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Abstract

In this paper we presenta new methodfor surfaceextraction fromvolumedata which preservesharpfeatues,
maintainsconsistentopolayy and geneatessurfaceadaptivelywithout crack patching. Our appoad is based
onthemarching cubesalgorithm,a popularmethodo corvertvolumetricdatato polygonalmeshesTheoriginal

marching cubesalgorithm sufers from problemsof topolagical inconsistencycradksin adaptiveresolutionand
inability to preservesharpfeatues.Mostof marching cubesvariantsonly focuson oneor someof theseproblems.
Althoughthesetechniquescould be combinedto solvetheseproblemsaltogether sud a combinationmight not
bestraightforwad. Moreover, somefeatue-preservingvariantsintroduceanadditionalprobleminter-cell depen-
dencyOur methodpbrovidesa relativelysimpleandeasy-to-implemersiolutionto all theseproblemsby converting
3D marching cubesnto 2D cubicalmarching squaes,resolvingtopolagy ambiguitywith sharpfeatuesandelim-
inating inter-cell dependencyy samplingface sharpfeatues. We compae our algorithm with other marching

cubesvariantsanddemonstateits effectivenessn variousapplications.

Catgyoriesand SubjectDescriptorgaccordingto ACM CCS} 1.3.5 [ComputerGraphics]:ComputationGeometry

\olume24 (2009, Number3

andObjectModeling: Curve, surface,solid andobjectrepresentations

1. Intr oduction

Volumetric and polygonalrepresentationare amguably the
two most popularrepresentationfor geometricobjectsin
computegraphicsPolygonakepresentatioallows ef cient
renderingon moderngraphicshardware, but it is not an
effective representatiorfor time-varying applicationsand
for performinggeometricmanipulationssuchas Construc-
tive Solid Geometry (CSG) modeling or booleanopera-
tions [BKZ01]. On the contrary suchgeometricoperations
would be easierwith volumetric representationalthough
renderingvolumetric datais less efcient than polygonal
meshe®n moderngraphicsarchitecture.

To displaythevolumetricdataef ciently , thewell-knovn
marchingcubesalgorithm[LC87] andits variantsprovide a
corvenientandefcient way to corvert the volumetricdata
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into polygonal meshesThesemethodsallow us to accu-
rately represengeometricobjectsas volumetric data, ma-
nipulate them volumetrically and ef ciently display them
by convertingon the y thevolumetricdatainto polygonal
meshesHowever, althoughthe original marchingcubesal-
gorithmis generallyeffective, it hasproblemswith topolai-
cal inconsistencycradksin adaptve resolutionandinability
to presere sharpfeatues

The rst problemwith the original marchingcubesalgo-
rithmis topologicalinconsisteng becausef topologyambi-
guities.Suchambiguitiesarisewhentherearemorethanone
feasibleassignmentfor acasen thelookuptableof march-
ing cubes.In thesecasesthe triangulationhasto choose
which pairsof intersectiongo connector to decidewhether
two componentareseparatedr joined.An inconsistenam-
biguity resolutionstrateyy couldleadto holes.

The secondproblem is cracksin adaptve resolution.
Adaptive methodsapply marchingcubesto anadaptve grid
to reducethe numberof resultingtriangles.However, they
canresultin cracksat the interfacesof grid cells at dif-
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ferent resolutions.Such a problemis often overcomeby
crack patching. While crack patchingis effective, it of-
ten stretcheghe high-resolutionedgesto matchwith low-
resolutionedgesand hencedoesnot take full advantageof
the ner-resolutiondata.

The third problemis the inability to presere sharpfea-
tures.The original marchingcubesalgorithm assumeshat
theunderlyingsurfaceis smoothanddoesnotpresere sharp
edgesandcornersHencea at surfacemightbecomewavy.
The mainideafor solving this problemis to nd the exact
intersectionof the zero-crossingoints' tangentplanes.To
de ne thetangentplanesjn additionto ascalar eld, sharp-
feature-preservinglgorithmsrequire exact information of
normalsfor zero-crossingpoints.

Finally, while sharp-feature-preservinglgorithms im-
prove the accurag of extractedsurface,someof them,un-
fortunately introduceanotherproblemof inter-cell depen-
dency i.e., the extractedsurfaceof a cell might dependon
theresultsof its neighboringcells. Theinter-celldependenc
malkes the computationslover and more comple. Hence,
eliminatinginter-cell dependencimprovestheperformance
and malkes it easierto implementsurface extraction algo-
rithms on programmableraphicsprocessinginits (GPUs),
which have morecomputingpower thanCPUs.

