
EUROGRAPHICS'2000 / M. GrossandF.R.A. Hopgood
(GuestEditors)

Volume19, (2000), Number3

An Interacti veApproachto Point Cloud Triangulation

Leif P. Kobbelt Mario Botsch

Max-Planck-Institutefor ComputerSciences

Abstract
Wepresentaninteractivesystemfor thegenerationof highquality trianglemeshesthatallowsusto handlehybrid
geometry(point clouds,polygons,. . . ) as input data. In order to be able to robustly processhuge data sets,we
exploit graphicshardware features like the rastermanager and the z-buffer for speci�c sub-tasksin the overall
procedure. By this we signi�cantly accelerate the stitching of meshpatchesand obtain an algorithm for sub-
samplingthe data points in linear time. Thetarget resolutionand the triangle alignmentin sub-regionsof the
resultingmeshcanbecontrolled by adjustingthescreenresolutionandviewing transformation.An intuitive user
interfaceprovidesa �exible tool for applicationdependentoptimizationof themesh.

1. Intr oduction

3D scannersarebecomingthe standardsourcefor geomet-
ric input datain many applicationareaslike reverseengi-
neering,rapid prototyping,conceptualdesign,andsimula-
tion.As aconsequence,theproblemof generatinghighqual-
ity polygonalmeshesfrom scattereddatapointsis receiving
moreandmoreattention4� 5. As measureddatafrom phys-
ical prototypesandcomputeddatafrom virtual prototypes
hasto bemergedin all stagesof the typical designprocess,
sophisticatedmeshgenerationtechniquesshouldbeableto
work on hybrid input datawhich consistsof a mixture of
point clouds,polygons,andmaybeevenNURBS-patches.

Theoverall processof convertinganunstructuredsoupof
input geometryinto a consistentpolygonalmodel requires
thesolutionof severalsub-problems.Firstof all, theamount
of datawe are typically facing is huge.Point cloudswith
millions or even tensof millions of samplesareno excep-
tion if the surfaceof a non-trivial geometricobjectis to be
represented.Thismakessomesortof pre-processingmanda-
tory in orderto reducethe input complexity for subsequent
stepswhile observinga prescribedapproximationtolerance.

Second,theglobaltopologyof theobject's surfacehasto
bedetermined,i.e., theneighborhoodrelationbetweenadja-
centpartsof thesurfacehasto bederived.This typically re-
quiressomekind of globalsortingstepwhosecomputational
complexity stronglydependson theunderlyingde�nition of
spatialor geodesicproximity.

In a �nal stepthe actualsurfacerepresentationhasto be

extracted.In ourcase,thegoalis to generateatrianglemesh
satisfyingsomequality requirementslike a globalboundon
the triangle's aspectratio. Another very importantquality
criterionfor meshesis theadaptionof themeshresolutionto
thedistribution of geometricdetail information.In fact, the
�nal meshextractionis anothersamplingprocesswhichmay
leadto alias-errorsif thesamplingdensitydoesnot adaptto
thehighestgeometricfrequencies.

Theextremalcasearesharpcornersin thegeometry. Here,
the geometricfrequency spectrumextendsto in�nity and
henceanextremly high samplingdensityis required.How-
ever, even with very small trianglesapproximatinga sharp
feature,the visual geometricsimilarity in termsof normal
vectors(andhenceshading)cannotbeimproved(cf. Fig. 1).
Theonly way to avoid suchartifactsis to align the triangle
edgesin themeshto thefeaturelinesof theoriginalobject.

2. Overview

In this paperwe arepresentinga new approachto solve the
meshgenerationproblem.The major motivation for devel-
opingtheunderlyingtechniquesis thequestfor arobustsys-
tem that is ableto processhighly complex andcompletely
unstructuredhybrid input datathroughan intuitive userin-
terface.Weachieve this by exploiting thestandardfunction-
ality of any PC's graphicssub-system.Althoughthegraph-
ics hardware only provides a restrictedclassof operations
on3D data,thecomputingperformancefor theseoperations
is usuallymuchhigherthanthatof theCPU.It turnsout that
several crucial stepsin the meshgenerationprocedurecan
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Figure 1: At sharpfeature lines,any samplingalgorithm tendsto generate alias artifacts (left) which cannotbe completely
removedbyre�ning thesamplingdensity(center).However, aligning thesamplegrid to thefeature improvesthevisualquality.

be mappedto that restrictedclassof operationsandhence
canbesolvedef�ciently .

