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Abstract

Theincreaseduseof scannedyeometryfor applicationsin computergraphicsand 3D hardcopyoutputhashigh-
lightedtheneedfor geneal, robustalgorithmsfor reconstructiorof watertight3D modelsgivenpartial polygonal
meshesasinput. We presentan algorithmfor 3D hole lling basedon a decompositiorf spaceinto atomicvol-
umes which are eat determinedo be either completelyinsideor completelyoutsidethe model.By de ning the
outputmodelasthe unionof interior atomicvolumesve guaranteethat the resultingmeshis watertight.Individ-
ual volumesare labeledas“inside” or “outside” by computinga minimum-costut of a graphrepresentatiorof
the atomicvolumestructuse, patcing all the holessimultaneouslyn a globally sensitivemanner User contol
is providedto selectbetweermultiple topolagically distinct, yetstill valid, waysof lling holes.Finally, we use
an octreedecompositiomf spaceto provide output-sensitiveomputatiortime We demonstate the ability of our
algorithmto Il comple, non-planarholesin large meshe®btainedfrom3D scanningdevices.

1. Intr oduction

Polygonalrepresentationarewidely usedin computersys-
tems and applicationsfor modeling 3D geometry One
methodof creatinga polygon-mestrepresentationf a 3D
objectinvolvesscanningheobjectfrom a numberof differ-
entviewpoints and constructingthe meshfrom a combina-
tion of surfacesobtainedby thosescansDuring the recon-
structionprocesshowever, therewill usuallyexistanumber
of areador whichnodatawasobtained Thisoccursbecause
mostof the 3D scannerbtaindepthsbasedon someform
of parallax.In orderto obtainthis parallaxtwo different,un-
obstructedines of sightarenecessarypetweerthe scanner
andthe object.If this requirements not metfor somepoint
on the objects surface,therewill be no depthvalue at that
point. Otherreasondor missingor unreliabledatainclude
self occlusionsjow re ectancecoefcients of the surface,
or high grazinganglesfor oneor both of the lines of sight.
While incompletedatamay be sufcient for certainapplica-
tions,mary othersrequirea watertightsurface.Thereforejt
is usefulto have a methodfor lling in theareasof missing
data.

Areasin a surfaceof scannednput that containno data
resultin holesin the meshboundedby rings of half-edgs
meshedgesthat are adjacentto only onetriangle.In sim-
ple casesit is sufcient to createa patchby triangulating
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the half-edgesaroundthe holes.However, for generalhole
topologies,simple triangulationis insufcient, anda more
e xible methodmustbe consideredAnotherpossibleprob-
lemwith triangulationis thattheaddedpatchmightintersect
portionsof the meshaway from the hole, creatinganinter

penetratingbject.In orderto ensurghattheresultingmesh
is notinter-penetratinga solutionthattakesinto accounthe
entiremeshis necessaryFor example,in Figurel, a nave

triangulationof the half-edgerings (shawvn in red)will inter-

sectthe cylinder runningthroughthe spherelnstead,n or-

derto Il theholein thespherecorrectly ouralgorithmcon-
nectsthe half-edgerings on eitherside of the sphere Note
that connectingthe rings on the sphereto the rings on the
cylinderis notavalid solutionasit will beinconsistentvith

existing normals.Therefore jn avalid solution,the cylinder
mustbe lled.

Finally, becauseherepotentiallyexist multiple desirable
solutions the usermusthave theability to in uence theout-
put surface.In Figure 2 for example, the outer half-torus
shavn on the left is lled by our algorithmin two topo-
logically dissimilarways. The ability to choosethe desired
topology of the lled meshand to incorporateadditional
constraintgs importantfor versatilehole- lling.

Overall, robust hole- lling should satisfy the following
criteria:
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Figure 1: Theseémagesare a stylisticrenderingof a result
producedby our algorithm. In the top image, the hole in
the sphee (the backfacesof the modelare drawn in brown
andthe boundaryof the hole is red) cannotbe triangulated
naivelyin a mannerconsistenwith existing facesand nor-
mals without intersectingthe surfaceof the cylinder run-
ning downits center Instead,our algorithm, as shownin
the bottomimage, correctly createsa patd connectingthe
two rings.

