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N. Kojekine. ComputerGraphicsandComputerAided GeometridDesign
by meansof CompactlySupportedradialBasisFunctions.

In this work, an approachbasedon the usageof compactlysupportedradial basisfunction
(CSRBFs)andspeciallydesignedsoftwaretool thatwasdevelopedarepresentedThe applications
include surfaceandvolume reconstructiorusingimplicit functions,3D morphing,space-mapping
techniquefor surfacetransformationssurfacesmoothing,andsurface(andimage)retouching,and
others.Thanksto the ef cient octreealgorithmusedin this work to provide real-timecalculations,
theresultingmatrixfor CSRBFds abanddiagonaimatrixthatreducesomputationatost,simpli es
implementation and permitshandlinglarge datasets. Algorithms are describedn detail andthe
resultsof experimentsaregiven.

Examplesoftware andimagespresentedn this work are available for evaluationon the web
pagehttp://www.karlson.ru/csrbf/
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Preface

Computergraphicshasbeena popularareaof computersciencefor the last few
decades.Thereare four main applicationsfor 3D computergraphics: Computer
Aided Design,Scienti ¢ Visualization,andthe evergrowing entertainmenbusi-
nessegCinemaand TV animation)and ComputerGames. Thereis someover
lap betweenthesecatayories— on the level of the mathematicatheoryon which
graphicsalgorithmsarebasedhey areexactly the same the main differencesare
ontheprogramlevel. Developmentof applicationprogramss now anindustryin
itself (seefor instance,[1], [2]).

It wasnotedin [3] and[4], that startingfrom the pioneeringpaper[5] by V.
Sarchenlbo etal. in 1995muchof the attentionhasbeenpaidto radial basisfunc-
tions (RBFs). Many researcherexploited the advantagesf RBFsin their works
andhave statedthat RBFsprovide a very highlevel of realismandactuallyexhibit
mary qualitiesessentiafor computergraphics But suchqualitiescomeata price.
The algorithmstendto be computationallyexpensve and mustbe implemented
on high—end special-purposkardwareaffordableonly by universitiesthroughre-
searchfounding or by companiesvhosefocusis computergraphics. Even the
efforts of optimizing thesealgorithmsin recentworks (like the work of B. Morse
atal. [4] in 2001,or thework J.C. Carratal. [6] in 2001)andtheevolution of the
computerhardware were not enough— despiteof all theseefforts RBFsare still
notwidely usedfor large problemsof scatteredlatainterpolation.

Sothe main goal of this work wasnot only to make the calculationof RBFs
moreeffectively, but alsoto developnew algorithmsandapplicationswhereRBFs
couldbe nally applied.Thereis notool or approactio solve all problemsatonce.
Eachdescribedapplicationrequiredthe developing of the specialalgorithmsfor
this exactproblem.Becausef this approacta successfutesultevenfor real-time
problemdike computeranimationwasachiered.

Textual description®f graphicalalgorithms,no matterhow detailed aredif -
cult to translateinto realworking code,evenfor experiencedrogrammersSoin
this work | usedpseudo—codéo representhe algorithmasnearto it's computer
codeaspossible. Suchproblemsthat occuronly during the actualrealizationof



thealgorithmfor computerarealsoaddressed.

All algorithmspresentedh thiswork areuniqueandthey were rstly designed,
implementedandappliedby theauthor If consideringRBFsasa generalinterpo-
lation tool the main new point of this work lies in the algorithmof scattereddata
sorting. Actually, thereis sometrade—of betweerthe ef ciency of computations
andtheinterpolationqualities.By applyingcompactlysupportedadialbasisfunc-
tions (CSRBFs)insteadof RBFswe get a sparsematrix and later changeit to
band-diagonalising octree—basedpacerecursve subdvision data—sortingalgo-
rithm developedin thiswork. As farasl know suchcombination— RBFs  octree
and nally band—diagonainatrix for unorderedunconnectegboint cloud datasets
is uniquein theworld.

Justoptimizingthealgorithmfor RBF interpolationis notenoughfor effective
application,aswasnotedabove. Eachdescribedapplicationalsohasa novel and
uniquealgorithm developedespeciallyfor it. New octree—basalgorithmswere
developedfor surfaceextractionfor the applicationof surfacereconstructiorand
for fastevaluationof deformationfor computeranimationapplications.As are-
sultof theseoptimizationgeal-timespeedor animationwasachiezed, evenwith-
out hardware accelerationyhile mostcommonin computeranimationapproach
of matrix skinning (applicationof linear transformationsyufierersfrom obvious
drawvbacks,asnotedin [7].

For the problemsof surfaceretouchingand meshsmoothinga novel ideaof
replacingsurfacereconstructiorby spacemappingwasintroduced. Thesedevel-
opmentsallowedto applyCSRBFsn a eld whereadirectapplicationof RBFsas
areconstructionvould bevery computationallyexpensve, evenif optimized.Also
anew hole stitchingalgorithmbasedon dynamical-programmingasdeveloped.
This allowedto solve aknown NP—full problemin reasonabléme, reducingexpo-
nentialcompleity to cubic. A relationbetweer2D and3D problemswvasexploited
for imageinpaintingproblem. In spite of the factthatit canbe appliedfor suf-
cientlysmallscratchik e areastheproposedpproactprovidesrathergoodvisible
results(comparablevith solutionsbasedon PDE,which do in uence stronglythe
computationalwork) in almostreal time. Finally, anideaof local CSRBF, i.e.
sucha function that accumulate®xtrapolationdatafrom the previous stepswas
introduced.

The problemsitself comefrom practicalnecessitiesandthe componentsised
(RBFs, CSRBFs,octree,dynamicalprogramming)are very well known in com-
putergraphics.Building a new approachalgorithmandsoftwarefrom theseexis-
tentcomponentss aninterestingandexiting taskfor CAD andCG communities.
This new consideratiorof practicalproblemshasallowed to bring new solutions.
For instancejn shapesmoothingan umbrellaalgorithmis usedin the mostappli-
cationsherea new approachhasedn takinginto accounthefeaturesof RBFsto



provide agoodblendingwasapplied.

Surfaceretouchingof polygonaldatasetsis almosta non—irvestigatedarea,
neverthelesswith comingnewv rangemeasuremergystemsnewn applications at
leastin archeologystudiesappear A new fastalgorithm developedandimple-
mentedn this work allows drasticallydecreasealculatingtime; seethe comple-
ity estimationgivenin the Chapters.



Chapter 1

Intoduction

1.1 Approachesand the problem statement

Marny practicalsurfacereconstructiortechniqguesasedon measuredlatapoints
requirethe solution of optimizationproblemsin the tting of surfacedata,such
as, restorationdesignor reverseengineeringasks. One of the applicationscon-

sideredin this work, namely reconstructiorof volume geometricmodels,is an

attractive researchdirection: it makespossibleto speedup the solutionof reverse
engineeringroblemsby usingscatteredneasuredata,andaddressethhedemand
for the reconstructiorof volume modelsthatallow a rich setof operationgo be

applied. Recently mary researchersave paid attentionto possibilitiesopened
by using radial basisfunctions (RBFs) for surfacereconstructiorof functionaly
de ned objects. Traditionally constructie solid geometry(CSG)modelinguses
simple geometricobjectsfor a basemodel,which canbe further manipulatedoy

implementinga certaincollection of operationssuchas set-theoreticmperations,
blending, or offsetting. The operationsmentionedabose and mary othershave

found quite generaldescriptionsor solutionsfor geometricsolidsrepresenteds
points X y z in spacesatisfyingf x yz  0for acontinuoudunction f. Sucha

representatiors usuallycalledafunctionrepresentation Set-theoreticolidshave

beensuccessfullyincludedin this type of representationvith the applicationof

R-functionsandtheir modi cations(se€[8], [9]).

Mappingscanbe controlledby numericalparametersf prede nedfunctions,
by control points,andby differentialequations.Indeed,whenwe areusingonly
genericpropertiessuchasthe position of a point of the objectthatis deformed,
the problemof constructinga smoothsurfacesatisfyingcertainconstraintsanbe
formulatedasa mappingfunction 3 3. Suchspacemappingtechniquebased
on RBFsis a powerful tool, which offerssimpleandquite generakontrol of simu-
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latedshapeslin fact,a modelof extendedspacemappingis usedandincorporates
geometricspacemappingsandfunctionmappingsrom 3

In this work not only the modeling(or reconstructionproblemis addressed;
thewide rangeof CG applicationsbasedon spacemapping— shaperansforma-
tions, surfaceretouching,meshsmoothing,and others— shav that RBFs seem
ready—maddor mary applicationsin computeraided graphic design(CAGD),
evenfor interactve 3D modi cation andsculpting. Thus,the approachpresented
in thework allows to developanew generatiorof CAGD systems.

1.2 Overview of the scattereddata inter polation techniques

A vastvolumeof literatureis devotedto the subjectof scatteredlatareconstruc-
tion andinterpolation.In mostapplicationsPelaunaytriangulationis usedfor 3D
reconstructionThe mainideaof Delaunaydecompositionis to reconstruct sur
facefrom non-uniformsamplesy connectinga subsewf pointsthat are natural
neighborsn atriangulatednesh.This approach(see for example,[10]) performs
efcient Delaunaytriangulationof differentshapetypesreconstructedrom their
cross-sectionflL1].

A comprehense overview of relatedstudies problemsandlimitationscanbe
foundin [12], which addressetheseproblemsandintroducesa fastalgorithmfor
constructingC?-continuousinterpolationfunctions. Anotherapproacho surface
reconstructiors skeletal. An implicit surfacegeneratedby point skeletonsmaybe
tted to a setof surfacepoints[13], but this methodis rathertime—consuming.

One otherapproachs to usemethodsof scattereddatainterpolation,based
on minimum-enegy properties[14], [15], [16]. Thesemethodsare widely dis-
cussedn mathematicaliterature(see[17], [18]). The bene ts of modeling3D
surfaceswith the help of RBFshave beenrecognizedn [19] for Phobosrecon-
struction. RBFswereadaptedor computeranimation[20], [21] andmedicalap-
plications[22], [23], andwere rst appliedto implicit surfacesby Saschenlo et
al. [5]. However, thework requiredis proportionako the numberof the grid nodes
andthe numberof scatteredlatapoints. Theamountof computatiorbecomesig-
ni cant, evenfor a moderatenumberof nodes. Specialmethodsfor reducingthe
processingime weredevelopedfor thin—platesplines[24]. Theoreticabspectof
usingradial functionsin compactdomainswerediscussedy Light in [25]. Carr
etal. [6] have alsorecentlyworked on surfacereconstructiorof implicitly de ned
3D objectsbasedon the use of non—compac{fast) RBFsanda "both—side"ap-
proach,which hasbeenproposedn [3]. Unfortunately the authorsof that paper
did notdescribeheir algorithmin detail. Theapproachakenby Turk andO'Brien
in [3] of usingpointsspeci ed on bothsidesof the surfacewill provide successful
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restoratiorof a surfacearbitrarytopology but it involvesdravbacksthatleadone

to supposehatit wouldbeinef cient for applyingRBFsin volumereconstruction.
It is beyond the scopeof this work to discussall thesematters;let it be noted,

however, thatthereis a problemof constructingor specifyingoff-surace points

alonga surfacenormalthatalsoleadsto adoublingof thegivennumberof surface

points. The "both—sides"approachalsohasa problemwith surfaceextraction: a

surfaceextractorcanjump outsidethe bandof non-zergpoints.

Methodsexploiting RBFscanbe divided into threegroups.The rst groupis
"naive" methodswhich arerestrictedto small problems but they work quite well
in applicationsdealingwith shapetransformationsee,for example,[26]). The
secondgroupis fastmethodsfor tting andevaluatingRBFs, which allow large
datasetsto bemodeled27], [24]. Thethird andlastgroupis compactlysupported
RBFs[28]. In spiteof signi cant progressn the eld of implementingRBFsand
CSRBFs[4], for reconstructiorpurposesit is still an openquestionwhetherit
is possibleto handlerealisticamountsof datain realtime. RBFsand CSRBFs
are suitablefor moderatelysized3D datasets;for instancethe executiontime is
about300 seconddor 36000points,without time costsfor surfaceextraction,as
reportedin [4], wherethe authorsusedcommercialsoftware for SLAE solution
andemploredthe "both—sides'approacho reconstructmplicitly de ned objects.
NeverthelessRBFspossessnary featureghat make themvery attractve for CG
applicationsdealingwith modi cation of geometricobjects.In the simplestcase,
it is possibleto usesphereasa carriersolid to generateCSGobjects nevertheless
it restricts applicationgo therestoratiorof objectscloseto a sphere However, it
seemghatusingothercarriersolidsor dividing thepointdatain partsandmodeling
thewholeobjectby booleancombinatiorof thedifferentCSRBFfunction,it could
be possibleto modelary type of geometry but it canbe very dif cult to select
appropriatecarriersolid or appropriateseparatiorior the dataset.

An approactandsoftwaretoolkit developedin thiswork canbe usedbothwith
carriersolid and"both—sides'approacheandsomeexamplesof restoratiorusing
both approachesvill be demonstratedn this work. Neverthelessgenerallywe
avoid using"both—sides'approactbecausd is notsufciently clearhow to de ne
right normalvectorsfor scatteredlatasets.It wasnoticedduringthe experiments
with applicationsof the proposedoolsthatthe resultsof restorationdeavily de-
pendonthenormalvectors.

The main contrikution of this work is automatedorrectionof rangedataand
animationsbasedon the space—mappintechnique aswill be illustratedlaterin
thiswork.

In practice,reconstructiorwith RBFsconsistsof the following steps:sorting
the data,constructinga systemof linear algebraicequationg SLAE), solving the
SLAE, andevaluatingthefunctions.In fact,while the solutionof the systemis the
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limiting step, constructingthe matrix and evaluatingthe functionsto extract the
isosurbicemaybealsocomputationallyexpensve. In thiswork anattempto solve
the reconstructiomproblemaccordingto the abose- mentionedstepswas made.
Thus,oneof the goalsof thethiswork, wasto developaneffective library of C++
classeghat canbe successfullyappliedto computationallyintensve problemsof
surfacereconstructiorand deformationusing RBF splines. The key point of the
software tools developedis the ef cient octreealgorithmproposedn this study:
theresultingmatrix is a band—diagonamatrix that permitshandlingof large data
setsin areasonabléime.

