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Abstract

This papemproposes novel techniquédor building layeranimationmodelsof realarticulatedbbjects
from 3D surfacemeasuremendata. Objectsare scannedusinga hand-held3D sensorto acquire3D
surfacemeasurementsA novel geometricfusion algorithmis presentedvhich enableseconstruction
of asinglesurfacemodelfrom the captureddata. This algorithmovercomeghe limitations of previous
approachewvhich cannotbe usedfor hand-heldsensodataasthey assumehatmeasurementgreon a
structuredpblanargrid. The geometricfusionintroduceghe normal-volumeepresentationf a triangle
to corvertindividual trianglesto a volumetricimplicit surface.

A layeredmodelis constructedo animatethe reconstructedigh-resolutionsurface. The model
consistf 3 layers: skeletonfor animationfrom key-frame or motion capture;low-resolution-contral
model for real-time meshdeformation;and high-resolutionmodel to representhe capturedsurface
detail. Initially the skeleton modelis manually placedinside the low-resolutioncontrol model and
high-resolutionscannediata. Automatictechniquesreintroducedto mapboththe controlmodeland
captureddatainto a singlelayeredmodel. The high-resolutioncaptureddatais mappedonto the low-
resolutioncontrolmodelusingthenormal-wlumerepresentationTheresultingmodelenablefficient,
seamlessanimationby manipulationof the skeletonwhilst maintainingthe capturedhigh-resolution
surfacedetail. The animationof high-resolutiorcaptureddatabasedon alow-resolutiongenericmodel
of theobjectopensup thepossibility of rapidcaptureandanimationof new objectsbasecbn librariesof

genericmodels.
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1 Intr oduction

Onefundamentalifficulty in 3D-computeranimationis building 3D modelsthat are frequentlyrequired
to have not only high-detailandrealisticsurfacesbut alsobelievabledeformations Advancesn 3D sensor
technologyhave suppliedan efficient way to capturephoto-realistic3D modelsof real objects. However,
how to animatesuchkind of capturedmodelsis rarely studied. Reconstructedurfacemodelsare usually
composeaf adensainstructuregholygonalmeshrepresentinghe surfacedetailof theobjectattheresolu-
tion andaccurag of the sensar“Suchmeshesrenotoriouslyexpensve to store,transmit,rendey andare
awkwardto animate”[Thalmannetal., 1994. Thegoalof this researchs to enablerapidreconstructiorof
modelssuitablefor animationfrom captureddata.

Figure 1 shavs an overview of our system. The systemconsistsof two parts: model construction
andlayeredanimation. The function of the first partis to obtaina single triangulated3D surfacemesh
with high surfacedetail from real objects. A hand-heldsensorsystemis usedfor dataacquisitionfrom
3D models(section3.1). The normal-wlumerepresentatiosonceptis usedfor the fusion of overlapping
surfacemeasuremenisto asinglemeshsurfacemodel(section3.2). A high-resolutiortriangulatedsurface
representatiors generatedisinga local implicit surfacebasedyeometricfusionalgorithm(section3.3).

To animatereconstructedurfacemodelsfrom capturediatarealisticallyandefficiently, alayeredmodel
is built in which eachlayer performsdifferentanimationtasks. The layeredmodelallows an animatorto
manipulatethe low-resolutionmodelin real-timeandrenderthe full surfacedetail off line to achieve full
realism.This paperis anextensionof previously reportedwork in progresgSunetal., 1999]to presenin

detailthe completechainfrom captureddatato ananimatedmodel. This framewvork addressebmitations



of our previouswork in building andrealisticallyanimatingthe layeredmodel.

The lowestlayer hereis the skeletonlayer. A hierarchicalskeletonstructureis fitted interactvely to
the high andlow resolutionmeshmodels,asintroducedin section4.1. The fitted skeletonmodel gives
thejoint positioninformationandcanbe animatedusingcommonanimationtechniquesuchaskey-frame,
inversekinematics physics-basethodelsor motion capturetechniquesThis greatlysimplifiesthe process
of animatingthe capturednodel. The skeletonmotion providesinput for all otherlayers.

Themiddlelayeris alow-resolutioncontrolmodel. Althoughthe skeletonaloneis sufficientfor motion
control purposesit is oftentoo simpleto be usedasa representatiof an object. On the otherhandthe
high-resolutionmodelis prohibitively expensve to work with. Thereforeit is desirableto introducean
intermediatdayer. The controlmodelis a genericrepresentationf the objectwith the samebasicshape
andtopologyasthe captureddatabut a low polygoncount. It could be a box-like modelasin Kinetix’s
Biped for 3D Studio MAX or more complicatedmodelssuch as thoseavailable from Viewpoint Data
Labs[Datalabs,1996]. Suchmodelsarestructuredo achieze smoothandefficient animationof the object
surface.Firstly, in the controlmodellayer, askeletonis manuallylocatedinsidethe model. A point-to-line
mappingis thenusedto automaticallynapthelow-resolutionmodelontothe skeleton(section4.2). In this
papemwe alsointroducea new point-to-linemappingalgorithmwhich enablegull geometriadeformatiorof
the spherancludingtwist basedn the skeletonmotion. This overcomesdimitations of our previous point-
to-line mapping[Sunetal., 1999] which did not allow control modeldeformationbasedon twist motion.
A seamlessleformationschemds developedto animatethe controlmodelbasedon the parameterisation
obtainedfrom the point-to-line mapping. For greaterrealismthe layeredmodelcould be animatedusing
alternatve deformationschemesuchasFFD or physical-basedhodellingasdiscussedn section2.

Thehigh-resolutiorcaptureddatamodelis automaticallynappedntothelow-resolutioncontrolmodel
using the point-to-surbice mapping(section4.3). This mappingallows the high-resolutiondatato be
mappedto an control model of arbitrary shapeandtopology Normally the control modelis structured
to achieze smoothand efficient animationof the objectsurface. The high-resolutionmodel canthenbe
animatecefficiently basedon the controlmodelanimationusinga continuousdeformationschemesection
5.2). Theresultis thatthe high-resolutioncapturedmodelis introducedat the renderingstageto achiee
bothrealisticmodellingandanimationof the capturedbject.