1. Produceanon-self-intersectingvatertightmesh;

. Procesarbitraryholesin complex meshes;

3. Avoid changingapproximatingor re-samplingheorigi-
nal dataaway from the holes;

4. Incorporateuserprovided constraintgo allow the selec-
tion of multiple topologicallydiffering solutions;

5. Procesdarge scannednesheswith a runningtime pro-
portionalto the size of the holes,ratherthanthat of the
input mesh;

N

We proposeanapproachthat meetsthesecriteriathrough
atwo-stepprocessin the rst step,aboundingcubeof the
input meshis partitionedinto atomic volumes.A volume
is atomicif it cannotbe intersectedy the polygonsof the
mesh.By this formulation, eachatomicvolumewill be ei-
ther entirely insidethe nal outputmesh(a insidevolume)
oroutsideit (anoutsidevolume).Wede ne theoutputmodel
to bethe unionof theinterior atomicvolumes,thusimplic-
itly identifying the outputmeshastheboundarybetweerthe
insidevolumesandtheoutsidevolumes Thisimplicit de ni-
tion guaranteethattheresultingobjectis watertight.Indeed,
oncecertainbasicconstraintsare met, any classi cation of
atomicvolumesinto insideandoutsideregionswill yield a
watertightsurface.(Notethatthe solutionmightnotbeman-
ifold unlessstepsaretakento ensurethatvolumeswith triv-
ial boundariesrenot possible.JThe useof atomicvolumes
alsoguaranteeshat the surfaceapproximatedoy the input
meshis notchanged.

We usean octreedecompositiorio simplify the partition
of spacanto atomicvolumes A full partitionis only neces-
saryneartheholes.This providesoutputsensitvity.

We createa graphrepresentatiom orderto decidewhich
of the atomicvolumesareinside andwhich are outsidethe
model.In this representatioreachatomicvolumeis repre-
sentedby a node,and weightededgesconnectnodesthat
correspondo neighboringvolumes.The weightof anedge
is the costof addinga faceseparatinghosetwo volumes.
This graphis separatedisinga min-cut algorithminto two
sub-graphspne containingall the nodesrepresentingnte-
rior volumesand the other containingall the exterior vol-
umes.Theuseof amin-cutalgorithmensures globalsolu-
tion, while the edge-weightén the graphprovide e xibility
in decidingthe characteristicsf the lling patch.

At theendof the rst step,eachatomicvolumehasbeen
labeledasinside or outsideand the boundarybetweenthe
insideandthe outsideof the modelis watertight.However,
the resultingsurface can be faceted.In the secondstep of
the algorithm, we preform a smoothingpassto male the
underlyingatomicvolumestructurelessvisible. By enforc-
ing the rule that the labeling of the atomic volumescan-
not be changedduring the smoothingstep,we ensurethat
the correctnesof the nal model has not beencompro-
mised.Thatis, unlike mosttraditional mesh Itering algo-
rithms, we guaranteghat the smoothedneshremainsnon-
self-intersecting.

2. Previous and Related Work

Thereexist several generalmethodsfor creatingwatertight
meshedrom varioustypesof initial data.Methodssuchas
Power Crust[ACKO1], or SpectralWatertight Surface Re-
constructionKol03] createmeshesrom point cloudsand
canensurewatertightsurfacesduring reconstructionThese
methodsmay bethoughtof asperforminghole lling, since
they reconstrucsurfacesacrossareasof irregular, possibly
sparsesamplingsHole lling on alargerscale(from areas
with missingdata)is interpretedasreconstructiorof areas
with evenlower samplingrates While thesurfacegenerated
in thesecaseawill be watertight,the topology of the mesh
may not be the topologyof the original model,especiallyif
theholesarevery large.