Theconceptbehindtheuserinterfaceis to simulatea vir-
tual 3D scanningdevice which is muchmore �e xible than
a real3D scanner. We allow theuserto rotatethegivenge-
ometryon thescreenin orderto adjusttheoptimalviewing
direction.Whentakingapro�le snapshot(avirtual 3D scan)
from thatdirection,wecanmaskoutanarbitrarysub-region
to cutawayundesiredpartsof thecurrentlyvisiblegeometry.
After performingsomepost-processing(e.g.meshsmooth-
ing, hole-�xing, . . . ) we merge the new patchwith the al-
readyexisting ones.After a few iterationsof this procedure
we endup with a globally consistentmodelof thegivenob-
ject (cf. Fig. 2).

Taking a 3D snapshotof the objecton the screenmeans
readingout the z-buffer contentsandun-projectingit back
into 3-space.By this we obtain a 3D samplepoint of the
given geometryfor every pixel of the screen.Here,we ex-
ploit the fact that real 3D scannersusually yield a rather
densecloud of datapoints which appearsas a continuous
surface when renderedon the screen.The few remaining
holesthatmightappearoccasionallycanberemovedbysim-
ple �lter operationsin imagespace.Largerholesin thesur-
facewhicharedueto missingdatacanbehandledby mask-
ing out the correspondingregionson the screen.Sincethe
graphicshardwareof astandardcomputerperformsthemap-
ping of 3D datapointsonto thescreenmuchfasterthanthe
CPU, we are able to handledatasetswith several million
samplesinteractively.

In thecontext of the introductoryremarks,the rendering
of samplepointsinto thez-buffer solvesall threestepsof the
meshgenerationat once.Sub-samplingis achieved by ren-
deringseveralpointsinto thesamepixel. Actually, thesub-
samplingresolutioncan be controlledby the resolutionof
theframebuffer. In addition,if sharpfeaturelinesarepresent
in the underlyinggeometry, we canalign themto the hori-
zontalor the vertical axis in orderto reducealiasartifacts.
The topologyof the reconstructedsurfacetrivially emerges

from theobviousneighborhoodrelationbetweenpixelsand
theresultingsurfaceis extractedby simply interpolatingthe
grid points by a regular triangle mesh.The actualportion
of thez-buffer thatcontributesto theresultingsurfacepatch
is determinedby someadditionalcriteria suchas(relative)
quality of individual trianglesanduserde�ned imagespace
masks.

Theremainingtaskis to stitchtheacquiredmeshpatches
togetherto build a globally consistentmodel.This requires
to associatetheboundaryverticesof onepatchto the trian-
glesof the other. Again we canacceleratethe computation
signi�cantly by 'out-sourcing' the necessaryoperationsto
thegraphicshardware.

The majoradvantagesof our approacharethe high �e x-
ibility with respectto viewing directionsand orientations
and the elegant way to sub-samplethe given datawithout
building a spacepartition datastructure.The virtual scan-
ning metaphorallows theuserto adjustthemeshresolution
almostarbitrarily (with thepointclouddensitybeingtheup-
perbound)andthepossibility to align thesamplinggrid to
geometricfeaturesstronglyimprovestheusabilityof there-
sultingmeshes.

3. Relatedwork

In the literature,differentapproachesto solve the problem
of interpolatinga point cloudby a trianglemeshhave been
proposed.Therearetwo major 'schools'oneof which uses
3D Voronoipartitioningasthebasictechniqueandtheother
oneis basedon deriving a 3D distance�eld.

Themotivationfor Voronoibasedapproachesis to �nd the
correcttopologyof thesampledsurfaceeven if thesamples
arescatteredvery sparsely. Theproposedschemestypically
comewith someboundon the minimum samplingdensity
dependingon thelocal surfacecurvature.

