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ABSTRACT
Surfacereconstructionfrom unorganizedsamplepoints is an im-
portantproblemin computergraphics,computeraideddesign,med-
ical imagingandsolid modeling. Recentlya few algorithmshave
beendevelopedthathavetheoreticalguaranteeof computingatopo-
logically correctandgeometricallyclosesurfaceundercertaincon-
dition on samplingdensity. Unfortunately, this samplingcondition
is not alwaysmetin practicedueto noise,non-smoothnessor sim-
ply dueto inadequatesampling.This leadsto undesiredholesand
otherartifactsin theoutputsurface.CertainCAD applicationssuch
ascreatingaprototypefrom amodelboundaryrequireawater-tight
surface,i.e., no hole shouldbe allowed in thesurface. In this pa-
perwedescribeasimplealgorithmcalledTight Coconethatworks
on an initial meshgeneratedby a popularsurfacereconstruction
algorithmand�lls up all holesto outputa water-tight surface. In
doingso,it doesnot introduceany extra pointsandproducesa tri-
angulatedsurfaceinterpolatingtheinput samplepoints.In support
of our methodwe presentexperimentalresultswith a numberof
dif�cult datasets.

Categoriesand SubjectDescriptors
I.3.5 [Computer Graphics]: ComputationalGeometryandObject
Modeling;I.4 [ImageProcessingand Computer Vision]: Recon-
struction,ImageRepresentation

GeneralTerms
Algorithms,Experimentation,Theory, Design

Keywords
Point cloud, Surfacereconstruction,Voronoi diagram,Delaunay
triangulation
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1. INTRODUCTION
The problem of approximatinga surface in three dimensions

from its point samplesappearsin many applicationsof scienceand
engineering.Variousformulationsof theproblemarepossiblewith
differentrequirementson the input andoutput. Herewe focuson
theproblemof computinga piecewise linearsurfacethatapproxi-
matestheoriginal surfacefrom whichonly asetof discretesample
pointsaregivenasinput.

Becauseof its widespreadapplication,this problemhas been
studiedintenselyin recentyears.A veryearlypaperontheproblem
wasby Boissonnat[6] who proposeda sculptingof theDelaunay
triangulationfor reconstruction.A morere�ned sculptingstrategy
was designedby Edelsbrunnerand Mücke [14] in their � -shape
algorithm. Bajaj, BernardiniandXu [4] used� -shapesfor recon-
structingscalar�elds andthreedimensionalCAD models.The� -
shapesrequirea uniform samplingandanappropriatechoiceof �
accordingto thesamplingdensity. Hoppeet. al [18] reconstructed
the surfaceby using the zero level setof a distancefunction de-
�ned by theinput point samples.CurlessandLevoy [11] extended
this distancefunction approachto multiple rangescans. The re-
constructionqualitywasfurtherimprovedby Turk andLevoy [19].
This approachproducesnice resultsthoughthe reconstructedsur-
facemay not interpolatethe input datapoints and it requiresthe
normal informationat the samplepoints in the input. Bernardini
et al. [5] designedthe ball-pivoting algorithm that also requires
thenormalsin the input. Gopi, KrishnanandSilva [17] proposed
to project the samplepoints with their neighborson a planeand
thenlift the local two dimensionalDelaunaytriangulationsto re-
constructthesurface.

The�rst algorithmthathasbeenproposedwith theoreticalguar-
anteesin reconstructionis dueto Amenta,Bern andKamvysselis
[1]. This algorithm called CRUST exploits the structuresof the
Voronoi diagramof the input point set to reconstructthe surface.
Amenta,Choi, Dey andLeekha[2] introducedthe COCONE algo-
rithm which improved CRUST both in theoryandpractice. Bois-
sonnatand Cazals[7] designedanotheralgorithm basedon nat-
ural neighborsfollowing the developmentof CRUST. Funke and
Ramosimproved the theoreticalcomplexity of the COCONE algo-
rithm [15]. RecentlyCohen-SteinerandDa have designedanother
Delaunaybasedsurfacereconstructionalgorithm [10]. All these
algorithmswork nicely on densedatasets,but they facedif�culty
if thedatacontainsundersampling.In mostcasesthesealgorithms
produceholesor otherartifactsin thevicinity of theundersampling.
Many applicationssuchasCAD needwater-tight surfacesso that
thesurfaceboundsa solid. Amenta,Choi andKolluri [3] devised
POWER CRUST to meetthis goal. However, this algorithmintro-
ducesmany extra points in the outputandalsodoesnot produce
a triangulatedsurface. Edelsbrunner[13] proposeda Morsetheo-