To sumup, currentmarching-cube-styleechniquegould
still suffer from someproblemsof topologicalinconsisteny,
cracksin adaptve resolution sharpfeaturepreserationand
inter-cell dependenc Suchproblemdimit thespeedandac-
curay of applicationsusingthesetechniquesTheseprob-
lemsareoftendiscusse@ndsolvedindividually in previous
literature.Although previoustechniquesould be combined
to solvetheseproblemsaltogethersuchacombinatiormight
be complicatedor even impossible.In this paper we pro-
posea new solution that corverts the marchingcubesinto
cubical marchingsquaresdeterminegopology with sharp
featuresand eliminatesinter-cell dependenc We call this
methodcubicalmarching squaes(CMS) method By reduc-
ing three-dimensiongbroblemsinto two-dimensionabnes,
our methodeffectively overcomesall the abore problemsin
asimpleandintuitive manner

2. RelatedWork

Marchingcubeg(MC) algorithmwasproposedy Lorensen
andClinein 1987[LC87]. It analyzeghe binary patternof

eight verticesof a cubeto constructa surfacethat approx-
imates the underlying surface. Consideringrotations and
symmetriesthey reducethe original 256 patterngo a total

of 15 con gurations.As describedpreviously, althoughthe

marchingcubesalgorithmhasbeenproved effective, it has
several problemsandmary variantswerehenceproposedo

addresgheseproblems.

First of all, there have beentwo types of ambiguities
found in certaincon gurations wherethere are more than

onewaysto triangulateThe rst is faceambiguity It arises
when a facehastwo diagonally oppositeverticesmarked
positive and the other two marked negative. Nielson and
Hamann NH91] shav how this canhapperbetweemeigh-
boringcellsandmayleadto holesandinconsistentopology
Anotheris internal ambiguitywhich occursin the interior
of a cell. Natarajan[Nat94 and Cherryaer [Che9§ inde-
pendentlyidentify this type of problemand provide solu-
tions.Theseambiguitiescanoftenberesohedby addingex-
actsamplepointsinsideeachcell. To determinetheseextra
points,mary methodsassumehat“the implicit function of
thevolumetricdatais linearalonganedgepbilinearonaface;
andtrilinear insidea cell” Underthis trilinear assumption,
several methodsare proposedto resole ambiguouscases
on the faces[NH91] and inside the cells [LB03, Nie03,
andthusto determinea consistentopology More recently
Lewineretal. [LLVTO3] provide anef cient andcomplete
implementationof Cherryae/'s method.We call theseal-
gorithmstopology-consistenmharchingcubeg TMC) in this
paper

When applying the marchingcubesalgorithmto a uni-
form grid, the numberof resultingtrianglescould be large
even if the original surfaceis quite simple. To reducethe
numberof triangles,several methodshave beendeveloped
to apply marching cubesalgorithm to an adaptve grid,
suchasan octree[WG92 SCK95. Crack patchingis per
formedto Il crackswheretwo cells of different resolu-
tions meet[SFYC94. Heidrich et al. also proposea real-
time adaptve isosurcingmethod[HSE99.

Theoriginalmarchingcubesalgorithmdoesnotrepresent
sharpfeatureswell. By usingextra informationof normals,
Kobbeltet al. [KBSS0] proposethe extendedmarching
cubeqEMC) algorithmwhich preseressharpfeaturesThe
EMC methodhasbasicallytwo operationsOne s detect-
ing andsamplingthe sharpfeaturesithe otheris edge ip-
ping. Themainideaisto nd theexactintersectiorpointsby
intersectingthe tangentplanesof the zero-crossingoints.
Juetal. proposedual contouring(DC) [JLSWO03, a hybrid
methodof EMC [KBSSO0] and SurfaceNetdGib9§ algo-
rithms. They use EMC to samplesharpfeaturesand Sur
faceNetdo connecthe featureso form the surfaces.Their
method preseres sharp featuresand prevents holes and
cracksn adaptve resolution However, thesemethodsionot
resole ambiguousasesandmayhave holesdueto topolog-
ical errors.Furthermorethesemethodsntroduceadditional
problemof inter-cell dependenc becauseof the edge ip-
ping operationlt makesthe computatiormorecomplex and
slower.