A wide spectreof geometricproblmescanbe solved on the basisof CRBFs
approachasit will beshavn in thiswork.

1.3 RBF splines

For a three-dimensionarbitraryareaW, the thin-plateinterpolationis the varia-
tional solutionthatde nesalinearoperatorfT whenthefollowing minimum con-
ditionis used:

a m a! Df 2dW min

Wam

wherem is a parametepf the variationalfunctionalanda is a multi-index. It is
equialentto usingthe radial basisfunctionsf r  rorr3form 2 (for 2D
case)and3 (for 3D case)respectiely, wherer is the Euclideandistancebetween
two points. Sincethefunctionf r is notcompactlysupportedthe corresponding
systemof linear algebraicequationds not sparseor bounded. Storingthe lower
triangle matrix requiresO N2 real numbersand the computationakcompleity
of a matrix factorizationis O N3 . Thus, the amountof computationbecomes
signi cant, evenfor amoderatenumberof points.

Wendlandn [28], constructedor 2 anew classof positive de nite andcom-
pactlysupportedadialfunctions,thathave theform

yr 0 r 1
b O r 1

wherey r is aunivariatepolynomial,andits radiusof supportis equalto 1. Scal-
ing of thefunctiony r a allowsusingof ary desiredradiusof supporta.

In theapplicationasimplefunctiony ;o r 1 r 2, whichsupport<? con-
tinuity wasselectedThisfunctionis simpleto calculate However, otherfunctions,
thatsupporthighercontinuity canalsobe used.For morereferencese€[29].
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Thevolumesplinef P having valuesh; atN pointsP is thefunction

N
fPp alif P P pP
j1
wherep Vo wiX Wy Vszisadegreeonepolynomial.To solve for theweights
| j it is neededo satisfytheconstraintd by substitutingheright partof equation,
which gives
N
h l1f R P pR
i1
Solving for the weightsl j andvo, vi, V2, v3 it follows thatin the mostcommon
casethereis a doubly borderedmatrix T, which consistof threeblocks, square
sub—matrice®\ andD of sizeN N and4 4, respeciiely, andB, which is not
necessarilgquareandhasthesizeN 4.
Heightsh;, arenot necessarilywaluesof a carrierfunction. Arbitrary pointsin
the EuclideanspaceE" (moreprecisely vectorsof deviationsof somede ned 3D
points)canalsobeused,aswill beshavn laterin this work.



Chapter 2

Compactly supportedradial basis
functions

2.1 Algorithm

2.1.1 Sorting of scattered data

Space-recunge subdvision is an elegantand popularway of sorting scattered
3D data. In this work an ef cient approachbasedon the useof variable—depth
octaltreesfor spacesubdvisionis poposedwhich allows usto obtaintheresulting
matrix asa band—diagonahatrix thatreduceghe computationatompleity. The
algorithmproposedn thiswork is original, andthe performancef this algorithm
depend®ntheuniformity of thedistribution of the givenpoints.

The rst goalis to build an octal tree [30] datastructurefrom the original
points.For eachnodeof thetree,it is neededo storethefollowing:

apointerto theparentnode,
8 pointersto child nodes,
apointerto thelist of points(empty if thisnodeis notaleaf).

Thetotalamountof memoryneededo storesuchatreeis (memoryfor eachnode)
(numberof nodes) (memoryneededo storepoints) N. In softwareimple-
mentationa standardhpproactor creatingthetreefrom aninitial pointdatasetis
usedwith anadditionalrequiredparametriocvalueK, which denoteghe maximum
numberof pointsin the leaf. For the sale of corvenience,all N pointsin a unit
cubearescaled Afterwardsthis cubeis dividedinto 8 equalsub-cubesAll points
aresharedamongthesesub-cubesTheroot of the tree correspondso the initial
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cube,andthe 8 sub-cubesorrespondo 8 nodeslinked with the root of the tree.
This procedures appliedto eachcube,until all K pointslie in their own small
cubes. If oneof the 8 cubesdoesnot containpointsin the currentstepit is not
neededo build a sub—treen thatdirection.

Afterwardsthistreecanbeusedo searctor neighborf ary givenpointfrom
thegivenN points. The neighborsarepointsof a sphereof radiusr, whosecenter
is locatedat the given point. We call this sphereanr-sphere.

To acceleratehe searchthe treeis simpli ed after creationby removing un-
necessaryodes.If the nodeA hasonly onesub-nodeB, it is possibleto remove
the A nodeandreplaceit with B. For example,seeFig. 2.1 (numeralsrepresent
nodenumbers).

Initial octaltree | Octaltreeaftersimpli cation
0

N

01 02 0

N N

010 021022 0102 02

/N
0102 021022

Figure2.1: Octaltreesimpli cation.

This procedurds reasonabl¢o useonly if K is small.
An application-prognaming library wasdevelopedandcontains7 main C++
classes:

The CDatalListclassde nesa stack,whichis usedin softwareimplementa-
tion, insteadof alist,

The CDatalListltemclassrepresentanelementof the stack,

TheCGetFunctionglassde nesaninterfacefor functionsdependingnthe
datastoraggechnology

TheCPointFunctionslassnheritedfrom CGetFunctionslasscontaingunc-
tionsconnectinga COctupleTeeclasswith thearrayof points,andalsothe
conditionthatpointsin spacebelongto thesamer-sphere,

The CNodeNumbeclasssenesto describehenodes numberin thetree,
The COctupleTeeclassde ning theoctaltreecontainghe mainfunctions,

The COctupleTeeNodeclasssenesto representhe nodein theoctaltree.
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The compl«ity of creationand searchingor neighboursusing an octal tree
strongly dependson the initial dataandthe parameteiK. The depthof the tree
dependon the lengthof the cubeedgecorrespondingdo the leaf. This lengthis
equalto 1 2M | whereM is the depthof the tree and dependon the original
data. If theinitial pointsaredistributed moreor lessuniformly, thenthetreewill
have sufciently uniform lling andwill be symmetric.If K 1, atthattime the
treewill becloseto afull octaltreewith N leaves. The maximumcompleity of
searchinghetreewill beproportionalto thedepthof thetree,thatis, loggN .

More detailesof thesealgorithms,includinga C++ library description canbe
foundin http://www.kar Is on.r u/c sr bf .

The procedureof searchindgor the neighborsof a pointin a givenr-sphereis
appliedseveraltimesin the application.For example,it is usedin the calculation
of the splinefunction

N
fPp alif P P pP

j 1

to sumup only the pointsthatareneighborof thespeci ed pointwith coordinates

X'y z . However, the rst applicationis the constructiorof the banddiagonalsub-

matrixf P B , which accountdor a signi cant portion of the computational
cost. Band-diagonabystemshave a1 1 of nonzeroelementdo the left of the
diagonalanda, 1 of nonzeroelementdo its right. Thesenumbersare equal,
becausanatrix is symmetric. In application,to storethe band—diagonamatrix,
a so—calledpro le form or a slightly modi ed Jenningservelopeschemd31] is

used. To storethe matrix A, an array canbe usedfor diagonalelementsyalues
of non-diagonatlementsandcorresponderindicesof the rst non-zercelements
in the matrix lines areplacedin two additionalarrays. To make sub—matrixband
diagonal,it is neededo re—enumeratéheinitial pointsin a specialway.

In this chapterthefollowing algorithmis proposednamed'Sortingdatausing

anoctaltree” (seethepseudo—codm Fig. 2.2):

Take apointfrom theinitial dataandputit in thelist.

Gothroughthelist andfor eachpointin thelist searchfor the neighborsn
theinitial data.Whennew pointsarefound,addthemto thelist.

Remave from theinitial arraypointsthathave beenplacedin thelist.

If thereareno morepointsin thelist (thatis, if all pointswereappendedn
the secondstep),thentake the rst point remainingin theinitial arrayand
repeatheabove steps.
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2.1.2 Constructing systemof linear equations(SLAE)

As aresultof the algorithmdescribedn the previous section,a bandwith max-
imum size as, thatis, the maximumnumberof the neighborsof a point, is ob-
tained. Themaximumcomplity of this algorithmis the complity of searching
for neighborsthroughthe octal treefor eachpoint,i.e., N (the maximumcom-
plexity of the searchingalgorithm). It is possibleto reducecomputationabutlays
by calculatingthe matrix and orderingof the points simultaneously In the rst
stepof sortingalgorithm,the rst point anda list of its neighborsare available.
This meanghatwe cancalculateonerow (andonecolumn)of the band—diagonal
sub-matrix.In the next step,we take the secondpoint and calculatethe next row
of thematrix,andsoon, until theentirematrix is calculated.

After sortinga bandedmatrix asillustratedin Fig. 2.3 is obtainedthatis, the
matrix hasthe maximumnumberof nonzeroelementsor somepoint. Naturally
theresultsof matrix constructiordepencdbn theappropriateselectionof theradius
of ther-sphere.Note thatthe specialorderprescribedy a sparsematrix to mini-
mize Il-ins is notimportant.Notealsothatthehalf-width for theselected cannot
be decreasedConsideringthe following unlikely eventwill clarify this concept.
If all neighboringpointsareconnecteda graphwill beobtainedandif this graph
hasa cycle,thenthe maximumsizewe will obtainis lessthanor equalto thecycle
length. Thus,if theradiusis quite large, thenthe cycle will includenearlyall the
pointsfrom theinput data.In this case the maximumsizeof thebandwill alsobe
large, andan expansionof the bandat somepoint will occur The positionof the
expansionis notimportantfor implementation.

2.1.3 SLAE solution

Notethatgoalsin solvingary sparsesystemareto save time andspace According
to atheoreticalkestimationandown practicalexperiencewith thereconstructiorof

surfacesbasedon using RBFssplines,the bestmethodof solutionis the House-
holder method[32]. However, this methodis time—consuminghat becomesa
crucialdravbackin practicalreconstructiorproblems.The attractvenessof using
implicit methodssuchasconjugategradientmethoddor large sparsesystemsas
beenwell recognizedn variousapplications.If matrix T is positve de nite and
symmetric,the algorithmcannotbreakdown, in theory[33]. Conjugategradient
methodswork well for matricesthat are well-conditioned. In practicalapplica-
tions, thisrestrictioncanlimit theaccurag with which a solutioncanbe obtained,
andthusit is preferableo useexplicit SLAE solutionmethodgor matricesstored
in pro le form. Theadwantageof Gaussian,U decompositiorj34] hasbeenwell

recognizedand mary software routineshave beendeveloped. For a symmetric
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and positive de nite matrix, a specialfactorization,called Cholesl decomposi-
tion [32], is abouttwice asfastasalternatve methoddor solvinglinearequations.

A SLAE in theform Tx b is obtainedwheresymmetricmatrix T consists
of four blocks: A, B, C, andC". Sub-matricesA, B, andC have sizesN N,
k k, andN k, respectiely. A is a band-diagonamatrix, k 4 for 3D case,
B 0. A combinatiorof block GaussiarsolutionandCholesl decompositionvas
proposedy GeogeandLiu in [33], andin presente@pplicationtheir approachs
used.

2.1.4 Evaluation of the function

While the solutionandconstructiorof the SLAE arevery computationallyexpen-
sive tasks the evaluationof the CSRBFsplinefunction

N
fPp alif P P pP

j 1

canalsobe very expensie, especiallyin suchtasksasimplicit surfaceextraction
(in this casespline function needsto be evaluatedfor every nodeof somegrid)
and shapetransformation. The oct—treebuild on the previous stepto accelerate
the evaluationof thefunction canbe used;the algorithmof evalutaionis shavn in
pseudo—code Figure2.4.

2.2 Summary

A setof softwaretoolsthatusecompactlysupportedadialbasisfunctions(CSRBFS)
to processcatteredlatawasproposecanddeveloped. Thanksto the ef cient oc-
tree algorithmusedin this work, the resultingmatrix is a band—diagonamatrix
thatpermitshandlingof large datasetsin areasonabléime.

In the next chapter=f this work this resultwill be usedto solve variousprob-
lems from computergraphicsand computeraided geometricdesign, especially
problemsconcerningheprocessingf scatteredlatain suchapplicationsasrecon-
structionof functionalyde ned geometricobjects,surfaceretouching,andshape
modi cations.
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input_Iist — unsortedist of points
output_list — sortedlist of points
neighbors_ids_| is t — temporanyist of integers
i =0
while  (input_list.leng th 0) do
begin

/l add rst elemenbof input_list to output_list

/l remove rst elementfrom input_list
output_list.add (in put_Ii st][0] );

input_list.remo ve( 0) ;
while (i < output_list.len gth ) do
begin
/I nd ininput_list all neighborsof output_list][i] and
[/l puttheirindicesinto neighbors_ids_li st
/I this canbe donewith the helpof octree
neighbors_ids_li st =
FindNeighbors( outp ut _li st[i ], input _list) ;
for j := 0 to neighbors_ids_| is t. le ngt h do
begin
// addneighborelementof input_list to output_list
/I remove this elementfrom input_list
output_list.add( in put_lis t[ neig hbors _lis {[ j] D;
input_list.remov e(neig hbors _ids list [j ]) ;
end
end
end

Figure2.2: Datasortingto obtaina band-diagonatub-matrix.

Figure2.3: An exampleof a typical band-diagonamatrix constructedy the pro-
posedalgorithm.
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X,y,Z — pointweresplineis evaluated
base points_lis t — thelist containingintial scatterediatapointsfor CSRBF
spline_coeffici ente s_| is t — coefcients of spline
neighbors_ids_| is t — temporanyist of integers
result=0;
/I nd all neighboursf thegive pointx,y,z
/l andputtheirindicesinto neighbors_ids_| ist
/I this canbe donewith helpof octree
neighbors_ids_| ist =
FindNeighbors(x, Y, 2);
for ;=0 to neighbors_ids_ lis t. le ngth -1 do
begin
/l calculatef  x X
phi := Phi(base_points _list [neighbors_ids_ li st[j] 1.
X,Y,2);

I correctdisplacemenin accordancevith

/I in uence of currentneighbor;

I splinecoefcients couldbecalculatedearlier

result := result + SplineCoeffici ent[j ]* phi;
end
return  result;

Figure2.4: Algorithm for evaluatingof CSRBFfunction.