retic approachto reconstructsurfaceswhich alsoproduceswater-
tight surfaces.However, thealgorithmmaynot recoversomesmall
featuresof the surfaceeven if it is denselysampled. Along the
sameline GiesenandJohn[16] designedanotheralgorithmbased
on the�o w complex. This algorithmmaynot interpolatethesam-
plepointsandintroducesextrapointsin theoutput.

The purposeof this paperis to announcea simple algorithm
calledTIGHT COCONE that outputswater-tight surfaces.The al-
gorithm�rst computesapreliminarysurfaceusingCOCONE which
almostcompletesthereconstructionexceptatthevicinity of theun-
dersamplings.A subsequentmarkingandpeelingphasecompletes
thereconstructionby �lling all holes.Thisphasecomputestheout-
putsurfaceastheboundaryof aunionof Delaunaytetrahedra.This
guaranteesthatthesurfacecannothaveany holes.TIGHT COCONE

relieson the locality of undersampling.Whenthis propertyis vi-
olated,theoutputsurface,thoughwater-tight maybeimproperin-
cludingbeingnon-manifoldor empty. In achieving water-tightness
TIGHT COCONE doesnot introduceany extra pointsand�nds tri-
anglesfrom theDelaunaytriangulationto �ll up thegapsproduced
by COCONE.

2. PRELIMIN ARY RECONSTRUCTION
Theinput to ouralgorithmis apointsetin threedimensions.We

assumethatthispointsethasbeensampledfrom acompactsurface
S �

� 3 thathasnoboundary. WeuseaVoronoibasedapproachto
obtainaninitial approximationto S from its pointsample.Amenta
andBern[1] showedthattheVoronoicellsarelong andthin along
the directionof the normalsat eachsamplepoint if the sampleis
suf�ciently dense. Basedon this importantobservation they pi-
oneeredthe surfacereconstructionalgorithmcalled CRUST. In a
subsequentwork, Amenta, Choi, Dey and Leekhaproposedthe
COCONE algorithmthatimprovedCRUST bothin theoryandprac-
tice. Furtherimprovementswerecarriedout by Dey andGiesen
[12] which includea detectionof undersamplingin theinput data.
We implementedthis modi�ed COCONE algorithmwhich we use
to obtaina preliminarysurfaceout of theinput sample.We review
this algorithmbrie�y below; a completedescriptioncanbe found
in [12].

2.1 De�nitions
Voronoi diagramandits dual Delaunaytriangulationconstitute

the main datastructurein our algorithm. Let P be a �nite setof
points in

� 3 . The Voronoi cell of p 2 P is given asVp = f x 2
� 3 : 8q 2 P � f pg; kx � pk � kx � qkg: ThesetsVp areconvex
polyhedra.Closedfacessharedby two andthreeVoronoicellsare
calledVoronoi facetsandVoronoi edges respectively. The points
sharedby four or moreVoronoi cells arecalledVoronoi vertices.
TheVoronoidiagramVP of P is thecollectionof all Voronoicells,
faces,edgesandvertices.It de�nesacell decompositionof

� 3 .
The Delaunaytriangulation D P of a set of points P is dual

to the Voronoi diagramof P . The convex hull of four or more
points in P de�nes a Delaunaycell if the intersectionof the cor-
respondingVoronoicells is not emptyandthereexistsno superset
of points in P with the sameproperty. Analogously, the convex
hull of 1 � k � 3 pointsde�nes a (k � 1)-dimensionalDelau-
nay faceif the intersectionof their correspondingVoronoi cells is
notempty. A 0-,1-, and2-dimensionalDelaunayfaceis alsocalled
a Delaunayvertex, Delaunayedge, andDelaunaytriangle respec-
tively. The collectionof Delaunaycells andtheir facesde�nes a
decompositionof theconvex hull of all pointsin P . This decom-
positionis a triangulationwheretheDelaunaycellsaretetrahedra
if thepointsarein generalposition.

