bézier coeficients) in orderto represent in the
basisof Bernsteinpolynomials.This allows usto exploit the con-
vex hull propertyof Béziercurves[4]. We startby settingall  to
zeroandthendo anupdatefor each with . Theupdate
shouldhave minimumimpactonthe in thesensehat

Simpleleastsquareditting shavs thatthis is achievedif

where
is the positive residuum

arethe Bernsteinpolynomialsevaluatedat and
before the update.

Figure 7: Typical curvature data for iso-surbcesfrom trilinear
scalarfields. We samplealongthe edgesof a unit cube.Thenwe
constructa quadraticpolynomial with which has
to be evaluatedin orderto estimatethe cunaturefor a certainiso-
value.NoticethatsomesamplesrenotconsideredThesearesam-
pleswhich lie closeto a singularpoint wherethe gradientfalls be-
low a prescribedhreshold .

6 Implementing the application interface

Theproposediisualizationtool is embeddedhto the Openlventor
renderingtoolkit thus offering highestflexibility in termsof user
manipulatiorandnavigation.

Openlwventoris anobjectorientedgraphicstoolkit built on top
of OpenGL,which hasbecomea defacto standardor interactie
modeling,renderingand manipulationof 3D sceneg18]. For our

methodto performefficiently, anew classhasbeendesignedvhich

manageshe hierarchicalvolumedatarepresentatioand provides
the core methodsto adaptvely reconstructarbitrary iso-surfices.
Thenewly createdvolumenodeis a separat@bjectwithin the hi-

erarchicaktructureof the scenegraph.This allows corvenientap-
plication of built-in manipulators sensorsgeditorsand other pre-
definedclassesmethodsand featureqlight sourcesanti-aliasing,
stereomode, perspectie/parallelrendering,fly, walk, trackball).
For the real-time exploration of microscopicstructuresdifferent
viewers enablingintuitive navigation through complec erviron-

mentsareof majorrelevance.

Within the Openliventor scenegraph mechanisnthe volume
nodeis organizedas a separatelymanagedsubgraph.The new
SoVol uneKi t is derived from the classSoBaseKi t, a con-
tainernodeproviding systendefinedroutinesandactions Thecore
volumeelementis implementedas a separateshapenodederived
from SoShape. Clipping planeswith a geometricrepresentation
areaddedwhich canbe accessedrom the Openlwventor standard
manipulatorsEven for highly complex structuresadditionalclip-
ping planescanbe usedeffectively to cut portionsof the datathus
removing lessimportantdetails.

During the rendering phase an object of type
SoG.Render Act i on traverses the scene graph and asks
all objectsto renderthemselesby calling their local GLRender
method. Within this method of SoVol urre all object specific
OpenGLcalls are performedwhich are necessaryo preparethe
final renderingof the iso-surfice.Particularly materialproperties,
the shadingmode,culling parametersandthe displaymodeof the
trianglesarechosenAll trianglesaresendto the geometryengine
immediatelyafter they have beenreconstructedin this way we
completelyavoid the useof intermediatelatastructurego hold the
trianglelists.

Thefocuspointis implementedasa separateodeincludingan
displayableobjectof SoSpher e anda separatéransformnodeof
SoTr ansf or mltislinkedtothesceneggraphandconnectedo the
input device which triggersthe usernavigation. The volumenode
requeststhe position of the focus point beforethe renderaction
takesplaceandupdateghe lookuptablefrom which the degreeof
refinements derived.

7 Results

Figure 8 shavs a meshrepresentingan isosurfice of a synthetic

3 volumedataset. Thefocuspointis locatedin the centerof the
viewport and the focus areais clearly visible. Sincewe generate
a highly detailedmeshonly in the vicinity of the focuspoint, the
majority of the surfacecanbe extractedon a rathercoarselevel.
The averagindfilter thatwasusedto computethe voxel valueson
coarsettevels causeshe surfaceto remainsmooththusyielding an
intuitive visualappearance.

If we additionallytake thelocal cunvatureof theiso-suraceinto
accounthenonly thenon-flatregionsareactuallysubdvided. This
allows usto furtherreducethe numberof trianglesin the output.

Figure9 shavs aniso-surbceextractedfroma 5 5 1
CT-scan.The size of the original datasetmalesit impossibleto
effectively exploretheraw dataon a standardyraphicsworkstation.
Adaptie reconstructiorallows the userto adjustthe complexity
of the outputto the available hardware resourcesy enlaging or
narraving theradiusof interest.

