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ABSTRACT

We presenta novel techniqueto extract a multiresolution
surface representatiorfrom a denseset of unomganized
pointswithin threedimensionakpace.Without utilization
of additionalconnectiity or topologicalinformation our
procedurds ableto ef ciently producea preciseandtopo-
logicaly correctreconstructionof the underlying model.
Basedon a hierarchicalspatial partitioning schemeand
regular and irregular meshre nementtechniqueswve ob-
tain a hierarchicalquadrilateralmeshdatastructuravhich
is known as Hybrid Mesh (HM). We start by construct-
ing a simplequad-meshvhosefacesaggreatethe surface
of theinitial boundingvoxel encapsulatinghe entirepoint
cloud. Throughthe procesof voxel re nementwe simul-
taneouslyperform a combinedregularirregular meshre-
nement whereaghe consideredjuad-meshs adaptedo
wrap the remainingnon-emptysubvoxels. We projectthe
meshverticeson planesobtainedby principal component
analysis(PCA) for eachvoxel. We provide numericalex-
amplesfor reconstructionsbtainedby our method.
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1 Intr oduction

The extraction of surfaceinformation from threedimen-
sionaldatasetsis a problemof currentinterestin reverse
engineering. Such datasetsare provided by a varity of

differentdevicese.g. 3D laserrangescannermedicalCT

scannersradar scannersaand others. The amountof the
upcomingdatais oftenimmenserequiringa methodto re-

constructhe underlyingmodelasef cient andaccurateas
possible. With the assumptiorthatthe given point datais

sufciently denseourmethods ableto satisfybothof these
requirementsn anacceptableatio.

The principal ideabehindour approacHies in an Hierar

chical SpacePartitioning (HSP) procedureto capturethe
topologyof theconsidereabjectin contet with anirregu-

lar meshre nementwich leadsto amultiresolutionsurface
representation.

We startto generateaninitial boundingvoxel encap-
sulatingthe given point cloud. After this we establishan
HM-datastructurevhosefacesarelinkedto thefacesof the
particularvoxel sides. The computationof the next ner
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meshlevel occursin threemain steps.Steponeconsistof
a uniform re nementof the givenvoxelsinto a setof sub-
voxels. Therebyall voxels wich are not including a min-
imal numberof pointsdenotedby will be discardedto
avoid holes,thesepoints can be associatedvith adjacent
voxels.
In a secondstepwe performa meshre nementwich con-
tainsregularandirregularre nementtechniquesSinceev-
eryfaceof theHM is associatewvith its adjacentoxel, the
surfacecanbe constructecisa warpedversionof the outer
boundaryof the voxel complex. The arising problemto
assurdehereplacemenof a subfacewhoserespectie sub-
voxel wasdiscardechasturnedout to be one of the chal-
langesof our method.We describethe generalapproacho
this problemin section3.
The last stepwe have to accomplishis to adjustthe ver
ticesof the generatednesh.In orderto move the meshto
the objects surfacewe de ne the neighborhoodroxel sets
of every vertex. Thuswe canperformthe principal com-
ponentanalysis(PCA) [14] for every vertex wich hasbeen
processedasedon the point datafrom its neighborhood
voxel sets. Oncethis is donewe project the verticeson
their assignegoint planegto obtaintheir nal positions.
The paperis structuredasfollows: In section2 we
give a brief overview of relatedwork in the elds of sur
facereconstructionWe therebyaddressomedifferentap-
proachesn its principals.In section3 thedifferentstepsof
our approachin detail. Section4 givesinformationabout
theef ciency andaccurag by consideringsomeexamples.
We concludewith summarizingheresultsof sectiond and
give someideasto extendour method.

2 RelatedWork

The overall goal of surfacereconstructiormethodscanbe
statedto asfollowed:

Given a setof datapoints X = fxj;Xz;X3;:::g

R3 nearor on an unknavn Surface S,, constructa
surfacemodelM wich approximate$, asaccura@as
possible.

There are several surface reconstructiortechniqueswich
canbeclassi ed accordingto the way they work. Someof
theseechniquesely onadditionalinformationsuchassur
facetopologyor connectity betweerdatawhereasthers
in contrastdo not.