Somerecentwork attemptsto extend the previous algo-
rithms to solve theseproblemsmore completely For ex-
ample, several papersattemptto enhancethe dual con-
touring to overcomethe problemof inconsistentopology
Zhangetal. [ZHKO04] proposean enhancedlual contour
ing methodwhich allows more than one featurepointsin-
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MC | TMC | EMC | DC | CMS
adaptve re nement v v
topologicalconsisteng P P
sharp-featur@reseration P P P
inter-cell independence P P P

Table 1: Thecomparisonof the ve relatedmethodsprig-
inal marhing cubes(MC), topolayy-consistentmarching
cubes(TMC), extendedmarching cubes(EMC), dual con-
touring (DC) and our method(CMS). Note that previous
methodouldbecombinedput sometimessud a combina-
tion mightnotbestraightforwad. Hence wemale thistable
by only consideringthe original versionof eady method.

side a cell to presere the topology of the cell. Schaefer
and Warren [SWO04 provide a primal contouringmethod
of dual grids to representhin featureswithout excessve

subdvision. Varadharetal. [VKKMO03] proposea method
which allows multiple intersectionsalong an edgeto re-

constructthin featureswithout creatingunwantedhandles.
Varadharetal. [VKSMO04] proposea methodto adaptvely

subdvide cellsuntil thepieceof surfaceinsideacell is topo-
logically equivalentto a disk. However, they usethe origi-

nalmarchingcubesalgorithmanddo not presere sharpfea-
tures.

Another related work is the method proposed by
Rodehorstand Kimia [RK02]. They apply a higher
orderpolynomial interpolation, called ENO interpola-
tion [SKS97, to severalconsecutie samplepointsto sample
possiblymorethanonezero-crossingoints,calledENO an-
chor points,on an edgeof a cell. They prove thatthereare
at mosttwo anchorpoints on an edgeand allow an edge
have two zero-crossingpoints. The surfaceis reconstructed
by triangulatingtheseanchorpoints. Triangulationis per
formedstepby step,addingonetriangleat a time, until all
anchorpointsaretriangulated Whenthereis anambiguity
i.e., multiple possibletrianglesto choosethey usethe nor
malsof trianglescreatedn neighboringcellsto choosethe
onewhichresultsin thesmoothessurface Althoughthisap-
proachguaranteesonsistentopology it hasthe following
dravbacks:(1) it is highly inter-cell dependentactually the
generatiorof eachtriangledepend®nthepreviously gener
atedtriangle;(2) it doesnot consider3D sharpfeaturesand
internal ambiguity; and (3) becausean edgecould have at
mosttwo zero-crossingpoints,the rule becomesnorecom-
plicated.

Table 1 comparesour CMS algorithm with other
four methodsoriginal marchingcubestopology-consistent
marching cubes,dual contouring and extended marching
cubes. Note that these methodscould be combined, but
sometimessuch a combinationmight not be straightfor
ward. Furthermoreijnter-cell independencis oftenignored
by sharp-feature-preservimgethodsbasedn EMC.
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Figure 1: Cubical marching squaes. A marching cube(a,

d) can be unfoldedinto six marching squaes (b, ). Eacth

squae is processedndependentlyThe geneated sggments
onthesefacesare putbadk to 3D to form componentga, d).

By doingso,wecanachievethegoal of beingadaptivewith-

outperformingcrack patcing. In addition,faceambiguities
canberesolvedn 2D byresolvingtheambiguoudaces(the

middlefacesin (b, €)). Finally, theresultingcomponentare

triangulatedto geneatetheisosurface(c, f).

3. Cubical Mar ching Squares

This sectiondescribesur algorithmfor extracting a trian-
gle meshfrom a given geometricrepresentationt rst de-
scribesthe input to the algorithm (Section3.1). Then, it
explainsthe main ideasbehindthe algorithm and givesan
overview of the algorithm(Section3.2). Thefollowing two
sectionsdescribein more detailsthe two main stepsof our
algorithm:segmentgeneratior(Section3.3) andsurfaceex-
traction(Section3.4).