Thisapproactprovidesanovel techniqudor building animatednodelsfrom capturedsurfacemeasure-
ments. The processs considerablymore efficient andlesstime consumingthancurrentmanualschemes

usedby animationcompanies An importantcontribution of this researchs to enablecaptureddatato be



mappedonto a pre-definedyenericobjectmodelswhich have beenoptimisedfor realisticandefficient an-
imation. Theresultinglayeredmodelgivesan efficient realisticanimationof the fine surfacedetail while

providing alow-resolutioncontrolstructurefor real-timeanimationcontrolandvisualisation.

2 Background

Therehasbeenextensve commerciainterestin developingtechniquegor measuremerdf surfaceshapean
mary fieldsfor 3D modelgenerationCommerciaBD sensorhiave becomewidely availablein recentyears
for capturingsurfacemeasuremerdataof objects,including objectsascomplex asthe humanbody. This

sectionreviews previouswork on modelbuilding from captureddataandtechniquegor modelanimation.

2.1 Model Building

Manualtechniqueshave beenusedextensively to captureobjectshapeusinga touch probesensar This
approachto digitising 3D shapehasbeenusedto generatanodel libraries [Datalabs,1994. Therehas
alsobeenextensie interestin usingactive optical 3D surfacemeasuremertechnologiesvhich projecta
structuredight onto the objectsurfaceand usetriangulationmeasurehe distance. Suchsystemsenable
high-accurag non-contactligitisationof the objectsurface.

Themajority of sensorgapture3D measurementsith respecto a 2D planaror cylindrical grid. This
approachrequiresmultiple scansto be taken in orderto digitise the entire objectsurface. Researcthas
addressetheproblemof reconstructing singlesurfacemodelfrom thecapturedD surfacemeasurements
[CurlessandLevoy, 1996 Hilton etal., 1996 Hoppeetal., 1992 Rutishauseetal., 1994 Turk andLevoy, 1994,
Soug andLaurendeaul995. Recentlyreconstructioriechniquedasedn fusion of overlappingdataus-
ing a volumetricimplicit surfacerepresentatioave enabledrapid and reliable reconstructiorof high-
resolutionmodelsof complex objectswith an arbitrarytopologyandgeometryCurlessandLevoy, 1996
Hilton etal., 1998. Thegeneralproblemof surfacereconstructiorof unknavn objectsfrom unstructured
3D pointremainsanopen-problenjBittar etal., 1995 EdelsbrunneandMucke, 1994 Hoppeetal., 1992
Mencl, 1995 MenclandMuller, 1998].

We usea hand-held3D sensomwhich doesnot constrainthe 3D measurement® lie on a 2D planaror
cylindrical grid. This sensothasthe advantagethatit canbefreely movedaroundthe objectto positionthe
sensoffor captureof complex geometricfeaturessuchasa charactersnouth. As the resulting3D surface

measuremerdatais not structuredon a regular grid previous surfacereconstructioralgorithmscannotbe



applied. Fusionof measurementisom a hand-heldsensompresentsan additionalchallengethatthe sensor
accuray is currentlyanorderof magnituddowerthancorventionalrangeimagesensorsThisis dueto the
requirementor alow costsix degree-of-freedondevice to measurehe spatialpositionof the sensor

In this paperwe introducean extensionto previous implicit surfacebasedreconstructiorapproaches
[Hilton etal., 1996 Hilton etal., 1998] which enablesfusion of hand-heldsensordata. This is the first
geometricfusion algorithm capableof integrating surface measurementom a hand-heldrangesensor
This approachcan be usedto integrate measurementfom either a corventional 2.5D rangeimage or
hand-held3D sensor The advantageof this approachis that it overcomesthe assumptionof previous
volumetricintegrationalgorithms[CurlessandLevoy, 1996 thatsurfacemeasurementarestructurecon a
regular2D planargrid with a singleviewpoint. Overlappingmeasurementsreintegratedusingoperations
in 3D spaceonly. This enablesntegrationof comple« geometryandtopologywhich wasnot possiblewith
previoustechniquedor corventionalrangeimagesensorsvhich arebasedon a 2D projectionof the data
[Rutishauseetal., 1994 Souy andLaurendeaul995 Turk andLevoy, 1994].

2.2 Mesh Optimisation and SurfaceFitting

Surfacereconstructiorresultsin an unstructurecolygonalmeshrepresentatiomf the surface. This is a
highly inefficientrepresentatioasfine detailis modelledat the sameresolutionassmoothsurfaceregions.
A numberof meshoptimisationalgorithmshave beenproposedo post-procesthe redundantmesheob-
tainedfrom surfacereconstructiofiSchroedeetal., 1992 Hoppe,1996 Kalvin andTaylor, 1996 Souqg andLaurende
The objectie of thesealgorithmsis to automaticallyreducethe numberof polygonswhile maintainingan
accurateand/orrealisticrepresentationThesealgorithmsreducethe triangle/\ertex countof the triangu-
lation andimprove uniformity of triangleshape.Someoptimisationalgorithms[Kalvin andTaylor, 1996]
enablethe geometricaccurag to be maintainedwithin a toleranceof the original mesh. Recentmesh
optimisationalgorithms[Hoppe, 1999 have achieved continuoudevel-of-detailrepresentatiomf objects
which presere boththe geometryof the high-resolutiormeshandits overall appearancbasedon surface
colour, surfacetopology discontinuitiesnormalsandtexture.

Although polygonalmeshesrovide a sufficient representatiorior realistic modellingand animation
high-ordersurfacerepresentationare widely used. High-ordersurfacesprovide a more efficient repre-
sentationof smoothsurfaceregions. Polygonalmeshesor displacementnapsmay also be requiredto
modelthefine-surficedetail [KrishnamurthyandLevoy, 1996]. Automaticreconstructiorof B-splineand

sub-dvision surfacerepresentationfrom reconstructegolygonal surface modelshasbeeninvestigated



[Eck etal., 1995,Eck andHoppe,1996,Hoppeetal., 1994. However, theresultingmodelsfrom eitherau-
tomaticmesh-optimisationr high-ordersurfacefitting arenotdirectly suitablefor animation.Theresulting
meshverticesarenot positionedo coincidewith the objectarticulation.