(@) (b) (©

7
ow
¥y y

Wi
£
T T

{3

Jay

/1
LA Ny

A Y.

Y
il

i

(d) (e) ®

Figurel. Developmentof the Buddahshapeat severalre nementlevelsstartingatlevel 2 (a) up to level 7 (f).

Implicit reconstructionmethodsattemptto nd a
smoothsigneddistancefunctionf : X ! R to theun-
known surface. The zerosetZ(f) := fx : f(x) = Og
approximateghe countoursof the model. A rst method
by Hoppeset al. [6] builds suchsigneddistancefunctions
basedon Voronoi diagrammsand propagtion of normals
generatinga nal surfacerepresentatioby amodi ed ver-
sionof the MarchingCubeg5] contouringalgorithm. An-
othermethodfor extraction of iso-surfcesfrom distance
volumesis introducedby Woodetal. [9]. They rst cre-
ateatopologygraphby a procedureon wich they referto
assurfacewavefpnt propagationandwich senesasinput
to the nal mesh-liilding processTheapproactproposed
by Levoy andCurless[1] integratesa setof rangeimages
to de ne acontinuallysigneddistanceunction. Thisis ob-
tainedby combininga multiple setof distancefunctionsin
a simple additive schemewhereeachone correspondso
onerangeimage.

The parametricreconstructiortechniquesin contrast
try to nd asurfaceS : D | X approximatingor inter-
polatinga given setof pointswhereasn mostcasegopo-
logical informationis neededn adwance.Thisinformation
can be obtainedby computingan initial basemeshwith
a regular subdvision providing a surface parametrization
[16]. Theresultingpatchespresentthe input for the ne
scalesurface approximationmethod. The main problem
thus consistsof nding a valid parametrization (X) =
D R?. This is encounteredby Floaterand Reimers
[3] throughsolving linear error functions. Basedon the
useof harmonicmapsthe work of Eck et al. [2] obtain
comparableesultsin a moreefcient way. Thereis alot
of otherwork donerelatedto the subjectof nding good
parametrizationge.g. [15], [17]).

Constriction methodsattemptto nd a meshrepre-
sentingthe surfaceby directly constructinga triangulation

of the given point set. Without knowledgeto the topol-

ogy thisis oftendoneby usingthe Delaury Triangulation.
Marny techniqueshave beenproposedor the computation
of the Delaury Triangulations[10] [11] [12]. The con-

tinuative conceptof Alpha Shapeswvich canbe viewedto

asa generalizatiorof the Delaury Triangulationis shovn

by the work of Edelsbrunnef8], Amentaet. al. [7] and
Bernardinietal. [18]. Howeverthe maindravbackto con-

striction methodsfoundson their relianceon the accurag

of the acquireddatapoints. Henceif the noisewithin the

sampleddatais intensethe approacHeadsto incorrectre-

sults.

In contrastto mostprevious methods,our algorithm
producesa level-of-detail representatiofpasedon regular
(Catmull-Clarkstyle) subdvision with topologicalcorrec-
tions. Exploiting both meshandvoxel hierarchiesesults
in ahighly ef cient method.

3 Algorithm

Before we describethe functional elementsof our algo-
rithm we outline somerequirementsor thesamplediata:

In orderto yield anacceptablesurfacerepresentation
we needto ensurethat the sampleddatasetis suf-
cientlydense.

For ef ciency of thealgorithmtheremosementof out-
liersis desiredbut notobligatory,

In contrastto most parametricotherreconstructiormeth-
odswe make norestrictiongo thetopologyof theunknavn
surface. Furthermorehe generatedamplenoiseis notan
importantweightanddoesnotrequirefurtherconsideration
presumedts magnitudds not of anintensenature.
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Figure 2. Schematicdiagrammadepicting the functional
stepsof the overall reconstructioralgorithm.