An even larger datasetis shawvn in Fig.11(51 51 1 ).
Placingthe focus sphereallows the userto explore the detailsof
ary inner organwhile the restof the abdomenis displayedon a
rathercoarsdevel. Sincewe generatehe coarsetevel databy av-
eraginginsteadof plain subsamplingthe globalshapeof theintes-
tineremaindntact.Ourfixing techniqueatlevel transitiongrevents
cracksin theiso-surfices.



Figure8: Cunatureandfocusadaptve refinementOntheleft the cunaturetolerances setto zero(
andmorecellswithin thefocusareaneednotberefined.Theresultingmeshehave ,

OnaSGIOnyx (R10000,195Mhzvith REII graphicshardvare
ourimplementatiorgeneratesso-surficeswith a trianglecountof
about50K trianglesat several framesper second Sincewe do not
exploit ary frameto frame coherencethe performances not af-
fectedby change®f theiso-value.

8 Conclusion

In this paperwe have presentedjeneralideasto exploit a multi-

resolutionhierarchyof regularvolumedatafor thereal-timerecon-
structionof iso-surficesat arbitrarylevel of detail. In orderto ac-
countfor eventhe highestresolutiondatasetsan adaptve strat@y
hasbeenproposedenablingtheuserto focusarbitrarilyonary de-
tail of interest.A solutionfor the crack-fixingproblemin adaptve
iso-surficeextractionalgorithmshasbeenproposedanda new er

ror criterionbasednthelocal curvatureof theselectedso-surace
hasbeenintroducedwhich offers the possibility to further control
the approximatiorprecision.Real-timeexplorationof high resolu-
tion datasetsandselectiorof the desiredso-surficeis achieedin

thisway.

Insteadof a cunaturebasedrefinementraclewe canalsouse
a criterion that is basedon the actualapproximationerror caused
by not descendingo the finestlevel. For that, hovever, we have
to explicitly computethe surfacesfor all possibleiso-valuesin ad-
vancein orderto estimatethe differencebetweerthe exactsurface
andits approximatiorfor eachnodeof the octree Althoughtheex-
tractionprocessanbe donelocally for eachnode,it is in general
too expensve to be performedon realisticallysizeddatasets. As a
consequencehis stratgy hasnotbeenconsideredn ourapproach.

By integratingthesealgorithmsinto the Openliventortoolkit we
exploit the adwancedfeaturesof modernhigh-endgraphicswork-
stationsthrough standardAPIs like OpenGL.The integration of
sophisticateduser manipulatorsallow intuitive and easyways to
extractthe structureof interest.

Our resultshave shavn that the adaptve and hierarchicalna-
ture of our methodallows for the processingpf even the highest
resolutiondatasetswhich canhardlybemanagedy traditionalap-
proaches.

We expectsomeof ourideasto be of majorrelevanceespecially
for applicationsintegrating the internetand benefitingfrom pro-
gressietransmissiorandrendering Sincewe do notbuild polygon
lists explicitly, we could(insteadof sendinghe generatedriangles
to thegeometnyprocessorgstablistacommunicatiorprotocolwith
a client interface,e.g.a VRML-viewer. The surfaceof interestis
thengenerate@n the sener sideandthe primitivesaretransmitted
acrosghecommunicatiorchannel.

). With increasingolerancemore
,and 5 respectrely.
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Figure9: Exampledor thefocuspointdependenadaptve reconstructionDueto thelow-passpyramid,theiso-suriceson thecoarsetevels
aresmooth(upperleft). In thefocusarea,we canzoomin on the surfacedown to the finestresolution(uppercenter).The trianglecountis

(lower left) and (lowerright). Thebrainis extractedfroma 5 5 1 CT-scandataset.Extractingthe corresponding
iso-surficeby plainmarchingcubeson thefinestlevel yields1 triangles(upperright).

Figure10: Wire framerepresentationareillustratedfor two adaptvely reconstructeéso-surbces.

Figurell: An examplefor adaptve andreal-timereconstructiorf iso-surbicedrom large-scalevolumedata(51 51 1 ). Theimages
shav anincreasingocusarea(blackcircle) from left to right. Innerstructure®f theabdomerwerereconstructedvith 1 in 1.1seconds
(left). weregeneratedn 15.8 secondgcenter).The plain marchingcubeson the finestlevel yields in 45.0secondgright).
Noticethatmerelyrenderinga staticmeshwith (without extraction)on a high-endgraphicsworkstationtakesabouts seconds!