As the captureprocesss performedon a staticobjectin a singleposethereis no capturednformation
on the underlyingarticulationstructure.Thereforea manualprocesss requiredto positiona subsef the
meshverticesto coincidewith therequiredarticulationstructure.In this paperthis is achiezedby manually
registeringa low-resolutioncontrol model containingthe articulation structurewith the high-resolution
capturedmnodel. Automaticregistrationof all pointson the high-resolutiormodelwith the low-resolution
modelis thenusedto enablea seamlessleformableanimationof the capturedmodel. Perhapghe most
closelyrelatedwork to our approachs [KrishnamurthyandLevoy, 1999 wherethe boundarief a low-
resolutionB-splinepatchmodelaremanuallyidentifiedon the high-resolutioncapturednodel. Automatic
mappingis thenperformedo obtaina B-splinerepresentationf smoothsurfaceregionsanddisplacement
mapsto represenfine detail. This generatea modelsuitablefor efficientanimationalthoughno animation
resultswere presented.The principal advantageof our approachs the constructionof a low-resolution
control model for real-time animationand the automaticmappingand animationof the high-resolution

capturedsurfacedetail.

2.3 Model Animation

Realisticanimationof 3D articulatedcharacterss a very challengingtaskinvolving two mainaspectsre-
alistic motion anddeformationof the body Becauseof the difficultiesinvolvedin eachaspectthesetwo
problemsareusuallyinvestigatedeparatelyModelsusedin the majority of themotioncontrolresearclare
skeletonbased A varietyof approachebBave beenproposedor deformableanimationof articulatedcharac-
ters,suchasmetaball§ShenandThalmann 1995, free-formdeformationgFFD)[ChadwickandParent, 1989,
DFFD [MocozzetandMangnenaf halmann,1997, implicit surfacegBloomenthalandWyvill, 1994, hi-
erarchicaB-splinegForsg/, 1991 andphysics-basedeformablenodelg TurnerandGobbetti, 1999. All
of thosetechniquesare aimedat creatingand animatingsyntheticcomputergenerateccharacters.The
methodproposedn this paperenableshigh-resolutioncaptureddatato be mappedto an arbitrary low-
resolutioncontrolmodelwhich canbe animatedusingary of thetechniquesutlinedabove. Both realistic
motionanddeformatioraspect®f characteanimationareaddresseth ourapproachTo designandcontrol
the motionsof charactersa skeletonstructureis fitted inside charactersnteractvely andtherebyexisting

motioncontrolalgorithmscanbe applied.



The questionof efficient andrealisticdeformationof a polygonalmodelwith internal skeletonis ad-
dressedn mary CG andGamepackage$Lander 1998 Maestri,1994. But theusersareusuallyrequired
to getdown to the vertex level to mapthemto the bonesmanually After mappingtheremay still be some
strayverticesor bulging and crimping whenthe body segmentsare moved. To fix the problemthe users
may have to adjustthe influenceof the segmentsandreassigrsomeerrantverticesto the model.

In our methodfor eachsegment,the influenceof its adjacentsegmentsto its mappedverticesare de-
cided by joint anglesand the distanceof the vertex to its adjacentjoints. Oncejoint anglesand posi-
tions of the skeletonare known, mappingand deformationare carried out automatically Recentwork
[BabskiandThalmann,1999a Kalra andMagnenafThalmann,1998] demonstratedeal-timeseamlessin-
imation of polygonalmodels. In this paperwe demonstratehat this type of seamlesanimationof the
low-resolutionmodelcanbe usedto achieve realisticanimationof high-resolutiorcapturecdata.

FFD [ChadwickandParent,1989 is awidely usedtechniqueor meshdeformationwhich hasbeenex-
tendedChangandRockwood, 1994 CoquillartandJancenel 991, Hsuetal., 1992 LamousinandWaggenspack,99
MacCraclenandJoy, 1999 to give improved performanceAn objectis embeddeadvithin alattice of con-
trol pointswhich definesa mappingfrom thelattice to the object. The objectis deformedby manipulating
the control lattice. To overcomethe difficulty in defining arbitrarily shapedatticesandto deformthe
underlyinggeometrydirectly, axial [LazarusandCoquillart,1994]andwires[SinghandFiume,1999 de-
formationtechniquefiave beenproposedThegoalof thesedeformatiorapproaches to developamethod
for sculpturinga geometricnodelat will. The deformationalgorithmof the low-resolutioncontrolmodel
proposedn this paperis specificto a classof deformations:how a geometricmeshmodeldeformsreal-
istically with its underneathigid skeletonstructuremoves? This is an essentiaproblemwhenanimating
articulatedcharactersThe deformationof the high-resolutionrdatamodelin this paperis basedon the de-
formationof low-resolutioncontrol model,similar to that the deformationof the geometricnodelin FFD
basedon thedeformationof the controllatticein FFD. Thelow-resolutioncontrolmodelcanbedefinedas
acontrollattice. In practiceit is often morecorvenientto choosean existing genericmodelwith thesame
basicshapeasthe capturednodelfrom a 3D modellibrary thanconstructinga controllattice.

Using a layeredconstructionapproachto building animatedsyntheticmodelshasbeenaddressedby
mary researchers[ChadwiandParent,1989 Kalra andMagnenafl halmann,1998,Thalmannretal., 1996
TurnerandGobbetti,1998. A layeredmodeldecomposethe complicatedaskof realisticanimationinto
threeindependentsub-tasks:skeletonanimationbasedon motion captureor key-frame;interactre ani-

mationvisualisationandrefinementusingthe real-timecontrol model; andfinal off-line renderingof the



full-resolutiondetailedsurface. This allows animatorgo work on eachsubtaskseparatelySubtasksuch
asmotion controlanddeformationof the low-resolutionmodelcanbe performedusingexisting animation
techniques.

In this work a layeredmodelis constructedrom captureddata. The layeredrepresentatioprovides:
skeletonbasedanimationcontrol; real-timevisualisationusing the control model; efficient animationof
thehigh-resolutiorsurfacedetailbasedon the controlmodel;andrealisticanimationof the high-resolution
databasedon controlmodeldeformationusinggeometric FFD or physicsbasedechniquesThe principal
adwantageof our approachs the useof a low-resolutioncontrol modelfor real-timeanimationand the
automaticmappingandanimationof the high-resolutioncapturedsurfacedetail. This framewvork enables

rapidreconstructiorof animatednodelsfrom capturediata.