3.1. Input

Theinput of our algorithmis a geometricrepresentatiofor
volumedatasuchasa polygonalmesh,animplicit surface,
a set of point clouds, or a scalardistance eld. The rst
stepis to convert different typesof geometricrepresenta-
tionsinto a uniform format. We choosethe sameformatas
the dual contouringalgorithm[JLSW03, a signedgrid with
edgegaggedwith exactintersectionpoints(samplepoints)
andtheir normals(samplenormals).This kind of datawas
calledHermitedataby Juetal. [JLSWO03. As pointedout
by Kobbeltetal. [KBSS01, for mostgeometricrepresen-
tations,Hermite datacan be computeddirectly or derived
implicitly. Since our goal is to representhe volume data
as preciselyas possible,the Hermite datais acquiredat a
very ne resolution,say a uniformng ng ng grid. Our
algorithmthengenerates polygonalapproximatiorfor the
Hermitedatawithoutreferringto the originalgeometriaep-
resentation.
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3.2. Algorithm overview

Giventhe Hermitedatain the previous section,we attempt
to adaptvely reconstruct polygonalmeshwhich approxi-
matesthe original volumedataaspreciselyaspossible Our
algorithmis built onthefollowing ideas:(1) marchingcubes
can be unfoldedas marchingsquares(2) inter-cell depen-
deny canbe eliminatedby addingsharpfeatureson faces;
and(3) samplenormalscanbeusednotonly to samplesharp
featuresbut alsoto solve ambiguitiesandto maintaincon-
sistenttopology

As shawvn in Figure 1, a cube can be unfoldedinto six
faces.For eachface, we generatethe isocune using the
marchingsquareslgorithm.Theresultingisocune for each
faceconsistof severalsggmentslf we fold thesefaceshack
to form the original cube and connecttogethertheseseg-
mentsproperly we obtain exactly the samecomponentas
marchingcubesalgorithm does.Finally, thesecomponents
aretriangulatedo generateheisosurfice.Thetriangulation
canbechoserarbitrarily aslong asit is consistentHence,a
marchingcubetablelookup canbe convertedto six march-
ing squardablelookupsanda componentracingoperation.
Hence,we call this methodcubicalmarchingsquaresilt is
equivalentto marchingcubesbut generallyslightly slower.
However, asdiscussedater, it allows usto generatgolygo-
nal meshesadaptvely in a simpleandconsistentvay with-
out performingcrackpatching.Furthermoreit allows usto
samplesharpfeatureson faceso eliminateinter-cell depen-
deng.

Mary sharp-feature-preservinglgorithms use sample
normalsto detectand samplethe sharpfeaturesfor a com-
ponentof the isosurficeinside a cell. Thesemethodsoften
suffer in theresultingsurfacefrom the problemof topology
error. On the otherhand,previous methodsfor solvingam-
biguitiesandmaintainingtopologyusethetrilinearassump-
tion anddo not take sharpfeaturesnto accountin contrast,
we nd thatthe detectionof sharpfeaturescanbe usedto
solve ambiguitiesas well. Hence,we usethe sameproce-
dureto achieve the goalsof preservingsharpfeaturesand
maintainingconsistentopology

Our algorithmhasthreestagesconstructingan adaptve
signedoctree,generatingsegmentsfor eachleaf face,and,
nally, extracting surfacesfor eachcell in the signedoc-
tree. The pseudocodein Algorithm 1 describesour algo-
rithm more precisely We startfrom a very coarseuniform
Np nNp ng basegrid B, in our implementationng = 8.
For eachcell cin B, theprocedureSusDIVIDECELL checks
whetherthis cell needsto be further subdvided. A cell is
subdvidedif oneof thefollowing conditionsholds:

It hasan edgeambiguity Whentherearemorethanone
samplepoints on an edgeof the cell as shavn in Fig-
ure 2(a),thecell shouldbe subdvided (Figure2(c)). Oth-
erwise, the surface will be generatedncorrectly (Fig-
ure2(b)).

Algorithm 1 Cubical Marching Squares.Given Hermite
data, this procedue genematesthe correspondingtriangle
mesh.

1: procedure CuBICALMARCHINGSQUARES(HermiteDatdH)
2 InitializeBaseGridB); . initialize acoarsebasegrid B
3 for eachcellcin B

4: SuBDIVIDECELL(H,C);

5 end for

6: for eachleaffacef

7
8
9

GENERATESEGMENT(f);
endfor
: for eachleafcellc
10: EXTRACTSURFACE(C);
11: endfor

12: endprocedure

@ (b) ©

Figure 2: Edge ambiguity In (a), therededge hastwo sam-
ple pointsand there is an edge ambiguity If the cell is not
further subdivided sud an ambiguitycan lead to a wrong
surface(b). We resolvethis ambiguityby subdivision(c).