The classicaltechniquein this �eld are alpha-shapes7

which representa subsetof the 3D Delaunaytriangulation
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Figure2: In aninteractivemeshgenerationsession,theuserscanspartsof theobject(thepointcloud,left) fromdifferentviews
andmergesthepiecesto constructa completemeshmodel.By usingthez-buffer for thevirtual 3D scanning, wecanhandle
quitelargedatasets(here1.4Mpoints).Each scanprodivesa fairly regular re-sampledpatch representinga part of theobject's
surface. Left to right: one, two,andthreescanscombined.Thepoint cloudon thefar left appearasa continousblock sincethe
sampledensityis higherthanthepixelsize.

of thesamplepoints.Thegeometricintuition behindalpha-
shapesis to �rst computea global Delaunaytriangulation
andthendeletetetrahedraandtrianglesby usinga spherical
tool with radiusalpha.Variationsof alpha-shapeswherethe
valuealphaadaptsto the local samplingdensityhave been
investigatedin thesequel3.

OtherVoronoibasedtechniquesusetheshapeof individ-
ualVoronoicellsto determinethesurfacenormaldirectionat
everysurfacepoint 1� 2. This informationtogetherwith other
criteria to ratetheir plausibility is thenusedto deletetrian-
glesfrom theDelaunaytriangulation.A commonfeatureto
thesetechniquesis thatthey aretheoreticallysoundby guar-
anteeingcorrect reconstructionif the boundson the sam-
pling densityaremet. However, the requirementsin terms
of computationtime and memoryarequite high suchthat
massive datasetswith millions of datapointscannotbepro-
cessedwith reasonableeffort. Also, thesetechniquestend
to bevery sensitive to noisewhich is critical whenthedata
pointsaremeasuredfrom a realobject.

Thedistance�eld approachesusuallystartby estimatinga
normaldirectionfor everysamplepoint(e.g.by leastsquares
�tting a planeto somepoints in the vicinity) 9. The corre-
spondingtangentplanethenis a goodlocal approximation
to theoriginalsurfaceandthedistancefrom thatplaneyields
agoodlocalestimatefor thetruedistance.A globaldistance
�eld can be derived from the local estimatesby weighted
superposition.

To determinethesurfacetopologyonehasto �nd a con-
sistentorientationof thenormalvectors,i.e. normalvectors
of neighboringsamplepoints should point approximately
into thesamedirection.Thetopologyemergesfrom thefact
thataconsistentorientationenablesthede�nition of asigned
distancefunctionwith negative valuesbelow ('inside') and
positive valuesabove ('outside') thesurface(theobject)6.

Thesurfaceextractionis eventuallydoneby samplingthe
signeddistancefunctionon a regularspatialgrid andcom-
puting the iso-surface for the distancevalue zero by the
Marching Cubesalgorithm. The stepwidth in that spatial
grid determinesthe target resolutionof the resultingmesh.
Sincethecomplexity of thegrid increaseslike O

�

h �

3 � with
decreasingstepwidth h, thehighestresolutionis boundedby
theavailablememory. As it is well known thattheMarching
Cubesalgorithmcangeneratetriangleswith badaspectratio,
apost-processingof theresultingmeshis usuallynecessary.

Comparedto the Voronoi basedapproaches,the compu-
tationandevaluationof thedistance�eld canbeperformed
quite ef�ciently for rathercomplex datasets.However, the
meshresolutioncannotbeadaptedto thelocalcurvatureand
small detail featurestendto be destroyed dueto unwanted
interferencebetweennearbylocaldistanceestimators.

While theexisting techniquesareoff-line algorithms,our
approachincorporatesuser interactionduring the surface
generation.Resolutionandorientationof the trianglescan
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beadaptedmanuallyto varyingdetail levelsandquality re-
quirementsin differentregionsof theobject(cf. Fig. 3). The
CPUandstoragerequirementsaremuchlower thanfor the
otherapproachessincenoadditionaldatastructurehasto be
generated(like theVoronoipartitioningor thespatialgrid of
distancesamples).

