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Abstract

Theincreaseduseof scannedgeometryfor applicationsin computergraphicsand3D hardcopyoutputhashigh-
lightedtheneedfor general, robustalgorithmsfor reconstructionof watertight3D modelsgivenpartial polygonal
meshesasinput.We presentan algorithmfor 3D hole�lling basedon a decompositionof spaceinto atomicvol-
umes, which are each determinedto beeithercompletelyinsideor completelyoutsidethemodel.By de�ning the
outputmodelastheunionof interior atomicvolumesweguaranteethat theresultingmeshis watertight.Individ-
ual volumesare labeledas“inside” or “outside” by computinga minimum-costcut of a graphrepresentationof
the atomicvolumestructure, patching all the holessimultaneouslyin a globally sensitivemanner. User control
is providedto selectbetweenmultiple topologically distinct,yet still valid, waysof �lling holes.Finally, we use
an octreedecompositionof spaceto provideoutput-sensitivecomputationtime. We demonstratetheability of our
algorithmto �ll complex, non-planarholesin large meshesobtainedfrom3D scanningdevices.

1. Intr oduction

Polygonalrepresentationsarewidely usedin computersys-
tems and applications for modeling 3D geometry. One
methodof creatinga polygon-meshrepresentationof a 3D
objectinvolvesscanningtheobjectfrom a numberof differ-
ent viewpointsandconstructingthe meshfrom a combina-
tion of surfacesobtainedby thosescans.During the recon-
structionprocess,however, therewill usuallyexist anumber
of areasfor whichnodatawasobtained.Thisoccursbecause
mostof the3D scannersobtaindepthsbasedon someform
of parallax.In orderto obtainthisparallax,two different,un-
obstructedlinesof sight arenecessarybetweenthescanner
andtheobject.If this requirementis not metfor somepoint
on the object's surface,therewill be no depthvalueat that
point. Otherreasonsfor missingor unreliabledatainclude
self occlusions,low re�ectancecoef�cients of the surface,
or high grazinganglesfor oneor both of the linesof sight.
While incompletedatamaybesuf�cient for certainapplica-
tions,many othersrequirea watertightsurface.Therefore,it
is usefulto have a methodfor �lling in theareasof missing
data.

Areasin a surfaceof scannedinput that containno data
result in holesin themeshboundedby rings of half-edges,
meshedgesthat areadjacentto only one triangle. In sim-
ple cases,it is suf�cient to createa patchby triangulating

the half-edgesaroundthe holes.However, for generalhole
topologies,simple triangulationis insuf�cient, anda more
�e xible methodmustbeconsidered.Anotherpossibleprob-
lemwith triangulationis thattheaddedpatchmight intersect
portionsof themeshaway from thehole,creatingan inter-
penetratingobject.In orderto ensurethattheresultingmesh
is not inter-penetrating,asolutionthattakesinto accountthe
entiremeshis necessary. For example,in Figure1, a naive
triangulationof thehalf-edgerings(shown in red)will inter-
sectthecylinder runningthroughthesphere.Instead,in or-
derto �ll theholein thespherecorrectly, ouralgorithmcon-
nectsthe half-edgerings on eithersideof the sphere.Note
that connectingthe rings on the sphereto the rings on the
cylinder is notavalid solutionasit will beinconsistentwith
existingnormals.Therefore,in a valid solution,thecylinder
mustbe�lled.

Finally, becausetherepotentiallyexist multiple desirable
solutions,theusermusthave theability to in�uence theout-
put surface. In Figure 2 for example,the outer half-torus
shown on the left is �lled by our algorithm in two topo-
logically dissimilarways.Theability to choosethedesired
topology of the �lled meshand to incorporateadditional
constraintsis importantfor versatilehole-�lling.

Overall, robust hole-�lling shouldsatisfy the following
criteria:
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Figure 1: Theseimagesare a stylistic renderingof a result
producedby our algorithm. In the top image, the hole in
thesphere (thebackfacesof the modelare drawn in brown
andtheboundaryof thehole is red)cannotbetriangulated
naivelyin a mannerconsistentwith existing facesandnor-
mals without intersectingthe surfaceof the cylinder run-
ning down its center. Instead,our algorithm, as shownin
the bottomimage, correctly createsa patch connectingthe
two rings.