It hasthe tendeng to containa complicatedsurface.We
detectthis by a heuristic,checkingwhetherthe maximal
spanningangleof all pairsof samplenormalsinsidethis
cell exceedsa prede nedanglethreshold Whenthis hap-
pens,it meansthatthe surfaceinsidea cell might not be
at enoughandshouldbe subdvided.

Whensubdviding acell, we subdvideits facesrst. Each
faceis subdvided into four subfacesand the relationships
betweensubcellsand subficesare recorded.We stop the
subdvisionif it exceedghemaximallevel of subdvision, k.
Hence the nest resolutionis ny = 2kn0. Theresultof this
subdvision stepis an adaptve signedoctree.A cell in the
octreeis calledaleafcell if it doesnothave subcellsA face
is calleda leaf faceif it doesnot have subfices.Note that
aleaf cell could have a complicatednon-leaffaceif ary of
its neighbordgs at a deepefevel andsubdvidestheir shared
face.Thefacesharedby two cells subdvided at two differ-
entlevelsis calledatransitionface Crackscouldhapperif
thetransitionfacesarenothandledproperly

3.3. Segmentgenerationfor facesin 2D

Oncewe have built the adaptve signedoctree the next step
isto usethe proceduréSENERATESEGMENT in Algorithm 2
to extractthe sggmentsfor all leaf facesFor thefacef be-
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Figure 3: Lookuptable for marching squaes. Case3 has
a faceambiguity so there are two possibleassignmentsf
pairs to connectcases3.1and3.2.

ing processedhy checkingthe sign patternsof f's vertices
with thelookuptablefor marchingsquargFigure3), we can
determinehow mary seggmentsf has.Case0 givesno seg-

ments;Casesl and 2 give one sggment;and Case3 gives
two segmentsherethereis afaceambiguity In suchanam-
biguity, we do notknow which pairsof samplepointsshould
beconnectedo form segmentsWith thehelpof samplenor

mals,we resole this ambiguity by checkingthe sharpfea-
tures.

Algorithm 2 GenerateSegmentThis procedue nds all
segmentsfor a face f, resolvesface ambiguityif any, and
samplesharpfeatuesif necessary

1: procedure GENERATESEGMENT(Facef)

2 if therearetwo segmentsthen . Case3in Figure3
3 flg;l20  RESOLVEFACEAMBIGUITY(f);

4: filist  flg;la0;

5 DETECTFACESHARPFEATURE(f:list);

6 elseif thereis onesggmentl then

7 filist  flg;

8 DETECTFACESHARPFEATURE(f:list);

9: endif

10: end procedure

A 2D sharpfeaturecanbe detectecby nding theinter
sectionpoint of thetwo tangentinesde ned by the sample
pointsandtheir normals.We resol\e the faceambiguity by
detectingwhethersharpfeaturesoverlap.As shawn in Fig-
ure4, oneof two possiblesgmentassignmentéFigure4(a))
hasoverlappedsharpfeaturesThisis notavalid assignment
becausehe input Hermite datadescribesa volume and a
volumeshouldnot intersecitself. Hence we choosehe as-
signmentwithout featureoverlaps(Figure4(b)) andresohe
the face ambiguity Although the resultsare possibly dif-
ferentfrom the resultsobtainedusing asymptoticdeciders,
we foundit effective to decidethefaceambiguityby testing
sharpfeatureoverlap.

Finally, for eachsggment we detectf thereis afacesharp
featureonthe sggmentby testingwhethertheanglebetween
two normalsarelargeenoughlf thereis a sharpfeature we
tag the sggmentandstorethe position. This facesharpfea-
tureis usedto remove theinter-cell dependenc As statedn
Section2, EMC algorithm[KBSS0] hasinter-cell depen-
deny becausef the edge ipping operation.For the sharp
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Figure 4: Face ambiguity Face ambiguityis resolvedby

testingwhethersharpfeatuesoverlap. Sincetheinput data
describes volume it shouldnotintersectwith itself. Hence

the sgmentassignmenwith featule overlapping(a) is not

valid. We choosethe assignmentb) to form two segments
andresolvethe ambiguity

\H

(b)

Figure 6: Cubicalmarching squaes.For thecell in (b), the
resultingfacescould describea complicatedpiecaviselin-
earcurves(a). Theyellowandmagentaline loopsin (b) are
components.