Chapter 3

Surface/wolume reconstruction

3.1 Overview of surfaceand volume tting techniques

3.1.1 Implicit functions representation

Implicit functionsare real valuedfunctionsde ned in 3D spacew F xyz.
Two primitive operationsarerequired:the ability to evaluatethe function,andthe
functiongradientat a givenpoint.

Implicit functionsarevery powerful. It is possibleto represenalmostary type
of geometrywith thelevel setsw cong, especiallyif we usebooleancombina-
tionsof implicit functions(seeSection3.4.2).

By implementingCSRBFs,F xyz 0 functionrepresentanimplicit vol-
umeofthemodelwhileF xy z  0representanimplicit functionof thesurface.
The sign of the CSRBFsplinefunction canbe alsousedto obtaininside—outside
informationfor the givenpointandthe givenmodel.

3.1.2 Polygonal data representation

In modernday, real-time,3D modeling,the useof polygonalrepresentatiofior
objectsandlandscapess nearlyuniversal. While the "native" representationf a
modelfor CSRBFis an"implicit" function,polygonaldatacanalsobeextractedon
agrid from the"implicit" function. Polygonalmodelsareusedin suchapplication
asvideogamesandothers.

Despitethe factthat polygonalrepresentationgven with techniquesuchas
texture mapping provide poorapproximation®f realworld objects they arecom-
monly usedbecausef theirrelatively low processoandmemoryrequirements.

Polygonalrepresentationare unrealistichecauseof their smoothregularity.
Realworld forms have a certainimperfectionandvariancethatis lacking in the

16
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straightedgesof a platonicsolid. This is especiallyevident when polygonsare
usedto represenhaturallandscapesyhich arenot composeaf regularshapes.

3.2 Surfaceand volume evaluation, and extraction

The surface tted to a setof surlacedatapoint forms a volume modelof a geo-
metric object. The generalideaof the algorithm|[5] is to introducea carriersolid
with a de ning function f. andto constructa volume spline f P interpolating
valuesof the function f. in the pointsP. The algebraicdifferencebetweenf P
and f; describeghe reconstructedolid. The algorithm consistsof two steps.In
the rst step,a carriersolid objectis introduced,which is an initial approxima-
tion of the objectbeingsearchedor. In the simplestcase,it canbe a sphereso
thatfc B P53 P3, P% 1. Thenthedatasetr associatedvith the points
ri foB i 12 N is calculatedhtall givenpoints.In thesecondstep these
valuesare approximatedoy a volume spline derived for randomor unoganized
points.

Calculationof the resultingsplinefunctionis acceleratedn the algorithmby
usingpreviously createdbctaltree. This alsomakestherenderingtime very small
(seeTable3.2). This surfacecanbevisualizeddirectly usinganimplicit ray-tracer
andcanbe voxelizedor polygonizedto extracta meshof polygons.For the visu-
alizationof reconstructedolumesanimplicit function modelertool [35], [36] is
used.

3.3 Error estimationand comparisonof CSRBFand RBF
splines

It is importantto notethat visualinspectionof differentrestorationshavs a de-
pendeng of the accurag of restorationon the choice of the radiusof support.
Actually, thereis sometrade-of betweenthe ef ciency of computationsandthe
restoratiomquality. Visualevaluationof theresultis not sufcient for anappraisal
of the algorithm, especiallyfor CAGD applicationswherenumericalerror esti-
mationis very importantfor comparisorof variousscatteredlatainterpolants.To
compare somenumericalmeasureof the error of the approximationfound for a
testfunctionis needed.In practice,the root meansquaremeasur§RMS) of the
errorfor thetestfunctionandthe maximaldeviation betweerthereconstructednd
testfunctionscanbe used. For the 2D casein [5] the error of approximationby
RBFsfor a "noisy" function was evaluated. The RMS erroris equalto 0 02 for
the z-coordinate®f 469 randompoints. However, it is neededo statethata small
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RMS doesnot guaranteecorrectreconstructiomresults. From experience the re-
sultsof reconstructiorheavily dependon the uniformity of datadistribution, and
in the caseof reconstructionvith CSRBFsthey dependalsoon appropriatechoice
of the radiusof support. Thus, how to evaluatethe accurag of restorationis an
openguestion. Neverthelessit is supposedhat RBFs provide sufciently good
interpolationfeatures,andit is illustratedvisually (seeFig. 3.1) the accurag of
reconstructiorasthe booleandifferencebetweenRBF and CSRBFsolutionsfor
thesamedatasethead".

Figure3.1: Visualillustrationof thesolutionasthedifferencgwhite area)between
RBF andCSRBFsolutionswith theradii of support0 4, 0 3, and0 2, respectiely.

Fig. 3.1shavs anincreasingvhite area(differencethatcanbe obseredonthe
right-handsideof the reconstructedhead")causedy aninappropriatechoiceof
the radiusof support. Let us notethatthereis alack of datain the lower part of
the"head". Increasinghe radiusof supportprovidesbetterreconstructiomesults.
However, thework requiredfor correctreconstructiormf theobjectbecomesearly
proportionalto thetotal numberof all scatteredlatapoints(seeTable3.1).

Solutiontime | Memoryrequiredto storematrix A
RBF 202 sec. 8 MiB
CSRBEr 02 09sec. 1 MiB
CSRBEr 03 2 2sec. 2MiB

Table3.1: Comparisorof CSRBFandRBF: processingime andmemoryrequire-
mentsfor differentradii of support.

3.4 Experimentsand benchmarks

3.4.1 Surfacereconstruction

Visualinspection(imagesin Fig. 3.2) allows usto judgetheinterpolationfeatures
of thealgorithmdiscussedBenchmarksregivenin Table3.2.



CHAPTER3. SURFACE/VOLUME RECONSTRICTION 19

(@) (b)

Figure3.2: Several examplesof CSRBFsurfacereconstructions(a) The "Head"

modelreconstruction(b) The "Seashell'modelreconstruction(c) The "Venus
modelreconstruction.

Notethattheapproachof 3D surfacereconstructioiakenin this studydoesnot
guaranteaestorationof highly topologically complex volume objects. As noted
in [37], theaccurag of the restorationstrongly depend®on the uniformity of the
distribution of data.Moreover, RBFsdemonstratexcessie blendingfeatureghat
leadto undesirablesmoothingeffects. For 3D reconstructiorusingcross-sectional
data,in [37] it is proposedhat, for m differentcontoursin oneslice, m different
function descriptionsof separatecontoursmustbe usedandthat union of them
carrierfunctionsde nes the descriptionof the reconstructe@D object. Thatis,
introducingm carrierfunctionsallows usto localizedifferentcontourssituatedin
onesliceto avoid anexcessie blendingor "spilling” of contours.For the 3D case
suchan approacHooks exceedinglycomplicated.Neverthelessit is importantto
notice that the resultsof reconstructiordo not dependon the choiceof the car
rier functions. Naturally the approachaken by Turk andO'Brien in [3] of using
pointsspeci edonbothsidesof the surfacecanbeappliedin combinationwith the
CSRBFslgorithmproposedn thischaptel(for example seeFig. 3.3(d)), artifacts
thatcanbeobseredin theimage,werecausedy problemsof surfaceextraction.

3.4.2 Settheoretic operations

If an extractionof theresultingsurfaceasa polygonalmodelis not neededthan
theresultof CSRBFreconstructiorfrom scatteredlatapointswill berepresented
asafunctionf xyz 0. Sucharepresentatiois usuallycalledafunctionrepte-
sentationor implicit functionrepresentation CSRBFscanbeusedvery effectively
asanimplicit modeler Implicit modelersareusuallyrequiredin suchapplications
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Figure3.3: An exampleof a CSRBFreconstructiorusing"both—sides'approach.
(a) Sourcgrangedata)pointsof the"Lion—dog" model(courtesyof Dr. A. Belyaey
of TheUniversity of Aizu), (b) Reconstructiolby CSRBFsfrom 19125points,(c)
Reconstructiomasedn the PhDwork of HuguesHoppe[38], (d) Reconstruction
by CSRBFshasednthe"both-sidesapproach.

asmetamorphosigan examplewill be shavn laterin Section3.4.3),but it is also
very effective to usethemin casesvhenapplicationof booleanoperationon the
modelsis neededFor example,it canbe advantageouso divide aninitial dataset
of pointsusedfor reconstructiorin severalsubsetgto avoid branchingproblems),
reconstruceachsubsetas a function andapply the UNION booleanoperatorto
get the whole model. In the software implementationseveral operatorsfor this
operationsverede ned. They work asfollows. The UNION operatortakesthe
minimumvalueof all implicit functions. TheINTERSECTIONoperatortakesthe
maximumvalueof all implicit functions. The DIFFERENCEoperatosubtractshe
2ndthroughlastimplicit functionsfrom the rst. TheUNION OF MAGNITUDES
takesthe minimumabsolutevalueof theimplicit functions.For moreinformation
abouttheseoperationsee[39].

Figure 3.4 shavs anexampleof settheoreticoperationson implicit functions,
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to obtaintheresultingshapea combinationof threeimplicit functionsis used.The
resultis UNION betweera"Seashell'implicit functionreconstructetty CSRBFs
(see3.2 (b)), andthe DIFFERENCEbetweertwo implict spheres— "Ice cream"
and"Bite". Object"Ice cream'is:

2 2 2 2

fxyz X Cx y G Z G r
where
¢ 0500r 03

andobject"Bite" is:

2 2

fxyz X Gy Z G

y G

where
c 05003 r 015

Figure3.4: An exampleof settheoreticoperationsvith implicit functionsin 3D.
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3.4.3 Combined metamorphosis

Thetoolkit createccanbealsousedin conjunctionwith otheralgorithmsto create
animatedapplications For example3.5illustratesthe 3D applicationof combined
mappingso producevisually smoothtransformatiorbetweerthe initial union of
two tori (genus3) andthe nal "head"shape(reconstructedhy CSRBFandrep-
resentecby implicit function, genus0) in the presenceof obstaclegnot shavn
on the gure). The seriesof framesshav the processof temporalmetamorpho-
sis and spatialtransformationgle ned by the spacemapping(to be discussedn
Chapterd).

Figure 3.5: Metamorphosisvith constrains:spatialandtemporaltransformations
in 3D.

3.5 Summary

In this chapteranapplicationof CSRBF40 surfaceandvolumereconstructionvas
presentedA challenginggoalin CGandCAGD is to provide apowerful technique
for modelingtheshapenf anobject. CSRBFsfferamechanisnto getextrapolated
pointsof a surfacefor variouspartsof a reconstructeabjectthat canbe usedas
"CSGcomponentsto designavolumemodel. Surfaceandvolumereconstruction
asanimplicit functionis very usefulin for mary applicationghatrequireimplicit
models.

A novel algorithmfor ef cient isosurficeextractionof CSRBFimplicit func-
tions was also introduced. Direct methodsfor isosurfice extraction of implicit
functionssuffer from large computationakxpenseswhile nen octree-basedlgo-
rithm introducedn thiswork allows to decreaseomputationatime for extraction.
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A comparisorbetweenCSRBFandothersurfacereconstructiormethodsjn-
cludingthemethodintroducedoy HoppeandRBFswasalsogivenandRMS errors
of CSRBFswereinvestigated.
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"Head", | "Seashellf,"Venus", | "Lion— "Lion—
Fig. 3.2| Fig. 3.2 | Fig. 3.2 | dog", dog",
(@), num- | (b), num-| (c), num-| Fig. 3.3 | Fig. 3.3
ber of | ber of | ber of | (b), num-| (d),
points points points ber of | "both-
N N 915,| N points sides"
1487,the | selected | 6719, N con-
selected | radius of | selected | 19125, straints
radius of | support | radius of | selected | N
support | r 02 support | radius of | 39210,
r 02 r 013 | support | selected
r 03 radius of
support
r 0015
Tree 0001 0001 00lsec. | 00l1lsec. | 004sec.
creation | sec. sec.
time
Sorting 003sec. | 003sec. | 026sec. | 6 71sec. | 0401
time sec.
Matrix 005sec. | 002sec. | 058sec. | 1123 1322
calcu- sec. sec.
lation
time
Memory | 1 675800 669068 | 21 17193616782131231752656
require- | bytes (1 | bytes (0 | bytes(20 | bytes bytes (30
ment MiB) (if | MiB) (if | MiB) (if | (160 MiB)
to store| stored stored stored MiB)
the band| tradition- | tradition- | tradition-
diagonal | ally it |ally it |ally it
sub- would be | would be | would
matrix 8 MiB) 3 MiB) be 172
of the MiB)
matrix A
Solution | 0911 Olsec. | 3901 345 min. | 12017
time with | sec. sec. sec.
Cholesly
decom-
position
Polygonal 049sec. | 041sec. | 273sec. | 73 min. | 103sec.
surface
extrac-
tion
time
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Table 3.2: Several examplesof CSRBFsurfacereconstructionsprocessingime
andmemorybenchmarks.
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3D deformations by CSRBF

4.1 Intr oduction to the shapedeformation problem

Many recentworks have focusedon using shapetransformatioras a basicoper
ationin computergraphics. Here, the problemof transformatiorof a given ge-
ometric shapeinto anotherin a continuousmanneris considered.In fact, if the
methodof tting asurfaceinto a setof controlpointsasa designtool is neededit
is importantto assureghatour tting methoddoeswhatour intuition would expect.
Ontheotherhand,we wantto performsuchdeformationsn real-time.Important
examplesof surfacedeformationdiave beeninvestigateaiuringthe pastfew years.
Variousstratgieswereproposedo minimize userinteraction;however, the prob-
lemof tting asurfaceto asetof controlpointsin real-timestill remainsalargely
unsohedissueof greatpracticalimportance.

