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Abstract

Recentadvancesin thetechnologyof 3D sensorsandin theperfor-
manceof numericalsimulationsresultin thegenerationof volume
dataatevergrowing size.In orderto allow real-timeexplorationof
even the highestresolutiondatasets,adaptive techniquesbenefit-
ing from thehierarchicalnatureof multi-resolutionrepresentations
have gainedspecialattention.In this paperwe proposean adap-
tiveapproachto thefastreconstructionof iso-surfacesfrom regular
volumedataatarbitrarylevelsof detail.Thealgorithmhasbeende-
signedto enablereal-timenavigation throughcomplex structures
while providing user-adjustableresolutionlevels. Sinceadaptive
on-the-flyreconstructionandrenderingis performedfrom a hier-
archicaloctreerepresentationof thevolumedata,themethoddoes
not dependon pre-processingwith respectto a specificiso-value
thusallowing theuserto interactively browsethroughthesetof all
possibleiso-surfaces.Specialattentionispaidto thefixing of cracks
in thesurfacewheretheadaptive reconstructionlevel changesand
to theefficientestimationof theiso-surface’s curvature.

1 Intr oduction

Theextractionof iso-surfacesis awidely usedvisualizationmethod
for scalarvaluedvolumedatasets.It is especiallyappropriatefor
volumedatacontainingobjectswith clearlydeterminedboundaries
(like bonesin CT), wherethe lighting andshadingof the surface
greatlyenhancestheir3D structure.Furthermore,thegenerationof
polygonaliso-surfacesseemsto bethepreferredvisualizationtech-
niquefor workstationswith 3D graphicsaccelerators.

ThestandardMarchingCubesalgorithm[11] traversesall cells
of the volume and determinesthe triangulationwithin eachcell
basedon trilinear interpolationof the valuesat the cell vertices.
Specialtreatmentof ambiguitiesis requiredto avoid inconsisten-
ciesvisible asholes[13]. While this methodleadsto satisfactory
resultsfor smallto mediumsizeddatasets,it turnsout thatit is not
appropriatefor datasetsizestypically found,e.g.,in medicalappli-
cations.Here,thesurfaceextractionwith sequentialstandardalgo-
rithmstakeson theorderof minutesandgeneratesup to a million
trianglesandmorewhichbothseverelyrestrictinteractivemanipu-
lation.

Sincevolumetricdatasetsareintrinsically huge,a lot of efforts
have beenundertaken during the last yearsto comeup with opti-
mizedvisualizationalgorithms.The goal is to develop algorithms
whichreactto changesof mappingparameters(e.g.varyingtheiso-
value)by almostimmediatelyregeneratingthecorrespondinggeo-
metricalrepresentationwhich thenoughtberenderedwith several
framespersecond.Only with this typeof real-timeinteractionand
navigationit is possibleto effectively analyzeanunknown dataset
andto compensatefor theinformationlost duringtheprojectionof�
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the 3D sceneonto the screen.Variousmethodsto dealwith these
problemsincludediscretizedalgorithms[12], improvedsortingand
incrementalupdatetechniques[17, 1], efficient cell searchwith in-
terval datastructures[10] andpolygonreduction[15, 6, 7].

However, despiteall the sophisticationincorporatedinto these
methods,it seemsthatthedatasetsaregrowing fasterthanalgorith-
mic progressis made.For example,datavolumesfrom 3D medical
imaginglike CT areapproachingsizesof 512� which amountsto
morethan100 million voxel cells. It is obvious that visualization
methodswhich essentiallyhave to accesseachcell of a datasetin
orderto derive a visualmappingmight not catchup to thegoalof
interactiveprocessing.Thus,wehave to reducethenumberof cells
thathaveto bevisuallymapped,whichmeansthatwehaveto adap-
tively switchto coarserrepresentationsof thedatawhenever this is
acceptablewithin tolerancesprescribedby theuser.

Thefirst of thesehierarchicalapproachesappliedin volumevi-
sualizationwerebasedon octrees.Thebasicideais to recursively
combineeightcubedsub-volumesto acoarsercell workingbottom-
up from theoriginal dataset.By storingadditionalinformationat
eachnodeonecandetectandskip uninterestingpartsof the vol-
umeduring the traversal.Using suchhierarchiesfor the mapping
itself, i.e. for the iso-surfaceextraction,is difficult becauseneigh-
boringoctreeleavesatdifferentlevelsof resolutionexhibit hanging
nodeswhich leadto interpolationdiscontinuitiesvisible ascracks
[14, 16].