In our caseP is the input point sampleof a surfaceS �
� 3 .

It turnsout that theVoronoi cellsareelongatedalongthenormals
to thesurfaceS if P is suf�ciently densefor S. This fact is used
by Amenta,Bern andKamvysselisto estimatethe normalsat the
samplepointswith poles[1].

Poles: ThefarthestVoronoivertex p+ in Vp is calledthepositive
poleof p. Thenegativepoleof p is thefarthestpointp� 2 Vp from
p suchthat the two vectorsfrom p to p+ andp� make an angle
morethan �

2 . We call v p = p+ � p, thepolevectorfor p. If Vp is
unbounded,p+ is takenat in�nity , andthedirectionof v p is taken
astheaverageof all directionsgivenby unboundedVoronoiedges.

Thepolevectorv p estimatesnp , thenormalto S atp. Therefore,
theplanepassingthroughp with thenormalasv p approximatesthe
tangentplaneatp. A conservativeestimateof thisplaneis givenby
thickeningit aroundp. This motivatesthe following de�nition of
coconewhich turnsout to beusefulfor thesurfacereconstruction
[2, 12].

Cocone: The setCp = f y 2 Vp : � (( y � p); v p ) � 3�
8 g

is calledthe coconeof p where � (( y � p); v p ) denotestheacute
anglebetweenthe supportinglines of the vectorsy � p andv p .
In words,Cp is thecomplementof a doublecone(clippedwithin
Vp ) centeredatp with anopeningangle3�

8 aroundtheaxisaligned
with v p . SeeFigure1 for anexampleof a cocone.
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Figure 1: A Voronoi cell Vp is elongatedalong the normal np .
The pole vector p+ � p approximatesnp . The coconeCp is the
regionin Vp betweenthe two conesat p (right).

2.2 COCONE algorithm
TheCOCONE algorithmproceedsasfollows. Eachsamplechooses

a setof trianglesfrom theDelaunaytriangulationof thesampleP
whosedual Voronoi edgesareintersectedby the coconesde�ned
at thesample.All suchchosentrianglesoverall samplesarecalled
thecandidatetriangles. If thesamplingdensityis suf�ciently high,
thesecandidatetriangleslie closeto theoriginalsurfaceS. Further
they have normalsorientednearly in the samedirectionas those
at its threesamplevertices[2]. A subsequentmanifold extraction
stepextractsa manifold surfaceout of this setof candidatetrian-
gles. This manifold is homeomorphicandgeometricallycloseto
S. All theseclaimsaretheoreticallyproved [2].

Thisalgorithmworksnicelywhentheinputpoint setP samples
S densely. However, in practicethe input often undersamplesthe
surface. This undersamplingmay be causedby non-smoothness,
inadequatesamplingor noise. It is our experiencethat the algo-
rithm computesmany undesirabletrianglesnearundersampledre-
gions.Theappearanceof theundesirabletrianglescanbeattributed



MANNEQUIN with COCONE Holesin nose Holesin lips

PIG with COCONE Holesin legs Holesin thetail

Figure2: Preliminary surfacewith COCONE may have holes.The triangles bordering the holesare shadeddarker.

to thefactthatthesamplesin theundersampledregionsdonothave
thenormalsreliablyestimatedandasaresultthey choosègarbage'
trianglesascandidates.

In asubsequentwork Dey andGiesen[12] proposedamethodto
detecttheundersampledregionsfrom the input point set. Theal-
gorithmwhich is calledBOUNDARY detectsthesamplepointsthat
lie in theundersampledregions.TheVoronoicellsof thesesample
pointsarenot long andthin alongthenormalsto thesurface.This
is detectedby two conditionscalledratio andnormalconditionsre-
spectively. Theratioconditionteststhe`skinniness'of theVoronoi
cellswhile thenormalconditiontestsif its elongationmatcheswith
thoseof its coconeneighbors.Wereferto [12] for details.