3.1 Overview

Theinitial stepconsistsof generatinghe boundarywoxels

togethemith the constructiorof anhybrid-base-meshep-

resentinghevoxel faces.We startwith a setof non-empty
voxelswith adjaceng information. This voxel comple is

linked with the correspondinddM representingts bound-
aryfaces.There nementof thedataoccursin 3 steps:
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Figure3. (a)-(c) Generatedroxels with boundaryfacesof
3 differentlevels, (d)-(f) correspondindacesafter vertex

mapping

Stepone, referredto as HS-partitioning, subdvides
theinputvoxel setanddiscardghe emptyvoxelswith
lessthan (here = 1) assignedsamplepoints. Fig-
ure3 (a)-(c).

Steptwo, denotedasHM-wrapping,re nes the HM.
The rst performedregularre nementsubdvidesthe
HM faces. The following irregular re nementlinks
the subfacesto the voxel complec. Additionally faces
have to be createdo Il resultinggaps. Figure3 (a)-

().

Theatlastperformedvertex mappingprojectsthever-
ticesof thefacesof the HM. Figure3 (d)-(f).

The stepamentionedabove aredepictedn gure 2.

3.2 Hierar chical Spatial Partitioning
Scheme

Thetaskof providing thenon-emptywoxel setrepresenting
the topologyis managedhrougha simple uniform octree
partitioningscheme.Due to its simplicity we only give a
shortsummary The schemecomprisesof following suc-
cessve steps:

Subdviding every voxel into eight subvoxels andas-
signmenbf therespectre samplepoints.

Classi cationof thesesubvoxelsinto emptyandnon-
emptyones eliminatingthosewhich areempty

Settingup theneighborhooaonnectity of all there-
mainingnon-emptysubvoxels.

Generatiorof the verticesof the entiresubvoxel grid.

Oncethe subdvision stepis performed,we classify the
generatedsubvoxels into empty and non-empty types
wherethe empty onesare removed. Therebyvoxeswith
lessthan assignedamplepointsarede ned to beempty
Thevoxel grid is shavn by gure 8(a). Dueto performance
reasonshe centroiddataneededor vertex mappingis pro-
cessedwithin this step. The main problemis settingup
the neighborhoodconnectiity. Thereforeevery subvoxel
needdo beconnectedo its immediateneighbor Thereare
threedifferenttypesof connectvity: two voxelscanshare
a verte, an edgeor a face. For the HM wrappingonly
thefacesharingconnectwity is of specialinterest.Another
pointwe have to addresss how theverticesof thesubvoxel
grid arerepresentedevery voxel which possessesvertex
hasto shareit with max. 3 adjacentvoxels. This implies
that every vertex of a nal facehasa minimal valenceof
3 anda maximumof 6. Whereassalencemeanshe num-
berof connectedioxel edgesin orderto keepthememory
footprint as small as possiblewe decidedto passthe ver-
ticesto thenewly createdsubroxelsanddeletethosewhich
are no longer connectedo a voxel. Up to this point no
modi cationswereenforcedonthe HM.

3.3 Hybrid MeshWrapping

We referto basicprinciplesof hybrid meshe$4] in context
to our approach.Sincewe usequadrilaterafaceswe can



look ata HM asforrestof quadtreesvith someextensions.
Considetthefollowing two simplescenarios:
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Figure4. First scenariovhereevery subficepossesseits
respectre voxel. (b) correspondingdM-tree.

Givenasinglevoxel with its assignedjuad-acerep-
resentedisrootnodeof theHM. After performingthe
HSP-processye derive a setof subvoxelsin wich 4
of thosearedirectly attachedo the associatedjuad-
face(comparegure 4(a)). Thefollowing regularre-
nement splitsthequad-aceinto four subfaceswhich
aredirectly appendedsleavesunderthecurrentnode
(gure 4(b)). Sinceevery subfaicewasassignedo an
immediatesubvoxel, no further irregular operations
areneeded.

In the secondscenarioone of the four subvoxels at-
techedto the faceis empty After facesplitting, the
subface c needsto be replacedby two facese and
f, implying a topologicaloperationstoredin the HM
representatioasshavn in gure 5(a). All newly cre-
ated subficesare placedas children of the current
node,exceptfor nodec. In consequencef the elim-
ination of a sulbvoxel, an abstracinodeis attachedo
the HM in placeterminatingthe facessubtree. Fur-
thermoretwo more facesare createdby the missing
subvoxel asshovn in gure 5(b). In orderto obtaina
consistantmeshthe new facesneedto berepresented
by nodesof the HM. This is done by attachingthe
facesasroot nodesto the HM. For further informa-
tion aboutHybrid Meshesve recommendhework of
Guslow etal. [4]. Theupdateof connectwity infor-
mationsis summarizedn thefollowing.