In this paperwe describea new methodwhich solvestheprob-
lemsassociatedwith adaptive iso-surfaceextractionfrom octrees
andwhich providesthebasisfor thereal-timeexplorationof large
regularvolumedatasets.After discussingotheroctreeapproaches
in Section2,wedescribein detailhow continuitycanbeestablished
acrosshierarchylevels (Section3). View dependency asthebasic
requirementfor real-timeperformance(Section4) is achieved by
two complementaryrefinementoraclespresentedin Section5. Im-
plementationissuesaretreatedin Section6, beforewe discussour
results(Section7) andconcludewith ideasfor futurework.

2 Octree based iso-surface
reconstruction

Thebenefitsof octreesfor fasterreconstructionof iso-surfacesfrom
regularvolumedatawerefirst recognizedin [20]. By storingateach
innernodeof the treethe minimum andmaximummaterialvalue
thatappearsin any of thebranchesbelow thatnode,thesearchfor
all relevantcellswherethesurfacepassesthroughcanbespeeded
upconsiderably.

Nevertheless,althoughthenumberof cellswhichhave to bevis-
ited is reducedwhenrecursively traversingthe hierarchy, the sur-
faceis still reconstructedfrom theoriginaldata.As a consequence
the sizeof the detailscapturedis determinedby the resolutionof
the original cells, thuspreventingan adaptive reconstructionwith
adjustableapproximationprecision.For high resolutiondatasets,
however, thecomplexity of thegeneratedmeshesmakesinteractive



surfaceextractionimpossiblesincethenumberof generatedtrian-
glescan� hardlybedisplayedin real-time.

In order to circumvent thesedrawbacksalgorithmshave been
designedto enableadaptive surfacereconstructionfrom hierarchi-
cally decomposedvolumedata[14, 16]. Usually the hierarchyis
traversedin a top-down ordertherebyapplyingthemarchingcubes
extractionprocedure[11] to thosenodeswhich meeta certaincri-
terion.Oncea nodehasbeenselectedfor extraction,the traversal
is prunedto avoid theprocessingof child nodesbelow thecurrent
one.

Whengeneratinganoctreehierarchyfor agivenvolumedataset
therearedifferentstrategieshow to obtainthe coarserrepresenta-
tions.In volumerenderingapplications[9, 8, 3] averagepyramids
arecommonlyused.Thesearecomputedby successively applying
a low-passfilter to the voxel datastartingat the finest level. Ev-
eryothersampleis pushedupto thenext level in thehierarchythus
reducingtheresolutionin eachdimensionby afactorof two (down-
sampling). Thesmallmemoryoverheadof ���
	 to storethe lower
resolutionscanbeavoidedif coarserlevel aregeneratedby merely
sub-samplingtheoriginal data[14] sincetheaccessto coarserlev-
elscanbeimplementedby index scaling.Wavelet techniques[19]
combinein-placestorageof theoctreehierarchywith low-passfil-
teringfor coarserlevelsbut requiremoreinvolvedmethodsto ran-
domlyaccessaspecificvoxel value.

3 Contin uous iso-surfaces

Despitethe apparentadvantagesof octreerepresentationswhich
provideincreasinglysmootherapproximationsof thedataatcoarser
levels,problemsoccurif aniso-surfaceis to bereconstructedadap-
tively from different levels. Sincedatasamplesareaveraged,the
iso-surface may shift or it completelydisappearsat one of the
coarserlevels. Cracksandholeswill be the consequenceeven if
thegradientof thevolumedatais sufficiently smooth.

Thereasonfor thesedifficulties is thatwhenadaptively travers-
ing the octreestructure,the underlyingscalarfield in fact is no
longercontinuous.In [14] an approachis proposedwherecoarser
approximationsare obtainedby sub-samplingthe original data.
To maintaina continuous scalarfield even if the extraction level
changes,thematerialvaluesatcell faceswherealevel transitionoc-
cursareproperlyadjusted:Whenever acell is adjacentto a coarser
level cell, thecorrespondingdatavaluesareresampledby interpo-
latingbetweenthevoxel valuesatthecoarserlevel (seeFigure1).A
similar approachis proposedin [16], wheretheintersectionpoints
of the cell edgeswith the surfaceof interestarecomputedin ad-
vanceat thefinestlevel andeachcoarserlevel sub-samplesamong
thesepointsin orderto maintainthesurfacecontinuity.�
����� ������ � �

