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Abstract

Free form surfacesare commonlyrepresentedby triangular or quadrilatelal meshesOften thesemeshesare
obtainedfromunomganizedpoint setssampledrom someobject's surface

We showthatlocal ratherthanglobaltriangulationsof point setsare equallywell suitedfor objectrepresentations
andthatthelocal triangulationsproposedn this papermayevenleadto fasttriangulationroutines.

1. Intr oduction

For mary computeraidedapplicationsn manufcturing,ge-
ography medicine designetc.it is necessaryo reconstruct
three-dimensionabbjects With todaysscanningmethodst
is easyto obtainlarge densesetsof pointson a givenobject
surface.We will call suchsetspointclouds.

To obtain a continuoussurface representatiornvarious
methodshave beendevelopedto generatdriangularmeshes
from point clouds. Given a triangular net standardtech-
niguescan be usedto visualize the underlying object, to
reducethe amountof dataand/orreducenoisedueto the
scanningprocessandto modify andedit the object.

In Section3 of this papemwe shaw thatverylocal triangu-
lationssufce to visualizean objectgiven by a point cloud.
Furtherin Sectiond we presenideasfor afasttriangulation
routinebaseddn our local triangulation.In Section5 we de-
velopasmoothingoperatorandin Section6 we evaluateour
methodby comparingt to relatedwork.

2. Relatedwork

In the ninetiesvarious approachesvere presentedo gen-
eratetriangularmeshesut of point clouds.The algorithms
arebasedn spatialsubdvision (e.g.1 2 3 5 6 8 10 14 25) ' djs-
tancefunctions(e.g.® 14), warping(e.g.1), andincremental
surface-increasée.g.4 5 10 19) A sunwy is givenin 20,

To obtain high accurag and resistanceagainst error
distortion the measuringtechniquesnovadaysproduceup
to mary millions of samplingpoints. Thus, usually point
cloudsaredovnsampledbeforea surfacereconstructioral-
gorithm is applied.For the datareductionsomeheuristics
like groupingof pointsareused® 24 29 31,
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Smoothingoperatorsfor triangular mesheswere devel-
opedin 7 1215 28,

Alreadyin 1992SzeliskiandTonneserpresentedriented
particles?’. Thesearepoint clouds,whereeachpointhasan
orientation compatiblewith the normaldirectionof therep-
resentedsurface.To force orientedparticlesto groupthem-
selesinto surface-like arrangementshey apply potential
enepgies.For renderingpurposeshey useaxes,discs,or af-
ter triangularmeshgenerationaireframesand shadedti-
angulations.

3. Visualization

In particleanimationof re, fog, water etc.pointcloudsare
visualizedby drawing only all the points22 26, However, for

asolid objectthis simpletechniquedoesnotleadto arealis-
tic plasticimpressionasillustratedin Figure4(a). Raycast-
ing givesbetterresults,but the point cloud hasto be rather
denseandfor frameratesof 1-2 fps approximatelyonehour
of preprocessings requiredt! 21,

In our method we compute for each point p a k-
neighbourhoodaonsistingof k pointersto pointsp; Pk
of thecloudcloseto p asdescribedurtherbelon. Theneigh-
boursp; are determinedsuchthat the k trianglespp;p; 1
form a fan that approximates “disc”, i.e. neighbourhood,
of p onthesurfacerepresentedly the point cloud.

Withk 6 all k-neighbourhoodtake aboutthe samestor
ageasatriangularmesh However, sincethetrianglefansdo
not form one coherentmesh,they are muchfasterto com-
pute,seeSection6 for acomparison.

To determinea k-neighbourhoodf a point p we deter
minethek nearesheighbourg, py, computetheplane
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P with the leastsum of squareddistancesto p p; Pk
andprojectall pointsinto P. Thenwe sort,i.e. permutethe
indicesof p; py suchthat their projectionsq; Ok
form increasinganglesj ;  _qg4qq; with the projectionq
of p. In this orderthe points p; form a triangle fan or k-
neighbourhoodf p, seeFigurel.
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Figure 1: Ak-neighbourhoodor k 5.

If the point density varies sharply around p, then
the neighbourhoodmay not enclosep, see Figure 2(a).
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Figure 2: Necessityf the anglecriterion for choosingthe
neighbous of a pointp.

k 1 stneighbourandif necessarpy further next neigh-
bourstill the anglecriterion j; 90 is metor acertain
thresholdnumberof replacementbiasbeenreached.