The COCONE algorithm is modi�ed to take advantageof the
detectionof samplepoints in the undersampledregions. It calls
BOUNDARY andthenletsonly thosesamplepointsto choosetheir
candidatetriangleswhich are not marked by BOUNDARY. This
modi�cation removesmostof theunwantedtrianglesneartheun-
dersampledregionscreatingholesin the surface. In Figure2 we
show reconstructionswith this COCONE algorithm.

3. WATER­TIGHT RECONSTRUCTION
Themodi�ed COCONE algorithmdetectsundersampledregions

andleavesholesin thesurfacenearthevicinity of undersampling.
Although this may be desirablefor reconstructingsurfaceswith
boundaries,many applicationssuchasCAD designsrequirethat
theoutputsurfacebewater-tight, i.e. a surfacethatboundsa solid.
Formally, wede�ne:

Water-tight surface: A 2-complex embeddedin
� 3

whoseunderlyingspaceis sameas the boundaryof
theclosureof a 3-manifoldin

� 3 .

We designa very simplebut elegantalgorithmTIGHT COCONE to
computewater-tight surfacesfrom aninput point sample.

The overall idea of TIGHT COCONE is to label the Delaunay
tetrahedracomputedfrom the input sampleasin or out according
to an initial approximationof the surfaceandthenpeelingoff all
out tetrahedra.This leavesthein tetrahedra,theboundaryof whose
unionis outputasthewater-tight surface.Theoutputof COCONE

is takenastheinitial approximatedsurfacepossiblywith holesand
otherartifacts.

By being the boundaryof the union of a setof tetrahedra,the
output surfacehasto be water-tight. However, it is not only the
water-tightness,but also the geometricproximity to the original
surface that are desiredfor the output. For this we make some
decisionsin thealgorithmbasedon thefollowing principle.

Principleof locality: Theundersamplingis local.

ThismeansthatCOCONE computesmostof theintendedsurface
exceptwith holesthatarelocally repairable.Of course,if thisprin-
ciple is not obeyed,theoutputsurface,thoughwater-tight maynot
becloseto theoriginaloneincludingbeingempty.

3.1 Marking
TheCOCONE algorithmasdescribedin theprevioussectioncom-

putesa preliminarysurfacepossiblywith holesandotherartifacts
at the undersampledregions. Thesamplepointsin the restof the
surfacehave their neighborhoodswell approximated.Speci�cally,
thesetof surfacetrianglesincidentto thesepointsform a topolog-
ical disk. We call thepointswhoseincidentsurfacetrianglesform
a topologicaldiskgood. Therestof thepointsarecalledpoor.



DEFINITION 1. The union of surfacetriangles incident to a
goodpoint p is calledits UmbrelladenotedasUp .

Themarkingof tetrahedrawalks throughtheDelaunaytriangu-
lation in adepth�rst mannerusingthevertex andtriangleadjacen-
cies.It maintainsastackof pairs(p; � ) wherep is agoodpointand
� is atetrahedronincidentto p markedout. Supposethepair (p; � )
is currentlypoppedout from the stack. The umbrellaUp locally
separatesthetetrahedraincidentto p into two clusters,oneoneach
side;seeFigure4. Theclusterthatcontains� is markedoutsince�
is alreadymarkedout. Theotherclustergetsthemarkingin. This
is doneby initiating a local walk from � that traversesall tetrahe-
dra throughtriangleadjacency without ever crossinga triangle in
Up andmarkingeachtetrahedronasout. Therestof thetetrahedra
that arenot encounteredin this walk get the in marking. During
this local walk in theout cluster, whena vertex q of Up is reached
througha tetrahedron� 0, thepair (q; � 0) is put into thestackif q is
goodandis notexploredyet,seeFigure4.

Now we facethe questionof initiating the stack. For this we
assumethatD P is augmentedwith `in�nite' tetrahedrathatarein-
cidentto a triangleon theconvex hull of P anda point at in�nity .
The stackis initiatedwith a goodpoint on the convex hull paired
with anincidentin�nite tetrahedron.A pseudo-codefor themark-
ing stepis givenin Figure3.