��� � ��� � ���������! �� ���"��# �$� � �&%'��(����) � # ���  '��� �*# ��+!���,�- �� ���
�
���!�
� �
. ��/��

� 0213 � 0 3
3 � 021

3 � �

4"44"44"44"45"55"55"55"5 6"66"66"66"67"77"77"77"7
8"88"88"88"88"89"99"99"99"99"9:"::"::"::"::":;";;";;";;";;";

<"<<"<<"<<"<<"<="=="=="=="=="=

>">>">>">>">?"??"??"??"?

Figure1: Resamplingat level transitions.

Our experimentshave shown that even for moderatelysmooth
data setsthis strategy leadsto unsatisfactory resultsas soon as
the depth of the hierarchyexceeds2 or 3. Already after a few
sub-samplingstepsthetopologyof theextractediso-surfaceis de-
stroyedeventhoughacontinuousrepresentationis guaranteed(see
Figure2).

Figure2: Iso-surfacereconstructionfrom averaged(left) andsub-
sampled(right) data.

Dueto this observationwe choseanaveragepyramidin our ap-
proach,but we did slightly changethe treatmentof level transi-
tions to meet the continuity requirements:In the pyramid octree
with low-passfiltered coarserlevels the continuity at level transi-
tionscanbeestablishedby lettingthecoarsercell samplethescalar
field from thefiner level at theevenindexedvoxels(cf. Fig 1). The
oddindexedvoxelson thefiner level have to berecomputedby lin-
earinterpolationin turn. As in theotherapproaches,a continuous
transitionbetweendifferentlevelsis achieved,but amuchsmoother
surfaceis reconstructedat thecoarserlevelsin thehierarchy.

With the above combinationof averagepyramid representation
with appropriatelyresamplingthe valuesat level transitionswe
guaranteethecontinuityof the3D scalarfield wheretheiso-surface
is to beextracted.As aconsequence,themarchingcubesprocedure
computesthesameapproximateintersectionpoint for all cellsbe-
ing adjacentto acommonedge(edge-compatibility).
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Figure3: Cracksin the piecewise linearapproximationto the iso-
surfaceoccurat commoncell faceswherecells from differentoc-
treelevelsmeet— evenif edge-compatibilityis guaranteed.

However thecontinuityof thescalarfield doesnotguaranteethe
continuityof theiso-surfaceif extractionis performedon different
levels.This canbeclearlyseenfrom the fact that the iso-curve on
thecommonfaceis approximatedby astraightline from thecoarser



sidewhile it is abrokenline with severalsegmentson thefinerside
(cf. Fig.^ 3).

Severalauthorshave proposeddifferenttechniquesto solve this
cracking problem. In finiteelementanalysisarelatedproblemarises
for adaptively refinedvolumeelements.A standardsolutionthere
is to performaconformingsplit whicheliminatesT-vertices[2]. In
the caseof hexahedralelementsthe splitting is doneby inserting
a cube’s centeranddecomposingthe cubeinto six pyramidal el-
ements.This somewhat decouplesthe necessaryfixing operations
on eachside.Accordingto thepatternof hangingnodesfrom finer
neighboringcellswhich have anedgein commonwith thecurrent
cell, we furthersplit thepyramids(cf. Fig. 4).

Figure4: Possibleconfigurationsfor theconformingsplit.

Althoughtheconformingsplit techniqueisappealing,it turnsout
not to beusefulfor adaptive iso-surfaceextractionsincethemany
tetrahedraandpyramidelementsresultingfrom thesplit sometimes
causethe total numberof generatedtrianglesto actually increase
evenabove thenumberof trianglesthatwouldhavebeengenerated
for uniformreconstructionon thefinestlevel (cf. Fig 5).

Anotherfixing techniquehasbeenproposedby [16] wherethe
additionalintersectionpointsfrom thefiner level areprojectedonto
thecoarserlevel’s iso-lineto geometricallymendthecracks.How-
ever, this techniqueproducesT-verticeswhich can lead to visual
artifacts if shadingtechniquesbasedon normal interpolationare
applied.