Otherdedicatedole- lling methodsassumehata partial
surfaceexists and the missingareasmustbe reconstructed
from an existing polygonalmodel. Thesemethodscan be
categorizedinto two types:

Geometric methods attemptto triangulatethe closed
loops of half-edgeson the boundaryof a hole, but do
not necessarilyenforcea non-interpentratingtriangulation.
In [Lie03], for example,the triangulationis re ned so that
thevertex densityof the patchcorrespondso thevertex den-
sity of the surroundingsurface.Subsequenpasse®ver the

lled areascanwarp vertex positionsto smooththe patch
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Figure 2: Complex holescanbe lled in differentmannes.
In the exampleabove (Top) theholein thetorusis bounded
by two rings of edges (shownin red). (Middle) Thehole is
lled usingtwo usingtwo patcheswith a disctopolagy. (Bot-
tom) Theholeis lled usinga patch with a ring topolagy.
Thebottomtwo imagesare solutionsproducedby our hole-
ling algorithm,which is capableof handlinganytopolagy
andefciently producinganydesiablewatertightsolution.

or to introducegeometricatexturebasecn surroundinge-
gions.

Volumetric methodsobtainthe surfaceimplicitly asthe
boundarybetweenvolumetricregionsthatarelabeledasin-
side andthoselabeledas outsidethe model, thus ensuring
thattheresultingsurfaceis manifold.

In [Ju04 meshesrerepairecby contouringthehalf-edge
loopssurroundingheholes, lling thembasednlocal con-
straints.Usinga volumetricdatastructureasthe underlying
foundation the resultingsurfaceis guaranteedo be water
tight, and the use of an octreedatastructurecoupledwith
local hole- lling ensuresefciency. The weaknesf this
schemas thatthe original surfaceis only approximatednd
even the topology of the input surfacemay be changedin
addition,de ning a hole merelyasa ring of half-edgese-
strictsthe useof this method,sinceit would not be ableto

Il holessuchastheonein Figurel.

Volumetric Diffusion [DMGLO02] usesthe zerosetof a
signeddistancefunction derived from the original meshto
de ne the surfaceof a model.Initially, this functionis only
de ned wheredataexists. The holesarethen lled by ex-
tendingthis functionusinga diffusionprocesauntil the zero
setis watertight. This methodwill work for modelswith an

¢ TheEurographicsAssociation2005.

arbitrarytopologyandallows useof datafrom othersources,
suchas spacecarving, but doesnot retainthe original sur
face(sincethe modelis approximatediusing a signeddis-
tancefunction). More importantly the heat-difusion equa-
tionslimit the signeddistancefunctionto extendin straight
lines,andthereforemight notyield solutionsin casesvhere
the surfacesthat mustbe connectedarein non-cowerging
directions[Mas04 presents variationthatcanbetterhan-
dle cunature,extendingthe surfaceusinga quadricapprox-
imationof the signeddistancefunction. More generally the
disadwantageof thisapproachs thatasolutionis obtainedoy
growing local patchedrom the boundarie®f the holesuntil
they connectln contrasto this method theatomicvolumes
algorithmsolvesa global optimizationto directly determine
theshapeof theaddedyeometryratherthanrelyingonlocal
behaior governedby adifferentialequationln addition,we
avoid resamplingheoriginal surfaceaway from the hole.

[MF97] introduceda meshrepair processto x errors
andinconsistencies models.In this approacha manifold
meshis createdfrom a polygonsoupby splitting a bound-
ing volume of the modelin a BSP tree. Nodesin the tree
are consideredo be on oppositesides(i.e., inside or out-
side) of the meshbasedon the percentagef areabetween
thenodeslled in by theinput mesh.The repairedmeshis
createdfrom a globally optimal solution calculatedon the
tree.Our methodincorporateshe sameinsightsof perform-
ing volumetric decompositiorand globally solving for in-
side/outsidebut specializeshemto thehole- lling problem
while providing output-sensitie computatiortime, explicit
usercontrol over topology andguaranteedion-intersecting
smoothing.

Graph Cuts have long beenwidely usedin both the
graphicsandvision communities.Recentwork with graph
cutsincludessegmentation| SM0(], imageand video syn-
thesis [KSE 03], and surface reconstructionfrom im-
ages[PSQO0%. In our method the graphformulationcomes
directly creategrom theatomicvolumestructureusedto de-
ne the object.We usethe algorithmof [KS9€] to sggment
ourgraph.