4. Meshgeneration

In this sectionwe describein detail how the varioussteps
in themeshingprocedurearesolved.Thegoal is alwaysto
identify operationsthat can be performedby the graphics
hardwareto exploit its superiorcomputingperformance.

During an interactive meshingsessionthe useraddsone
patchaftertheotherto thepreviously generatedmodel.One
iterationconsistsof placing,scaling( � resolution)andori-
enting( � alignment)theobjecton thescreen,determining
thevalid regionof interest,extractingthepatchandautomat-
ically stitchingit to thealreadyexisting mesh.

4.1. Virtual rangescanning

Whenrenderinggeometrywith enabledz-buffer option we
always have direct accessto the depthof the elementthat
is currently visible at a speci�c pixel location. While the
graphicssystemusesthis information to determinemutual
occlusion,ourvirtual scannerreadsthedataandun-projects
it backinto 3-space.Theresultis a rangeimagecontaining
a 3D samplepoint for every pixel.

Accordingto theOpenGLconventiona 3D point is trans-
formed by the Modelview and the Projectionmatrix and
eventuallymappedontothescreenby theViewport transfor-
mation.The inversionof thesetransformationsis straight-
forward. The only dif�culty arisesfrom the roundingstep
which is implicitly introducedby assigningreal coordi-
natevaluesto integer indexed pixel locations.This causes
a globaloffset for theun-projectedgeometry. We minimize
this effect by un-projectingthepixel centersinsteadof their
lower left corners.Sowith theViewport transformationbe-
ing
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With this simplerangescanningemulation,we avoid any
complicatedhandling of geometricor topological special
cases,all wehave to do is to passthegeometryto thegraph-
ics systemand let the renderingpipelinedo the work. An
immediateadvantageof this methodis that we arenot re-
strictedto pointclouds.SinceweareusingtheOpenGLAPI,
trianglesandmoregeneralpolygonscanbetreatedthesame
way. This is importantwhenit comesto merging geometry
datafrom differentsources.

Figure3: Theinteractiveapproach providesan intuitive in-
terfaceto locally adapt the meshresolutionto speci�c re-
quirementsfor the resultingmodelby simply zoomingthe
point cloud. Here the ear and the eye havebeenz-buffer
scannedwith a higherdensity.

A typical applicationscenariois the conceptualdesign
phasewherevariationsof anobjectareoftenmanufactured
asphysicalprototypes.Usuallywe still have a CAD-model
of theoriginalgeometrywhichwewantto synchronizewith
the physicalmodel, i.e., we want to add the modi�ed part
to the original model.With the z-buffer techniquewe only
have to re-scanthe modi�ed portion of the physicalmodel
andrenderit togetherwith the old CAD geometryinto the
sameframebuffer.

Before the actualz-buffer rangescanningis carriedout,
theuserhasseveraldegreesof freedomto adjustthe(pixel)
samplinggrid. By zoomingin on the object,the resolution
canbechanged(cf. Fig. 3). If thescreenresolutionexceeds
thesamplingdensitysuchthatthenumberof holesincreases,
samplescanbe drawn aslarge points(glPointSize() )
coveringseveralpixelsat once.For therangegeometryrep-
resentedby thez-buffer contentsthis correspondsto nearest
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neighborinterpolationif antialiasingis switchedoff. Alter-
natively, we cantry to eliminateholesin therangematrix in
a postprocessingstep(cf. Sect.4.2).

Anotherdegreeof freedomis theorientationof thesam-
pling grid. By rotatingtheobjecton thescreenwe canalign
featurelinesof thegivengeometryto thehorizontalor to the
verticalaxisandthusavoid aliaserrorsthatotherwisecause
oscillatingnormalvectorsin thevicinity of sharpcorners(cf.
Fig. 1).

4.2. Post-processing

Thereareseveral typesof artifactsin the rangeimagesob-
tainedby un-projectingthe z-buffer contents.Besidesthe
noisein the original point cloud data(causedby the phys-
ical rangescanner)we canobserve additionaljitter which is
dueto discretizationerrorsin thez-buffer. Weminimizethis
effect by automaticallyplacingthefront andbackplanesof
theviewing frustumascloseaspossibleto theactualgeom-
etry.