For our approachwe assumethat the local refinementoracle
guaranteesleaf-cellsto not differ by morethanonegeneration.In
this casethe genericconstellationto solve canbe depictedas in
Fig. 3: A cell from generation_a`b� is adjacentto four cells from
thenext finergeneration_ . In orderto minimizetheinformationthat
hasto be inquiredfrom neighboringcells,we decidedto leave the
marchingcubesalgorithmunchangedfor the finer cellsandadapt
theextractionin thecoarseronein orderto closethecrack.

Consideranouterboundaryedgeof a trianglewhich themarch-
ing cubesalgorithmgenerateson the coarserlevel. Sincethe cor-
respondingiso-curve extractedfor thesamefacebut from thefiner
sideis abrokenline,wesplit thecoarsetriangleby insertingits cen-
terof gravity andrepresentit asa fan of triangles. Facecompatibil-
ity is thenachievedby simply includingtheadditionalintersection
pointsfoundon thefiner level into thesequenceof pointsdefining
thefan(cf. Fig. 6).

Theseadditionalintersectionpointshave to lie on the interior
edgesemanatingfrom thecentervertex on thefiner level (cf. edges
a,b,c,d in Fig 3). The particularconfigurationscanbe indexed by
an eight digit binary numberwith eachdigit beingsetby the bi-
nary predicatesindicatingwhetherone of the edgesnumberedc
through d in Fig. 3 intersectsthe isosurfaceor not. This amounts
to e�fhgie
�,j differentconfigurationswhich canbe solvedoff-line
andstoredin a look-uptable.Noticethatsomecaseshaveambigu-
ousconfigurationswhichhaveto beresolvedby checkingthescalar

valueat the centervertex. In fact, the signof the centervaluede-
cideswhethertheiso-surfacepassesabove or below.

Figure5: Thetriangulationof aniso-surfaceby theuniformmarch-
ing cubesalgorithm on the finest level contains k
l�j
c�l triangles
(left) while the adaptive extraction with conformingsplits at the
level transitionsgeneratesm
e,k�m
k triangles(right). Althoughlarger
trianglesarevisible,many smalltrianglesoccurdueto thesplitting
of somecubesinto pyramidalcells.

4 Real-time exploration of volume data

In thelastsectionwesaw thathierarchicalandadaptive reconstruc-
tion of iso-surfacesfrom anoctreedatastructureis thekey to cope
with thesurface’s exponentialgrowth of complexity for increasing
resolution.Howeverfor real-timeapplications,therequirementsare
even harderandthe meshquality apparentlyhasto be tradedfor
CPU cycles.In orderto allow the useran effective explorationof
largevolumedatasetsin real-time,thesystemhasto beableto not
only generatedifferentviews of the sameiso-surfacewith several
framespersecondbut alsoto let theuserbrowsethroughthewhole
pencilof iso-surfaces.Thelatterfeatureturnsout to beparticularly
importantif thetargetiso-valuehasto befoundby trial anderroror
if multiple relevantiso-surfacesarepresentin thedata.

Although adaptive iso-surface extraction significantly reduces
the amountof triangles,we still wastegraphicsperformancefor
renderingunimportant,uninteresting,or even invisible partsof the
surface.Thestandardanswerto thisobservationfrom thecomputer
graphicspoint of view is view dependency: Thedecisionon which
level of theoctreea particularregion of theiso-surfaceis to beex-
tractedis not only basedon intrinsicpropertiesof thesurfaceitself
(e.g.curvature)but also”environmental”aspectslike the distance
from the viewing camera,the angleto the viewing direction(e.g.
back-faceculling), or thedistancefrom thecenterof theview port
have to betakeninto account.

However, sincethe algorithmfor iso-surfaceextractioncannot
predicttheuser’s interaction,i.e. predictwhethertheviewing per-
spective or the currentiso-valuewill change,we have to run the
completeextraction algorithm for eachframe.As a consequence
thereis no point in cachingany geometricinformationaboutthe
currentiso-surface.We thereforeadvocatea one-passschemefor
theextractionalgorithm.Whentraversingtheoctree,a localoracle
decidesat every nodewhetherthesurfacecanbeextractedon this
level accordingto theprescribederror tolerances.If theansweris
affirmative,weprunetheoctreebelow thecurrentnode,computea
local piecewise linearapproximationandsendthetrianglesimme-
diatelyto thegraphicspipelinewithoutfurthermaintainingaglobal
datastructurefor theiso-surface.



Figure6: Thecracksin theiso-surfaceat level transitionsarefixedby replacingcoarsetrianglesby fansof triangles.