1. Producea non-self-intersectingwatertightmesh;
2. Processarbitraryholesin complex meshes;
3. Avoid changing,approximatingor re-samplingtheorigi-

naldataaway from theholes;
4. Incorporateuser-providedconstraintsto allow theselec-

tion of multiple topologicallydifferingsolutions;
5. Processlarge scannedmesheswith a runningtime pro-

portional to the sizeof the holes,ratherthanthat of the
input mesh;

We proposeanapproachthatmeetsthesecriteriathrough
a two-stepprocess.In the �rst step,a boundingcubeof the
input meshis partitionedinto atomic volumes.A volume
is atomic if it cannotbe intersectedby the polygonsof the
mesh.By this formulation,eachatomicvolumewill be ei-
ther entirely insidethe �nal outputmesh(a insidevolume)
or outsideit (anoutsidevolume).Wede�ne theoutputmodel
to betheunionof the interior atomicvolumes,thusimplic-
itly identifyingtheoutputmeshastheboundarybetweenthe
insidevolumesandtheoutsidevolumes.Thisimplicit de�ni-
tion guaranteesthattheresultingobjectis watertight.Indeed,
oncecertainbasicconstraintsaremet,any classi�cationof
atomicvolumesinto insideandoutsideregionswill yield a
watertightsurface.(Notethatthesolutionmightnotbeman-
ifold unlessstepsaretakento ensurethatvolumeswith triv-
ial boundariesarenot possible.)Theuseof atomicvolumes
alsoguaranteesthat the surfaceapproximatedby the input
meshis notchanged.

We useanoctreedecompositionto simplify thepartition
of spaceinto atomicvolumes.A full partitionis only neces-
saryneartheholes.This providesoutputsensitivity.

Wecreatea graphrepresentationin orderto decidewhich
of theatomicvolumesareinsideandwhich areoutsidethe
model.In this representation,eachatomicvolumeis repre-
sentedby a node,and weightededgesconnectnodesthat
correspondto neighboringvolumes.Theweightof anedge
is the costof addinga faceseparatingthosetwo volumes.
This graphis separatedusinga min-cut algorithminto two
sub-graphs,onecontainingall the nodesrepresentinginte-
rior volumesand the other containingall the exterior vol-
umes.Theuseof a min-cutalgorithmensuresa globalsolu-
tion, while theedge-weightsin thegraphprovide �e xibility
in decidingthecharacteristicsof the�lling patch.

At theendof the�rst step,eachatomicvolumehasbeen
labeledas insideor outsideand the boundarybetweenthe
insideandtheoutsideof themodelis watertight.However,
the resultingsurfacecan be faceted.In the secondstepof
the algorithm, we preform a smoothingpassto make the
underlyingatomicvolumestructurelessvisible. By enforc-
ing the rule that the labeling of the atomic volumescan-
not be changedduring the smoothingstep,we ensurethat
the correctnessof the �nal model has not beencompro-
mised.That is, unlike most traditionalmesh�ltering algo-
rithms,we guaranteethat thesmoothedmeshremainsnon-
self-intersecting.

2. Previousand RelatedWork

Thereexist several generalmethodsfor creatingwatertight
meshesfrom varioustypesof initial data.Methodssuchas
Power Crust [ACK01], or SpectralWatertightSurfaceRe-
construction[Kol03] createmeshesfrom point cloudsand
canensurewatertightsurfacesduringreconstruction.These
methodsmaybethoughtof asperforminghole�lling, since
they reconstructsurfacesacrossareasof irregular, possibly
sparsesamplings.Hole �lling on a largerscale(from areas
with missingdata)is interpretedasreconstructionof areas
with evenlowersamplingrates.While thesurfacegenerated
in thesecaseswill be watertight,the topologyof the mesh
maynot bethetopologyof theoriginal model,especiallyif
theholesarevery large.