3. Atomic Volume Creation

A naturalway to divide all of spaceinto atomic volumes
suchthat eachwill be eithertotally inside an objector to-
tally outsideis to tetrahedralizea boundingvolume of the
object. This tetrahedralizatiormust be constained since
existing facesof the meshmust not intersectary tetrahe-
dra.Constraine®8D tetrahedralizatiois not a simpleprob-
lem, and thereare a numberof algorithmsthat attemptto
triangulate3D objectswhile minimizing various parame-
ters[MV92, She98. A weaknes®f usingsucha methodis
thata large numberof tetrahedrawill be generatedn areas
thatarenotneara hole,andwhile it is clearthatthe patched
surfacewill never go nearthesevolumes,they areincluded
asseparatatomicvolumes.Consequentlythegraph-cutal-
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(a) Consistent  (b) Mustbe subdvided

Figure4: (b) mustbesubdividecbecause¢he middleareais
on both sidesof theinput surface(the normalsare pointing
outwad).

Figure 3: Thecubecontainingthe entire headof the bunny
mayberepresentedy two atomicvolumesit malesno dif-

ferencewhich regionsof the cubeare insideand which re-

gionsare outsideor howmanyconnectedcomponentshere

are in thatcube becauseheboundarybetweerthesehalves
is completelyde ned by the input mesh.The octree needs
to be re ned only in areaswhele the boundaryis not fully

de ned. Thisoccuss only neartheholes.

gorithm mustconsiderthem separatelyconsiderablyslon-
ing down theprocess.

3.1. Octree

We useanoctreeschemeo limit tetrahedralizatioto areas
neartheholes.Thisretainstheability to ef ciently |l holes
with highly irregular boundariesvhile at the sametime al-
lowing the patchto spanlarge holes.To createthe octree,a
boundingvolumeof the meshis adaptvely split into cubes
until eachcubecontainsa trivial (for hole- lling purposes)
portionof the mesh.Cubeshatdo not containtheboundary
of aholegenerallyneednotbesplit ary further, sinceeither
thesecubesdo not containary part of the initial mesh(in
which casein the nal solutionthe atomicvolumeswithin
sucha cubecan be either all labeledinside or all labeled
outside),or they have a numberof facesin them that do
not boundthe hole. In the latter case,the cubeis partially
inside and partially outsidethe model. However, we malke
thecritical obsenationthatthe boundarybetweertheinside
and outsideatomic volumesin the cubeis completelyde-
ned by theinputmesh Any partitioningof suchacubeinto
atomicvolumesis ineffectual,becausery consistentabel-
ing of atomicvolumesin the cubewill yield aboundarythat
includesonly the existing meshtriangles.In Figure 3, for
example,the cube containingthe entire headof the bunry
doesnot needto be partitionedbecauséhe patch lling the
holesin thebaseof thebunry will nevergonearthatcube.lt
is critical to notethatthe numberof connecteccomponents
in sucha cubemalesno difference Becausehe surfacedi-
viding the inside partsfrom the outsidepartsis completely

Figure 5: A crosssectionof a spiral torus lled usingour
method.Note that consideringexisting facesand normals,
theonly correctwayto Il this holeis with a patd that spi-
rals outalongthesurface

de ned, thealgorithmneednot consideithatcubeatall. It is
sufcient to de ne the cubeas“partially insideandpatrtially
outsidethe model” andto recordthat the boundaryof the
modelinsidethe cubeis alreadyknown.

Therearerarecasewhenthepatch lling theholesmust
passhroughcubesotneartheholes.For example consider
the cross-sectiomf the spiraltorusshavn in Figure5. The
holein thatmodelcanonly be lled with asinglepatchthat
spiralsout alongthe input surface.In this example,octree
cubescontainingmorethanoneconnecteaomponenof the
torusneedto be partitionedbecausehe patchwill necessar
ily passthroughthosecubes.More generallyas shavn in
Figure 4, ary cube containinga volume that boundsboth
theinsideandthe outsideof theinput surfacemustbe parti-
tioned.Thesecasesanbe easilychecledfor at subdvision
time.
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Notethatan underlyingassumptiorof this methodis that
the trianglesof the input meshhave valid (i.e., globally-
consistent)normals. Applying this algorithm to a non-
orientablemodel (suchas a Mdébius strip) will causecon-
icting constrainton someof theatomicvolumes,andwill
causehe procesgo fail. Thisis partof therequirementhat
theinput meshbe non-self-intersectingndorientable This
is alwaysthe casefor the outputof rangescanreconstruc-
tion approachesuchasVRIP [CL96], which was usedto
reconstructhe meshedor all the scanned=xamplesin the
paperNotethatour algorithmcurrentlyoperate®n triangle
meshesanddoesnot take specialadwantageof the factthat
themeshmayhave beenobtainedrom avolume.If thevolu-
metricdatawereuseddirectly, thenusinganatomicvolume
approachwould be even simplerandwould still producea
global solutionratherthanrelying on the local behaior of