5 Refinement orac les

The crucial ingredientfor an octree-basedadaptive reconstruction
algorithm is the oraclewhich decideswhetherthe traversalpro-
ceedsor the local reconstructionstarts.Typically suchoraclesare
basedonsomeestimateof thelocalcurvature[14] or onanestimate
of thepotentialapproximationerrorcausedby not furtherdescend-
ing the octree[16]. In our iso-surfaceextractiontool we pursuea
two fold strategy wherewe combineview dependentrefinement
with a localflatnessestimator.

During thebrowsingphase,theuserwantsto find aspecificfea-
ture in thedata.Hence,theemphasisis on providing real-timevi-
sual feedbackto interactionslike moving/rotatingthe volume or
changingtheiso-value.In correspondenceto thehumanvisualcog-
nition interfaceit is usuallysufficient therenderthesurfacein high
detailonly in a rathersmall region of interestwhile therestcanbe
displayedrathercoarsely.

5.1 Focus point orac le

We implementedthis strategy by controlling the local refinement
througha focus point (centerof interest)whichservesasapointing
device to indicatetheregion wheretheuserexpectsto find impor-
tantdetail.The focuspoint canbe moved freely in space,e.g.,by
usingaspacemouse.Thesizeof theregionof interestcanbemod-
ified by adjustingtheradius of interest.

The oraclenow simply computesthe Euclideandistanceof a
cell’s centerfrom the focuspoint andevaluatesa profile function
which determinesdown to which level thecellshave to berefined.
Sincewe want to keepthe crackfixing assimpleaspossible,we
have to constructa radialfunctionwhichguaranteesthattheoracle
doesnotallow neighboringcellsto differ by morethanonegenera-
tion.

Considerthe steepestlegal level transitionwhich is a cell from
level c (the cell in which the focuspoint lies) neighboringa cell
from level � , neighboringa cell from level e andsoon. Themax-
imum distancethecenterof the n th cell in this sequencecanhave
from thefocuspoint isoqp gsr��D`tk p,uavw x y!z e

x|{~}
e g�r��&`tk���e p~� ���

{�}
e

with

} g�� k beingthe diagonalof a level c cell. Sincewe want
to boundthecoarseningwhenmoving away from the focuspoint,
wehaveto basetheoracleonamonotonicfunctionwhichmapstheo�p

to n . Thefunction���
�b�� �&`����
���!�
� ` }k }��

(1)

satisfiesthis requirement.Theradiusof interest� is introducedby
simplyevaluating

� � � � �
� insteadof

� � � � andclampingtheargu-

mentof thelogarithmappropriately. For efficiency, thefunction(1)
canbeprecomputedandstoredin a table.

5.2 Curvature dependent orac le

Whenthe radiusof interestis set to a ratherlarge value,we end
up extractingaconsiderableportionof theiso-surfaceon thefinest
level. To have morecontrol over the complexity of the generated
surfacewe thereforeintroducean additionalcurvaturedependent
oraclewhich is appliedto all cells in the interior of the sphereof
interest(

��� � ). Obviously this oraclehasto be definedonly for
thefinestbut onelevel.

Wewantto constructaneasy-to-evaluatefunction ����� ��� which
gives an estimatefor the maximumcurvatureof the iso-surface¡ � ¢a£A¤!£¦¥
��g§� within the unit cube ¨ c�£��ª©«� . For the sake of sim-
plicity we restrictthefunction

¡
to bea trilinear interpolant.

For a regularpoint ¨ ¢a£*¤¬£�¥�© on theiso-surface,wehave ­ ¡¯®g°c
andwe can(without lossof generality)assumethe existenceof a
function ±²� ¢³£*¤C� suchthat¡ � ¢a£*¤¬£¦±²� ¢³£¦¤C�*�´gµ�
in the vicinity of ¨ ¢³£*¤¬£�¥�© . It is now straightforward to derive the
coefficientsof thefirst andsecondfundamentalforms for thesur-
face � ¢³£*¤C� �� ¨ ¢a£*¤¬£*±�� ¢a£A¤"��© andto computeany curvaturemea-
surefrom this.With thestandardnotation

¡a¶ £ ¡B· £�¸�¸�¸ for thepartial
derivativesof

¡
weobtainthetotal curvaturev¹ �»º � v `¼º �� �tg r �2½,�
¾I�2½�¾,¿³�2½I�2À$�2½$Àª¿³�
¾,�2À$�
¾�À