3 Model capture and construction

The hand-heldrangesensorsystemusedfor capturingobjectsis briefly describedin section3.1. The
normal-wolumerepresentationf a triangleis introducedin section3.2 to transformfrom a surface-based
meshrepresentatioio an implicit volume representation.In section3.3, a normal-wolume basedalgo-
rithm for fusionof 3D surfacemeasurementsom a hand-heldsensoiinto a singlehigh-resolutiormeshis
presentedThenormal-wlumerepresentatiors alsousedfor point-to-surbcemappingin section4.3 and

high-resolutiormodelanimationsection5.2.

3.1 Model capture using a hand-held 3D sensor

Hand-held3D sensorgor objectsurfacemeasuremerdrea recentdevelopment.This technologyconsists
of a laserstripe basedrangesensorcombinedwith a six degree-of-freedonpositionsensor It allows the
userto move freely aroundan objectto positionthe sensorto capturecomplex geometricshapes. The
3DScannerdodelMaker hand-heldsensoisystemwww.3dscanners.contin Figure2(a))is usedfor data
acquisitionfor modelspresentedh this paper

Surfacemeasurementare on a seriesof consecutre stripeswhich do not form a regular grid pattern.
The stripe orientationandmeasurementirectionchangeasthe usersweepgshe sensoracrosshe surface
of the object. The actionof dataacquisitionis similar to that of sprayingthe surfaceof the objectwith
paint. Surfacedatacanberapidly acquiredfor the entire objectsurfacein a few minutesusingthe users’

knowledgeof visibility to positionthe sensorin orderto accesscomplex regions. Alternative automatic



(a)ModelMaler system (b) Raw data (c)Meshpatches(partial)d) Fusedmodel

Figure2: Modelreconstructiorfrom hand-heldsensodata

acquisitionsystemgake severalhoursto obtaindatafor complex concae surface. Initially measurements
from the hand-heldsensorare triangulatedto form a seriesof overlappingsurfacemeshes,

A distancethresholdbetweenadjacentpoints on consecutie stripsis usedto ensurethat they are only
connectedf their distanceis lessthanthreetimes the samplingresolution. This ensurethat the trian-
gulation approximateghe local surfacetopology and doesnot connectacrossholesor occludedregions
[Hilton etal., 1999. Theprimaryproblemin staticmodelreconstructions thento combinetheseoverlap-
ping meshesnto a single surfacerepresentationA solutionto this problemfor hand-heldsensordatais

introducedn section3.3

3.2 Normal-volume representation

The normal-wlumeis usedto definea transformatiorbetweena two-dimensional(2D) triangularsurface
patchand the three-dimensional3D) spacein which it is embedded.This transformationenablesboth
conversionof 2D triangle meshsurfacesto a 3D volumetric representatiornd corverselya continuous
mappingof 3D pointsto the 2D trianglesurface.

The concepif the normal-wlumeor fundamentaprismhaspreviously beenusedCohenetal., 1996]
to implementmeshsimplificationwith boundedapproximatiorerror. This sectionextendsthe basicdefini-

tion of thenormal-wlumeto shav how it canbe usedfor surface-to-wlumetransformation.

3.2.1 MeshRepresentation

An arbitrarytopologybounded2-manifoldsurface embeddedn Euclidean3-space canbe approxi-
matedby atriangulatedmeshrepresentation . A 2-manifoldis a surfacesuchthateachoneof its points

hasa neighbourhoodvhich canbe continuouslydeformedinto an opendisk [TaubinandRonfard,1996].
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A triangulatedmesh is composedf a setof vertices anda set
of triangles where isapointin  andtriangle

is composedf threevertices. We assumehat  is a simply connectedmanifold triangulationwith no
self-intersectionsFor eachvertex, , of , we definea singlevertex normalvector . Vertex normals

aredefinedby a weightedaverageof theadjacentrianglenormals:

(1)

Where isthesetof indicesfor trianglesadjacento the  vertex. Theweights aretheanglesof

theadjacentriangles atthe vertex. Throughouthis paperall triangleandvertex normalsareof unit
length.

3.2.2 Surface-to-wlume transformation

We begin by defining a volumetric-emnelopewhich encloseghe region of 3-spacearoundthe mesh
(Figure3(a))andenablegransformatiorof the 2-manifoldsurfaceto avolumetricrepresentationAn offset
surface  for mesh is given by displacingeachmeshvertex by a distance in the vertex normal
directionsuchthat . If welet to bea constanbffsetdistance thenthe distanceof
all pointson the offsetsurface  is lessthanor equalto the offsetdistance from the original mesh

. Theoffsetsurfaceis a continuousmeshbut maynot be a simplemanifold dueto self-intersectionThe
offset-suraicefor a cross-sectiothrougha meshis illustratedin Figure3(b).

A volumetric-enelopearound  canbe definedby two offsetmeshes  and suchthat each
vertex is displacedby a distance and in thenormaldirectionrespectirely. The spaceenclosed
by and is a closedvolumetric-enelopesuchthat every point insidethis region is lessthan

fromthemesh . Thevolumetric-enelopefor across-sectiothrougha meshis illustratedin Figure3(c).