featuresin Figure 5(a), to correctthe connectiity, EMC
ips anedgeto connecttwo sharpfeaturesasshawvn in Fig-
ure5(b). However, afterthe ip, notall resultedrianglesare
locatedinsidecells.Thisis calledinter-cell dependenc DC
method[JLSWO0Z hasa similar dravback.Hence theseal-
gorithmsrequirea extracomputatioron adjacentellsto re-
storethecorrectconnectiity. Suchadependencalsomakes
it moredif cult to extend EMC to be adaptve. To remove
this dependeng we samplea facesharpfeatureon the in-
terfacingface(Figure5(d)) betweertwo adjacentells. This
extrafacefeatureremovestheneedfor edgeipping andthe
inter-cell dependencasshavn in Figure5(c).

After this stage for eachleafface,we nd all sgments
of this face.For a non-leafface,its sggmentsarethe union
of the sgmentsof its subfices.A leaf face could have at
mostfour line sggmentsif it hastwo sharpfeatures How-
ever, anon-leaffacecouldhave a setof segmentsrepresent-
ing very complicatedpiecavise linear curves. For example,
Figure6(a) shavstheresultingsegmentson eachfacefor the
cellin (b). The next sectionexplainshow to constructcom-
ponentgthe yellow andmagentdine loopsin Figure 6(b))
in acell usingthe sggmentsof its six faces.
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Figure 5: Inter-cell dependencyEMC ips an edge in (a) to restoe theedge featuesas shownin (b). It, however, introduces
inter-cell dependencyCMSsamplesa facesharpfeatue asshownin (d) to eliminateinter-cell dependencyc).

3.4. Surfaceextraction for cellsin 3D

We usethe proceduredEXTRACT SURFACE in Algorithm 3to
connectseggmentsto form componentandto generateri-
angles.For eachleaf cell, we rst collectall sggmentsbe-
longing to this cell, that is, the union of the sggmentsof
its six faces.The procedureGETSEGMENT returnsall sey-
mentsbelongingto a face.After collectingall segmentson
thefacesof thecell c, we traceall thecomponentdy group-
ing togetherthe sggmentswhich form a circle. This canbe
easilydoneby startingfrom an edgeandsequentially nd-
ing the next edgewhich sharesanendpointwith the current
edge.Eachcircle representa componenb.

Algorithm 3 ExtractSurface. This procedue usesthe say-

mentsfoundby GENERATESEGMENT to construct3D com-
ponentsinside a cell, resolvesnternal ambiguityif neces-
saryandgenegatestrianglesastheoutput.

1: procedure EXTRACTSURFACE(Cellc)
2: I . list of all segmentsbelongingto thecell ¢
3: for eachfacef; of thecell ¢ i 1to6
4: I I[ GETSEGMENT(f);
5 end for

. connectingsggmentsvhoseendpointscoincide

6: O TRACECOMPONENTS(I);
7: for eachcomponenbin O
8: DETECTSHARPFEATURE(0);
9: end for
10: if HasInternalAmbiguity®) then
11 RESOLVEINTERNALAMBIGUITY(O);
12: else
13: for eachcomponenb
14: TRIANGULATION(0);
15: end for
16: endif

17: end procedure

By de nition, a crackhappensvherethereexistsanedge
ownedonly by asinglecomponentThis canonly happeron
the transitionfaces.In our algorithm,all edgeson the tran-
sition facesaregeneratedrom sggmentsandevery segment

is exactly sharedby two componentdérom two neighboring
cells.Hence theresultingmeshis guaranteedrackfree.

To presere 3D sharpfeatureswe thensamplesharpfea-
turesfor eachresultingcomponentsSharpfeaturesaresam-
pledassuggestethy Kobbeltetal. [KBSS01], thatis, solv-
ing[:::in:: :]T p= [:::nj5:::] by singularvaluedecomposi-
tion, wheresiis thelocationof asamplepoint, n is asample
normal,andp is thelocationof the sharpfeature.

If thereis a sharpfeaturep in a componentconsisting
of theverticesvy; ;vn (including verticesof the sggments
in this componentand facesharpfeaturestaggedon these
segments),we use p asthe centerto createa triangle fan
with triangles,pviVo; pVava; PV 1Vn; pwava. If thereis
no componensharpfeature we calculatethe averagepoint
of all samplepointson this componenanduseit asthecen-
terto generatehetrianglefan.