Otherdedicatedhole-�lling methodsassumethatapartial
surfaceexists and the missingareasmustbe reconstructed
from an existing polygonalmodel.Thesemethodscan be
categorizedinto two types:

Geometric methods attempt to triangulatethe closed
loops of half-edgeson the boundaryof a hole, but do
not necessarilyenforcea non-inter-pentratingtriangulation.
In [Lie03], for example,the triangulationis re�ned so that
thevertex densityof thepatchcorrespondsto thevertex den-
sity of thesurroundingsurface.Subsequentpassesover the
�lled areascan warp vertex positionsto smooththe patch
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Figure 2: Complex holescanbe�lled in differentmanners.
In theexampleabove, (Top) theholein thetorusis bounded
by two rings of edges(shownin red). (Middle) Thehole is
�lled usingtwousingtwopatcheswith a disctopology. (Bot-
tom) Thehole is �lled usinga patch with a ring topology.
Thebottomtwo imagesare solutionsproducedby our hole-
�lling algorithm,which is capableof handlinganytopology
andef�ciently producinganydesirablewatertightsolution.

or to introducegeometricaltexturebasedonsurroundingre-
gions.

Volumetric methodsobtainthesurfaceimplicitly asthe
boundarybetweenvolumetricregionsthatarelabeledasin-
sideand thoselabeledasoutsidethe model,thusensuring
thattheresultingsurfaceis manifold.

In [Ju04] meshesarerepairedby contouringthehalf-edge
loopssurroundingtheholes,�lling thembasedonlocalcon-
straints.Usinga volumetricdatastructureastheunderlying
foundation,the resultingsurfaceis guaranteedto be water-
tight, and the useof an octreedatastructurecoupledwith
local hole-�lling ensuresef�ciency. The weaknessof this
schemeis thattheoriginal surfaceis only approximatedand
even the topologyof the input surfacemay be changed.In
addition,de�ning a hole merelyasa ring of half-edgesre-
strictsthe useof this method,sinceit would not be ableto
�ll holessuchastheonein Figure1.

Volumetric Diffusion [DMGL02] usesthe zero set of a
signeddistancefunction derived from the original meshto
de�ne thesurfaceof a model.Initially, this function is only
de�ned wheredataexists. The holesare then �lled by ex-
tendingthis functionusinga diffusionprocessuntil thezero
setis watertight.This methodwill work for modelswith an

arbitrarytopologyandallowsuseof datafrom othersources,
suchasspacecarving,but doesnot retainthe original sur-
face(sincethe model is approximatedusing a signeddis-
tancefunction).More importantly, the heat-diffusion equa-
tions limit thesigneddistancefunctionto extendin straight
lines,andthereforemightnot yield solutionsin caseswhere
the surfacesthat mustbe connectedare in non-converging
directions.[Mas04] presentsa variationthatcanbetterhan-
dlecurvature,extendingthesurfaceusinga quadricapprox-
imationof thesigneddistancefunction.More generally, the
disadvantageof thisapproachis thatasolutionisobtainedby
growing localpatchesfrom theboundariesof theholesuntil
they connect.In contrastto thismethod,theatomicvolumes
algorithmsolvesa globaloptimizationto directlydetermine
theshapeof theaddedgeometry, ratherthanrelyingonlocal
behavior governedby adifferentialequation.In addition,we
avoid resamplingtheoriginal surfaceaway from thehole.

[MF97] introduceda meshrepair processto �x errors
andinconsistenciesin models.In this approach,a manifold
meshis createdfrom a polygonsoupby splitting a bound-
ing volume of the model in a BSP tree.Nodesin the tree
areconsideredto be on oppositesides(i.e., inside or out-
side)of the meshbasedon the percentageof areabetween
thenodes�lled in by the input mesh.The repairedmeshis
createdfrom a globally optimal solution calculatedon the
tree.Ourmethodincorporatesthesameinsightsof perform-
ing volumetricdecompositionandglobally solving for in-
side/outside,but specializesthemto thehole-�lling problem
while providing output-sensitive computationtime, explicit
usercontrolover topology, andguaranteednon-intersecting
smoothing.

Graph Cuts have long been widely used in both the
graphicsandvision communities.Recentwork with graph
cuts includessegmentation[SM00], imageandvideo syn-
thesis [KSE� 03], and surface reconstructionfrom im-
ages[PSQ05]. In our method,thegraphformulationcomes
directlycreatesfrom theatomicvolumestructureusedto de-
�ne theobject.We usethealgorithmof [KS96] to segment
ourgraph.