Additional enhancementof the range geometry is
achieved by applying low-pass�lter operationsto the z-
buffer mask.This can be donevery ef�ciently due to the
regular matrix structure.In our implementationwe useda
locally supportedmedian�lter whichpreservesedges.Edge
preservationis importantsinceedgesin thez-buffer indicate
objectboundarieswhichmustnotbeaffectedby the�ltering
(cf. Fig. 4).

Figure 4: Noisein theinput point datais visibleaspimples
in thez-buffer mesh(left). Median-�ltering removesmostof
thenoise(right) while preservingfeatures— especiallythe
meshboundaries.

Besidesnoiseartifacts,the rangematrix canhave holes
if somepixels are not hit by any valid (front facing) ge-
ometryduring therendering.If thepoint cloudis not dense
enough(relativeto thecurrentscreenresolution)somepixels
maycontainno z-valueat all, or they may containz-values

whichcorrespondto thebacksideof theobject.In bothcases
theholeshave to bedetectedandthemissing(or wrong)z-
valueshavetobereplacedbyaveragesof neighboring(valid)
z-values.Thiscanbedonebyanarbitraryz-buffer �lter oper-
ationaslongasit doesnotmodify thevalid z-buffer entries.

Detectingemptypixels is trivial sincethez-buffer is ini-
tialized with the backplane's z-value.For the detectionof
z-valueswhich correspondto the back side of the object,
we usethe following heuristics.We collectall z-valuesand
quick-sortthem in increasingorder. Then we look for the
maximumdifferencebetweentwo successiveelementsin the
sortedsequence.If samplesfrom thebacksidearepresentin
thez-buffer thenthis maximumdifferencevery likely sepa-
ratesfront andbackpoints.Hence,deletingall z-buffer en-
tries with larger z-valueremoves the wrong samples.If no
samplesfrom the backsidearepresent,the maximumdif-
ferencewill indicatesomez-value nearthe contourof the
visible surfaceandthusdeletingsomez-buffer entrieswill
only affect somevery badlysampledtriangles.

Anotherpossibility to remove backsidesamplesis to let
theuserplacea clipping planewithin thepoint cloud.How-
ever, we prefer the heuristicssinceit doesnot requireany
userinput andit turnedout to be ratherreliable.The clip-
ping planefunctionalitycanneverthelessbeprovidedasan
additionalfeature.

Finally, by looking at the differences
�

z betweenadja-
centpixelswe candetectbadlyshapedcellswhich areseen
almosttangentiallyfrom theviewing direction.In someap-
plicationswe mightwantto markthoseregionsof therange
matrix asinvalid. However, we observedthat in generalit is
moreintuitiveto keepthewholerangeimageasaclosedsur-
faceandcutout therelevantpiecesin thefollowing masking
phase.

4.3. Masking

When composingcomplicatedmodelsfrom several range
scansit is oftennotdesirableto useeverythingthathasbeen
visible during the lastexposure.Themaskingphaseselects
therelevantpartof thesampledpointsanddiscardstherest.
Therearetwo differentmechanismsfor themasking.Oneis
the userde�ned region of interestandthe otheris an auto-
maticmethodwhichcomparesthequality of samples.

The region of interestis a portion of the screende�ned
by theuser. By blockingall thepixelsoutsidethis areawith
thestencilbuffer optionwecancheckwhatpartof therange
imageto keep.This interactiontool is particularlyimportant
if wewantto includeaboundedpatchwith higherresolution
into an existing mesh.We simply mark the corresponding
areaon thescreenandre-scanazoomedversionof thesame
point cloud(cf. Fig. 3).

Sincewe are not deletingany bad trianglesin the pre-
processingphasewehaveto guaranteein themaskingphase
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that badsamplesarereplacedby betteronesin subsequent
scanningsteps,i.e., a region of the surfacethat was close
to the contouror even occludedin the �rst scanningsteps
should be replacedif newer scansprovide more reliable
shapeinformation.