theexisting surface.

Ourmethodof octreecreationis basednasimpli ed ver
sion of the octreeusedby [MV92, BDE9Z, sincethe only
faceghattriggersubdvision aretheonessurroundingholes.
Theonly criterionfor stoppingoctreesubdvision is thetriv-
iality of the atomicvolumes.Using sucha simplecriterion
may causethe octreeto be of signi cant depthin orderto
connecthepatchwith aninitial meshthathascloselyspaced
vertices,but this will only occurnearthe holes.As shavn
by [MV92] cubesizewill beno smallerthanonequarterthe
distancebetweertwo vertices Becauseheoctreeis divided
only neartheholes thenumberof octreecubesdependsnly
ontherelative sizeof theholewith respecto themodel,and
on the size of the trianglessurroundingthe hole. We found
thatif, for example,theinput meshis subdvided— increas-
ing the numberof trianglesby a factorof four —the number
of octreecubesincreasesnly by afactorof two.

If usingan“unbounded”octreedepthis problematic.an-
otheroptionis to limit the octreeto a x eddepth.If acube
reacheghe max depth,that cubeis tetrahedralizedor split
into atomicvolumesusingaBSPtree).In our effort to main-
tain theinput mesh,we have avoidedchangingor removing
ary of theinputtriangles put sincetheonly requirements to
notchangethe surfaceaway from the holes,offendingfaces
aroundthe holescould alsobe removedto easetetrahedral-
ization.

As shawvn in Figure 6, the completedoctreeconsistsof
threetype of cubes:

Blank cubes do not containary facesof the original
mesh.The cubecanthereforebe consideredo beeitheren-
tirely insideor entirely outsidethe model.

Inside/Outside (I0) cubescontainfacesof themeshthat
arenotadjacento ahole.For thesecubesgventhoughthere
is no explicit partition into atomic volumes,the boundary
betweenthe inside and outsideis preciselyknovn andcan
beignored.
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Figure 6: Theseimages show the stepsof the algorithm
pipelineon a 2D example (a) A quadteeis createdout of
a boundingsquae of theinput curve Squaesare split until

triangulationoftheendpointsis trivial. Thequadteesquae
typesare labeled: greenand red squaes are 10 squaes,
blank squaes are white and hole squaes are colored in

blue and triangulated.(b) The adjacencygraphis created.
IO squaes get two graph nodes,blank squaes get one

and hole squaes get one node per triangle. Nodescorre-
spondingto neighboringvolumesare connectedy an edge
with a nite weight. (c) Constaint Edges are added. All

IO nodesare constained by edges connectingthemto the
propernode (d) Themin-cutpasssplits the graph into two
sub-gaphs.(e) The correspondingedges are addedto the
meshcreating a watertight surface (f) Smoothingis pre-
formedonthepatc.

Hole cubescontaineithera singlevertex thatlies onthe
boundaryof a hole (boundaryvertex), or a single edgethat
liesontheboundaryof ahole (boundaryedge) Thesecubes
aretrivially tetrahedralizeéhto atomicvolumes with a sin-



J. Podolak& S.Rusinkigvicz/ AtomicVolumesfor MeshCompletion

gle centerpoint (the boundaryvertex in the cube,or a point

ontheboundaryedgein thecube)astheheadof all thetetra-
hedrawhile thebase®f thetetrahedrareobtainedoy trian-

gulatingeachof thefacesf thecube . Thetetrahedrareated
do not intersectthe facesin the hole cubes,and therefore
may eachbelabeledasinsideor outsideseparately