Themaingoalis to obtainanalgorithmperformingfast,plausibleandsmooth
deformations.For this purposethe algorithmsare optimizedto reducetheir com-
putationtime. For example,thesealgorithmscanbe applied,in computergames.
This optimizationnot only allows to performcomplex deformationsn real-time,
but alsosavesmemoryrequiredfor animation. For example,in the mostpopular
3D gameengineqQuale, Unreal,Half-Life) for skeletonanimationof modelsall
coordinate®f all pointsof anobjectarestoredfor every frameof animationwhat
leadsto hugeamountof datastoredfor eachmodel. Whenthedescribedechnique
is used,only asmallamountof additionalinformationis needed.

In this chaptera CSRBF-basethechanisnfor calculatinginterpolatedpoints
of adeformedsurfaceof theanimationobjectis proposed.

25
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4.2 Overview of the deformation techniques

Most existing shaperansformatiortechniquedall into oneof thethreefollowing
cateyories:

mappingthe spaceontoitself;
metamorphosis;

modi cation of de ning functions.

It is out of scopeof this work to male a detailedreview of all transformation
techniquespnly the mostpopularonesare mensioned.An interestedreadercan

nd morereferenced the paperf40].

A mappingcanbecontrolledby numericalparametersf prede nedfunctions,
by setof control points and by differential equations. Free-orm Deformations
(FFD) arewell-knovn examplesof spacemappingsthatwerepioneeredy Seder
beig andParry [41] andextendedin [42], [43], [44]. Userde ned point lattices
control FFD. BorrelandBechmanri45] proposedyeneradeformatiortechniques
for spacemappings.Thesetechniquesprovide forward andinversemappingghat
suitebetterto implicit surfaces.

Most of deformationmethodsaretoo globalto provide seriesof smallbumps
de ned by arbitrary points. Although the methodof Borrel and Rappopor{46]
hasbeendesignedor localizedspacenappingsit canleadto non-intuitive results
whenboundingsphere®f severalcontrolpointsintersect.

Thesuney [47] discussesommonmathematicafoundationsof the spacede-
formationtechniques. Vastliteratureis devotedto the subjectof scattereddata
interpolation,which can be usedfor a spacemapping,and if appliedto some
point setin the space,it changeshis setinto a differentone. One of the ap-
proachess to usemethodwf scatteredlatainterpolation basedn the minimum-
enegy propertie§14], [15], [16]. Thesemethodsarewidely discussedh literature
(see[17], [18]). The rst publicationon useof discrete2D landmarkpointsis that
of Bookstein[23], [48]. In paper[49] Booksteindiscusse@ methodwheredesti-
nationpointsareselectedo form the con gurationof minimumbendingenenpy.

Theability to transformthe shapeof asurfaceis usefulin animation especially
for facesimulation.The problemsn this researclareastill remainamongthe most
dif cult. Researchesave devotedsigni cant effortsto this problem[50], [51]. For
morereferencessee[52]. In recentyears,modelingvirtual actorshasattracted
greatinterestanda lot of attentionhasbeenpaidto the synthesisof the faceex-
pressiorof the speakr. Two approachebave beendominant:the rst oneworks
with 3D modelsto control the facemavementsandthe secondone uses2D im-
ages.Thosewho areinterestedcanvisit the web site [53] to look over examples
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Facial animation

@
0

Figure4.1: An exampleof facialanimation.

Original
model

Control
points and
vectors

Resulting
model

of the generatedactors. CSRBFsdeformationapproachcanalso be appliedfor
real-timefacial animation,seefor exampleFigure 4.1 (benchmarldetailsarein
Table4.1attheendof this chapter).

Shapetransformationis also a useful tool for forensicidenti cation. The
book[54] presents goodoverview of existing methodsfor shapereconstruction
andmodi cation. The attemptgo simulatevisco—elasticallydeformablematerials
have beenconcentrateen meshdescriptionsof cloth and othersoft objectssuch
asthemusclesandskin[55], [56], [57], [58], [59], [60], [61], andmostlyusedthe
physics-basedimulation. In additionto the shapemodi cation, thereis a chal-
lengingproblemof modelingthree-dimensiondhces.Interestedeadersanread
thepaper[62]. 3D geometrionodelingsystemsbasedn shapedeformationsave
beenproposedy mary researchersho usethesimpleideathattangiblegeometry
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of deformationcanbede ned by theuserde ned startinganddestinatiorpoints.
Probablythis approactwas rstly implementedor 2D morphingin the papersof
Wolbeig [63], BeierandNeely[64].

It is clearthat the problemof producingfast, plausible(especiallyfor such
compl casesasfacialsimulationsyandsmoothdeformationss animportantand
largely unsohed problem.

4.3 Shapedeformations by using CSRBF

One of the approacheso the animationproblemis to warp the spacewherean
objectis embedded.The objectcancontaina skeleton,which simulatests char

acteristicbehaior (see[65], [66]), andanoutersurfacelayer In this caseoverall

shaperansformatiorcanbe representedsthe sumof global skeleton-basedlis-
placementandlocal displacementarede ned usingscatterediatainterpolation
technique A uni ed approacltanalsobeapplied,se€g[7].

To describea local deformationof the outer surfacelayer, a mappingof the
spacecanbe constructedhatis determinedy the mappingof a small numberof
contwol points— pointswhoseimagesareprede ned(seeFigure4.2). The space
mappingis consideredo be an elasticdeformation following variouspaperssee
for instancd49].

Interpolationof scatterediatausingCSRBFsdemonstratgoodblendingfea-
turesand an example shaws that they producewhat our intuition would expect.
Figure4.2illustratesthefactthattheresultingmappingdepend®n a setof control
vectorsandtheradiusof supportthatde nesthelocality of the deformation.

To constructan 3 3 mappingthe CSRBFsmultivariateinterpolationcan
beused.Supposea setof pairwisedistinctcontrolpointsX X3 XN 3is
given. Supposdurther, thevaluesg: gn atthecontrolpointsareknown, anda
continuoudunctionthatinterpolategshesevaluesat the control pointsis searched.
Thenthe RBF interpolanthastheform

N
Sx X é_aif X X p X
1

where denotegheusualEuclideamormin 3, andpis alow degreepolyno-
mial. Thecoefcients aj andthe polynomialp aredeterminedy theinterpolation
conditions

SxX G 1 i N
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Small Large
radius ; radius

Figure4.2: An exampleof atransformatiorof abrick. Vectorsshav "mapping"di-
rectionsandvalues;Differentpossiblecon gurationsof theinitial form depending
ontheradiusof support.

andtheadditionalrequirements

A\
aaqx; 0
i1

for all polynomialsq of degreedeg g deg p . This methodof interpolation

exactly reproducepolynomialsof degreem deg p , wheneer interpolationis
unique.

Theinterpolation's uniquebecausé is apositie de nite functionin thiscase.

Giventwo datasetsin 3,5 x5y Z 1 i N for anon-deformedb-
ject, and d; Xy Yy Zy 1 i N for the deformedobject, a spacemapping
T: 3 3 which is a CSRBFinterpolationin eachof its componentsan be

performed.We usealinearpolynomialp x by bix byy bzz Thisguaran-
teesthatT will beanafne transformatiorwheneer the interpolationdataadmit
suchtransformation.The conditionspresenta systemof liner algebraicequations
(SLAE) onthecoefcients aj by by by bs.

Sincefunctionf is compactlysupportedtheresultingSLAE hasa sparsana-
trix. An algorithmwasdeveloped(discusseth thepreviouschapter)whichallows
to sortinitial datapointsin a specialway, sothattheresultingmatrix T, which has
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thesize N 4 N 4 ,isnotonly sparsebut alsohasaband-diagonatubma-
trix A & ,a; f x X ,1 ij NofsizeN N. After constructing
this band-diagonasubmatrixit is possibleto storeit in memoryin avery compact
way andalsoto solve the SLAE by usinga fastand simpledirectsolver. These
speedsip computationsigni cantly andmalesit possibleto usethis approachin
real-timeanimation.

4.4 Polygonalvs. implicit function representation

In mostvideo gamespolygonalrepresentatiolis usedto representhe animated
objects. However thereis one problemwith applying the deformationsto such

arepresentation large deformationscanpossibleleadto polygonsintersections.
To avoid this problemimplicit functionrepresentatiofthatcanbe obtainedusing

CSRBFaswasdescribedn Chapter3) canbe used.Neverthelesssuchapproach
is extremelytime—consuming.

4.5 Algorithm for computing shapetransformations

Computingthe transformationss the mostcritical partin the senseof time opti-

mizationsfor real-timeapplications. The algorithmshawvn in Figure4.3 demon-
strateghe calculationof full transformatiorby CSRBFs.For every point, which

is insidetheradiusof supportthe distancds calculatedonceandafterthat space
transformationsre calculatedaccordingto a phaseparamete(value variesfrom

0 to 1) thatde nesthetotal deformation.The deformationprocesss regardedas
taking placestephby stepso thatthe transitionfrom a known stateto a newvw one
takesplacewith smallincrementsThatis, intermediatdransformationgor every

stepof animationaregenerate@ccordingto the phasegparameter

4.6 Softwareframework

The animationalgorithmwasdevelopedwithin a systemconsistingof a collection
of C++ librariesthat provide supportfor 3D modelingandinteractionusingopen
sourcelibrary "The MVisualizationToolkit" (VTK) [36]. The animationalgorithm
operaten the region of animationobjectselectedoy the user Neverthelessthe
opportunityto extendor localizetheactive (deformablereaallows usto decrease
quite tediousprocesof selectingstartinganddestinatiorpoints. DevelopedC++
classfor shaperansformatiorcanbe usedin the pipelineexecutionmethod(lazy
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mode)of VTK, thatactuallymeanghatit canbe combinedwith othershapdrans-
formation classesjncluding the otherinstancesof the sameclass(for example,
several CSRBFsshapetransformationsan be appliedwith differentradii to the
sameobjectto calculatethe objectdeformationaccordingto its local coordinate
system). The completesceneis representedsa collectionof animationobjects.
In addition,movementwf the objectareprovided:

translationof thelocal coordinatesystemof an objectalongsometrajectory
(movement);

changeof orientationof thelocal coordinatesystemof the object(rotation);
It is assumedhatwhile applyingtransformatiorthe centerof gravity of the
objectis notmoving.

Theanimationobjectcanbe constructedrom several partswhereonecanapply:
differentindependentransformationgor variouspartsof anobject,and
differentcolorsandtexturesfor variouspartsof anobject.

Thecreatedsoftwaresystemconsistf two applications:

"Picker" providescreationandtranslationof transformationsThis program
enablegheuserto inputinteractvely control pointsandvectorsfor CSRBF
splinecalculation.Thescreenshoof the"Picker" level interfaceis shavn in
Figure4.4.

"Animationcomposer.' Thisinterfaceenablesheuserwith possibilityto de-
ne trajectoryinteractvely andto provide orientationandtiming marks(i.e.,
the scheduleof the movementof an objectalongits trajectory). Kochanek—
Bartelsinterpolatingspline [67] is usedfor animatingthe movementand
guaterniorcalculus[68] is usedfor animatingtherotation. The screenshot

of thisinterfaceis shavn in Figure4.5.

The "Animation composer'programalso supportsan "Animation" mode. In
this modethe programdisplaysanimatedobjectsin accordancevith their de ned
trajectoriesrotationsandtransformationsThis programalsoenablesiserto save
animationresultsasa movie in personacomputemovie le formats(full frames
avi). Developedinterfacelevel software wasdesignedandtestedfor useona PC
underWindows (9x, ME, NT, 2000, XP). Commandine interfaceversionof the
"Animation" programwasalsodevelopedandtestedon both Windows andLinux
platforms.
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4.7 Experimentsand benchmarks

A polygonalmodelof the sh wasused,de ned by 975 verticesand 1119 poly-
gons,to testanimationsoftwaresystem.92 controlvectorswereusedto de ne the
deformationof the mouth,tail and n. Resultsof applyingshapetransformation
for sh animationareshavnin Figure4.6. Two framesshavn areselectedromthe
generatedhinimatedmages. The averagespeedof visualizationand computation
of transformationsvasabout632frames/sec.

Another example of real-timetransformationss shavn in Figure4.7. The
spheréds bouncingnsideapolygonalbox. Theboxis deformedaccordingo trans-
formationvectorsde ned for eachcollisiondirectionusingC2-continousy 31 r

1 r4 4 1 (see[29)) function. Suchreal-timedeformationscanbe usedto
modelelasticernvironment(i.e. walls, ceiling) in computergames.In spiteof the
factthatin this exampleit is neededo performfull computationgor every frame,
thereal-timerenderingspeed 72 frames/sec.vasachieed.

Benchmarldetailsfor this examplesarebellow in Table4.1. Thescreerreso-
lution was1024 768,32 bpp.

The model size, the numberof | Rendering
vectorsde ning thedeformation| speed in
andtheradiusof supportr framesper
second
(fps.)
Figure4.1: Theanimationmodel | 107 fps.
is de ned by 6158 verticesand
7024 polygons;the deformation
is de ned by 32 control vectors;
theradiusof supportr 0 2.
Figure4.6: Theanimationmodel | 632fps.
is de ned by 975 verticesand
1119 polygons;the deformation
is de ned by 92 control vectors;
theradiusof supportr 0 3.
Figure 4.7: The box is de ned | 72fps.
by 386 verticesand 768 poly-
gons,the numberof controlvec-
torsandtheradiusof supportare
variable.

Table4.1: Animationbenchmarks.
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4.8 Summary

In this chapteran approachfor surfacemodi cation basedon CSRBFswas pre-
sented.Experimentaresultsdemonstratehat describedapproachallows to gen-
erateplausibledeformationsthatis, they exhibit goodblendingfeaturesandthey
producewhatour intuition would expect. ThealgorithmwasdevelopedusingC++
classesndis fully portableto themostof themoderncomputersystemsCSRBFs
producegoodresultsin visual appearancegrocessingime andmemoryrequire-
ments.