By conventionwealwaysreplacetheold geometryby the
new oneunlessthe samplingquality of the old trianglesis
rankedsuperiorto thequalityof thenew geometry. To check
this, every new vertex from within the region of interestis
mappedto the existing geometry. If there is a correspon-
dence(i.e., thenew vertex hits anold triangle)we compare
thequality of thenew vertex with thequality of theold tri-
angleandkeepthebetterone.If thereis no correspondence
(i.e.,thenew vertex doesnothit theold mesh)thenew vertex
actuallyextendstheold geometryandis kept in any case.

Themosttime consumingstepin theautomaticmasking
is thesearchfor trianglesof theold meshwhich lie closest
to a speci�c vertex of thenew mesh.Theuseof ef�cient hi-
erarchicalspacepartition datastructuresis not appropriate
in this casesincerelatively few inquiriesaremadein each
maskingstepandin thenext maskingsteptheold spacepar-
tition will be obsolete.Insteadwe use,again,the graphics
hardwareto acceleratethesearch.

Every triangleof theold meshis uniquelyindexedby its
ID. If we encodethis ID asanRGB-colorby usingthe red
channelfor themost-,thegreenchannelfor themid-,andthe
blue-channelfor theleast-signi�cantbyte,we canrenderup
to 224 distinguishabletrianglesinto the framebuffer. If we
now projectandtransformtheverticesof thenew meshinto
thesameframebuffer, we candeterminethecorresponding
old triangleby simply readingout theRGB pixel color. Oc-
casionally, especiallynearthecontourof thescannedobject,
the trianglewhich is found in thecorrespondingpixel hap-
pensnot to be the closestone.However in thesecases,the
foundtriangleis still agoodstartingpoint for a localsearch.

Westill haveto de�ne thesamplingqualityof atriangleor
vertex. Intuitively thereliability of a samplepoint increases
as the distancebetweenneigboringsamplesdecreases.In
fact for a �x edresolutionthedistancebetweensamplesbe-
comessmallerasthe viewing directionapproachesthe sur-
facenormal.For a �x ed viewing directionthe distancebe-
tweensamplesbecomessmallerif the resolutionis re�ned.
Hence,we de�ne thesamplingqualityof a triangleto bethe
lengthof its longestsideandthequalityof avertex to bethe
lengthof thelongestadjacentedge.

Only thosepixels from the z-buffer which lie within the
region of interestand which passthe samplingquality test
(activepixels), may eventuallybe addedto the alreadyex-
isting meshin thestitchingphase.However, to avoid degen-
eratetrianglesandgapsafter thestitching,we concludethe
maskingphaseby applyingmorphologicerosionanddila-
tion operatorsto thesetof active pixels8.

Theerosionoperatorinactivatespixels thathave inactive

neighbors.This is donein order to remove isolatedpixels.
The�rst dilation thenreactivateseachpixel thatstill hasan
active neighbor. A seconddilation furtherextendstheactive
region.Our experimentsshow thatapplyingthedilation op-
eratortwo timesis suf�cient in mostcases.

The effect of the dilation is twofold. First, if boundary
verticesof thenew meshareranked worsethanthebound-
ary trianglesof theold mesh,theirdeletionmaycauseagap
as the meshesare locally no longeroverlapping.The dila-
tion preventsthis effect. Second,the quality-rankingmask
maygenerateanew patchwith aquitejaggyboundarypoly-
gonandscatteredholesin theinteriorwhichcausesunpleas-
antseamsafter thestitching.Thedilation operatortendsto
smoothout theboundarypolygonandclosesmallholes(cf.
Fig. 5). Notice that the dilation is not allowed to grow be-
yondtheregionof interest.

Figure5: Thenew surfacepatch after maskingwith respect
to thesamplequalityonly(left) hasseveral holesanda jaggy
boundary. Applyingerosionanddilation �lls in theholesand
smoothestheboundary(right).