Again, we candivide the work of the HM-wrapping step
into two phases.Phaseoneis concernedvith the regular
facere nementwhereagphasetwo subjectsthe irregulear
topologyre nement. The contentof phaseoneis mostly
done by discussingthe basicsof HMs. Oncethe entire
meshis subdiidedwe needto link the newly createdsub-
facedto theirrespectre sulbvoxels. More precisely:A sub-
voxel of a superiorvoxel canbe assignedo a facef g, if

it is immediatelyadjacentor if fg,, canbe directly pro-
jectedon it. Subficeswith no associatedubvoxels thus
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Figure 5. (a) Voxel-face relation shaving one subfice
without respectie subvoxel. (b) CorrespondingHM-
connectiortree.

will bereplacedby anabstracfaceobjectterminatingthe
facessubtree. This is importantto indicateall locations
for the subsequentlyperformedre nement operationsof
phasetwo. After phaseonewas completedthe HM still
consistof smallholesandareaswith no assignedacesas
depictedin gure 8(b). To Il thesegapswe applyaface-
propagtion-procedurevich usesthe abstractface nodes
of the currentHM-level. First, a baseset of references
S = frg,;r¢,; 10 is generatedvhoseelementspoint to
thefacesadjacento suchaterminationnode.Thisrequires
knowledgeof thefacesneighborhooatonnecwity. There-
fore we exploit theway the subfaceswereattachedo their
parents.Oncethe completesetS; is foundwe remove the
(no longerneededpstractfacenodesandstartgenerating
thosemissingfaces. The latter is doneby consecutiely
performingthefollowing actionsfor everyry 2 S;.
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Figure6. Potentiallocationsof the adjacenfaceattached
to thevoxel edgeey .

The rst actionveri es the numberof faceswich are
directly adjacento the facef correspondingor;. Since
we areonly interestedn adjacenfacessharingedgedo f
we canidentify at most4 neighborsper face. By travers-
ing theHM conectvity treewe nd theregularneighbors.
Additional connecwity informationis usedto nd those
surfacesthatwereirregulary attached.For the casethat f
knows all of its neighborsits referencevould be removed
from S; andthenext facewould beconsideredOtherwise
the algorithmtriesto nd the adjacentfaces. Therebyit
is possiblethat the correspondingieighborsalreadyhave
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Figure8. (a) Voxel grid for Stanforddragononre nementlevel 5, (b) partially solvedface-wxel relationsprior to theenforced
face propagtion; (c) HM after the processedace propagtion, (d) dragonafter the Vertex Mapping step; (e) nal dragon

approximatiorafter7 re nementstepswith 43489faces

Figure7. Vertex con gurationwith 4 adjacentoxels.

beencreatedbut were not linked, so far. The algorithm
thereforerst triesto nd the unknavn neighborsby pro-

cessinghecorrespondingdgee; sharedoy thefaceto its

missingneighborandthe allocatedvoxel. By considering
threecasesanunknavn facecanbeconnectedo f , asrep-

resentedby gure 6, we areableto determindts potential
locationtogetherwith its associatedoxel. If no facewas
detecteda new onehasto be constructedvich is thenat-

tachedasnew root nodeto the HM-tree andits reference
is addedto S;. In both caseswe just needto setup the

connectvity information.

After nishing S, we obtaina closedHM represent-
ing the outer surface of the solid voxel compl. As no
restrictionsveregivenyetto thepropagtionprocesapos-
siblecavity of themodelcanoccur To preventanoutwash-
ing we tie the facepropagtion to a terminationcriterion.
This prohibitsthe propagtion of a faceover anadjoining
voxel for caseg(a)and(b) of gure 6 wich alreadypossesses
anoppositeface. Theresultof thefacepropagtionis pre-
sentedoy gure 8(c).