Along sharpedgeghebest tting planemaybenormalto
the surface,seeFigure 3. Thenthe anglecriterion could not

best fitting plane

P,

Figure 3: Best tting planefor anedge point.

be satis ed. In sucha casewe ip the tting planearound
p; 1P; by 90 andtry againto build the neighbourhood.

If theanglecriterioncanstill notbe met,thenwe assume
thatp; 1, p, p; lie ontheboundaryof the surface.

To visualizethe objectrepresentedtby the point cloudwe

renderthe cloud of all triangle fans, seeFigure 5(a). Al-
thoughthe fan cloud doesnot form a coherenttriangular
meshit is so closeto it that no artefactscan be seenin a
shadedmage,seeFigure4(c) andthe next sectionfor ade-
taileddiscussion.

To useGouraudor Phongshadingwe associatevith each
point the normal of the best tting planewhich hasbeen
computedabore. A consistenbrientationof thenormalscan
becomputedwvith theminimal spanningreedescribedn 4.
A resultis shawn is Figure4(c)fork 8.

Renderingdiscsor similar surface piecesinsteadof our
triangle fans as done in 2732 does not lead to a com-
parablewell surface visualization,see Figure 4(b). In 23
Rusinkiavicz and Levoy develop their QSplatapproachto
overcomethis problem.However, for good resultsthis ap-
proachneedsa triangularmesh.Moreover for bestresults
they resortto antialiasingtechniquesvhich furtherraisethe
time compleity of their method.

4. Global triangulation via fan cloud

A fan cloud consistsof k n triangleswhereasa triangular
meshconsistof only 2n triangles However, therearemary
duplicatedn afancloud.Without thema fancloud consists
of about2 5n triangles.

Furtherthereare quadrilateralsoveredby threeor four
trianglesof afancloud,i.e. by oneor two super uoustrian-
gles.Remawing thesesuper uoustrianglesreduceghenum-
berof trianglesto about2 1nin Figure5(b). Thisreducedan
cloudcanbeviewedasseveraldifferenttriangulationof the
point cloudon top of eachother

In factit is possibleto obtainatriangularnetfrom there-
ducedfancloud.We cansimply grow atriangulametby suc-
cessvely addingontriangles Theresultis illustratedin Fig-
ure5(c). It hasfew (0 01%)selfoverlapssincewe neglected
ary geometricaspectsand basedthe constructiononly on
topologicalaspectsSinceby constructiortherearenoedges
with morethan3 triangles the overlapscorrespondo holes
thatfold backontothemselesasillustratedin Figure6 by
heavy lines.

Thistriangulationis fast.Its runningtimeis givenin Table
1.

5. Smoothing

For triangularnetsseveral smoothingoperatorsare known.
Kobbelt!5 presents discreteLaplaciansmoothingoperator
thatmovesary point p to the centroidq of its neighbours.
This operatorcanalsobe usedto smoothpoint cloudswith
our k-neighbourhoods.

Sincethe Laplaciansmoothingoperatorshrinksthe ob-
ject, Taubin 28 proposesrom a signal processingpoint of
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Figure 4: (a) Plotting the points of a point cloud. (b) Drawing an accumulationof piecesof the representedsurface (c)

Visualizationof thefan cloud.
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Figure 5: Froma fan cloudto a triangular net.

view to usetheoperator

p: 1 I p Iq

alternatelywith positive and negative | 's. This causeshe
objectto alternatelyshrinkandgrow.
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Figure 6: Overlappedoldedhole

As aside effect thesesmoothingoperatorsalso equalize
theshapeof thetriangles.This canaffect textureandcolour
ThereforeGuslov et al. 13 develop a smoothingoperator
thattakesthe geometryinto accountandapproximatelypre-
senestheshapeof thetriangles.

Their smoothingoperatorgives a meshwith a minimal
sum
E § D22

e

of squaredsecondlifferences

Dg é. CexPx
x ijkl

wherewith thenotationgivenin Figure7

: dik ) ) dik A

Cei AijkAik Alkj Cej AijAik A

ik A ik A

Cek AijkAikj All' Cel AijkAlij”k
djk P; Pk 2 andAxy; denotesthe signedareaof the

trianglep,pyp,.
Theassociatedmoothingoperatotis

pi - é.Wijpj
i
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Figure 7: Thesupportof D2.

with

Wi afcelzcej
aelgj

wherethe numeratotis summedover all edgese, whoseas-
sociatedrhomtus (cf. Figure7) containsp; andpj, andthe
denominatolis summedover all edgese, that contritute to
theneighbourhoodtrianglefan)of p;.