{�Á
r � Á½ ¿³� Á¾ ¿³� ÁÀ

{,Â
` �

Á½ � Á¾�À ¿³� Á¾ � Á½$À ¿-� ÁÀ � Á½�¾� r � Á½ ¿-� Á¾ ¿³� ÁÀ
{�Á

� �2½I�
¾,�
¾�À��2½$À$¿³�2½I�2À$�
¾�À��2½ª¾I¿-�
¾,�2À$�
½$À��2½�¾r � Á½ ¿³� Á¾ ¿³� ÁÀ
{�Á (2)

of thesurface
¡ � ¢³£¦¤¬£�¥
�²gÃ� whereall partialderivative areevalu-

atedat ¨ ¢a£*¤¬£�¥�© .
Of coursethis functional is rathercomplicatedto evaluateand

wehaveto derivearesimplerestimate.Ourgoalis to getthecoeffi-
cientsÄ x of alow-degreepolynomialÅ suchthatÅB� ���&Æ´����� ��� for
all ��Ç�È ÉhÊË�ÌÊË�
Ç�Í¦Î . Sucha polynomialis precomputedfor each
cell andstored.Whenextractingthe iso-surfacefor somevalue �
thecurvaturedependentoraclejusthasto evaluatethispolynomial.
In thecaseof aconstant(degree0) polynomialwe simplyestimate
themaximumcurvature.This kind of errorestimatehasbeenused
by otherauthors[14, 5] but taking the total maximumof the cur-
vaturefor all possibleiso-surfaceswithin the rangeof oneoctree
cell usuallyover-estimatesthetruecurvaturesignificantly. Thead-
ditionaldegreesof freedomin higherorderpolynomialscanbeused
to find tighterupperbounds.We foundthatquadraticpolynomials



yield good resultsin mostcases.Sincethis requiresthreecoeffi-
cientfor eachcell on thefirst down-sampledlevel, we endup with
amemoryoverheadof �f gÏk
d|¸ �
	 .

For arandomsamplepoint ¨ ¢ x £*¤ x £*¥ x ©³ÐÑ¨ c�£��ª©Ò� wegetthescalar
value � x g ¡ � ¢ x £*¤ x £�¥ x � and the correspondingcurvature n x by
evaluating(2). Distributingmany sampleswithin theunit cube,we
obtaina cloudof points � � x £�n x � in the � �ÌÓÔnC� –planewhich char-
acterizesthepotentialcurvaturerangesfor all possibleiso-surfaces
(cf. Fig 7). The taskis thento find a polynomial ÅB� ��� which sat-
isfies ÅB� � x �ÕÆÖn x for all _ astight aspossible.Sincethemarching
cubesalgorithm computesiso-surfacepoints on the edgesof the
finestgrid only andlinearly interpolatesbetweenthemanyway, we
canalsorestricttherandomsamplesto theseedgeswithoutsignifi-
cantlyaffectingthecurvatureestimates.

We applya simpleheuristicfor thecomputationof ÅB� ��� which
leadsto reasonableresults.Thereforewe try to find coefficients× z £$¸�¸�¸�£ ×$Ø (Bézier coefficients) in order to representÅB� ��� in the
basisof Bernsteinpolynomials.This allows us to exploit the con-
vex hull propertyof Béziercurves[4]. We startby settingall

×*Ù
to

zeroandthendo anupdatefor each_ with ÅB� � x � � n x . Theupdate
shouldhaveminimumimpacton the

× Ù
in thesensethatw Ù � ×ªÚÙ � × Ù � �

�ÜÛhÝ�Þ ¸
Simpleleastsquaresfitting shows thatthis is achievedif×$ÚÙ g × Ù ` ß�à ØÙ � �

x �á p à Øp � �
x � �

where à ØÙ � �
x � aretheBernsteinpolynomialsevaluatedat � x and ßis thepositive residuumn x � Åa� � x � before theupdate.

Figure 7: Typical curvature data for iso-surfacesfrom trilinear
scalarfields.We samplealongthe edgesof a unit cube.Thenwe
constructa quadraticpolynomial ÅB� ��� with ÅB� � x �ÕÆân x which has
to beevaluatedin orderto estimatethecurvaturefor a certainiso-
value.Noticethatsomesamplesarenotconsidered.Thesearesam-
pleswhich lie closeto a singularpoint wherethegradientfalls be-
low aprescribedthresholdã .
6 Implementing the application interface

Theproposedvisualizationtool is embeddedinto theOpenInventor
renderingtoolkit thusoffering highestflexibility in termsof user
manipulationandnavigation.