4. Label Assignment

Oncespacehasbeenpartitioned,eachatomicvolumeis la-
beledaseithereitherinsideor outsidethe model.As shavn
in Figure 6d we usea graphcut [KS96 algorithmto label
thevolumesin a globalmanner

4.1. Graph Nodes

We createa graphby assigningeachoctreecubea number
of nodescorrespondindo the numberof signi cant atomic
volumesit containsBlankcubescorrespondo asinglenode
in the graph.lO cubesare alwaysdescribedoy two nodes,
onenoderepresentinghe atomicvolumesinsidethe model,
andthe othernoderepresentinghe atomicvolumesoutside
the model.Hole cubesareallottedone nodefor eachtetra-
hedroncontainedvithin. In addition,thegraphcontainswo
othernodes:the sourcenodeandthe sink node.After run-
ning the min-cut on the graph,the atomic volumeswhose
nodesareon the sourceside of the graphwill belabeledas
inside,while the volumeswhosenodesare on the sink side
will belabeledasoutside.

4.2. Graph Edges

Edgesin the graphare designatedas ConstraintEdgesor
BoundaryEdgesandaregivenappropriateveights.

Constraint Edgesare edgeswith an edge-weighof in-
nity , andconnecthe sourceandsink to nodescorrespond-
ing to atomicvolumesthat have beenpre-de nedasinside
or outside.For example,a nodecorrespondingo theinside
volumesof anlO cubewill have a constraintedgeconnect-
ing thatnodeto the sourcenode.Becauseghe weightof the
edgeisin nite, thisedgewill neverbecutby themin-cutal-
gorithm, guaranteeinghatthe interior volumesof thatcube
arelabeledasinsidethe modelat the endof the process.

In a similar manner ary userde ned constraintyasde-
scribedbelav) arerepresentedvith edgesof in nite weight
connectedo thepropernode.

Boundary Edges are edgeswith a nite edge-weight,
placedbetweenary two nodeswith adjacentatomic vol-
umes.If the boundarybetweentwo volumesis intersected
by a faceof the input surfacethen no edgeis needed.n
sucha case both volumesmustbe |O cubes,andtherefore
the boundarybetweerthosetwo cubesis pre-de ned.In all
othercasesanedgeis added.

In mostcasesaddingthe edgemeansconnectinghe two
nodescorrespondingo neighboringatomicvolumesin the
graph.When connectingto an IO node,however, an extra
testis necessaryn orderto decideif to connecto theinside
portion of the cube,or the outsideportion. We take adwan-
tageof thefactthattheboundarybetweeranatomicvolume
andan 10 cubeis alwaysa polygonthat doesnot intersect
ary input triangles.Furthermorethe boundarybetweerthe
insidevolumesandthe outsidevolumesin the cubeis com-
pletely de ned. Therefore we may determinewhetherany
pointis insideor outsideby checkingthenormalattheclos-
estpointonthesurface.Thisletsusedetermindf thatatomic
volumeshouldbe connectedo to the insidenodeof the IO
cubeor theoutsidenode.

A nodecorrespondingo anatomicvolumeonthebound-
ary of the octreeis connectedy an edgeto the sink (exte-
rior) nodewith a nite edgeweight.If thisedgeis cut,aface
ontheboundingcubeis added.

The exact weight of the boundaryedgesdetermineshe
natureof the patchgeneratedrFor example,if all boundary
edgesaregivenanedgeweightof one,theholewill be lled
with aminimumnumberof faceslf theedgeweightusedis
the areaof the boundarybetweenthe two atomicvolumes,
the surfaceareaof the patchwill be minimized.It is impor-
tantto notethat no matterwhat edge-weightaregiven, as
longasthey are nite, thealgorithmwill yield a correct,wa-
tertightsurface In theexamplesn thispaperwe useweights
basedn surfaceareayielding minimum-aregatches.