MARK(D P )
1 pushanin�nite tetrahedronwith its incident

convex hull triangleto stackS;
Let � p denotethesetof tetrahedrain D P ;

2 while S 6= � do
3 let (p; � ) := popS
4 C := f � g;
5 loop
6 if 9� 2 C and � 0 2 � p n C

and� \ � 0 is a triangle62Up

7 C := C [ f � 0g;
8 if � 0 62S anda vertex q of � 0 is good

whereq 2 Up

9 push(q; � 0) to S;
10 elseexit;
11 forever
12 markeach� 2 C out;
13 markeach� 2 � p n C in;
14 endwhile

Figure3: Pseudo-codefor marking.

For mostof the datain practicethe surfacecomputedby CO-
CONE is well connected,i.e. all trianglesincidentto goodpoints
canbe reachedfrom any othergoodpoint via a seriesof triangle
adjacencies.Assumingthisconnectivity of thepreliminarysurface
computedby COCONE, the above proceduremarksall tetrahedra
that areincidentto at leastonegoodsamplepoint. However, the
tetrahedraall of whoseverticesarepoorpointsarenot markedby
this step.We call thempoor tetrahedra.

Thepoortetrahedrawhoseverticeslie in a singleundersampled
region tendto besmalldueto theprincipleof locality. We choose
to markthemin andthepeelingprocesslateris notallowedto peel
themaway. Thisallowsthesurfaceto getrepairedin theundersam-
pledregion. SeeFigure5 for anillustration.

Otherpoortetrahedrathatconnectverticesfrom differentunder-
sampledregionstendto bebig. If sucha big poor tetrahedronlies
outsidethe intendedsurface,we needto take it out. So, it should
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Figure 4: The umbrella of p has thr ee triangles pqr ; prs
and pqs. This umbrella separates the the tetrahe-
dra incident to p into two clusters, the upper clus-
ter f absp;asqp;abpq; bqr p; brspg and the lower cluster
f cqr p; csrp; cqspg. Supposethe walk entered p with the pair
(p; bprs). The right pictur e shows that the unexplored point q
has an umbrella. Therefore, the pair (q; bprq) is entered into
the stack sinceq is a goodand unexploredpoint.

p

Figure 5: The four verticesmarked with dark circlesborder a
hole. The poor tetrahedron with this four verticesis marked in.
The sharp tip p of the long tetrahedron is a good point which
marks it out. When this tetrahedron is peeled,the triangle op-
positeto p �lls the hole partially . The other triangle of the hole
alsogetsinto the output by a similar peeling.

bemarked out. On theotherhandif this big poor tetrahedronlies
insidetheintendedsurface,we needto markit asin. Otherwise,a
largevoid/tunnelin thesurfaceis createdby taking out this tetra-
hedron.We eliminatethis dilemmausingtheprincipleof locality.
Call a trianglein a tetrahedronsmall if its circumradiusis theleast
amongall trianglesin the tetrahedron.If a poor tetrahedronhasa
trianglewith verticesfrom thesameundersampledregion,thenthat
triangleis small.Thepoortetrahedralying insidetheintendedsur-
facehave to be reachedby thepeelingprocessthatpeelsaway all
out marked tetrahedra.This meansthat the inner poor tetrahedra
have to be reachedthroughthe small triangle. We take this ob-
servation into accountduringpeelingwhile dealingwith the poor
tetrahedraanddeferdesignatingthemduringthemarkingstep.

3.2 Peeling
After themarkingstep,a walk is initiatedto peeloff tetrahedra

thataremarkedoutandsomeothers.Theboundaryof theunionof
theremainingtetrahedraform thewater-tight surface.This is also
thesurfaceof theunionof thepeeledtetrahedra,seeFigure6.

The walk maintainsa stackof surface trianglesthat form the
boundaryof theunionof thetetrahedrapeeledsofar. It is initiated
with all convex hull triangles.At any genericstep,a triangle,say



Figure6: The boundary of the union of peeledtetrahedra aspeelingprocessprogresses.

t , is poppedout from thestack. Oneof the tetrahedraincidentto
t is alreadypeeled.If theotherincidenttetrahedron,say� , is also
alreadypeeledthe trianglet sepratestwo out tetrahedraandis not
put in the output. Otherwise,thereare two possibilities. If � is
not poor andmarked in, we put t in the output list. In the other
caseeither � is marked out or � is poor. When� is marked out
thewalk shouldmove into � throught, which is doneby replacing
t with the otherthreetrianglesof � into the stack. If � is a poor
tetrahedron,thewalk is alsoallowedto move into � throught only
if t is not thesmalltrianglein � . This is doneto protectpeelingof
theinnerpoortetrahedraaswediscussedbefore.Noticethatif � is
apoortetrahedronoutsidetheintendedsurface,it will beeventually
reachedby thepeelingprocessattrianglesotherthanthesmallone.
But, if � is a poor tetrahedroninside,it canonly be reachedfrom
outsidethroughits smalltriangledueto theprincipleof locality.