The volumetric-enelopeenclosesa continuousregions of space. The useof triangle vertex normals
to obtainthe offset-suricesensureghat thereare no gapsbetweenadjacentriangles. For eachtriangle
inmesh theoffsetmeshes and defineaclosednormal-volume , between
and , asillustratedin Figure4(a).
Eachsideof thenormalvolumeis asurface  constrainedy threeVectors- thetriangleedge
andthe correspondingrertex normals and  (normalised). If the vertex normalsare equal

thenthesurface is aplane.Generallythe normalsarenot equal. Thereforethesurface  is

10
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Figure4: Normal-wolumetrianglerepresentation

notaplane.In this casewe cansatisfytheconstraintdy definingthesurface  asabilinearpatch.Figure
4(b) illustratesthe surfacepatchformedby one side of the normal-wolume. A point on the triangle edge
is given by where the normalis given by linear interpolationas

. Thereforeapoint onthesurface isgivenby:

(2)

This equationdefinesa continuousbilinear surfacepatchwhere is the distancealongtheinterpolated
normal . Forconstant and equation2 definesa straightline on the surfacepatch.It should

benotedthat is notaEuclideandistanceastheinterpolatechormaldoesnot necessariljhave unit length.
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The volumetric-enelopefor mesh  betweenoffsetmeshes  and is equivalentto the union
of the normalvolumesfor all triangles where is the normalvolumefor triangle
. Therefore transformingthe mesh  to anapproximatevolumetricrepresentatioganbereducedo a

incrementaprocesf transformingeachtriangle into its normal-wlume representation.

3.3 Geometric Fusioninto a Single Model

Surface measurementising either a corventionalor hand-heldrangesensormproducesa setsof overlap-
ping meshes, , which do notexactly intersectdueto measurememoise[Turk andLevoy, 1994
Soug andLaurendeaul995. Direct interpolationof the surfacemeasurementsasedon Euclideandis-
tance[Hoppeetal., 1992]failsto accuratelyreconstructhelocal surfacedetail [CurlessandLevoy, 1996].
Fusionof overlappingsurfacemeasurementsasedon the local surfacetopologyis necessaryor reliable
reconstructionPrevious fusion scheme$ave assumedhat measurementarestructuredon a regular grid
[CurlessandLevoy, 1996 Soug andLaurendeaul 999 asis the casefor cornventionalrangesensors.In
this sectionwe introducea volumetricfusion algorithmbasedon the surface-to-wlumetransformatiorof
section3.2 which doesnot make this assumption.This approacrenabledusion of datafrom a hand-held
rangesensorovercomingthe limitations of previous volumetric [CurlessandLevoy, 19969 and surface-
basedSouq/ andLaurendeaul 995 approaches.

Fusionof multiple overlappingmeshes, , canbe achieved by integrating the discreteim-
plicit surfacerepresentationgeneratedy the normal-wolumetransformatiorfor eachmesh.An arbitrary

topologyclosedmanifold surface canberepresenteth implicit form asaniso-surficeof a spatialfield

function, , Where is ary pointin Euclideanspace, . Thuswe canrepresena surfaceby
definingthe field function asthe signeddistancefrom a point, , to the nearespoint on the surface
giving the iso-surfice for all pointson and elsavhere. Integrationof the implicit

surfacesin overlappingvolumetricregionsresultsin a singleimplicit surfacerepresentationrhis canthen
be polygonizedo obtaina singletriangulatedsurfacemodel.

For eachmesh  we candefinea closedoffset ervelopebetween and with offsetdistance

. Thusfor eachtriangle we candefinea normal-wlume andincrementallytransformthe

mesh  to avolumetricrepresentationsingthe surface-to-wlumetransformatiorintroducedin the pre-

vious section.In overlappingregionsof surfacemeasurementsom differentmesheghe normalvolumes

will intersectprovidedthe maximummeasuremergrror . If this conditionis satisfiedwe can

combinethefield functionsfrom differentmeshedo obtaina singlevolumetricrepresentation.

12



Fusionof multiple meshesequiresan‘overlap’testto determinaf surfacemeasurementsom different
meshesdn closespatialproximity correspondo thesameor differentregionsof themeasure@bjectsurface.
Definition of arobustoverlaptestis critical for reliablesurfacereconstructiormasdiscussedh previouswork
[Hilton etal., 1996 Hilton etal., 1998. Asin previouswork geometricconstraintsareusedto estimateif

overlappingmeasurementsorrespondo the samesurfaceregion basedn:

1. Spatialproximity: distancebetweeroverlappingmeshess lessthanthe maximumdistance
2. Surfaceorientation:overlappingmeshe$ave surfacenormalswith the sameorientation

3. Measurementincertainty:likelihoodof measuremeraverlapbasedn estimate®f measuremenincertainty

Spatialproximity providesa coarseestof measuremerdverlapwhich hasbeenusedin previouswork
on structuredangeimageswith a singleviewpoint[CurlessandLevoy, 1996]. However, this testis unreli-
ablefor sharpedgesandfor surfacesin closeproximity. Surfaceorientationenablegeliablereconstruction
of creaseedgesandthin surfacesectiongor continuousmplicit surfacerepresentatiofHilton etal., 1996].
Thethird constraintdepend®n our ability to reliably estimateneasuremenincertainty For corventional
rangeimagesthis can be estimatedrom the relative orientationof the surfacenormal and sensorview-
point [Turk andLevoy, 1994 Soug andLaurendeaul995]. However, for a hand-heldrangesensorthe
viewpoint is continually changingand doesnot provide a reliable estimateof measurementincertainty
Therefore measuremenincertaintycannot bereliably estimatedor eachmeasurememoint with hand-
heldsensodata.An estimateof thermsmeasuremerdgrrorfor thesensois obtainedoy capturinga sphere
of known radius.This estimatecanbe usedto evaluatethelik elihoodof overlappingsurfacemeasurements
correspondingo the samesurface.

Theoverlaptestsareappliedto determinef theintersectingzolumetricervelopedor meshes, :
correspondo measurementsf the samesurfaceregion. Thefield functions, , for measure-
mentscorrespondingo thesamesurfaceregionarecombinedaccordingo aweightedaveraggCurlessandLevoy, 199¢
Hilton etal., 1996 to obtainasingleimplicit surfacerepresentation, . Having constructeafused
implicit surfacean explicit meshis obtainedusinga standardmplicit surface polygonizationalgorithm
suchasMarchingCubegBloomenthal, 1994

To achieze computationallyefficient performanceof the geometricfusion algorithma discretevolu-
metric grid is used[CurlessandLevoy, 1996 Hilton etal., 1998. This enableseconstructiorof a high-
resolutionmodel of complex objectsconsistingof hundredsof thousandf polygonsin a few minutes.