As benchmarkgseeTable4.1) shawv, the averagenumberof animatedrames
canbeup very highon modernpersonatomputersThis meanghatthealgorithm
for calculatingthetransformatioris performedfastenoughto be usedin suchreal
time applicationsas computergames. Also, this directionlooks very attractve
for variousapplicationsgspeciallyoneswhich dealswith the faceanimation(see
Figure4.1).

Selectingthe setof control vectorsto de ne the transformatioris quite a dif-

cult andtime-consumingask. The opportunityto extendor localize the active
(deformable)areaby assigningvariousradii of supportallows usto lighten the
work of enduser
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Input_points_Ti st — initial modelpoints
output_points_| is t — pointsafterdeformation
spline_coeffici ente s_| is t — coefcients of spline
neighbors_ids_| is t — temporanlist of integers

/I for eachpoint computedisplacement

for i:=0 to input_points_| ist. len gth-1 do
begin
/l initial displacement
dx = 0;
dy = 0;
dz = O;
/I nd all neighboursf currentpoint
/l andputtheirindicesinto neighbors_ids_| ist
/I this canbe donewith helpof octree
neighbors_ids_| ist =
FindNeighbors(in put_point s_|li st[i ]);
for ;=0 to neighbors_ids_ lis t. le ngth -1 do
begin
/I calculatef  x X
phi = Phi(input_point s_lis t[ neig hbors _ids list[j ]] .
input_points_| is t[ 1] );

/I correctdisplacemenin accordancevith
/I in uence of currentneighbor;
I splinecoefcients couldbecalculatedkarlier

dx := dx + SplineCoefficien t[ j] X *p hi;

dy := dy + SplineCoefficien t[ j] .y *phi;

dz := dz + SplineCoefficien t[ j] .z *p hi;
end
output_points_| ist [i ]. x = input_points_li st[i ]. x + dx;
output_points_| ist [i . y := input_points_li sti . y + dy;
output_points_| ist [i ]. z ;= input_points_li st[i ]. z + dz

end

Figure4.3: Algorithm for computingshaperansformation.
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Figure4.4: The"Picker" interface.
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Figure4.5: The"Animation Composer'interface.
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Figure4.6: Animation: sh animation.
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Figure4.7: Animation: elasticdeformations

37



Chapter 5

Surfaceretouching

5.1 Intr oduction to the surfaceretouchingproblem

Point setsobtainedfrom computervision techniquesare often non—uniformand
even containlarge missingareasof points. In somewell-knowvn algorithms(e.g,
Hoppeet al.[69 andCarretal.[70]), the authorsmalke the assumptiorthat points
aresituatedsufciently evenly. In others(seefor examplethe work of Barequet
andSharir[71), it is assumedhatholeshave entirelyspeci ¢ shapes.

Anothersourceof polygonaldatawith missingor damagedreads partly de-
stroyed ancientartifacts.In suchapplicationsanincompletesurfaceis the surface
exactly as measuredand the main problemis to obtain prospectie reconstruc-
tionsthatlook reasonablefFor example,archeologist®ften studybrokenvessels,
and3D modelsof theseartifactsarecreatedoy usinglaserdigitizersto scaneach
piece.Completereconstructiorof brokenobjectsis adif cult task.In thischapter
anapproacthto surfaceretouchingof polygonallyrepresentedhapeghat contain
missingarea®r holesis describedProposedolutionbeginsby extractingahole's
contourlines;aroughstitchingof contourpointsfor theirfurthermodi cation with
the helpof spacdransformationss used.

Marny recentstudieshave focusedon exploring shapdransformatiorasabasic
operationin CG and CAGD. The operationinvolves transforminga given geo-
metric shapeanto anotherin a continuousmanner Importantexamplesof surface
tting anddeformatiorhave beenintensvely investigatedn thepastfew yearsand
variousstratgies have beenproposedo minimize the userinteraction;however,
the problemof tting a surfaceto control pointsstill remainsa largely unsohed
problemof greatpracticalimportance. In fact, if theideaof tting a surfaceto
control pointsasa designtool is used,it is importantthatour tting methoddoes
whatourintuition would expect.In thischapterit will beshavn that CSRBFH28]

38
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offer a mechanisnfor obtainingextrapolatedoointsof a damagedurface,andin
factexhibit goodrestorationmesultsin surface—retouchigmexamples A shapdrans-
formationis consideredhsa generaltype of operationfor restoringmissingdata,
and looks the well-knavn problemof "ful llIment" of damagedr missingsur
faceareadrom asinglepoint of view, namely thatof a space—mappintgchnique.
Oneof the mostattractve featuresof RBFsis the simplicity of implementation,
andresearcherasually statethat RBF methodsguaranteeutomaticmeshrepair
andinterpolationof large irregular holes. However, the work requiredto createa
correctreconstructiorof an objectis proportionalto the total numberof scattered
datapoints. The amountof computationis thussigni cant, even for a moderate
numberof nodes.Moreover, reliableresultsin reconstructiorcannotbe achiered
without a sufciently uniform distribution of scattereddata. To attainreal-time
processingf a hugeamountof input data,we replacethe reconstructiorprocess
by the space—mappintgchnique.This allows disconnecteduriaceareado bere-
constructedy usinga sufciently smallradiusof supportaswe will demonstrate
in anapplication:surfacerecovering of missing3D data.

Oneaim of our approachs to apply a space—mappingechniqueso that au-
tomatically de ned portionsof the input dataare retouched. Actually, it is an
extrapolationproblemin which informationfrom outsidea masked areais propa-
gating. It is known thata 2D space—mappintechniquecanbe appliedto surface
modi cation, with selectedlatasetsrepresenteth theformz f x y , wherethe
z coordinatescan be usedas control points. In practice,this techniquerequires
thata masled surfacerepresentedyy polyhedronshe a closed,orientedmanifold
embeddedn 3D spaceandhave the propertythat, aroundevery oneof its points,
thereexistsa neighborhoodhatis homeomorphito aplane.Thatis, it is possible
deformthe surfacelocally into the planewithouttearingit or identifying separate
pointswith eachother

A fastpracticalalgorithmfor surfaceretouchingis proposechere,which can
draw furtherattentionfrom the CG, CAGD, andarcheologicatcommunities.It is
importantto noticethattheresultsof surfaceretouchingseeFigure5.7)depencdn
thepre—de nedpointsandthatthe surfaceis a continuationof anareasurrounding
the missingarea. Neverthelessstitchingnodesof damagedareasof 3D polygo-
nal modelsby usingtrianglesproducesmore visible artifacts, as canbe seenin
Figure5.5.

5.2 Overview of surfaceretouchingtechniques

Problemsof reconstructingmissingportionsof geometricobjectsthat appearin
CAGD have beeninvestigatedn the pastfew years. Threeapproachesave been
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dominantin the CAGD area:the rst workswith 3D polygonalmodelsto stitch
damagedr incorrectlycalculatedhodesof 3D geometricobjects[7], the second
is an approactdealingwith tting of the datageneratedccordingto somegeo-
metricalfeaturessuchascunature(for morereferencessee[73), andthethird is
actuallybasedon a well-foundedmathematicallyset—leel approach.Partial dif-
ferentialequationsrewidely usedto modela suriacesubjectto certainconstraints
(see[73 and[74). Whitaker and Breen[73 give an exhaustive overvien of this
topic; their paperpresentsan improved numericalalgorithmthat solves particu-
lar problemsin geometricmodeling. A differentway of reconstructingnissing
portionsof geometricobjectsis to usea "cloning" approachseefor instancethe
work of Savrchenlo andShmitt[2§, which presentedn applicationof a 3D space
mappingtechniqueandnumericaloptimizationwith a speciallydesignedyenetic
algorithmto a problemconcerningCAGD in dentistry But this approacthastwo
maindravbacks.In the rst place,astandardr "cloning" surfaceshouldbegiven.
Secondhumanknowledgeandexperiencds necessaryo assigninitial correspon-
dencepointsto compensatéor the gapbetweerthe region of restoratiorandthe
existing partof the object.

In[76], theauthorspresented new techniquefor applyinga diffusionprocess
to extenda signeddistancefunction throughthe volumefor surfacescontaining
geometricallyandtopologicallycomplex holes whicharisein practicewhenrange
measuremengystemsprovide point setsthat may be incomplete. The methodis
simple and effective; neverthelesspone of the main problems,accordingto the
authorsjs thesensitvity of thefunctionsto the distanceatwhichthey clampthese
functions.

5.3 CSRBF-basedsurfaceretouchingalgorithm

5.3.1 Stitching of missingareasin a surface

The goal of surfaceretouchingis to determinean approximatesurface S using
boundsof holes.Many holesaresimple,but somehave complicatedopology such
astheholenearthebranchingpointin Figure5.5. Naive triangulationof holeswith

non-disctopologyoftenyields self—intersectionsptherholeshave multiple self—
intersectingpointsthat have to be distinguished.Let us startby giving an exact
de nition of the problem.

Problem de nition

Basicterminolay
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Let V be a setof N differentverticesin 3D spaceV Vi Vo VN Vi
X Vi Z 9 j1 i j N:v vj. LetF f1 o fm o i
Vi1 Vi2 Vi3 Vi1 Viz2 Vi V Vi1 Vi2 Vi ViaViz Vi1 beasetof M oriented
triangleswith verticesfromV.

(D1) Trianglesbelongingto F arecalledfaces.

(D2) Thesidesof facesarecallededgesandwrittenas: gj1  Vi1Vio, 82  VipVia
andes Vi3vi1. For somesetof facesk, the setof all edgesbelongingto F
is denotedhsk F .

(D3) Vectordik  VikVi kmod3 1 VikVi kmod3 1 IS calledthedirectionof theedge
Eik-

(D4) An edgebelongingto only onefaceis calledaboundaryedge.Thesetof all
boundaryedgesf somesetof facesF is denotecasBdE F .

(D5) A vertex onaboundaryedgeis calleda boundaryvertex.
(D6) Thevectorn; dj; d isanormaltothefacef;.

(D7) If two facesintersectat a point thatis a vertex of boththe rst andsecond
faces,then suchfacesare called adjacentaccordingto a commonvertex:
fi fj F fi fj v Vwhere k1 0 kil 3:V Vi Vil

(D8) If an intersectionof two facesis a sgment(i.e. anedgeof boththe rst
andsecondace) thensuchfacesarecalledadjacentccordingo acommon
edge:fi f; Ffi f; e EF where kIO kI 3:e ex e.

(D9) Lete ek € beacommonedgeof two neighboringfacesf; and f;; di
andd; aretheir directions. Then, if di dj;, thanfacesf; and f; are

calledconsistent.On the otherhand,if dx  dj, facesf; and f; arecalled
inconsistent.

Conditions
In addition,let thefollowing conditionsbe satis edfor setsv andF:

(C1) Conditionof utilization of all vertices. Eachpoint belongingto a setV is
avertex of atleastoneface: vV ik i N1 k 3:v vg f
wheref; F.

(C2) Conditionof correctnessf intersections.Two differentfacesf; f; F can
either
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1. nothave anintersectionj.e. f; f; , or
2. beadjacentaccordingo acommonvertex, or
3. beadjacentccordingo acommonedge.

(C3) Conditionof surfacecorrectnessLet Gy firv fi F1 1 K bea
setof K edgescontainingv, anarbitrarychoservertex. Thena sequencef
faces F, f1 fo fk fi Gy canbecomposeduchthatoneof the
following conditionsis satis ed

1. i1 i Ke:fi fi1mdxk &V &6 EF;

2.11 i K:fi i1 v  EF andf; fx v,

3. Ky i1l i K1 j K1 j K: fi fi 1 (S fj fj 1 ST
€ € EF f fj v i le v and le fk W

(C4) Conditionof faceconsisteng Neighboring(alongan edge)facesare con-
sistent.

(C5) Conditionof connectiity of facesets:
ij1 i M1 j M
L M aga a a ia jJ k1l k L 1:fy fa,

In practice,conditionC3 is often satis ed. Neverthelesssituationsmay exist
whenfor a certainnumberof verticesthis conditionis not satis ed. Suchvertices
canbediscoreredin the rst stepof ouralgorithm,andafterthatconditionC3 can
be metby addingoneor morefaces.

If this setF containsboundaryedgeghenthe setof faces- anda correspond-
ing setof verticesV represena polygonalmodelof anincomplete3D surface that
is, amodelfor which all verticesaregivenbut certainfacesarenot given.

Problemstatement

The problemof stitchingpointsof missingsuriaceareascanbe formulatedas
follows: it is necessaryo nd (existenceis assumedg setof triangularfacesF
suchthat

1. verticesof F belongtoV: F f1 fL:fi Vi1 Vi2 Vis Vi1 Vi Vi3
VVii  Vi2 Vi Vig Vis Vi1,

2. unionF F meetsconditionsC1, C2,C3, C4 andC5,

3. unionF F doesnot containboundaryedgegconditionCeé).
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(C6) e EF F fafy, F F:e fie fp,whereEF F isasetof
edged F.

Sincea setof verticesV is boundedthe existenceof a solutionanda solution
itself canbe found by exhaustie searchingf all possiblealternatefacesversions
basednboundaryverticesof thesetF. Hereanalgorithmis presentedhatallows
thestatedoroblemto besolvedundertwo additionalconditionsC7 andC9. Before
the formulationof theseconditions let usinvestigatethe featuresof the setF . It
is easyto shav that

1. thesetof boundaryedged= coincideswith the setof boundaryedgeds-,

2. thesetof verticesbelongingto F coincideswith thesetof boundaryertices

of F,
3. theedgeof F istheunionof closedpolygonalinescomposedrom boundary
edges.
Thereforethe borderof F canberepresentedsBdF iL;, whereL; areclosed

polygonallines; morewer, ary two polygonallinesL; andL; eitherdo not have
an intersectionor therearea nite numberof intersections.An additionalcon-
dition imposedon the setF is connectedwvith the correctnes®f laserscanning.
It is supposedhatanincompletepolygonalmodelre ects the basicfeaturesof a
scannedbject. Thus,ary connectedunion of closedboundarypolygonallines
thathave intersection®f verticescanbe representetty onepolygonalline with a
nite numberof self—intersectionslin practice the following conditionis entirely
justi ed:

(C7) Edgesof ary faceof F mustbelongto only oneboundarypolygonalline:

fk Wik Vie Vs F i:via Vie ks L. Furtherit is supposedhatno

two boundarypolygonallines have an intersection. One more additional

conditionis thata closedboundarypolygonalline cannotcontainknots. It

canbeshawvn thatif atleastoneboundarypolygonalline of F containgknots

thenthereis no solution. Neverthelesssincein practicesucha situationis
impossiblejt is supposedhat:

(C8) Boundarypolygonallines of F do not containknots. In fact, conditionC8
allows usto avoid having to investigatesituationsknown to be unrealistic.