Thewalk terminateswith thesurfacetrianglesin theoutputlist
when thereare no more trianglesto processfrom the stack. A
pseudo-codeof thepeelingprocessis givenin Figure7.

PEEL(D P )
1 pushall convex hull trianglesin D P to stackS;
2 markall in�nite tetrahedrapeeled; T := � ;
3 while S 6= � do
4 t := popS;
5 if 9 � 2 D P incidentto t andnotmarkedpeeled
6 if (� is notpoor)and(markedin)
7 T := T [ t ;
8 else
9 if (� is markedout) or (� is poorandt is

not thesmallesttrianglein � )
10 mark� peeled;
11 pushall trianglesof � otherthant to S;
12 endif
13 endif
14 endif
15 endwhile
16 outputT

Figure7: Pseudo-codefor peeling.

4. EXPERIMENT AL RESULTS

4.1 Examples
In Figure8 weshow theresultsof our implementationof TIGHT

COCONE onsomedif�cult datasets.In MANNEQUIN thereareun-
dersamplingsin eyes, lips andearswhich produceholes. TIGHT

COCONE closesall theseholes. In particular, in theearthereis a
relatively largeholesincepointscannotbesampledfor occlusion.

Thisholeis nicely�lled. ThePIG datahassevereundersamplingin
thehoofs,earsandnose.They aremostlydueto thefactthatthese
thin and highly curved regions shouldhave more samplepoints
to capturethe featuresproperly. TIGHT COCONE �lls all holes
andproducesa water-tight surfacefor this dif�cult dataset. The
machinepartCONNECTOR hasundersamplingmainly dueto non-
smoothness.Sharpedgesandcornerscauseundersamplingwhich
cannotbeavoidedby any �nite sampling.All anomaliescausedby
this non-smoothregionsarerepairedto producea water-tight sur-
face. Theundersamplingin thehighly curved regionssuchasthe
neckin DINOSAUR is alsogracefullyhandledby TIGHT COCONE.
Thecodefor TIGHT COCONE hasbeenreleasedfor academicuse.
It canbedownloadedfrom [9].

In Figure9 we show how TIGHT COCONE handlesnoise. Re-
call that TIGHT COCONE works on the principle of local under-
sampling.Noisecancauseto violate this principleandasa result
TIGHT COCONE mayfail to outputasurface.In theFOOT example
of Figure9, TIGHT COCONE reconstructsthe surfacewhenthere
is undersamplingbut no noise. We add noiseby perturbingthe
pointsrandomlywithin a smallball aroundeachpoint. Theprinci-
ple of locality startsgettingviolatedastheamountof perturbation
increased.Figure9 illustrateshow TIGHT COCONE toleratessome
amountof noiseandfailswhenthenoiseis increasedfurther.

4.2 Timings
Thetime andspacecomplexities of TIGHT COCONE aredomi-

natedby thoseof the threedimensionalVoronoi diagramcompu-
tation. Thus, for an input sampleof n points, the algorithmruns
in O(n2) time and spacein the worst case. However, in prac-
tice we do not observe this quadraticbehavior. In Figure10 we
show the breakupof the timings of TIGHT COCONE for a num-
ber of datasetson a PC with 733Mhz PentiumIII CPU and512
MB memory. The codewascompiledwith g++ compilerandat
the O1 level of optimization. CGAL 2.3 is usedfor all computa-
tions[8]. Thetiming is brokeninto thethreemajorstepsof TIGHT

COCONE, theDelaunaytriangulation,theCOCONE surfacegener-
ationandthe �nal postprocessingto make thesurfacewater-tight.
It is clearfrom thetablethattheDelaunaytriangulationis themost
timeconsumingstep.All computationsaredonewith �ltered �oat-
ing point arithmeticfor numericalrobustness.If oneuses�oating
pointarithmetic,usuallyagainof afactorof two in computingtime
is observed,but thecorrectnessof theoutputmaybecompromised
dueto numericalerrors.