3. Atomic VolumeCreation

A naturalway to divide all of spaceinto atomic volumes
suchthat eachwill be either totally insidean objector to-
tally outsideis to tetrahedralizea boundingvolumeof the
object. This tetrahedralizationmust be constrained, since
existing facesof the meshmust not intersectany tetrahe-
dra.Constrained3D tetrahedralizationis not a simpleprob-
lem, and thereare a numberof algorithmsthat attemptto
triangulate3D objectswhile minimizing various parame-
ters[MV92, She98]. A weaknessof usingsucha methodis
thata largenumberof tetrahedrawill begeneratedin areas
thatarenotneara hole,andwhile it is clearthatthepatched
surfacewill never go nearthesevolumes,they areincluded
asseparateatomicvolumes.Consequently, thegraph-cutal-
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Figure 3: Thecubecontainingtheentire headof thebunny
mayberepresentedby two atomicvolumes.It makesno dif-
ferencewhich regionsof the cubeare insideand which re-
gionsare outsideor howmanyconnectedcomponentsthere
are in thatcube, becausetheboundarybetweenthesehalves
is completelyde�ned by the input mesh.Theoctree needs
to be re�ned only in areaswhere the boundaryis not fully
de�ned.Thisoccurs onlyneartheholes.

gorithm mustconsiderthemseparately, considerablyslow-
ing down theprocess.

3.1. Octree

We useanoctreeschemeto limit tetrahedralizationto areas
neartheholes.This retainstheability to ef�ciently �ll holes
with highly irregular boundarieswhile at the sametime al-
lowing thepatchto spanlargeholes.To createtheoctree,a
boundingvolumeof themeshis adaptively split into cubes
until eachcubecontainsa trivial (for hole-�lling purposes)
portionof themesh.Cubesthatdonotcontaintheboundary
of a holegenerallyneednotbesplit any further, sinceeither
thesecubesdo not containany 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
insideandpartially outsidethe model.However, we make
thecritical observationthattheboundarybetweentheinside
andoutsideatomicvolumesin the cubeis completelyde-
�ned by theinputmesh.Any partitioningof suchacubeinto
atomicvolumesis ineffectual,becauseany consistentlabel-
ing of atomicvolumesin thecubewill yield aboundarythat
includesonly the existing meshtriangles.In Figure 3, for
example,the cubecontainingthe entireheadof the bunny
doesnot needto bepartitionedbecausethepatch�lling the
holesin thebaseof thebunny will nevergonearthatcube.It
is critical to notethat thenumberof connectedcomponents
in sucha cubemakesno difference.Becausethesurfacedi-
viding the insidepartsfrom the outsidepartsis completely

(a) Consistent (b) Mustbesubdivided

Figure4: (b) mustbesubdividedbecausethemiddleareais
on bothsidesof theinput surface(thenormalsare pointing
outward).

Figure 5: A crosssectionof a spiral torus �lled usingour
method.Note that consideringexisting facesand normals,
theonly correctwayto �ll this hole is with a patch that spi-
ralsout alongthesurface.

de�ned,thealgorithmneednotconsiderthatcubeatall. It is
suf�cient to de�ne thecubeas“partially insideandpartially
outsidethe model” and to recordthat the boundaryof the
modelinsidethecubeis alreadyknown.