The supportof the smoothingoperatorhasthe form of
a starandis larger than a k-neighbourhoodThereforewe
cameup with themodi ed smoothingoperator

p: p | p
where
k

p a
i1

andthevaluesw; aredetermineddy

Wi
W—OQi p (N

k k
a pg  awag wop
i1 i1

with
o
PPy a CxPx
x ijkl
andthecoefcients
d; dj
Gi ((jT!IkAlkj Cj A
Ck A ¢ & Ak
Notethat is Kobbelts discreteLaplaceoperatorif all

trianglesof the k-neighbourhoodrecongruent.

Using Taubins ideawe alternatelyusea positve and a
negative | to avoid ashrinkageof the object.

Figure8 shaws a point cloud beforeandafter smoothing
it with our operatorfor k 8.

Figure 9 illustratesthe effects of the Laplacianand our
smoothingoperatorappliedto a triangularmesh.While the
Laplaciansmoothingoperatorchangeghe triangle shapes
very obviously, our smoothingdoesnotdo so.

The reasonfor the behaiour is thatthe normalizedvec-
tor p is avery goodapproximationto the surfacenormal.
Althoughwe foundthis operatotby trial anderrorit givesa

much betterapproximationof the surfacenormalat p than
the averagenormalof the trianglefanat p or the normalof
thebest tting plane,asillustratedin Figure10.

@
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Figure 10: Surfacewith avelage normalsof triangle fans
(a), normalsofthebesttting planes(b), andthenormalized
vectos of our smoothingopemtor (c).

6. Discussion

In this sectionwe discusghe adwantagesanddisadwantages
of localtriangulationsn comparisorwith triangularmeshes.

If triangularmeshesareusedfor surfacereconstructiona
meshneeddo begeneratetheforeoperationdik e smoothing
canbe executed Usually large point cloudsarereducedbe-
foreameshgeneratior? 24 29 31, In contrasto thisapproach
we can smoothpoint cloudsimmediately Thusthe whole
sampleinformationis usedanda reductioncanbe basedon
thesmoothedsurfacegeometryandcolourdistribution.

Variousmethodswere developedfor the triangularmesh
generationMary of them use Delaunaytetrahedrizations,
which have a time-compleity of O n? for n points. In 3
it is shawvn thatthe computatiorof thek-nearesheighbours
canbedonein O nlogn by usingapreprocessingtep.Thus
point cloudscanbevisualizedin O nlogn .

The pro ts in time-complaity becomeclearerwhenwe
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Figure 8: Error eliminationby applyingour smoothingopeator.
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Figure 9: TheLaplace-opeator appliedto a triangular mesh(a) changesthetriangle shapegb), in contrastto our smoothing

opeiator (c).

look attheoverallrunningtime, seeTablel. Theseexamples
shav that with our methodthe running times are reduced
from minutesto seconds.

Newer approache$ 10 try to cut down on the high costs
for a meshgeneratiorby making extra assumption®n the
samplingrate. They achieve lower runningtimesat the ex-
penseof generality

In our experiencevisualizing a triangularmeshversusa
point cloud with our neighbourhood$eadsto resultswith
equalquality.

If measuringtechniquesscanthe object from different
viewpoints,mary meiging stepslike the oneshavn in Fig-
ure 11 have to be executed.Again for triangularmeshrep-
resentationsophisticate@nalyse®f the objects shapeare
requiredto know exactly, whereandhow thesamplesanbe
meiged. Numerical problemsmay occur For point clouds
thepointsof themultiple rangeimagesaresimply stuckinto
onesinglepoint cloud. Becausef calibrationerrorswe ap-
ply oursmoothingoperatoto theregions,wherethesamples
overlap.If desiredthe overlappingregionscanbe reduced.
A resultfor pointcloudsis shavn in Figurel1(c).

¢ TheEurographic#ssociation2001.

Furthermore,our local triangulationis also very well
suitedfor mary othergeometricoperationsfor examplere-
duction, multiresolutionmodelling, re nement,and others,
seels,
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