Figure 2(b) shows the raw 3D stripe datacapturedusinga hand-held3D sensor Figure 2(c) illustratesa
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Figure5: Skeletonfitting

setof overlappingconstrainedriangularpatchegiravn from hand-held3D sensodata.A renderingof the

high-resolutiormodelobtaineds shavn in Figure2(d).

4 Layered Model Reconstruction

Typically capturednodelsarecomposeaf millions of polygonsandthearticulationstructureof the object
is unknown. To animatecapturednodelsdirectly is expensve andit is difficult to achieve a satishctoryre-
sult. Therearemary differenttaskssuchasmotioncontrolandrealisticdeformationof the modelinvolved
in designinganimation. To enablerealisticanimation,a layeredmodelis built in our approach.In this
sectionwe introducea semi-automatienethodfor rapidly constructingan animatedayeredmodelfrom
captureddata. Initially, a skeletonis manuallyplacedinsidethe model. Automatic mappingis thenper
formedto attachpointson the low-resolutioncontrolmodelto the skeletonandhigh-resolutiordatato the
low-resolutioncontrolmodel. The differentanimationtasksinvolved aredecomposethto sub-taskdying

in differentlayers.This processachiezesreconstructiorof alayeredanimationmodelin afew minutes.

4.1 Skeletonfitting

Usingskeletonmodelsin motioncontroldesignis acommonpracticefor characteanimation.Theskeleton
is composef a hierarchyof joints with linear ssgmentsattachingparentandchild joints. It reflectsthe
structureof an articulatedfigure and enablegeal-timemanipulationof the articulationstructureto define
believableanimations.

To fit the skeletonto the capturedmodel requiresjoint positionsto be identified. In our systema
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manualprocesss usedto positionthe skeletoninsideboththe captureddataandthelow-resolutioncontrol
model. An algorithmthat allows the userto identify the joint positionson the screenusingthe mouseis
developed.Thisis achiezedby manipulatingthe skeletonjoint positionsin two orthogonaVliews following
the hierarchicalorder of the skeletonstructure,asillustratedin Figure5. This allows the skeletonjoint
locationsto be moved so that the joints arein approximatelythe correctpositionsandthe segmentlinks
betweenjoints run alongthe principal axesof the data. This manualskeletonpositingis usedasthe basis

for automatianappingto form alayeredanimationmodel.

4.2 Low-resolutionmodelto skeletonmapping

After fitting a predefinedskeletonto the meshmodel,we needanapproachhatcanattach3D pointsonthe
controlmodelto the skeleton.To producearealisticanimationandenableefficient constructionwe require
that this 3D point-to-line mappingis automatic,complete(no point are left unattachedjpand continuous
(the neighbourhooaf a pointon the meshis mappedntothe neighbourhooaf the point’s corresponding
point on the skeleton). The mappingis basedon a single poseof the object. To enableanimationof the
controlmodelfrom the skeletonanimation,the mappingof a point to a skeletonsegmentis parameterised
in termsof the joint anglesfor both endsof the segment. In our previouswork [Sunetal., 1999]we used
a mappingwhich which could not copewith twist motion of the segment. In this paperwe introducea
new point-to-line mappingwhich producedull deformation(twist, sheajstretchand compressionpf the
sggmentgeometrybasedn thejoint angles.

The low-resolutionmodel mappingand animationis basedon the definition of joint planewhich is
definedfrom the adjacenjoint positions.For the  skeletonjoint with position we defineajoint plane

with normal suchthatfor any point in theplane:

3)

The joint planeis definedby a local coordinatesystembasedon the postionsof adjacentparentand
child joints, and , sothatit bisectghejoint. Figure6 illustratesthejoint planesfor a sectionof the
skeleton.Thelocal coordinatesystem wherethey-axisis alignedwith the planenormal,

is givenby:

(4)
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Joint Plane i

Figure6: Jointplanesandlocal coordinates

where isthevectorbetweerthe and jointsand representthevectorcross-product.
In equation4 the z-axis bisectsthe angle betweenthe joints in the plane definedby the joint positions

. If thejoint is anend-efectorhaving no child-joint thex-axisis equalto the parenfoint axis
aredefinedas:

The problemof calculatingwhich segmentavertex  shallbe mappedo is corvertedto the problem
of determiningthe two joint planesthatthe vertex lies in betweenSunetal., 1999. After finding which
seggmenta vertex shallbe attachedye wantto registerit in local coordinatesystemin its attachedsegment
andthesegmentstwo joint planes.The pointcanthenmeanimatedaccordingo the movementof thejoint
planefrom skeletalanimationresultingin a correspondingleformationof the controlmesh.Let and
be theindicesof joint planesfor a segment,asillustratedin Figure7. Consideraline whichintersects
point andis parallelto segmentvector . Thepoints and arethe intersectionf line
with thejoint planesat and . Thennormalisedvectors and

canbe expressedn termsof the correspondingoint

planecoordinatesystemas:

(5)

where istheanglebetween and . Themappingfor vertex to segment is givenby:

(6)
. Thismappingrepresentapoint  attachedo segment
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Figure7: Point-to-linemapping

with four parameters . Using this local parameterisatioa point attachedo the skeletonis
moved accordingto the movementof the joint planeat eachend of the point. Thusasthe skeletonis
animatedhe pointis subjectedo stretch,shearandtwist movements.

Thelow-resolutioncontrolmodelis mappedo the skeletonusingthe point-to-linemappingdefinedby
equation6 to obtainfour parametergor eachvertex. Eachvertex is attachedo the nearessegmentfor
whichit lies inbetweerthe correspondingegmentjoint planes.For simple3D modelsandskeletalstruc-
turessuchasthe armandleg this enablesautomatianappingof thecontrolmodelto the skeleton.For more
complicatedyeometrysuchasthe shouldelit is necessaryo manuallyimposeadditionalconstrainton the
pointattachmentso ensurehatpointsfrom otherpartsof the meshsuchasthetorsoarenot mappedo the
arm. Having defineda mappingfor all verticeson the control modelmeshto the skeletonthe parameter
isationenablegeal-timeseamlessieformationof the meshfor realisticanimationasdiscussedn section
5.1.