Therearerarecaseswhenthepatch�lling theholesmust
passthroughcubesnotneartheholes.For example,consider
thecross-sectionof thespiral torusshown in Figure5. The
holein thatmodelcanonly be�lled with a singlepatchthat
spiralsout along the input surface.In this example,octree
cubescontainingmorethanoneconnectedcomponentof the
torusneedto bepartitionedbecausethepatchwill necessar-
ily passthroughthosecubes.More generallyas shown in
Figure 4, any cubecontaininga volume that boundsboth
theinsideandtheoutsideof theinputsurfacemustbeparti-
tioned.Thesecasescanbeeasilycheckedfor at subdivision
time.
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Notethatanunderlyingassumptionof this methodis that
the trianglesof the input meshhave valid (i.e., globally-
consistent)normals. Applying this algorithm to a non-
orientablemodel (suchas a Möbius strip) will causecon-
�icting constraintson someof theatomicvolumes,andwill
causetheprocessto fail. This is partof therequirementthat
theinput meshbenon-self-intersectingandorientable.This
is alwaysthe casefor the outputof rangescanreconstruc-
tion approachessuchasVRIP [CL96], which was usedto
reconstructthe meshesfor all the scannedexamplesin the
paper. Notethatouralgorithmcurrentlyoperateson triangle
meshes,anddoesnot take specialadvantageof thefact that
themeshmayhavebeenobtainedfrom avolume.If thevolu-
metricdatawereuseddirectly, thenusinganatomicvolume
approachwould be even simplerandwould still producea
global solutionratherthanrelying on the local behavior of
theexistingsurface.

Ourmethodof octreecreationisbasedonasimpli�ed ver-
sion of the octreeusedby [MV92, BDE92], sincethe only
facesthattriggersubdivisionaretheonessurroundingholes.
Theonly criterionfor stoppingoctreesubdivision is thetriv-
iality of the atomicvolumes.Using sucha simplecriterion
may causethe octreeto be of signi�cant depthin order to
connectthepatchwith aninitial meshthathascloselyspaced
vertices,but this will only occurnearthe holes.As shown
by [MV92] cubesizewill benosmallerthanonequarterthe
distancebetweentwo vertices.Becausetheoctreeis divided
only neartheholes,thenumberof octreecubesdependsonly
ontherelativesizeof theholewith respectto themodel,and
on thesizeof the trianglessurroundingthehole.We found
that if, for example,theinput meshis subdivided– increas-
ing thenumberof trianglesby a factorof four – thenumber
of octreecubesincreasesonly by a factorof two.

If usingan“unbounded”octreedepthis problematic,an-
otheroption is to limit theoctreeto a �x eddepth.If a cube
reachesthemaxdepth,that cubeis tetrahedralized(or split
into atomicvolumesusingaBSPtree).In oureffort to main-
tain theinput mesh,we have avoidedchangingor removing
any of theinputtriangles,but sincetheonly requirementis to
notchangethesurfaceaway from theholes,offendingfaces
aroundtheholescouldalsoberemovedto easetetrahedral-
ization.

As shown in Figure 6, the completedoctreeconsistsof
threetypeof cubes:

Blank cubes do not contain any facesof the original
mesh.Thecubecanthereforebeconsideredto beeitheren-
tirely insideor entirelyoutsidethemodel.

Inside/Outside(IO) cubescontainfacesof themeshthat
arenotadjacentto ahole.For thesecubes,eventhoughthere
is no explicit partition into atomic volumes,the boundary
betweenthe insideandoutsideis preciselyknown andcan
beignored.

KEY

Out Cube In Cube BlankCube HoleCube

(a) QuadtreeClassi�cation (b) Adjacency Graph

x
xx

(c) ConstraintEdges (d) Min Cut

(e) AddingFaces (f) Smoothing

Figure 6: Theseimages show the stepsof the algorithm
pipelineon a 2D example. (a) A quadtree is createdout of
a boundingsquare of theinputcurve. Squaresare split until
triangulationof theendpointsis trivial. Thequadtreesquare
typesare labeled: greenand red squares are IO squares,
blank squares are white, and hole squares are colored in
blue and triangulated.(b) Theadjacencygraph is created.
IO squares get two graph nodes,blank squares get one,
and hole squares get one nodeper triangle. Nodescorre-
spondingto neighboringvolumesare connectedby an edge
with a �nite weight. (c) Constraint Edges are added.All
IO nodesare constrainedby edgesconnectingthemto the
propernode. (d) Themin-cutpasssplits thegraph into two
sub-graphs.(e) Thecorrespondingedges are addedto the
meshcreating a watertight surface. (f) Smoothingis pre-
formedon thepatch.