The following additionalconditionimposedon F is usuallyful lled anddoes
not createseriousobstaclesLik e conditionC7, this additionalconditionis related
to thefactthatthemainfeaturesof a scanneabjectarepresered, andtherefore:
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(C9) Faceswhoseverticeslie ondifferentboundarypolygonallinesarenotinter
sected:

Lilj fa Val Va2 Va3 Var Va2 Va3 Li fo Vo1 Vo Vi3
Vb1 Vb2 Vb3 Lj . fi fj

Takinginto accountthe abore-mentionedactsconcerningthe setsk andF ,
the problemof contourextractionandsurfacestitchingcanbe reformulated.lt is
necessaryo nd (existences assumeda setof triangular facesF sud that

1. verticesof facesbelongingto F areboundaryverticesof F;

2. thesetof boundaryedgesof F coincideswith the setof boundaryedgesof
F;

3. thesetF F meetsconditionsC2, C3;
4. adjacenedgesf F andF arecompatible;
5. thesetF meetsconditionsC4, C7.

Thetaskof nding of F canbedecomposethto subtasksvhereit is needed
nd subsetd ; containingverticesfrom one of the boundarypolygonallinesL;.
For anindependensearchor a solutionto be possiblepreviously formulatedcon-
dition D9 shouldbe satis ed.

Let B L beasubsebf facesof thesetF intersectingwith the corvex hull L.
ThenF iF i isthesolution,if for all F ; thefollowing conditionsareful lled:

1. thesetof boundaryedgesf F coincideswith L;;
2. thesetF; B L; meetsconditionsC2, C3;

3. adjacenedgesf F j andB L; arecompatible;
4. thesetF ; meetsconditionC4.

If conditionC9 is alsosatis ed, thenthe following schemeof searchfor the
solutioncanbeapplied:

1. Findall boundarypolygonallines.

2. Foreveryboundarypolygonalline nd acorrespondingetF ;.
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Finding of all boundary polygonallines

The searchfor all polygonallines canbe performedaccordingto the following
steps:

Stepl. Find all boundaryedges.

Step2. Composeertainclosedorientedboundarypolygonallinesin sucha
way that every boundaryedgebelongsto oneandonly onepolygonalline;
obtainedpolygonallinescanintersectata nite numberof vertices.

Step3. Combinepolygonallinesaccordingo the certainrulesfor obtaining
nonintersectingpoundarypolygonallines.

Stepl is trivial; let us merely point out thatthe goalis to nd all facesand
boundaryedgeghatwill containa certainvertex andto Il outarraysandpointer
lists.

Step2. Let e beaboundaryedgeof F, wherethe secondvertex is denotedv.
LetG, fi;zv fi F1 i K beasetofK facesontainingthevertex v. The
setG, meetsconditionC3.20r C3.3 Thene fk F, (eithere fx; K, or

(D10) A boundaryedgeiscallednedt e e, f; K, (eithere f; K or
e fk1 1 K )afollowingedgeif the rst vertex e; is equalto v.

Thus,for eachboundaryedgeit is possibleto de ne oneandonly onefollow-
ing edgethathasacommonboundaryertex with theoriginalone.If anarbitrarily
initial edgeis selectedt is possibleto composea boundarypolygonalline by se-
guentialselectionof following edges Evidently we comebackto theinitial edge,
becausesvery edgeis selectedonly once, eachedgehasa following edge,and
the numberof edgesis nite. For the caseC3.2, afollowing edgeis a boundary
edgesuchthatthe rst vertex is v. For thecaseCa3.3, thefollowing schemecanbe
applied.

Find an edgee; whose rst vertex is v, andwhich belongsto the sameface
(for instance,fx1) astheinitial boundaryedgee. The edgee; belongsto fx1 1,
which containsan edgee, with the rst vertex v. If the edgee, is nota boundary
edgethenwe canpassto theface fx1 » thatis adjacento fx; 1 accordingto e,
andcontainses, wherethevertex v is the rst one. Actually, it de nesa chainof
sequentiatransitiondrom afacefgy (or fx) to f; (or fx 1) (seeFigure5.1).

Step3. Boundarypolygonallinesobtainedn the previous stepcanhave inter
sectionsat the verticesthat correspondo the caseC3.3 Sucha vertex canbe a
point of intersectiorof differentboundarypolygonallinesandin the sameway it
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Figure5.1: lllustrationof the procesof nding boundaryedges.

canbea point of a self—intersectiorof the sameline. It is interestingto consider
a point of intersectionof differentboundarypolygonallines. All suchpointscan
beidenti ed duringthe Stepl. They areall verticesthatbelongto four boundary
edges.Whethera vertex is a point of intersectiorof differentboundarypolygonal
lines or a point of self—intersectiorof the sameline canbe determinedn Step2.

In this stepour goalis to obtaina setof boundarypolygonallines without points
of intersection.

A point of intersectioncan be speci ed by the indexes of intersectinglines
andcoincidingvertices L; L; p; p; . Considetthetwo boundarypolygonallines
Ly Vi Vo v, andL, Wy Wo Wm  (seeFigure5.2),with thepoint
of intersection L1 L, p; p2 . PolygonallinesL; andL, canbe unitedinto one
polygonalline L Vi Vp1 Wp2 1 W W1 Wp2 Wp1 1 Vh . Mak-
ing this unity cornverts all intersectionpoints of polygonallines L1 andL, into
self-intersectiompoints of the polygonalline L. Thetotal numberof intersection
pointsis thusreducedby 1, atleast. This procedurecanbe appliedsereraltimes,
until all intersectiorpointshave beendeleted.
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Figure5.2: lllustrationof intersectiorpointsandthe procesf remaving of inter
sections.

Triangulation of a boundary polygonalline (stitching)

Let aclosedpolygonalline L Vi Vo Vnh begiven;all verticesof L belong
toV andtheline L doesnothave knots.

(D11) A triangulationT of L is a setof n 2 triangularfacesthat satisfy the
following conditions:

1. verticesT aretheverticesof L,

2. edgesof T have correctintersectionsi.e. ary two faceseitherhave no
intersection®r elseareadjacentaccordingo avertex or anedge,

3. theborderof T coincideswith L.

Evidently severaltriangulationsof the polygonalline L do exist. If thereis a setof
triangularfacesS whereverticesbelongto V, then

(D12) SetSwill becalledwell-de nedif ary two edgesitherhave nointersection
or areadjacentaccordingto a vertex or an edge(seeC2) andthe neighbor
hoodof ary vertex of Sis homeomorphito adiscor circle with oneor two
cutouts(seeC3).

The problemof nding of F ; is equivalentto thatof nding sucha triangu-
lation T; of L; thatthesetT, B L; is well-de ned. In the mostcommoncase,
it is necessaryo considerall possibletriangulationsof polygonallinesL; andto
checkthe correctnes®f thesetT; B L; for eachof them. If therearen ver
ticesvy v Vq, thenit canbe shavn that numberof different triangulations
K for a cornvex polygon,wherem n 2 is the numberof diagonalswill be
Knm 2"12m 11 m 2!, m 1. From this estimateit is clearthatif a
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brute—forceapproachs used,the numberof calculationswill becomeincredibly
high, evenfor amoderatenumberof vertices.

Applicationof dynamicabrogramming[7} makesit possibleio avoid multiple
repetitionsof a consideratiorof the samesetsof facesfor differenttriangulations.
Also, in spite of the fact that featuresof the reconstructedurfaceare unknavn,
it is desirableto getthe "smoothest'triangulation,which caneven be useful for
the subsequenstepof surfaceimprovement,aswill be discussedater Theidea
of dynamicprogrammings to divide the whole taskinto subtasksand storethe
solutionsof the subtasksn aspecialarray sothatthecalculationdor eachsubtask
do not have to be performedmorethanonce. To usethis techniqueit is neededo

nd arecurrentorrelationof taskwith subtasksTheapproactof usingadynamic
programmingechniqueor this problemis notnew. Thealgoritmproposedn[77],
wheretheauthorsexplorethis problemandpresent solutionfor aconvex polygon
areajs estimatedo have On® compleity. An estimateof our algorithmof nding

a triangulationof a nite setof 3D concae boundarypolygonallines, presented
below, shavs thatthetriangulationof a 3D concae polygonalareais hasanupper
boundof O n° n3M , wheretheinput boundarypolygoncontainsn verticesand
M is thenumberof faces.Neverthelessfor realinput dataour algorithmis ableto
runin Orélogn time ataveragethis resultis achivedby usingoctreesandavoiding
someveri cations.

Hereanalgorithmfor nding an"optimal" triangulationof a nite setof 3D
boundarypointsis presented.Let C S be a veri cation function for all setsof
possiblefaceswith theverticesfromV:

0 if Siswell-de ned

€S if Sis notwell-de ned

In practiceit is easyto de ne sucha function, andin our caseit is neededonly
verify thecorrectnessf intersections.

Let Ty, beoneof thetriangulationsand 1n  Tin beatrianglecontainingthe
edgevivy. ThenTy,  Tak 1kn  Tkn,» WhereTy and Ty, arethetriangulationsof
the polygonallines vi v, vk and  vg W 1 Vh . Thusit is possible
to statethat:

CTihn S mMn ¢mCTik S CTin S
C wmm S CTik T 1kn

LetC Tk S OandC Tg,S 0. Thenit is neededo verify that

CS 1w CTk Twm CTi 1kn
C Tkn 1kn 0
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Fromthis, thefollowing recurrentcorrelationfollows:

CTiii1 O
CTij S miniijTik S CTkj S
C ki S CTk Ty ikj

This recurrentcorrelationoffers the possibility of nding well-de ned trian-
gulationsbut it is moreusefulto nd thesmoothesbne. Thereforeatriangulation
wherethe minimizationof the sumof scalarmultiplicationsof normalvectorsn;
of thefacei andnormalvectorsnj; nj> andnjz of adjacenfaceds achivedis prefer
able.If & &a; nm1 n; N> N niz nj , thenthefollowing conditioncan
bewritten:

aTim a&aTk aTnm N1k Nikn Nn Nikn
Nn Nikn

whereny, is a normalto thetriangle 1k, N1k Nkn arethe normalsto the edges
adjacento 1k, accordingto theedgesvivk andwvy, andny, is thenormalfor the
edgef S adjacento ik, accordingo theedgev,vs. If ontriangulationTy, the
minimumof § is achieved,then:

ATin mnggnd Tk & Tkn Nk Nikn
Nikn N1ikn Np N1kn

For viv; follows thefollowing recurrentcorrelation:

aTi. O

ATy mngi;jaTk aTg Nk Nk
Nkj Nikj Nn Nikj dizdjn

Thus:

d&Ti, O0CT;: OmT;, O

mT;  min « jmTx mMTg Nk Nj
Nkj Nikj M Nikj dizdjn C  ikj S
C Tk Ty ikj

In our algorithmtwo arraysareused.In thearraym 1 n 1 n, thevaluesof C
arestoredj.e.mi j CT; Sandmii 1 0ifl1 i n 1 Inthesecond
array Bes 1 n 1 n, thevaluek for the correspondingdriangulationis stored,i.e.
Bedi j ki j. Thealgorithmpresentedn pseudo—coda Figure5.3to Il in
thearrayBestis used.Usingthis array it is possiblethen nd facesof atriangu-
lation. A recursve functionis usedto nd thelist of edgesT de ning thesefaces
(seealgorithmon Figure5.4).
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for 1 1to n 1do
mii 1 O
for | 2to n 1do
for i 1to n 2do
joi 1
mi j
for k i 1to j 1do
g mij mkn Nik Nikj
Nkj Nikj Nn Nikj dirdjn
C ki S CTk T ik
if i 1and j n then

qa g Ny Nij
if g mij then
mij qgBesij k

Figure5.3: Algorithm of borderpolygonalline triangulation.

5.3.2 Surfaceretouching

In this chapteranapproachhatusesdisplacementsf N control pointsasa differ-
encebetweeraninitial and nal geometridorm andapply CSRBFswvasused.In-
terpolationof vertex points x y z isimplementedn 2 andde nesarelationship
betweercoordinate®f pointsin theoriginalanddeformedbjects.Landmarkssit-
uatedin themaskareaW (Figure5.7(b),grey area)naturallydo notbelongto the
areas\R to beretouchedFigure5.7(a)). Theinversemappingfunctionthatinter-
polatesthe z~heightsandis neededo calculatereconstructeddestination)points
ZAisgivenintheformz f P Z, wherethecomponentsf thevolumespline
f P interpolatingdisplacementsf startingpointsz® are usedto calculatepoints
thatbelongto theareaWr.

In the previous section,our algorithmfor nding all non—intersectindporder
polygonallines or the bordersof holesand the point stitching methodwere de-
scribed. However, sucha reconstructiommay resultin large trianglesin the hole
areasandthereconstructionn theholeareagloesnotrepresenthefeatureof the
original surface,ascanbeseenn Figuress.5,5.6. Thereforeasubsequerguriace
retouchingstepis required.