4.3 High-resolutionto low-resolutionmodel mapping

In this sectionwe introducean automaticprocedurefor mappingthe high-resolutioncaptureddataonto
thelow-resolutioncontrolmodel. A generapoint-to-surbcemappingalgorithmis introducedbasecnthe
normal-wolumerepresentatiopresentedn section3.2.2. This mappingis continuousn the sensehatthe
neighbourhoodf any point in 3-spaceds mappedo the neighbourhoodormalvolume of the mapped
point  on the planarsurfaceof triangle on a genericcontrol model. For ary triangle , its vertex
normalsform a prismwhichis referredto normalvolume, , asdiscussedh section3.2.2.

To obtain a continuousmappingwe project points in 3-spacealong the correspondingnterpolated

trianglenormal. A point  onthesurfaceof triangle andits unitnormal canbedefined
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Figure8: Point-to-surbcemappingfor atriangleusingthe normal-wolume

by bi-linearinterpolationusingbarycentriccoordinatess:

(7)

wherefor a pointinsidethetrianglethe barycentriccoordinates , and areall positive
scalarvariables.By definitioncoeficients , and arein therange for points insidethetriangle.
Bilinearinterpolationof thenormalgivesa continuousrariationin thetrianglenormal, , acrosgheplanar
surfaceandbetweeradjacentriangles.Figure8 illustratesthe normalpassinghroughapoint . Thusary

point insidethenormalvolume canbeexpresseds:

(8)

where is the Euclideandistanceof the points alongthenormal from , asillustratedin Figure8.

Having definedthe above equationthe problemof mappinga point  from 3-spaceonto the triangle

becomeghe problemof solving for the unknavn coeficients . Noteif the point is outsidethe
normalvolumethenthe solutionwill give or notin therange . As thepoint , trianglevertices
andnormals areknown three-dimensionalectors,we have threeequationsn three

unknowvn variables. However, the variablesare non-linearlyrelatedand thereforecan not be solved for
directly. A two stepalgorithmis developedto solve this problem.

Firstly, isdefinedbasednthefactthat isontheplaneformedby
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Figure9: Mappinghigh-resolutiorleg modelto low-resolutionleg model

and . Theplaneequationcanbewritten as:

©)
where and . This formulationis usedto solve for . Figure8 illustratesthe
planethroughthe point definedby equation9. The planeis definedby threepoints which

aredisplacementby a distance alongthevertex normals.It shouldbe notedthateachvalueof defines
a unigueplane. The union of theseplanesis a continuousvolumewhich enclosesll pointsin 3-space.
Having obtaineda solutionfor thevariable , thecoeficients and canbeevaluatedrom equation8.

Figure 9 illustratesthe mappingof the high-resolutioncaptureddatamodel (Figure 9(a)) to a low-
resolutioncontrolmodel(Figure9(b)). Theresultsof the mappingprocessareshown in Figure9(c). Each
triangle on the high-resolutionmodelis colouredaccordingto the low-resolutiontriangle to which it is
mapped. Triangleswith verticesmappingto more than one low-resolutiontriangle are colouredblack
for visualisationpurpose. It shouldbe notedthat all meshverticesare mappedcorrectlyincluding those
belongingto triangleswhich crosslow-resolutiontriangleborders.This resultclearlyillustratesthat point-
to-surface mappingpartitionsthe 3D spaceto map 3D verticeson the high-resolutionmeshto the low-
resolutioncontrol mesh. This mappingcan be performedfor arbitrary geometryof the high-resolution
surfaceto obtainalocal parameterisationf measuremerdata.

The mappingdoesnot require that the low-resolutionmodel is a good approximationto the high-
resolutiondataas the normal-wolumesfill the entire 3D spacearoundthe low-resolutionmodel. Figure

10illustratesthe continuousmappingof a detailedheadshapeo a simplecubecomposef twelve trian-
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(a) High-resolutionModel  (b) Low-ResolutionControlModel (c) Normal-\blumeMapping

Figure10: Mappinghigh-resolutiorheadto a simplelow-resolutioncubemodel

gles.To achiererealisticanimationof thehigh-resolutiormodelbasedn deformatiorof thelow-resolution
modelit is necessaryo structurethe low-resolutionmodelto give a smoothchangean shapeduringanima-

tion.

5 Layered Model Animation

The mappingsof the low-resolutionmodeltrianglesto the skeletonandhigh-resolutioncapturedmodelto
thelow-resolutionmodelenableusto animatethe low-resolutionandhigh-resolutiormodels.This section

will discusshow thesemodelsareanimated.

5.1 Seamlessleformation of control mesh

In section4.2, we have introducedthe approachusedfor mappingpointsto lines. Givena genericmodel,
afterfitting a skeletonto it, the mappingalgorithmattacheshe meshof the genericmodelto the skeleton
automatically This mappingis performedonly for asingleposeof thegenericmodel. How doesthe model
deformwhenthe skeletonmoves?The objectve hereis to achieze a seamlessaindrealisticdeformationof
the genericmodelduring animation. Geometricmeshdeformationhaspreviously beenusedfor seamless
animation[BabskiandThalmann 1999k Kalraetal., 1999. In this sectionwe shav how the point-to-line
mappingand parameterisatiopresentedn section4.2 canbe usedto animatean arbitrarygeometryand
topologylow-resolutionmodel.

For eachposeof the skeletonduringthe movementwe first calculatethe orientationsof joint planesas

discussedn section4.2. Thenfor eachvertex in the genericmodelwe usethe mappingresultsandjoint
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Figurell: Animationof low-resolutioncontrolmodel

local coordinatesystemsdn two joint planesto calculate and . Finally usingthe parameters

and from equation6 we have anew vertex position:
(10)

Noticethatin theabove formula andd areknown from themappingprocess; and arenewv
joint positions known from joint animation;andtheonly computationsnvolvedarethecalculationof
and . Thereforethewhole calculationof new vertex positionsduringanimationis highly efficient.

Equation10 givesa continuousdeformableanimationof thelow-resolutioncontrolmodelbasednthe
skeleton.However, thisdeformatiormayresultin anapparenthinningalongthesegmentandsharpcreases
nearjoints. To compensatéor this we introducea simplecorrectiontermto thedistance in equationl0
which ensureghat maintainsa constantuclideandistancerom the nearesbn the skeletonsegment,

is constant. This simple modification eliminatesthinning and resultsin smoothrounded

meshdeformationnearjoints resultingin a realisticmeshanimation.Figure11l andFigure12 shav some
examplesof animationof low-resolutioncontrol modelsusingthe approachegroposedn the paper The

resultsarerealisticandthe animationsarereal-time.