Hole cubescontaineithera singlevertex that lies on the
boundaryof a hole (boundaryvertex), or a singleedgethat
liesontheboundaryof ahole(boundaryedge).Thesecubes
aretrivially tetrahedralizedinto atomicvolumes,with a sin-
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gle centerpoint (theboundaryvertex in thecube,or a point
ontheboundaryedgein thecube)astheheadof all thetetra-
hedra,while thebasesof thetetrahedraareobtainedby trian-
gulatingeachof thefacesof thecube.Thetetrahedracreated
do not intersectthe facesin the hole cubes,and therefore
mayeachbelabeledasinsideor outsideseparately.

4. Label Assignment

Oncespacehasbeenpartitioned,eachatomicvolumeis la-
beledaseithereitherinsideor outsidethemodel.As shown
in Figure6d we usea graphcut [KS96] algorithmto label
thevolumesin a globalmanner.

4.1. Graph Nodes

We createa graphby assigningeachoctreecubea number
of nodescorrespondingto thenumberof signi�cant atomic
volumesit contains.Blankcubescorrespondto asinglenode
in the graph.IO cubesarealwaysdescribedby two nodes,
onenoderepresentingtheatomicvolumesinsidethemodel,
andtheothernoderepresentingtheatomicvolumesoutside
themodel.Hole cubesareallottedonenodefor eachtetra-
hedroncontainedwithin. In addition,thegraphcontainstwo
othernodes:the sourcenodeandthe sink node.After run-
ning the min-cut on the graph,the atomicvolumeswhose
nodesareon thesourcesideof thegraphwill be labeledas
inside,while thevolumeswhosenodesareon thesink side
will belabeledasoutside.

4.2. Graph Edges

Edgesin the graphare designatedas ConstraintEdgesor
BoundaryEdges,andaregivenappropriateweights.

Constraint Edgesareedgeswith an edge-weightof in-
�nity , andconnectthesourceandsink to nodescorrespond-
ing to atomicvolumesthat have beenpre-de�nedasinside
or outside.For example,a nodecorrespondingto the inside
volumesof anIO cubewill have a constraintedgeconnect-
ing thatnodeto thesourcenode.Becausetheweightof the
edgeis in�nite, thisedgewill neverbecutby themin-cutal-
gorithm,guaranteeingthattheinterior volumesof thatcube
arelabeledasinsidethemodelat theendof theprocess.

In a similar manner, any user-de�ned constraints(asde-
scribedbelow) arerepresentedwith edgesof in�nite weight
connectedto thepropernode.

Boundary Edges are edgeswith a �nite edge-weight,
placedbetweenany two nodeswith adjacentatomic vol-
umes.If the boundarybetweentwo volumesis intersected
by a faceof the input surfacethen no edgeis needed.In
sucha case,both volumesmustbe IO cubes,andtherefore
theboundarybetweenthosetwo cubesis pre-de�ned.In all
othercases,anedgeis added.

In mostcases,addingtheedgemeansconnectingthetwo
nodescorrespondingto neighboringatomicvolumesin the
graph.Whenconnectingto an IO node,however, an extra
testis necessaryin orderto decideif to connectto theinside
portion of the cube,or the outsideportion.We take advan-
tageof thefactthattheboundarybetweenanatomicvolume
andan IO cubeis alwaysa polygonthat doesnot intersect
any input triangles.Furthermore,theboundarybetweenthe
insidevolumesandtheoutsidevolumesin thecubeis com-
pletely de�ned. Therefore,we may determinewhetherany
point is insideor outsideby checkingthenormalat theclos-
estpointonthesurface.Thisletsusedetermineif thatatomic
volumeshouldbeconnectedto to the insidenodeof the IO
cubeor theoutsidenode.

A nodecorrespondingto anatomicvolumeonthebound-
ary of theoctreeis connectedby an edgeto thesink (exte-
rior) nodewith a�nite edgeweight.If thisedgeis cut,a face
on theboundingcubeis added.

The exact weight of the boundaryedgesdeterminesthe
natureof thepatchgenerated.For example,if all boundary
edgesaregivenanedgeweightof one,theholewill be�lled
with aminimumnumberof faces.If theedgeweightusedis
the areaof the boundarybetweenthe two atomicvolumes,
thesurfaceareaof thepatchwill beminimized.It is impor-
tant to notethat no matterwhat edge-weightsaregiven,as
longasthey are�nite, thealgorithmwill yield acorrect,wa-
tertightsurface.In theexamplesin thispaper, weuseweights
basedon surfacearea,yielding minimum-areapatches.