Onceinformationaboutthe bordersof the holesis extracted,t is neededo es-
timatelocal surfacepropertiesywhich canbe doneby estimatinghetangentplane.
Hoppeet al.[69 have demonstratedhat eigervaluesl ; | » | 3 of the covariance
matrix of neighborhoodgointscould be usedto producenormalestimation. The
valuesl 1 | | 3 describethe surfacevariations andcansene asananalogof a
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Getracet(i,))

Facet[1..3]

Facet[1]=i, Facet[2]=Best[ i 1,

Facet[3]=j

T.Add(Facet)

if Best]i,j] i 2 then
GetFacet(i,Best[ i, 1)

if | Best[i,j] 2 then
GetFacet(Best]i, il i)

Figure5.4: Recursie functionfor nding thelist of edgesde ning thetriangula-
tion.

surfacecurvaturethatis usedin our softwareimplementatiorto make a decision
aboutthe compleity of theretouchingarea.Assumingthat! ; is minimal, | ; de-
scribesthe variationalongthe suriacenormal,anddirectionscorrespondingo the
eigewvalues| » | 3 de ne atangentplane.

If for the hole bordera surfacevariations is sufciently small,thenasimple
projectionof theholeborderonthe planewill alsogive anon—intersectingolygo-
nalline. In this simplecasejt is possibleto easily nd (by usinganoctaltree)the
landmarkareaW- (see for example thegrayareain Figure5.7(b)). Thenrotation
of the maskareapointssothatthetangentplanefor the hole surfaceis perpendic-
ular to the z axisis performed.We thencalculatea CSRBFshapetransformation
from projectedto original pointsandto applyit to the projectionof the vertices
insidethehole areato obtaintheretouchedurface. To obtainthe pointsinsidethe
holeareaalinearsubdvision of trianglesobtainedn thestitchingstepis used see
Figure5.8 (secondow).

However, for someholes,wherea surfacevariationis large, this simplealgo-
rithm cannotbe applied (seefor examplethe hole in the branchingareain Fig-
ure 5.5). In this case,it is requiredthat a masked surface shouldbe a closed,
orientedmanifoldembeddedn 3D-spaceandhave the propertythat, aroundevery
oneof its points,thereexists a neighborhoodhatis homeomorphido a disc. To
satisfythis conditionprocesss following:

1. build anoctaltreebasedon all original pointsof the model;
2. obtainnew pointsinsidethe stitchedholesareaby usinglinearsubdvision;
3. for eachnew point x y z insidetheholearea

(a) de ne thenearesplanefor neighborhoogbointsfrom theoctaltreefor
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Figure 5.5: Reconstructiorof missingdatabasedon optimal triangulationsof a
boundingpolygon.

thepoint x y z , rotatethesepointssothatthenearesplaneis perpen-
dicular to the z-axis, and projectthe original neighborhoodoointsto
the OXY plane;

(b) calculatez-deviationsandde ne CSRBFmappingfunctions;
(c) applythistransformatiorio the projectionof thepoint xy z ;

(d) produceheinverserotationof thistransformedgointandaddtheresult
to the octaltreeusedfor searching.

5.4 Experimentsand benchmarks

To illustrate the applicability of the proposedapproachto a surface—retouchim
problem, rst anexampleof surfaceretouchingor asufciently simpleretouching
areais shavn: landmarksituatedn thelandmarkarea\W, wherearoundeveryone
of the contourpointsthereexistsa neighborhoodhatis homeomorphid¢o aplane.
A syntheticallyproducedarea’l-H" (seeFigure5.7(a))is thereconstructiorarea
WR. Figure5.7(c)shavs theresultof surfaceretouching.

Following example(seeFigure5.8) demonstratethe applicability of the pro-
posedapproachor a sufciently complicatedyeometricobjectwith 16 holesand
the resultof completelyautomaticreconstructiorof the missingpartsof the ob-
ject. Let us notethatareasvhereone—to—onenappingor neighborhoodshatare
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Figure5.6: Zoom-upof oneof the holesafterstitichingprocess.

nothomeomorphito adisccanbeobsereddemonstrat¢healgorithms ability to
recover large andcomplicatedareas.
Benchmarksaregivenin Table5.1.

A modi ed | Model "Port6"
"Stanford (19467 poly-
Bunry" model| gons) contains
(19207 poly- | 16 holes (372

gons), see| edges), see
Figure5.7 Figure5.8
Total processing 0 3 sec. 7 3 sec.

time (including
IO and visual-
ization)

Table5.1: Surfaceretouchingoenchmarks.

5.5 Summary

In thischapterasimpleandef cient practicalalgorithmfor surfaceretouchingvas
presented.To achiere the objectives of simplicity and speedthe reconstruction
processvasreplacedy a space—mappintgechniquewhich allows reconstruction
of disconnectedurfaceareas.Themethodhasthe propertythatthetotal maskarea
W includingall WR areasneednotincludeexactly all theregionsto beretouched;
it allows W to be re ned interactvely in mary steps,and even to improve the
quality of restoratiorby assigninguserde ned pointsin theareaWr.
To summarize:
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The proposedapproachproducesnon—self—interseirty surfacesfor non—
disctopologyholes.

CSRBFsproducegoodresultsin thesensef visualappearanceyccurag of
restorationandprocessingdime.

Finally, a prototypesoftware systemwith the following propertiesvasdevel-
oped:

It allows a completelyautomatiaeconstructiorcontroledby several param-
etersto be produced.

It allows the designerto de ne additionaldeformationsvery easily (intu-
itively), i.e. to produceinteractve sculpting.

This software systemwas designedin C++ using an opensourcelibrary, "The
VisualizationToolkit" (VTK)[36]. Our interfacelevel softwarewasdesignedand
testedfor useona PCunderWindows (9x, ME, NT, 2000,XP).

A fastnew algorithmfor point stitchingbasedon the ideaof usingdynamic
programminghasbeendevelopedduringthework on this project.
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b C

Figure5.7: (a) A modi ed "StanfordBunry" model(19207polygons)containing
severalholesin the input data. Redlines shav the bordersof the holes. (b) Area
W (shawvnin gray)automaticallyselectedo beusedasthesourcedatafor CSRBF
extrapolation.(c) Theresultof the holessurfacesreconstructiorwith CSRBFex-

trapolation.
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Figure5.8: (Firstrow) The original model"Port6" (19467polygons)containsl6
holes(372edges)(Secondow) Predictionof thesurfaceinsidethemissingareas:
stitching(left) andlinear subdvision of the generatedurface(right). (Third row)

Resultof CSRBFextrapolationfor the missingareas.



Chapter 6

Mesh smoothing

6.1 Intr oduction to the meshsmoothing problem and re-
lated works

Comple polygonalmeshesare becomingwidely available with adwvancesin 3D
scanningtechnique. But the points obtainedusually exhibit rough featuresdue
the inevitable physicsnoiseaddedby a scanningdevice. Recentlymoreattention
hasbeenpaid to meshsmoothing,pioneeredoy Taubinin 1995. In [78] a signal
processingapproachto meshsmoothingwas proposed. Rational Iters offer an
approacho meshsmoothing(seefor instance[79]), wherea Laplacianoperator
anda curvatureoperatorare usedto remove undesirablenoiseanduneven edges.
Subdvision schemeg80] are an alternatve approactto the problem. Neverthe-
less, subdvision schemesare able to deal with arbitrary topology but not with
arbitraryconnectiity, aswasmentionedn [81]. A veryfastmeshsmoothingalgo-
rithm basedn the multi-resolutiontechniquan combinatiorwith the constrained
minimizationof discreteenegy functionalwasproposedn [81]. Usingmeshhier
archieswhereoneachlevel of detailscomponentsf thegeometricshapearechar
acterizedby fairing, solvesthe problem. It leadsto interactve responsdimesfor
moderatelycomplex models,with about5K triangles.Neverthelesspff-line pre-
processinganincrementalmeshdecimationalgorithm)is applied. Many authors
have consideredrery carefully questionsof geometricdistortion during smooth-
ing and problemsof preciseshaping(see for instancetherecentpaperg82] and
[83], wherealgorithmsto presere the sharpfeaturesof a meshwere presented).
Neverthelessto achieve interactvity, fastef cient algorithmsareneeded.In this
chapter it will be shavn that CSRBFS[28] offer a mechanisnfor obtainingex-
trapolatedpoints of a damagedsurface andthat they aretrivial to implementin
the caseof surfacesmoothing,a sequencef meshegeneratedy themquickly

57
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cornvergesto a smoothsurfaceandin fact, exhibit high—qualityrestoratiorresults
in surface-retouch examples.The proposedechniquealsoillustratesvolume—
andfeature—preservingropertiesjn practice.Proposednethodis ef cient, espe-
cially for largemodels whereexisting methodsareoftennotfastenoughor exhibit
excessie smoothingpropertiesanapproacho obtainalmostinteractie response
for sufciently complex models(70K triangles)without off-line preprocessings
presentedhere.

The approactproposecherefor suraceretouchingoriginatesfrom the obvi-
ousrelationshipbetweer8D surfaceretouchinglor reconstructiorf missingdata)
andthe 2D inpaintingproblem.For morereferencesseethe pioneeringvork [84],
which describesanimage-inpainting non-texture) algorithmbasedon partial dif-
ferentialequations.Seealsothe recentstudies([85], [86], [87]). The mainidea
of the approachis to usethe userde ned portionsof the input imageto be re-
touched. The algorithmtreatsthe input imageasthreeseparateehannelgR, G,
andB), and lls in areago beinpainted.Actually, it is anextrapolationproblemin
which informationfrom outsidea masled areais propagatinglt is known thatthe
3D space—mappintechniquecan be appliedto surfacemodi cation. Naturally
userselectediatasetswhich afterlocal transformatiorarerepresenteah theform
z f xy, wherethez coordinates usedasonechannelcanbe usedascontrol
points. In practice,the techniquerequiresthat a masled surfacerepresentedby
polyhedronsbe a closed,orientedmanifold embeddedn 3D spaceandhave the
propertythat, aroundevery one of its points, thereexists a neighborhoodhatis
homeomorphito a plane.Thatis, we candeformthe surfacelocally into theplane
without tearingit or identifying separatepoints with eachother Thusthe term
"surfaceretouching"is usedto denotethe deformationof one setof pointsinto
anothembetweerthe boundarie®f two polygonalshapes.

6.2 CSRBF-basedsurfacesmoothingalgorithm

Thereis a needfor a simple andreliable methodfor surfaceretouchingof unor
ganizedpoints. From our point of view, the mostacceptableapplicationof the
proposedechniguds automatedorrectionof rangedata. Oneof the maindraw-
backsof rangedataacquisitionwith alaserscanneis thatdatamaybe missingor
erroneoumwing to specularitiesFor example,small sphericalconcaities on the
"Moai" model(seeFigure6.1 (a)) appearat placeswherethe emittedlaserbeam
is orthogonal(or almostorthogonal)to the surfaceof the scannednodel. Range
datais capturedby the Minolta VIVID 700 laserscanner The scanneracquires
200 200rangeimageswithin anoperatingrangeof 0.6to 2.5m.
Standardshape—smoothingpproachesare not appropriatfor removing such
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smallshapealefectsbecause

1. usuallythey areappliedto the whole modelandthereforewill over smooth
(blur) curvedregionswithout the defectsand

2. they do nottake accountof the speci ¢ roundshapeof the defectshatcan
betakeninto accounfor anautomaticcorrectionof rangedatasets.

The userstartsby markingan arbitrary region on a model. In fact, the user
picks sequencesf surfacepointsde ning a reconstructiorareaand a landmark
area.Theinteriorarea(grey areain Figure6.1(b))is to beaffected.

a b c d

Figure6.1: Surfaceretouching:(a) "Moai" model,whosesurfacewasconstructed
from rangedata(courtesyof Dr. A. Belyaa of Max-Planck-Institutfur Infor-

matik). A sphericalconcaity canbe obsered (in the centralareaof the model).
(b) Reconstructiorarea.(c) Maskarea.(d) Thesamesurfaceafterretouching.

Surface smoothing,in practice,requiresthat a masled surface be a closed,
orientedmanifoldembeddedn 3D-spaceandhave the propertythat,aroundevery
one of its points, there exists a neighborhoodhat is homeomorphido a plane.
To satisfythis condition,we procesgpointsnearesto the point, which shouldbe
movedaccordinghefollowing scheme:

1. de ne anearesplaneby determiningthe normalfor eachpolygonandthen
averagingthenormalsat sharedpoints,

2. applysucharotationto the neighboringpointsthatthe nearesplaneis per
pendiculatothez direction,
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3. calculatedifferencesor deviationsfor local z directionsthatde ne thein-
versemappingfunction,

4. applyatransformatiorfor the selectecpoint, and

5. producenverserotationof the calculatedpoint.

6.3 Experimentsand benchmarks

Figures6.2, 6.3 shav the effect of CSRBFsmoothingof polygonalsurfacesand
Table6.1 shavs the processingime benchmarkanderror results(the difference
from the original model).

To de ne theinversemappingfunction,adifferentnumberof verticesN canbe
usedfor interpolation.Thelargernumber we selectthemorefeature—preserving
smoothingwill be performed(comparetheimagesin Figures6.2 (b) and(c)) and
themoreaccuratelfthevolumewill bepresered(seeTable6.1). To achieve higher
smoothingeffect several iterationsof the above algorithmcould be applied(see
Figure6.2 (d) andFigure6.3(c)).

The opportunityto de ne the areato beretouchedseeFigure6.1 (b)) allows
the userto suppressindesirablenoisein selectecareaghatcanleadto preserving
sharpfeaturesof anobjectin the caseof consequensurfacesmoothingasshavn
in Figure6.3(b) (modi ed modelis shavn in Figure6.1(d)).

6.4 Summary

In this chaptera simple and fastalgorithmfor automaticsurface smoothingwas
presented.To achieve the objectives of simplicity and speedwe replacethe re-
constructionprocesshy a spacemappingtechnique which allows reconstruction
of disconnectedurfaceareasandallows furthermodi cations (sculpting)accord-
ing to the 3D vectorsof deformationsselectedby the user aswas describedn
Chapter.

The methodhasthe propertythat the maskareaneednot include exactly all
the regionsto be smoothedjt allows the local areato be re ned interactvely in
mary stepsto presere the algorithms speedandevento improve the quality of
restoratiorby assigninguserde ned pointsin thisarea.

The approactshavs the obvious relationshipbetweenthe surfaceretouching
problemsandshapesmoothinghatis usedfor automaticsurfacesmoothing.