4.4. Stitching

The�nal stepin theinteractive loop is to join thenewly ac-
quiredgeometrywith the alreadyexisting mesh.Sincethe
new patchhasbeenpre-processed,the task can be solved
by a slight modi�cation of themeshzipperingalgorithm14.
We insert the boundaryverticesof the new patchinto the
corresponding(nearest)trianglesof the old mesh.We then
insert the boundaryedgesof the new meshby splitting all
edgeswhich crossthegeodesicline from oneboundaryver-
tex to the next. Finally we remove that portion of the old
meshthat is now replacedby thenew patch.In orderto im-
prove themeshquality we canpost-optimizetheseamarea
by collapsingsmalledges(cf. Fig. 6) 10.

Theonlycomputationallyexpensivestepin thisprocedure
is to �nd thetriangleswherethenew verticeshave to bein-
serted.This information,however, is alreadyavailablefrom
themaskingphase,wherethecorrespondencesbetweennew
verticesandold triangleshave beenestablishedin orderto
comparethelocal samplingqualityof bothmeshes.
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Figure 6: Thestitching algorithm�r st insertsthenew verticesinto the old meshthensplits or �ips edgesof theold meshto
interpolatethenew mesh's boundaryedgesand�nally removestheredundantpart of theold mesh.Collapsingshortedgesin
theresultingmeshremovesbadlyshapedtriangles(fromleft to right).

5. Results

We implementedthe techniquedescribedin the lastsection
aspartof aninteractive tool for thegenerationof high qual-
ity meshmodelsfrom hybrid input data.Theuserinterface
merelyconsistsof aviewing window wheretheinputgeom-
etry can be examined.Oncethe desiredviewing direction
for a virtual rangescanin found,thez-buffer is readandthe
un-projectionis performed.

In a secondwindow, theresultingmeshis shown andcan
beexaminedaswell (cf. Fig.7).For theviewing transforma-
tion of both windows a synchronizationis enforcedat any
time which simpli�es the decisionwhereto placethe next
scan.A simpleimagespacedrawing tool (”greenlasso”)is
providedby which theuserde�nestheregion of interestfor
the next scan.A similar tool (”red lasso”) is available in a
differentmodeto manuallydeleteunwantedregionsof older
scans.Figure8 shows thetypical sequenceof stepsthatare
takento interactively generatethemesh.

6. Conclusionsand futur ework

We presenteda new techniquefor thetriangulationof point
clouds.The methodsub-samplesthe given databy render-
ing the datapoints into an OpenGLframe buffer and un-
projectingthecontentsof thez-buffer backinto 3-space.The
regulargrid structureof therangematrix leadsto fairly regu-
lar meshes.Additionalpost-processingremovesoutliersand
noiseartifacts.A maskingstepextractsthat portion of the

Figure 7: Minimalistic user interface for the interactive
meshgeneration tool. In the left window, theoriginal point
cloud is rendered (and appears as a solid block). The z-
buffercontentis extracted,triangulatedanddisplayedonthe
right. Byrotatingtheright object,theusercaneasilychoose
theviewing directionand the region of interestfor thenext
scan.

datawhich lies within a userde�ned region of interestand
hasa bettersamplingquality thanthealreadyexisting scans
of thesamegeometry.

Weareplanningfuturework in two directions.First,since
ourtool is ableto processarbitrary(OpenGLcompatible)in-
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Figure 8: To generate a meshmodelfromtheclub dataset(16586points)wez-buffer scanit fromdifferentviews.Each new
scanis addedto theexistingmodel(with thesamplingquality maskenabled).Whenclosingthe remaininggapsandholesin
the last steps,we usethegreenlassoto de�ne theregion of interestwhere new geometryshouldbe included.Theinteractive
generation of this meshmodeltook lessthan a minute. Sincethe club data set with 16586point is rather sparse, we used
enlargedpixelsduring renderingto avoidgaps.

put geometry, we want to apply it to the repairingof CAD
models.Oftena CAD modelgoesthroughmany conversion
stepscausingbadlyshapedtrianglesor eventopologicalin-
consistencies.Our tool canprovideameansto easilyresam-
ple thegivensurfacegeometrysuchthatbettershapedtrian-
glesemerge.This couldbeinterestingfor thepreparationof
meshmodelsfor numericalsimulation.