4.3. UserConstraints

In addition to the constraintsimposedon the atomic vol-
umesby theinitial polygonmesh,furtherconstraintsmaybe
addedbasedon othersourcesof informationsuchasspace
carving [DMGL02], shadow carving [SRBP02], or direct
userinput.As shown in Figure7, if aportionof spaceneeds
to be outsideor inside the model in the �nal solution, the
nodecorrespondingto thevolumethatcontainsthatareagets
an additionalconstraintedge,ensuringthat the nodefalls
in thecorrectsub-graph.Cubeswith multiple contradicting
constraintsaresubdivided.Oncethegraphispartitioned,any
polygonthatcorrespondsto acutedgeis addedto themesh,
creatinga watertightsurface.

5. Smoothing

The next stepin our algorithm involves smoothingthe re-
sultingpatch.Becausethe�rst phaseof thealgorithmdeals
only with atomicvolumes,thesurfacecreatedby a unionof
suchvolumeswill necessarilybefaceted,andsomesmooth-
ing is necessaryin orderto createa visually pleasingpatch.
Thesurfaceis smoothedby moving theverticesof thenewly
createdpatchfaces.In our implementation,eachpoint on
the patchis pulled as if it hada spring connectedto each
of its neighbors,providing an approximationto Laplacian
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(a) (b)

(c) (d)

Figure 7: (a) Points constrained to be outside the mesh
are added.(b) The octree only needsto subdividewhere
there are contradicting constraints. (c) Themin-cut is run
normally on the new graph and (d) the resultingpatch is
smoothed.

meshsmoothing.Pointsaremoved simultaneouslyto their
new location.Pointsfrom theinput mesharenot allowedto
move.

In orderto smooththeverticescorrectly, the topologyof
the graphmustbe preserved.This still providesleeway for
smoothingastheatomicvolumescanbewarpedaslong as
the graphadjacency information is unchanged.In our im-
plementation,limited warpingof the atomicvolumesis al-
lowed.For every atomicvolume,the“center”of thevolume
is de�ned as either the centroidor, if userconstraintsare
used,thepoint (or multiple points)in thecubespeci�ed by
the user. Verticesmay be moved as long as eachremains
within its own area,de�ned by thecentersof theneighbor-
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 additionalconstraintis thatIO cubescannotbeviolated,
aswe have no knowledgeof how thesurfacebehavesinside
them.Wefoundthatthismethodyieldedsmoothpatchesfor
themodelstested.

In order to allow more freedomwith smoothing,an op-
tional extensionof this methodwould be to allow smooth-
ing without any constraints(with a possibleresultof a self-
intersectingsurface). The new surface will then intersect
a new set of atomic volumes.Edgeswith (a small) �nite
weightcanbeaddedfrom thesourceandsinknodesto these
volumesto “suggest” that the surface passthrough them.
Runninga new min-cut on the new graphwill incorporate

Model Numberof faces Numberof nodes Time

Skull 1,250 10,481 8 sec
Bunny 70,000 17,300 78sec
Angel 340,000 530,000 17.5min
Toes 350,000 570,000 19 min

thesesuggestionswhile maintainingall the constraintsim-
posedby theuserandby theinput mesh.A subsequentcon-
strainedsmoothingpasswill ensureunfacetedresults.

6. Results

We testedour algorithmon a numberof complex meshes,
includingwell-known examplesof scanswith holes.There-
sultsaretopologicallyaccurateandpreservetheoriginaldata
away from theholes.The modelswererun on a Pentium4
with 2GHzand3GB of RAM. Timingsandoctreesizesare
shown in thetableabove.

Figure8 shows our resultson theStanfordbunny model,
which hasholes in the baseand feet. Our technique�lls
theholes,while preservingtheexisting geometry. Theskull
model(Figure10) containsa largeproportionof missingge-
ometry. Our unsmoothedresultshows thattheinitial atomic
volumedecompositionproducedrelatively large �at areas,
showing that spacewas not subdivided except near the
boundariesof the existing mesh.Smoothingproducesa �-
nal result.