4.3. User Constraints

In additionto the constraintsimposedon the atomic vol-

umesby theinitial polygonmeshfurtherconstraintsnaybe

addedbasedon othersourcesof informationsuchasspace
carving [DMGLO02], shadav carving [SRBP02, or direct
userinput. As shavn in Figure7, if aportionof spaceneeds
to be outsideor inside the modelin the nal solution,the

nodecorrespondingo thevolumethatcontainghatareagets
an additional constraintedge,ensuringthat the nodefalls

in the correctsub-graphCubeswith multiple contradicting
constraintaresubdivided.Oncethegraphis partitionedary

polygonthatcorrespond$o a cutedgeis addedo themesh,
creatinga watertightsurface.

5. Smoothing

The next stepin our algorithminvolves smoothingthe re-
sulting patch.Becausdhe rst phaseof the algorithmdeals
only with atomicvolumes the surfacecreatedoy a union of

suchvolumeswill necessarilypefacetedandsomesmooth-
ing is necessaryn orderto createa visually pleasingpatch.
Thesurfaceis smoothedy moving theverticesof the newly

createdpatchfaces.In our implementationeachpoint on
the patchis pulled asif it had a spring connectedo each
of its neighbors providing an approximationto Laplacian
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(@) (b)

(© (d)

Figure 7: (a) Points constained to be outsidethe mesh
are added.(b) The octree only needsto subdividewhee
there are contradicting constaints. (c) The min-cutis run
normally on the new graph and (d) the resulting patch is
smoothed.

meshsmoothing.Pointsare moved simultaneousliyto their
new location.Pointsfrom theinput mesharenot allowedto
move.

In orderto smooththe verticescorrectly the topology of
the graphmustbe presered. This still providesleeway for
smoothingasthe atomicvolumescanbe warpedaslong as
the graphadjaceng informationis unchangedIn our im-
plementation)imited warping of the atomicvolumesis al-
lowed. For every atomicvolume,the“center” of thevolume
is de ned as eitherthe centroidor, if userconstraintsare
used,the point (or multiple points)in the cubespeci ed by
the user Verticesmay be moved as long as eachremains
within its own area,de ned by the centersof the neighbor
ing atomicvolume.In practice,for eachpoint, we checkif
moving it will causethe centersof the neighboringatomic
volumesto fall outsideof their volume.If moving a point
fails this test, the point is not moved during that iteration.
An additionalconstraints thatlO cubescannotbeviolated,
aswe have no knowledgeof how the surfacebehaesinside
them.We foundthatthis methodyieldedsmoothpatchedor
themodelstested.

In orderto allow more freedomwith smoothing,an op-
tional extensionof this methodwould be to allow smooth-
ing without ary constraintgwith a possibleresultof a self-
intersectingsurface). The new surface will then intersect
a new setof atomic volumes.Edgeswith (a small) nite
weightcanbeaddedrom thesourceandsink nodesto these
volumesto “suggest”that the surface passthroughthem.
Runninga new min-cut on the new graphwill incorporate
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Model Numberof faces Numberof nodes  Time
Skull 1,250 10,481 8sec
Bunry 70,000 17,300 78sec
Angel 340,000 530,000 17.5min
Toes 350,000 570,000 19min

thesesuggestionsvhile maintainingall the constraintsm-
posedby the userandby theinput mesh A subsequenton-
strainedsmoothingpasswill ensureunfacetedesults.

6. Results

We testedour algorithm on a numberof complex meshes,
includingwell-known examplesof scanswith holes.There-

sultsaretopologicallyaccuratendpreseretheoriginaldata
away from the holes.The modelswererun on a Pentium4

with 2GHzand3GB of RAM. Timingsandoctreesizesare

shavn in thetableabore.

Figure 8 shaws our resultson the Stanfordbunrny model,
which hasholesin the baseand feet. Our technique lls
theholes,while preservinghe existing geometry The skull
model(Figure10) containsalarge proportionof missingge-
ometry Our unsmoothedesultshavs thattheinitial atomic
volume decompositiorproducedrelatively large at areas,
shaving that spacewas not subdvided except near the
boundarief the existing mesh.Smoothingproducesa -
nalresult.