3.4 Vertex Mapping

The nal stepconsistsof performingthe relocationof all
verticesV of theface-netwrk correspondindo cornersof
thevoxel grid. Thisrelocationprojectsevery vertex v 2 V
with positionp 2 R® to a planarsurfaceapproximation.
In orderto nd this approximatingplain, we needa center

€2 R® andits normalvectorn. The rst stepto solve this

problemisto nd thepointsetwhichis encapsulatelly the
voxelsadjointedto v. For thefollowing thoseis referredto

asP. Sincethe computationof the respectre voxel cen-
troidswasalreadyperformedn the HSP-stepwve just need
to averagethemto obtainthecentroidbelongingto v. With

knowledgeof P thenormalof theplainis obtainedby per

forming PCA on it. Therebythe normalizedeigervector
correspondingo the smallesteigervalueof the covariance
matrix of P is choserto bef. Theprojectedpointis:

PP=p (p © n)n

Figure 7 reviews the vertex mappingprocessconsidering
two differentcasesaasexample.Sincewe have chosen to
bel for thereasorstatedn subsectior8.3it canoccurthat
lessthan3 samplepointswereassignedo a vertex. How-
ever, in orderto perform PCA, a minimum numberof 3
samplepointsarenecessaryThisis solved by addingaux-
iliary pointsfrom adjacenwoxels. Theresultingmeshafter
completionof the vertex mappingfor the Stanforddragon
is shavnin gure 8(d).

4 Results

The main strengthof our Algorithm lies in its low time
complity andadaptvity. We have proventhe robustness
of our methodon several objectsof high complity. Ta-
ble 1 presentghe performancedataof our reconstruction
methodon an Intel Pentium4 basedSystermwith 1.6 GHz
and256MB RAM by applyingit to thesamplediatapoints
of arabbid,dragonabuddha/20] androckerarm[19]. Ta-
ble 2 presentghe processingimes for every re nement
level of therocker of gure 1.

To nd the overall time complity we needto look
at every re nementstep,separately We rst considerthe
complity for thehierarchicakpatialpartitioningprocess.
Obvisously thisis equalto insertingpointsto anoctree As
provenin [13] this couldbeachiezedfor anoctreeof depth
d in O(dn) wheread in our casedenoteghe re nement
level andn is the numberof points. In practiced is not



Object points | faces | ref. | time[sec]
level

Rabbit 8171 | 3871 5 0.67

RockerArm || 40177 | 29694 | 7 5.64

Dragon 437645| 43489 | 7 12.04

Buddah 543652| 33364 | 7 10.14

Tablel. Processioriime for a coupleof modelsata given
re nementlevel (Vertex Mapping performedafter the last
subdvision step).

ref. | voxels | faces | time[sec]
level
2 16 40 4.00
3 91 150 2.95
4 390 496 2.34
5 1763 | 2021 2.12
6 7430 | 8134 2.97
7 29743 | 33364 6.69

Table2. Processionime for every re nementlevel of the
Buddahpoint set[19] of gure 1 (full processeM after
eachstep).

chosento be > 10 andthusd n (typicallyn  10°)

wich leadsto a time compleity of O(n). Dueto the re-

striction criterion we de ned in the previous subsectiora
maximalnumberof 3 facescanbe associateavith avoxel.

Hencethe HM-Wrappingdependdinearly on the number
of voxels and on the numberof spatialsubdvision steps
d. Theoreticallya maximalnumberof n voxels could be
createdf everyvertex would beenclosedy its own voxel.

For this casewe obtain a worst-casgime compleity of

O(n). Sincethe computationtime for PCA is linear, we

canalsoestimatea worst casetime compleity of the ver

tex mappingstepto be O(n).

After combining the 3 stepswe obtain an overall
worst casetime compleity of our surfacereconstruction
which dependsdlinearly on the numberof given sample
points.

5 Conclusions

We presentech robust and adaptve reverse engineering
method for the reconstructionof surfacesfrom three-
dimensionalpoint clouds. The methodprovidesa hierar

chy of quadrilaterameshesvith geometricaandtopolog-
ical re nement. To avoid unwantedholes,topologycanbe
x edatauserde ned level of resolution.
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