Figures 9 and 11 show examples of large, complex
scannedmeshes,eachcontainingaround350,000polygons.
Notice that the modelof the toesof Michelangelo's David
hasbeen�lled in two differentways:in 11b, no user-based
constraintsareadded,andthe two toesareconnectedby a
handle.In 11c, the useraddsconstraintpointsto selectthe
correctway to �ll the largesthole. Although the selection
wasdonemanuallyin thiscase(by constraininga few cubes
to beoutsidethesurface),space-carvingdatacouldbeused
to obtainthesameresultautomatically.

7. Conclusionsand Futur eWork

This paperinvestigatestheproblemof hole-�lling, andpro-
posesasolutionbasedonadaptivespatialdecompositionand
graphcuts.Utilizing atomicvolumesasthefoundationof the
algorithmallows user-basedconstraintssuchasspacecarv-
ing to beaddedto theinput,andthemin-cutalgorithmpro-
videsanintuitiveglobalmethodto split spaceinto insideand
outsideportions.

While other typesof atomicvolumesmay be employed
(splitting the entirevolumeinto tetrahedra,or usinga BSP
tree),theadaptive octreedatastructureallows thealgorithm
to focus on the areassurroundingthe holes,and utilizing
cubesasthebasicvolumeallows easysmoothing.
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Smoothingthepatchafterit hasbeenconstructedmustbe
donecarefully. Perturbationof the surfacemust not cause
self-intersectionor the breakingof one of the user-based
constraints.Theoctreedatastructureallows local inspection
of thesurfaceto ensurecorrectness.

Theexistingalgorithmcouldbeextendedin severalways.
First, our currentimplementationof smoothingallows only
the boundariesbetweenatomicvolumes,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
adaptedto any smoothingmethod,suchasminimizing thin-
plateenergy [Mas04], or texturesynthesisfrom existing lo-
cal surfacedata[SACO04].

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,”
asopposedto constraints,aboutwhatpartsof spacearein-
sidethemodelandwhatpartsareoutside.By adding�nite
weightededgesbetweensuchnodesandthe corresponding
source/sinknode,we allow atomic volumesto be on the
wrong sideof themodel“for a price.” An exampleof such
a hint would be to adda “soft” symmetryconstraint,for a
translationalor rotationalsymmetrythat is eitherspeci�ed
manuallyor detectedautomatically[KFR04]. Atomic vol-
umeswould thereforebe suggestedto be insideor outside
basedon thesymmetriccounterpartin theinputmesh.

Finally, a moregeneralline of researchis to take advan-
tageof ourdualsurface-andvolume-basedrepresentationto
enforcetopologicalconstraintsandnon-intersectionduring
a variety of other geometricsignal processingalgorithms.
Localized�ltering, deformation,andcollision areall appli-
cationsthatwouldbene�t from anadaptive, localdatastruc-
ture that guaranteesresultsthat aremanifold andnoninter-
secting.
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Figure 8: Thewell-knownbunnymodelis �lled with an oc-
treedepthof 12.Thehole�lling processtooka little longer
thana minute

Figure9: A scannedangel modelcontainednumerousholes
that take up a large portion of the surface. The octree
reacheda maximumdepthof 23 to split someof thevertices
surroundingtheholes,thoughonly530,000total nodeswere
required.Thehole-�lling processtookabout15min.

(a) (b) (c) (d)

Figure 10: (a) Our algorithm�lled this skull model,eventhougha large percentage of thesurfaceareawasmissing. (b) The
min-cutproducesan initial result.(c,d)Thisis smoothedto producea more pleasingsolution.

(a) (b) (c)

Figure 11: (a) Thetoesof Michelangelo's David. (b) Therepaired modelwithout user-basedconstraints.Notethe “tunnel”
connectingthetwo toes.(c) Addinguser-basedconstraints.By assertingthat theareabetweenthetwo toesis empty(manually
in thiscase, thoughspace-carvingdatacouldalsobeused),a new patch is created,correctly�lling theholebetweenthetoes.
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