Second,we wantto applysomemeshdecimationscheme
to the (masked) meshpatchesbeforethey aremergedwith
thealreadyexistinggeometry. Of course,thedecimationhas
to keepsuf�cient detail in curvedareasbut it canreducethe
meshcomplexity in �at regions.This would leadto polygo-
nalmodelswith themeshresolutionchanginggraduallyand
notonly from patchto patch.Thedecimationschemecanbe
implementedveryef�ciently dueto theregulargrid structure
of thez-buffer matrix (e.g.with adaptive quad-trees).

7. Acknowledgements

We would like to thankHughesHoppefor allowing us to
usetheclub andthemannequinheaddatasetandChristian
Rösslfor generatingtheTweetyandthestatuepoint clouds.

References

1. N. Amenta. TheCrust Algorithm for 3D SurfaceRe-
construction. In Proc.13thACM Symp.Computational
Geometry, 1997.

2. N. Amenta,M. Bern,M. Kamvysselis.A new Voronoi-
basedsurface reconstructionalgoritm. Proc. SIG-
GRAPH'98, 1998.

3. F. Bernardini,C. Bajaj. Samplingand reconstructing
manifoldsusing a-shapes. 9th CanadianConference
onComputationalGeometry, 1997,193–198.

4. F. Bernardini,C. Bajaj,J.ChenandD. Schikore. Auto-

c
�

TheEurographicsAssociationandBlackwell Publishers2000.



Kobbelt,Botsch / Point CloudTriangulation

Figure 9: TheTweetymodelhasbeengeneratedfroma point cloudwith about400Ksamplepoints.Thecenterimage shows
how the different scansare stitchedtogether. Noisereducingpost-processingby a Laplacian�lter 12� 11 yieldsthe �nal result
with 33K triangles.

maticReconstructionof 3D CAD ModelsfromDigital
Scans. Int. J.on Comp.Geom.andAppl. vol. 9, 1999.

5. F. Bernardini,J.Mittleman,H. Rushmeier, C. Silva,G.
Taubin. TheBall-Pivoting Algorithm for SurfaceRe-
construction. to appearin IEEE Trans.on Vis. and
Comp.Graph.

6. B. Curless,M. Levoy. A volumetricmethodfor building
complex modelsfromrange images. Proc.SIGGRAPH
'96, 1996,303–312.

7. H. Edelsbrunner, E. P. Mücke. Three-dimensionalal-
phashapes. ACM Trans.Graphics13,1994,43–72

8. R. M. Haralick, S. R. Sternberg, X. Zhuang. Image
Analysis Using MathematicalMorphology. In IEEE
Trans.on PatternAnalysis and MachineIntelligence,
Vol PAMI-9, No. 4, 1987.

9. H. Hoppe,T. DeRose,T. Duchamp,J. McDonald,W.
Stuetzle. SurfaceReconstructionfrom Unorganized
Points. Proc.SIGGRAPH'92, 1992,71–78.

10. H. Hoppe,T. DeRose,T. Duchamp,J. McDonald,W.
Stuetzle. MeshOptimization. Proc.SIGGRAPH'94,
1994,19–26.

11. L. Kobbelt,S.Campagna,J.Vorsatz,H-P. Seidel.Inter-
activeMulti-ResolutionModelingonArbitraryMeshes.
Proc.SIGGRAPH'98, 1998,pp.105– 114.

12. G. Taubin, A SignalProcessingApproach to Fair Sur-
face Design. Proc.SIGGRAPH'95, 1995,pp. 351–
358.

13. M. Teichmann,M. Capps.Surfacereconstructionwith
anisotropic density-scaledalpha shapes. Proceedings
of IEEEVisualization'98, 1998,pp.67– 72

14. G. Turk, M. Levoy. Zippered Polygon Meshesfrom
Range Images. Proc.SIGGRAPH'94, 1994.

Figure 10: By introducingadditonal clipping planes,sur-
faceswith holes,opensurfaces,andsurfaceswith largecon-
cavitiescanbereconstructedbasedon thesameinteractive
procedure.

c
�

TheEurographicsAssociationandBlackwell Publishers2000.



Kobbelt,Botsch / Point CloudTriangulation

Figure11: Examplemeshesgeneratedbyour new point cloudtriangulationalgorithm.
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