5.2 Seamlesgsleformation of high-resolutionmesh

Thenormal-wlumebasedoint-to-suracemappingpresentedh sectiord.3canbeusedio mapall vertices
in a high-resolutionrmeshonto a low-resolutionanimationcontrol model. This givesa high-detailobject
representatiowhich canbe animatedefficiently usingthe controlmodel. The problemthenis to achieve a

seamlessmoothanimationof the high-resolutiormodelbasedn displacementf the controlmodel.
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Figurel12: Animationof wholebody: low-resolutioncontrolmodel

Figurel3: Layeredanimationof high-resolutiorcaptureddatamodelfor leg
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Figurel4: Wholebody’s armanimationof high-resolutiormodel

Givenahigh-resolutiormodel we pre-computdor eachmeshvertex thenearestnapping
insidethenormal-wlumeof alow-resolutiontriangle  with mappingcoeficients asdiscussedn
sectiord.3. Thishasbeenshavnin Figure8(b). If thelow-resolutionmodelgeometryis modifiedsuchthat
verticesof triangle arechangedo new positions andvertex normalsaremodifiedto

. Usingequation7 andequation8 we canevaluatethe new positionof vertex ,

onthehigh-resolutiormodelas:

(11)

As the new vertex position is only dependenbn the triangle vertex positionsand normalsof the
underlyinglow-resolutionmodel, the high resolutionmodelwill deformefficiently andseamlesslasthe
low-resolutionstructureis manipulated. Figure 13, Figure 14 and Figure 15 shov someresultsof our
layeredanimationof high-resolutioncaptureddatamodels. The leg model(Figure 13) has5102vertices
and 10200trianglesand the genericmodel usedonly has210 verticesand 416 triangles(Figure 11(a)).
Figurel14 consistf 13202verticesand26243trianglesandthe controlmodelhas1010verticesand2014
triangles. The dinosaurin Figure 15 has17334verticesand 36276triangles(texture mappedmodelfrom
[Fitzgibbonetal.,1999). The resultsdemonstratehat using our layeredanimationmodel, efficient and

realisticanimationof capturechigh-resolutiordatacanbe achieved.
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Figurel5: Dinosaurstail animationof high-resolutiormodelwith texture
6 Discussion

Theframework introducedn this paperenableseamlesgeformableanimationof high-resolutiorcaptured
measurementslowever, thereareseverallimitationsof the currentimplementatiorof this framework.

Firstly, the automaticmappingof a meshmodelusingthe point-to-linemappingintroducedin section
4.2 is limited to simple surface wherethe closest-pointcriteria togetherwith the joint planescorrectly
identifieswhich segmentof a skeletona point shouldmapto. This criteriafails for complex segmentssuch
asthe shoulderwhereadditionalconstraintsare requiredto prevent pointsfrom the torso beingattached
to the arm. Animation of the shoulderhasbeenachiaered by placing an additional plane constraintat
the shoulderjoint to separatehe arm from the body Currentlythe useof additionalconstraintgequires
manualinteraction.Furtherwork is requiredto addressautomaticnodelto skeletonmappingfor complex
sggments.

Thelow-resolutionmodelanimationbasedon geometricdeformation5.1 overcomedimitations of our
previous method[Sunetal., 1999 to allow deformationdue to twist aswell as stretchand shear This
producesmoothseamlessleformationof the modelbasedn skeletalanimation.However, this animation
is currentlylimited to simplechainsof joints suchasthearmor leg andcannotanimatemorecomple joints
with multiple branchesuchasthe pelvis. Additional researchs requiredto addresghe animationof the
low-resolutionmodelfor joints with multiple branches.

Animation of the high-resolutiormodelbasedon the deformationof the low-resolutionmodelresults
in asmoothseamlessleformation.This providesan efficient mechanisnfor animatingthe high-resolution

surfacedetail. Thequality andrealismof thehigh-resolutiorsurfaceanimationis directly dependenbnthe
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guality of thelow-resolutionrmodelanimation.Greaterealismcouldbeachiezedusingalternatve methods
suchas FFD or physics-based@iechniquego animatethe low-resolutionmodel. The layeredanimation

framework providestheflexibility to useotheranimationmethodsbut this hasnotyet beentested.

7 Conclusions

In this paperwe have proposeda techniquefor building layer animationmodelsof real objectsfrom 3D
surfacemeasuremendataof real objectsto achieve realisticanimationwhilst maintainingdetail. A hand-
heldrangesensosystemis usedto captureobjects.The capturednodelshave highly detailedandrealistic
surfacesbut arecomposeaf millions of polygonsandtheir articulationstructuresareunknavn. A layered
animationsystemis built to animatecapturednodelsrealisticallyandefficiently. Initially askeletonmodel
is placedinsidethe captureddata. Automaticmappingproceduresreintroducedo construcia mappingof
thehigh-resolutiormodelto alow-resolutiormodelandlow-resolutionrmodelto askeleton.Thisprocedure
is quick andefficientresultingin alayeredanimationmodelwhich allows real-timemanipulatiorandhigh-
resolutionrendering.

The principal contributionsof this paperare:

Geometridusionof measurementsom a hand-heldangesensoiinto a singlemeshsurfaceusinga

new volumetricintegrationalgorithmbasedon the normal-wlume.

Introductionof a new point-to-suricemappingalgorithm basedon the normal-wolume. This ap-
proachenableghe correspondencleetweerthe high-resolutiorcapturednodelandalow-resolution

controlmodelto beautomaticallyestablished.

Presentatiorof a layeredanimationframevork which achiares seamlessleformableanimationof
high-resolutioncapturedmodelsbasedon skeletonanimationand deformationof a low-resolution

controlmodel.

The animationof high-resolutioncaptureddatabasedon a low-resolutiongenericmodelof the object
openaupthepossibilityof beingableto rapidly captureandanimatenew objectsbasedn existing libraries

of genericmodels.
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