OpenInventoris anobjectorientedgraphicstoolkit built on top
of OpenGL,which hasbecomea defactostandardfor interactive
modeling,renderingandmanipulationof 3D scenes[18]. For our

methodto performefficiently, anew classhasbeendesignedwhich
managesthehierarchicalvolumedatarepresentationandprovides
the core methodsto adaptively reconstructarbitrary iso-surfaces.
Thenewly createdvolumenodeis a separateobjectwithin thehi-
erarchicalstructureof thescenegraph.This allows convenientap-
plication of built-in manipulators,sensors,editorsand other pre-
definedclasses,methodsandfeatures(light sources,anti-aliasing,
stereomode,perspective/parallelrendering,fly, walk, trackball).
For the real-timeexploration of microscopicstructuresdifferent
viewers enabling intuitive navigation through complex environ-
mentsareof majorrelevance.

Within the OpenInventor scenegraphmechanismthe volume
node is organizedas a separatelymanagedsubgraph.The new
SoVolumeKit is derived from the classSoBaseKit, a con-
tainernodeproviding systemdefinedroutinesandactions.Thecore
volumeelementis implementedasa separateshapenodederived
from SoShape. Clipping planeswith a geometricrepresentation
areaddedwhich canbe accessedfrom theOpenInventorstandard
manipulators.Even for highly complex structuresadditionalclip-
ping planescanbeusedeffectively to cut portionsof thedatathus
removing lessimportantdetails.

During the rendering phase an object of type
SoGLRenderAction traverses the scene graph and asks
all objectsto renderthemselvesby calling their local GLRender
method. Within this method of SoVolume all object specific
OpenGLcalls are performedwhich are necessaryto preparethe
final renderingof the iso-surface.Particularly, materialproperties,
theshadingmode,culling parameters,andthedisplaymodeof the
trianglesarechosen.All trianglesaresendto thegeometryengine
immediatelyafter they have beenreconstructed.In this way we
completelyavoid theuseof intermediatedatastructuresto hold the
trianglelists.

Thefocuspoint is implementedasa separatenodeincludingan
displayableobjectof SoSphere anda separatetransformnodeof
SoTransform. It is linkedto thescenegraphandconnectedto the
input device which triggersthe usernavigation.The volumenode
requeststhe position of the focus point beforethe renderaction
takesplaceandupdatesthelookuptablefrom which thedegreeof
refinementis derived.

7 Results

Figure8 shows a meshrepresentingan isosurfaceof a syntheticj�m
� volumedataset.Thefocuspoint is locatedin thecenterof the
viewport and the focusareais clearly visible. Sincewe generate
a highly detailedmeshonly in the vicinity of the focuspoint, the
majority of the surfacecanbe extractedon a rathercoarselevel.
Theaveragingfilter thatwasusedto computethevoxel valueson
coarserlevelscausesthesurfaceto remainsmooththusyieldingan
intuitivevisualappearance.

If weadditionallytake thelocalcurvatureof theiso-surfaceinto
accountthenonly thenon-flatregionsareactuallysubdivided.This
allowsusto furtherreducethenumberof trianglesin theoutput.

Figure9 showsaniso-surfaceextractedfrom a e
��j~Ó�e
�,j~Óä��e�l
CT-scan.The sizeof the original datasetmakes it impossibleto
effectively exploretheraw dataonastandardgraphicsworkstation.
Adaptive reconstructionallows the userto adjustthe complexity
of the output to the availablehardware resourcesby enlarging or
narrowing theradiusof interest.

An even largerdatasetis shown in Fig.11( �|�Ie�Óå�|�Ie�Óæ�Ie,l ).
Placingthe focussphereallows the userto explore the detailsof
any inner organwhile the rest of the abdomenis displayedon a
rathercoarselevel. Sincewe generatethecoarserlevel databy av-
eraginginsteadof plain subsampling,theglobalshapeof theintes-
tineremainsintact.Ourfixing techniqueatlevel transitionsprevents
cracksin theiso-surfaces.



Figure8: Curvatureandfocusadaptive refinement.Ontheleft thecurvaturetoleranceis setto zero( m
j
�èç ). With increasingtolerancemore
andmorecellswithin thefocusareaneednot berefined.Theresultingmesheshave m2k
�èç , k
e��èç , and e����èç respectively.