Figures 9 and 11 shav examples of large, comple
scannednesheseachcontainingaround350,000polygons.
Notice that the model of the toesof Michelangelos David
hasbeen lled in two differentways:in 11b, no userbased
constraintsare added,andthe two toesare connectedy a
handle.In 11c, the useraddsconstraintpointsto selectthe
correctway to Il the largesthole. Although the selection
wasdonemanuallyin this case(by constraininga few cubes
to be outsidethe surface),space-carvinglatacould be used
to obtainthe sameresultautomatically

7. Conclusionsand Futur e Work

This paperinvestigateghe problemof hole- lling, andpro-
posessolutionbasednadaptve spatialdecompositiorand
graphcuts.Utilizing atomicvolumesasthefoundationof the
algorithmallows userbasedconstraintssuchasspacecarv-
ing to be addecto the input, andthe min-cutalgorithmpro-
videsanintuitive globalmethodto split spaceénto insideand
outsideportions.

While othertypesof atomic volumesmay be emplgyed
(splitting the entire volumeinto tetrahedrapr usinga BSP
tree),theadaptve octreedatastructureallows the algorithm
to focus on the areassurroundingthe holes, and utilizing
cubesasthebasicvolumeallows easysmoothing.
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Smoothinghe patchafterit hasbeenconstructednustbe
donecarefully Perturbationof the surface mustnot cause
self-intersectionor the breakingof one of the userbased
constraintsTheoctreedatastructureallows localinspection
of thesurfaceto ensurecorrectness.

Theexisting algorithmcouldbeextendedn seseralways.
First, our currentimplementatiorof smoothingallows only
the boundariedetweenatomic volumes,not the centersof
the volumes,to move. A more e xible smoothingscheme
would allow the centersof the atomicvolumesto move as
long as the topology of the graphdescribingthe volumes
doesnot change.In addition, we have only explored the
simplestmethodof smoothing,basedon minimizing sur
facearea.However, the framework is generalenoughto be
adaptedo any smoothingmethod,suchasminimizing thin-
plateenegy [Mas04, or texture synthesidrom existing lo-
cal surfacedata SACOO04.

Currently all edgesbetweenthe graph nodesand the
sourceand sink have an edgeweight of in nity . A addi-
tional way to in uence theresultingpatchis to add“hints;’
asopposedo constraintsaboutwhat partsof spacearein-
sidethe modelandwhat partsare outside.By adding nite
weightededgesbetweensuchnodesandthe corresponding
source/sinknode, we allow atomic volumesto be on the
wrong side of the model“for a price?” An exampleof such
a hint would be to add a “soft” symmetryconstraint,for a
translationalor rotationalsymmetrythatis eitherspeci ed
manuallyor detectedautomatically[KFR04]. Atomic vol-
umeswould thereforebe suggestedo be inside or outside
basedn the symmetriccounterpartn theinput mesh.

Finally, a moregeneralliine of researchis to take adwan-
tageof our dualsurface-andvolume-basedepresentatioto
enforcetopologicalconstraintsand non-intersectiorduring
a variety of other geometricsignal processingalgorithms.
Localized ltering, deformation.andcollision areall appli-
cationsthatwould bene t from anadaptve, local datastruc-
ture that guaranteesesultsthat are manifold and noninter
secting.
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Figure 8: Thewell-knownbunnymodelis lled with anoc- Figure9: A scannedangel modelcontainechumeousholes
treedepthof 12. Thehole lling procesgooka little longer that take up a large portion of the surface The octree
thana minute readheda maximundepthof 23 to split someof thevertices

surroundingtheholes thoughonly 530,000total nodeswere
required. Thehole- lling procesgookabout15min.

@ (b) (© (d)

Figure 10: (a) Our algorithm lled this skull model,eventhougha large percentaye of the surfaceareawasmissing (b) The
min-cutproducesaninitial result.(c,d) Thisis smoothedo producea more pleasingsolution.

@ (b) (©

Figure 11: (a) Thetoesof Michelanglo's David. (b) Therepaired modelwithout userbasedconstaints. Notethe “tunnel”
connectinghetwo toes.(c) Addinguserbasedconstaints. By assertinghat the areabetweerthe two toesis empty(manually
in this case thoughspace-carvinglatacouldalsobeused),a new patc is created correctly lling theholebetweerthetoes.
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