3D sharpfeaturesare alsousedto detectandresole in-
ternal ambiguity Internal ambiguity occurswherewe can
not determinewhethertwo componentsrejoined or sepa-
ratedby only looking at the signson the verticesof a grid.
Similarto theresolutionof faceambiguity we resohe inter-
nal ambiguityby checkingwhether3D sharpfeaturef two
componentsverlap. For eachcomponenta cone-like vol-
umeis formedcenteredat its sharpfeature.If the volumes
of two component®verlap,thesecomponentsreclassi ed
asjoined.Otherwisethey areseparatedf two components
are separatedye generatethe triangle fan for eachcom-
ponentrespectiely usingthe methodin the previous para-
graph.If two componentsare joined, the resultingsurface
is topologicallyequialentto a cylinder. We usea dynamic
programmingalgorithmto connectandtriangulatehesewo
componentso form the surface.

4. Results

The CMS algorithmis provided asan opensourcelibrary”.
We rst usea tetrahedrorto comparethe performanceof
marchingcubes extendedmarchingcubes dual contouring

Y http://graphics.csie.ntu.edw/CMS/
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Figure 7: Comparisondor the original marching cubes(b), extendedmarching cubes(c), dual contouring(d) and cubical
marching squaes (e). The input modelis a tetrahedon (a). It is convertedinto a uniform grid of Hermite data and these
algorithmsare usedto extract surfacesThetop row showsthe extractedsurfacesandthe bottomrow showsthe close-upviews
of asinglecell. CMStakesbothtopolagy andsharpfeatuesinto accountandbetterapproximategheoriginal tetrahedpn than

theothermethods.

andour method.The top row of Figure7 shaws the result-
ing surfacesof thesealgorithmsandthe bottomrow shaws

close-upviewsfor asinglecell. Here,we usea uniform grid

and only comparetheir performanceon preservingsharp
featuresand maintainingconsistentopology The original

marchingcubesalgorithmdoesnot presere sharpfeatures.
Exceptfor CMS, thesemethodsdo not take topology into

accountHence,thereare holesandcracksin the extracted
surfacesin Figure7(b)-(d).

To compareCMS with EMC and DC quantitatvely, we
performedthe following experiment. Three tetrahedraare
generatedandomlyin alimited spaceandtheirunionis used
astheinputmodel.We rst convertit into Hermitedataand
apply EMC, DC andCMS to this modelto extractsurfaces.
We then measurethe geometricdistancesetweenthe re-
sulting surfacefor eachmethodand the input model. This
experimentwas repeatednary timesand Table 2 summa-
rizesthe averageerror for eachcaseof the marchingcube
lookuptablefor eachmethod CMS hasthelowesterrorsfor
all cases.

We demonstratéhe effectivenesof our algorithmon the
several possibleapplicationsusing volumetric data: CSG
modeling,level of detailsandremeshingCSG modelingis
the classicalapplicationfor volume representationsifter
applying booleanoperationson several volume data,CMS
is usedto generatea meshfor the resultingCSGmodel.In
Figure8(a-c),we shav theresultingmodelsat differentlev-
els of detailsfor the CSG model constructedoy the union
of acubeanda cylinder, andthensubtractinga sphererom

¢ TheEurographic#ssociationandBlackwell Publishing2005.

case times DC EMC CMS
1 3,590,980| 0.01473| 0.00586 | 0.00383
2 1,554,028 0.02309| 0.01310| 0.01013
3 207,302 | 0.10027| 0.01801| 0.01263
4 30,972 | 0.23064 | 0.00601 | 0.00422
5 803,311 | 0.03779| 0.02631| 0.02011
6 101,875 | 0.11998 | 0.02737 | 0.02633
7 12,198 | 0.17139| 0.09565| 0.01628
8 109,141 | 0.03979| 0.02831| 0.02184
9 72,201 | 0.04721| 0.03525| 0.02492
10 4,237 | 0.19682 | 0.05283 | 0.04541
11 70,238 | 0.04789| 0.03535| 0.02620
12 30,706 | 0.09845| 0.04559 | 0.02419
13 1,405 | 0.85461| 0.92935| 0.00100
14 70,238 | 0.04821| 0.03573| 0.02653