OnaSGIOnyx (R10000,195Mhz)with REII graphicshardware
our implementationgeneratesiso-surfaceswith a trianglecountof
about50K trianglesat several framespersecond.Sincewe do not
exploit any frameto framecoherence,the performanceis not af-
fectedby changesof theiso-value.

8 Conc lusion

In this paperwe have presentedgeneralideasto exploit a multi-
resolutionhierarchyof regularvolumedatafor thereal-timerecon-
structionof iso-surfacesat arbitrarylevel of detail. In orderto ac-
countfor eventhehighestresolutiondatasetsanadaptive strategy
hasbeenproposed,enablingtheuserto focusarbitrarilyonany de-
tail of interest.A solutionfor thecrack-fixingproblemin adaptive
iso-surfaceextractionalgorithmshasbeenproposedanda new er-
ror criterionbasedonthelocalcurvatureof theselectediso-surface
hasbeenintroducedwhich offers thepossibility to furthercontrol
theapproximationprecision.Real-timeexplorationof high resolu-
tion datasetsandselectionof thedesirediso-surfaceis achievedin
thisway.

Insteadof a curvaturebasedrefinementoraclewe canalsouse
a criterion that is basedon the actualapproximationerror caused
by not descendingto the finest level. For that, however, we have
to explicitly computethesurfacesfor all possibleiso-valuesin ad-
vancein orderto estimatethedifferencebetweentheexactsurface
andits approximationfor eachnodeof theoctree.Althoughtheex-
tractionprocesscanbedonelocally for eachnode,it is in general
too expensive to beperformedon realisticallysizeddatasets.As a
consequence,thisstrategy hasnotbeenconsideredin ourapproach.

By integratingthesealgorithmsinto theOpenInventortoolkit we
exploit the advancedfeaturesof modernhigh-endgraphicswork-
stationsthroughstandardAPIs like OpenGL.The integration of
sophisticatedusermanipulatorsallow intuitive and easyways to
extractthestructuresof interest.

Our resultshave shown that the adaptive and hierarchicalna-
ture of our methodallows for the processingof even the highest
resolutiondatasetswhichcanhardlybemanagedby traditionalap-
proaches.

Weexpectsomeof our ideasto beof majorrelevanceespecially
for applicationsintegrating the internetand benefitingfrom pro-
gressivetransmissionandrendering.Sincewedonotbuild polygon
listsexplicitly, wecould(insteadof sendingthegeneratedtriangles
to thegeometryprocessor)establishacommunicationprotocolwith
a client interface,e.g.a VRML-viewer. The surfaceof interestis
thengeneratedon theserversideandtheprimitivesaretransmitted
acrossthecommunicationchannel.
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Symposium on Volume Visualization, pages51–58.ACM SIG-
GRAPH,1994.

[20] J. Wilhelms and A. Van Geldern. Octrees for faster
Iso-Surface Generation. ACM Transactions on Graphics,
11(3):201–297,July 1992.



Figure9: Examplesfor thefocuspointdependentadaptive reconstruction.Dueto thelow-passpyramid,theiso-surfaceson thecoarserlevels
aresmooth(upperleft). In thefocusarea,we canzoomin on thesurfacedown to thefinestresolution(uppercenter).Thetrianglecountisk2e,�èç (lower left) and l
l��èç (lower right). Thebrainis extractedfrom a e
�,j�ÓÌe
�,j�Óå��e�l CT-scandataset.Extractingthecorresponding
iso-surfaceby plainmarchingcubeson thefinestlevel yields ��¸ j
éâç triangles(upperright).

Figure10:Wire framerepresentationsareillustratedfor two adaptively reconstructediso-surfaces.

Figure11:An examplefor adaptiveandreal-timereconstructionof iso-surfacesfrom large-scalevolumedata( �
�IeêÓë�|�IeêÓh�Ie,l ). Theimages
show anincreasingfocusarea(blackcircle)from left to right. Innerstructuresof theabdomenwerereconstructedwith �Ie,k
�èç in 1.1seconds
(left). e|¸ e
ébç weregeneratedin 15.8seconds(center).Theplain marchingcubeson thefinestlevel yields j
éâç in 45.0seconds(right).
Noticethatmerelyrenderingastaticmeshwith j2ébç (withoutextraction)onahigh-endgraphicsworkstationtakesabout � seconds!