Describedalgorithmalsoexhibits goodfeaturesandvolume preservingprop-
erties; it wasfound out that CSRBFsproducegoodresultsin the senseof visual
appearancegccurag of restorationandprocessindime. The algorithmis two to
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"Stanford Root mean| Difference in | Processingime
Bunny" model | square error | volume(%)
(35947  ver- | (RMS)
tices, 69451
polygons)

11 pointsliter- | 0.00177134 0.132% 4.756sec.
ation
5 points1 itera- | 0.000634002 0.243% 3.405sec.
tion
5 points5 itera- | 0.00229198 1.273% 15.547sec.
tions

"Moai" model
(10002  ver-
tices, 20000
polygons)

3 points 1 itera- | 0.00139069 0.273% 0.891sec.
tion
3 points5 itera- | 0.00294161 1.014% 4.345sec.
tions

Table6.1: Meshsmoothing:processingime andRMS errorsfor themeshsmooth-
ing examples.

threeordersof magnitudefasterthan methodsbasedon partial differentialequa-
tions.
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c d

Figure 6.2: Meshsmoothing:(a) The original "StanfordBunry" model[88], (b)
smoothedmodelafteroneiterationbasedon 11-pointinterpolation,(c) smoothed
modelafteroneiterationbasedn 5-pointinterpolation(d) smoothednodelafter
5 iterationsbasedn 5-pointinterpolation.
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a b c

Figure6.3: Meshsmoothing:(a) SmoothedMoai" afteroneiterationbasedon 3-
pointinterpolation,(b) smoothednodi ed "Moai" modelafteroneiterationbased
on 3-pointinterpolation,(c) smoothedmodi ed "Moai" modelafter 5 iterations

basedn 3-pointinterpolation.



Chapter 7

Image inpainting

7.1 Intr oduction to the imageinpainting problemand re-
lated works

In this chaptera novel fastalgorithmfor imageretouchings presentedA space—
mappingtechniques usedto transforma missing(or damaged)part of a surface
into a differentshapein a continuousmanner Experimentakesultsareincluded
to demonstratehe feasibility of the proposedapproach.The proposedapproach
shawvs theobviousrelationshipbetweerthe surfaceretouchingoroblemandimage
inpainting. We considershapetransformatioras a generaltype of operationfor
restoringmissingdata,andattemptto approactthe well-knovn problemof "ful-
lIment" of damagedr missingareasrom a singlepoint of view, namely thatof
thespacemappingtechnique.

The approachproposedhere for reconstructiorof damagedmage areas—
imageinpaintingproblem— originatesirom the obviousrelationshipbetweerthe
2D inpainting problemand 3D surfaceretouching(or reconstructiorof missing
3D data). For referencesoncerningto the imageretouching,seethe pioneering
work of Bertalmioet al. [84], which describesanimage—inpaintingnon—teture)
algorithm basedon partial differential equations. The techniqueto Il a given
region with a selectedexture was presentedy Hirani and Totsukain [89]. See
alsotherecentstudied85], [86], and[87].

7.2 CSRBF-basedmageinpainting algorithm

The main shortcomingof the proposedtechniqueis that the techniquewill fail
with retouchingof syntheticexamples(curve restorationsuchasthatin Figure4
of referencd89]. Neverthelessin practicalapplicationsdealingwith realimages,

64
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the possibility to usedifferentlevels or separatedragmentsof imagesthat was
realizedin an Adobe Photoshoplug—in (developedby our group and available
for downloadfrom Web) allows to avoid intermixing differentcolorsfor abruptly
separatedolor areaslin practice|t givessatishctoryresults.

Thealgorithmtreatstheinputimageasthreeseparatehannel{R, G, andB),
and lls in areado beinpainted.R, G, andB valuesareusedasa heightdatafor
CSRBFextrapolation,as was alreadydescribedn previous chapters. However,
for someimagegespeciallytextured)this techniques notenoughto getplausible
results.In the caseof imageinpaintingthe input datafor CSRBFextrapolationis
very regular, soit is possibleto selecta very smallradiusof supportandprocess
the datavery fast. It is illustratedin Figure 7.1, wherea typical band-diagonal
submatrixfor imageinpaintingis shavn.

Figure7.1: Imageinpainting: CSRBFSLAE matrix.

Hirani and Totsukain [89] proposedan elegantfastalgorithmfor imagere-
touchingof texturedimages.In fact,theiralgorithmexploitsa"cloning" technique,
wherethe userhasto selectanarea,whichis usedfor recoreringa damagedarea.
After thatfrequeng andspatialdomaininformationis usedto meige a damaged
areawith selectedy theuser'cloning" area.Suchapproactallows gettingexcel-
lentinpatingresults;seeFigure4.2(b). Neverthelessit is atediouswork to repaint
evena small scratchbecausehe userhasto selectvarious'cloning" areasasit is
shawvn in paper[89]. Figure4.2(c) shavs thatusinglocally de ned neighboring
pointsfrom alandmarkareainitially surroundinghe scratchproducessufciently
goodvisualappearancef theretouchedscratch.n this examplea simplestratgy
of usingaslidingwindow asalocallandmarkareas usedandeachconsequengtep
usegdatacalculatedn previous step. The maskareais generatecutomaticallyas
a contractionof theareato be inpainted.The algorithmwasimplementedn Java,
HouseholdeQR matrix decompositioris used;an AdobePhotoshoplug—inreal-
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izationof the proposedechniquein C++wasdeveloped.

7.3 Experimentsand benchmarks

Floatingpoint arithmeticis used;thus,beforeprocessinghe input datawe prefer
to normalizethemin orderto reducethe numberof possibletruncationerrors. To
illustratethe applicability of the space—mappintechniqueto theimageinpainting
problemsomeexamplesareshavn bellow.

The costof inpaintingis not linear to the size of the inpaintedarea; never
thelesstheinpaintingtime of the photograptof a dragon y shawvn in Figure7.4
obtainedwith our algorithmwas0.06 second®n a 1-GHz Athlon PC. A synthet-
ically producedblack scratchis the reconstructiorarea. Adobe PhotoshopGUI
interfaceallows usto selectautomaticallythis area,afterthat a landmarkareaas
a slight extensionof the reconstructiorarea(one or two pixels are sufcient) is
automaticallycalculated.

For the exampleshavn in Figure 7.5 (b), Bertalmioet al. [84] reportedanin-
paintingtime (for one color channel)of approximately7 minuteson a 300 MHz
Pentiumll PC.In our experimentswe noticedthatit is possibleto repaintsmall
areaswithout noticeableloss of restorationquality. In our case,this meansthat
the costof inpaintingis becomingnearlylinearandit allows to seethe resultsof
repaintingin aninteractve way. Thus, for the exampleshavn in Figure7.5 (c),
nearly all detailsarerecoveredin the restoredimage, obtainedin lessthanone
secondn three-foursteps.The processindime for one-stegeconstructiorof our
algorithmis about7 sec. Thealgorithmpresentedby Oliveiraetal. [85] is two to
threeordersof magnitudeasterthancurrentmethodsasecdnthesolutionof par
tial differentialequations.For the exampleshavn in Figure7.5 (a), they reported
an inpaintingtime of 0.49secon a 1-GHz Athlon PC. But the authorsnotedin
[85] thattheir algorithmis suitableonly for inpaintingof smallareas.Figure7.3
demonstratethatour algorithmcanrepaintdisconnectedndsufciently large ar-
eas.

Local CSRBFapproactwasusedfor Figures4.2, 7.7to gettheoptimalresults
for texturedimages.

Severalcharacteristibenchmarkareshavn in the Table7.1.

7.4 Summary

Proposedlgorithmis two to threeordersof magnitudefasterthanmethodsased
on partial differentialequations.The work presentederedoesnot discreditpre-
viousmoreimage—orientednodelsbasedn level-setformulation.Moreover, our
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a b

Figure7.2: Imageinpainting: (a) A fragmentof the Dali's famouspicturearti -
cially damagedor this examplewith theblackline, (b) Reconstructednage.

approactdoesnot ensurea capabilityfor automaticlling regardlesf the shape
andtopologyof theinpaintingdomain,asdiscussedhn previous papers.

Properselectionof the radiusof supportis not critical for interactve image
retouching. In practice,the usercan estimatethe size of the radiusof support
while de ning areconstructiorarea.Neverthelessit is critical to achie/e optimal
computationatesults.

Algorithm wasdevelopedasan AdobePhotoshoplug—in,andit is thuspossi-
ble to useit in combinationwith AdobePhotoshogphotodesigntools. Theusage
of the plug—inis very simple,soevenaninexperiencedlesigneicanuseit to per
form basicphotodesigntasks,aswasillustratedin Figure7.3.
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TestFile

Processingime

Figure 7.2 (300x30024bpp).

Inpainted area: 600 pixels.
Basearea: 1178 pixels. Se-
lectedradius:0 03.

Datasorting: 0 05 sec. Solu-
tion time: 003 sec. Recon-
structiontime: 0 03 sec.

Figure 7.4 (550x38824bpp).

Inpainted area: 380 pixels.
Basearea: 580 pixels. Se-
lectedradius:0 03.

Datasorting: 0 02 sec. Solu-
tion time: 002 sec. Recon-
structiontime: 0 02 sec.

Figure 7.5 (469x377 24bpp).

Inpainted area: 5741 pixels.
Basearea: 11972pixels. Se
lectedradius:0 03.

Datasorting: 0 751 sec. So-
lution time: 7 19 sec. Recon-
structiontime: 0 44 sec.

Figure 7.6 (206x97 24bpp).

Inpainted area: 425 pixels.
Selectedadius:0 02.

Reconstructiontime: 0 186
sec. Local CSRBFapproach
is used.

Table7.1: Imageinpaintingbenchmarks.
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d

Figure7.3: Imageinpainting:it is very advantageou$o useour algorithmfor small
imagedesigntasks.(a), (c) — originalimages(b), (d) — resultsof applicationof
our algorithm.Ilmage(a) is from the papen84].
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b

Figure 7.4: Imageinpainting: (a) Damagedpicture of a dragony, (b) Recon-
structedmage.
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c

Figure 7.5: Image inpainting: (a) Old photograph(courtesyof Amy Miller
of Photo-Medic), (b) Result producedwith Bertalmio, Sapiro, Caselles,and
Ballesters algorithm[84], (c) Reconstructednagefrom the proposedalgorithm.
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c

Figure 7.6: Imageinpainting: (a) "Stone",from [89], (b) Resultproducedwith
A. N. Hirani and T. Totsukas algorithm[89], (c) Reconstructedimagefrom the
proposedilgorithm.

b

Figure 7.7: Imageinpainting: (a) "Fabric", from [89], (b) Reconstructedmage
from the proposedalgorithm.



Chapter 8

Conclusions

8.1 Surfacereconstruction

A challenginggoalin CG andCAGD is to provide a powerful techniquefor mod-
eling the shapeof an object. Indeed,whenwe are usingonly genericproperties
suchaspositionof a point of the objectthatis deformedhe problemof construct-
ing smoothsurfacesatisfyingcertainconstrainscan be formulatedas a mapping
functionfrom 3 3. Suchspacemappingtechniquebasedon RBFsis a pow-
erful tool, which offers simple and quite generalcontrol of simulatedshapes.In
fact,amodelof extendedspacemappingis usedandincorporategeometricspace
mappingsandfunctionmappingsrom 3

CSGis usuallyusedn mary CAGD applications.Traditionally CSGmodeling
usessimplegeometricobjectsfor a basemodelthatcanbe furthermanipulatedy
implementinga certaincollection of operationssuchas set—-theoretioperations,
blending,or offsetting.

RBFs offer a mechanisnto get extrapolatedpoints of a surfacefor various
partsof a reconstructedbjectthatcanbe usedas"CSG componentsto designa
volumemodel.

8.2 Surfacedefromations

Presentedhlgorithmfor calculatingthe transformationis performedfastenough
to be usedin suchrealtime applicationsascomputergames.Selectingthe setof
controlvectorsto de ne thetransformations quiteadif cult andtime-consuming
task. The opportunityto extendor localizethe active (deformable)areaby assign-
ing variousradii of supportallows usto lightenthework of enduser
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This optimizationnot only allows to performcomplex deformationsn real-
time, but alsosavesmemaoryrequiredfor animation.For example,in themostpop-
ular3D gameenginegQuale, Unreal,Half-Life) for skeletonanimationof models
all coordinatesf all pointsof an objectare storedfor every frame of animation,
what leadsto hugeamountof datastoredfor eachmodel. When the described
techniquds used,only a smallamountof additionalinformationis needed.

8.3 Surfaceand imageretouching,meshsmoothing

A simpleandef cient practicalalgorithmsfor surfaceretouchingandmeshsmooth-
ing were presentedTo achieve the objectives of simplicity andspeedtherecon-
structionprocesswas replacedby a space—mappintgechnique which allows re-
constructionof disconnecteduriaceareas.The methodhasthe propertythatthe
total maskareaW includingall WR areaseednotincludeexactly all theregions
to beretouchedit allows W to bere ned interactvely in mary stepsandevento
improve the quality of restoratiorby assigninguser-de ned pointsin theareaWR.

A fastnew algorithmfor point stitching basedon the ideaof usingdynamic
programminghasbeenalsodeveloped.

8.4 Software systemdeveloped

In this work a setof applicationshasedon a speciallydesignedsoftwaretool im-
plementingeffective usageof CSRBFswaspresentedTheseapplicationsnclude
surfaceandvolumereconstructiorusingimplicit functions,3D morphing,space-
mappingtechniquefor surfacetransformationandimageand surfaceretouching
andother Thanksto theef cient octreealgorithmusedin this study theresulting
matrix for CSRBFsis a banddiagonalmatrix thatreducesomputationatostand
permitshandlinglarge datasets.Algorithmsaredescribedn detailandtheresults
of experimentsaregiven.

Basedon thesealgorithmssoftware systemswere developedfor all the de-
scribedapplications For evaluatingpurposeshesesoftwaresystemsareavailable
to downloadfrom theweb pagehttp://www.kar Is on.r u/c sr bf/.
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