Table 2: Average geometricerrors for the experimentof
randomlysamplingthree tetraheda. For ead casein the
marching cubelookuptable we recod how manytimesit
happensand the aveiage error for ead method.Ovenll,
CMSapproximategheinputmodelbetterthanthe othertwo
andhasthelowestaverage error for ead case

it. Here,to clearlyshaw theresultingmodels, at shadings
used.Table3 shavs the numberof resultingtrianglesat dif-
ferentlevelsof detailsandthetime of extractingsurfacesfor
them.Thetimeis only for surfaceextractionfrom theinput
volumedata,not including the time of corverting the input
modelto its volumetricrepresentationlt was measurewn
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@ (b)

(© (d)

Figure 8: Theresultsof CSGmodelingand level of details.(a)-(c) Differentlevelsof detailsfor a CSGmodelconstructecby
the union of a cubeand a cylinder and thensubtiacting a sphee fromit. (d) A more complicatedCSGmodelgeneated by
subtiactinga sphee fromthe bodyof a dragon modelandthenaddinga sphee at its mouth.

(@) (b)
(© (d)
(e) (f)

Figure 9: RemeshingThe input modelis the polygonal
model(a) for a text “EG.” After applyingCMSto the input
modelwith g = 0:7, we obtain the remeshedesult(c). For
a bettercomparison,(b) and (d) showsthe close-upviews
for (a) and(c). (e) and(f) showstheremeshingesultswhile
usingg= 0:8andq= 0:9.

a desktopPC with an Intel PentiumlV 3.2GHz CPU with
1GB memory Figure8(d) demonstratea morecomplicated
CSGmodelgeneratedby subtractingaspherérom thebody
of adragonmodelandthenaddinga sphereat its mouth.

Remeshingds anotherapplicationof volumetricrepresen-
tation. Given a polygonalmesh(Figure 9(a)), we rst con-

level 1 2 3
#triangle | 1,688 | 4,880 14,568
time(ms) | 16.23| 32.14| 66.08

Table 3: Statisticsfor Figures8(a-c).

source| q=07 | g=08 | g= 09
#triangle | 2,460| 39,826| 41,118| 75,084
time (ms) 126.38 | 125.38| 208.50

Table 4: Statisticsfor Figure 9.

vertit into a volumerepresentatioby samplingits distance
eld andnormalson a ne uniform grid. Applying CMS

algorithmto this volume gives a remeshedversion of the

original mesh(Figure 9(c)), which hasa bettertessellation
thantheinput. For a bettercomparisonfFigure 9(b,d) shav

the close-upviews of (a,c).Figure 9(e,f) shaw the remesh-
ing resultsfor differentvaluesof gsparpwhich is de ned in

EMC[KBSSO01. Thisvalueaffectsthequality of remeshing.
In Figures9(c,e,f),thetrianglesrepresentinghe at regions
suchasin the characteE arealmostthe same On the other
hand,moretrianglesare generatedo representhe regions
with highercurvaturessuchasin thecharactefG for alarger
Osharp Additionally, sharpfeaturesare well presered. Ta-

ble 4 shavs the numberof resultingtrianglesandthe time

for surfaceextractionfor Figure9.

5. Conclusion

In this paperwe have proposedhecubicalmarchingsquares
algorithm for surface extraction from volume data which
preseressharpfeaturesmaintainsconsistentopology gen-
eratessurfaceadaptvely without crack patchingandelimi-
natesinter-cell dependenc This methodhasthe following
uniquefeaturesy(1) Hermitedatais usedto solve the prob-
lem of topologicalambiguity;(2) the problemof cracksbe-

¢ TheEurographicssociationandBlackwell Publishing2005.
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tweenadjacentellswhenusinga multi-resolutionrepresen-
tation for the datais solved without crackpatchingbecause
thesharedyeometriccomponents common;(3) 3D features
can be reconstructedtartingfrom the 2D featureslocated
onthefacesof the cells;this avoidsinter-cell dependencies;
hence,it haspotentialto be implementedon GPUs.These
featuresmake our methodquite simple, relatively easyto
implementand,atthe sametime, effective.

We have partially implementedour algorithm on GPU.
However, theresultingspeeds only comparable¢o our CPU
implementationAs mary otherGPUalgorithms the bottle-
neckis the datatransferbetweenCPU andGPU. In the fu-
ture,we planto fully implementour algorithmon GPU.We
believe thatouralgorithmwill bene tfrom theimprovement
onthebusbandwidthbetweerCPUandGPU.
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