5. DISCUSSIONS
We designeda simpleandelegantalgorithmto producewater-

tight surfacesout of point samples.Thealgorithmguaranteesthat
the output surfaceis water-tight. It doesnot introduceany extra
pointsto do so. Theoutputis alwaysa subcomplex of theDelau-
naytriangulation.Thus,onecanusetheDelaunaytetrahedrainside



Water-tight MANNEQUIN Holesin undersampledear Water-tight ear

Water-tight PIG Holesin highcurvatureregions Holesare�lled

Water-tight CONNECTOR Anomaliesnearsharpedgesandcorners Anomaliesarerepaired

Water-tight DINOSAUR Holesin highcurvatureregions Holesarerepaired

Figure 8: Resultsof TIGHT COCONE. Secondcolumn shows the holesin the preliminary surfacewhile the third column shows how
they are �lled. Trianglesbordering the holesare shadeddarker.



FOOT without noise FOOT with little noise FOOT with morenoise

Figure9: Performanceof TIGHT COCONE with increasingnoise.Surfaceis reconstructedwhenpointsareperturbed slightly (middle).
No surfaceis constructedwhen the perturbation is increasedfurther .

# points Delaunay Cocone Mark/peel
object (sec.) (sec.) (sec.)

CACTUS 3337 6.5 2.7 1.3
PIG 3511 2.8 2.7 1.4

MECH 4102 3.6 3.2 1.7
EARCAN 8459 16.5 7.1 3.2

CAT 10000 8.5 8.2 4.0
KNOT 10000 10.0 11.1 5.2

MANNEQ 12772 9.3 10.0 4.8
DINOSAUR 14050 12.6 12.1 5.9
FANDISK 16475 16.1 12.4 6.3

CLUB 16864 23.1 13.4 6.3
CONNECT 26793 41.5 18.5 9.6
FEMALE 30432 38.5 27.6 13.2
OILPUMP 30936 28.6 23.9 11.8
HEART 37912 39.9 30.3 14.5
HORSE 48485 90.2 42.0 19.4
BREVI 56152 54.3 41.8 20.2
HAND 74315 123 64.2 29.8

Figure10: Time data.

thewater-tight surfaceto produceathreedimensionaltriangulation
of themodel.Our experimentsshow theeffectivenessandtheef�-
ciency of thealgorithmonmany exampledatasets.

As we have indicated,TIGHT COCONE relieson the locality of
undersampling.Thus,whenthis conditionis not satis�ed, TIGHT

COCONE facestroublein computinga surface.Noisy samplesare
examplesof suchdatasetsasFigure9 illustrates.Althoughit han-
dlessomeamountof noisegracefully, it maynotoutputany surface
if thenoiseis beyondits tolerancelimit.

The TIGHT COCONE as presentedin this papercannotrecon-
structinternalvoidsasit peelstetrahedrastartingfrom theconvex
hull boundary. Oneneedsto modify themarkingandpeelingrou-
tinesto handleinternalvoids.After onephaseof marking,thetetra-
hedraconstitutingthe internalvoidsremainunmarked. Therefore,
new markingphasescanbeinitiatedfrom anunmarkedtetrahedron
in order to mark all tetrahedrain the voids asout. Subsequently,

in thepeelingstep,new peelingphasescanbe initiatedaslong as
thereareout tetrahedranotvisitedyet.

In someapplicationstheoutputsurfaceneedsto producecertain
intendedboundaries.TheCOCONE algorithm/softwareis designed
for thatpurpose[9]. Althoughit detectstheintendedboundaries,it
alsoproducesholeswhereundersamplinghappensunintentionally.
Is it possibleto recognizetheintendedboundarieswhile �lling up
otherholes?Theproblemis ill-posed,but is therea properformu-
lation of theproblemwhich may leadto analgorithmwith certain
reasonableassumptionson input? We plan to pursuethis line of
research.
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