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Abstract.

Deformablemodelsare a powerful tool in both computergraphicsand computervision. The de-

scriptionandimplementatiorof the deformationshave to be simultaneouslye xible and powerful, otherwisethe
techniquemaynotsatisfytherequirementsf all thedistinctapplicationsin this papemeintroduceanew method
for deformablemodelspeci cation: deformableelds. Deformable elds areconceptuallysimple,leadto aneasy
implementationand are suitablefor adaptive models. We apply our new techniqueto describean adaptve de-
formableface,and comparethreedifferentadaptationstratgies. Additionally, we shav how our techniqueis

suitableto describdifferentindividuals.

1 Intr oduction

Deformablemodelsareatthe heartof mary applicationsn

bothcomputeigraphicsaandcomputewision. Thesemodels
canrepresentigid parts,suchasin CAD applications;ar

ticulatedrigid bodies suchasin robots;or soft deformable
surfaces,suchasthe humanface. It is not an easytaskto

to represenandmanipulateall thesedifferentobjectsin a

uni ed way.

In computergraphics,the modelsusually needmorethan
justrigid transformationgo corvey realismwhereasn com-
putervision, model-basedechniquesisethis samemodel
to reducethe searchspaceof inverseproblems,such as
trackingor tting. A goodmodelfor the deformationswill
allow betterresultsandmorerobustimplementations.

Concrete8D modelsareusuallyrepresentetly a nite num-
ber of vertices whoseconnectity is organizedn amesh;
thatis, a discretizationof the surface. This discretization
is critical to theapplication:too few verticesandthe model
approximatiorwill bepoor;toomary verticesandit will be
computationallytoo expensve to performall calculations,
sincemary algorithmshave higherthanlinear complexity.

Either, thedesigneneedsagoodunderstandingf theprob-
lem beforehandsoasto chooseheright modelresolution,
or we needa computeralgorithmto automatehetask.

In this paperwe addresshe questionof adaptingand de-
forming modelssimultaneously First, we introducethe
concepf deformableelds (Section3). Deformableelds
areanew methodo describedeformationghatareresolution-
independentThey areconceptuallysimple,leadto aneasy
implementationandaresuitablefor adaptve models.

Thenwe describenow a powerful adaptve meshiibrary can

be pluggedinto the deformationdescriptionsystem(Sec-
tion 4), and comparedifferentmesh-re ningcriteriato a-
chieve levels of detailbestsuitedto the applicationat hand
(Sectionb).

We presenthe deformationandanimationof humanfaces
asa concreteapplicationof thetechniqueslescribedn this
paper(Sectionss). We derive a simplesetof deformations
andshaw thatthey areindeedfaceindependent.

2 RelatedWork

In orderfor a computergraphicsor computervision appli-
cationemploy deformablemodels,it needssometype of
geometryanddeformationrepresentatiofil5, 24, 8, 4, 21,
11, 3]. In computewision, thesemodelshave beenusedfor
applicationssuchastracking, tting, recognition,andsey-
mentation[15, 6, 2, 18]. Humanfacesarea particulartype
of objectthatattractsa lot of attention[4, 7, 20, 21, 11].

Thereexist a signi cant numberof problem domainsin
which dynamicmeshesarerequired.Consequentlthelit-
eraturein this areais vast. Herewe will mentiononly a
few illustrative examples.[5] employs anin ating balloon
modelto reconstructa surfacefrom volumetricdata. The
dynamicmeshis basedon re nement by edgebisection.
[16] proposes multiresolutionshaperepresentatiobased
on geometrysmoothinganddynamicmeshesThe adapta-
tion usesedgecollapsesedgesplitsandedge ips.

Existingschemegor dynamicmeshesreusuallybasedn
operationgde ned on edgeshecausef their goodadapta-
tion properties.Multiresolutionrepresentationsanbe de-
ned throughglobalor local operationson a mesh[10]. In



orderto supportadaptationthe multiresolutiondatastruc-
ture hasto be constructedisinglocal operations.Progres-
sive mesheg14] constituteoneexampleof suchdatastruc-
ture. Another example are the hierarchical4-K meshes
[22]. In this kind of representationdifferentmeshescan
be dynamicallyextractedfrom the datastructure However,
thelocal operationseedto be explicitly stored.

3 Deformations

Rigid modelshave their fair shareof applications,but in
mary applicationssuchasanimatiorandmodel-basetrack-
ing, we needmodelswhoseshapeandattribute canchange
over time. Usually, thesechangesare controlledby a set
of parameterssuchthat the entire modelcanbe fully de-
scribedby aninstanceof this, potentiallylarge, parameter
space.

As laserscannerdecomemoreaffordable,it becomesn-
creasinglyeasierto obtaindetailed3D rigid modelsof the
surfacesof interest. Yet, the basic problemremainsthe
same: how canwe deform this surfaceaccordingto our
needs,suchthatit will work acrossdifferentinstancesof
this sameobjectwith minimal userinteraction?

First,we needto t theresultof thescanto a“normalized”
mesh,soasto have a basisfrom which to work. We apply
a PCA basedmethod[4] to accomplishthis t. Theresult
is anormalized2D spaceepresentinghe model's surface,
calledtheu; v spacewhichdescribeshegeometrideatures
of theface(suchasthe cornersof theeyes)asa functionof

u; V.

We now describea novel methodto describedeformations.
It is a cascadeadompositionof deformation elds applied
over the u; v space.Becausehis spaceis normalized this
methodresultsin resolutionandperson-independedefor
mations.

3.1 Computation of model coordinates

In orderto visualize,track, or processa model,we needto
calculatethe three-dimensionatoordinatesof eachpoint
Bi, giventhe valueof the deformationparametesq: For ev-
erypoint p;; in u;;v; thereis afunctionF = R, suchthat

Pi = R = F(g;ui;vi) = Ry (8): 1)

ConceptuallywerepresentheF; asacascadef basicmath-
ematical operations,such as adding a vector to a point,
scaledoy aparametefl]. Althoughsimple,thisrepresenta-
tion is powerful enoughto describearny numberof complec
deformationsandalso connectswell with the conceptof
deformation elds, which we describan thefollowing.

3.2 Deformation Fields

Deformation elds arearesolution-independemtay to de-

scribedeformationverthewholemodel.Sucha eld de-

scribeshow deformationdehaewith respecto thecontin-

uousdomainu; v of themodelsurface. This eld canthen

be sampledat discreteu; v points, one per modelpoint, to

obtainthe F;, thatis, the cascadef basicmathematical
operationsfor the computationof the point's 3D coordi-

nates.

Thereare three elementsneededto de ne a deformation
eld: thetype of deformationitself, a setof vector elds,
anda setof parameters Additionally, a deformation eld
might operateover the resultsof otherdeformationselds,
allowing the compositionf results which correspondso
theaforementionedascadef mathematicabperationgor
amodelpoint.

A vector eld VTisafunctionvf: 2! 3 de nedover
theu;vdomain.lt isusedary timewhenadeformationeld
requiresanu; v-dependentectorto represenits mathemat-
ical operation.

3.3 Two Examplesof Deformation Fields

Examplel. A geometryimage[13]isarigid modelwhich
canbetreatedasa specialcaseof a deformationeld. We
interpretthegeometryimageasadiscretizeddescriptionof
a vector eld. The constantdeformation eld takesonly
onevector eld asaparameterwhereits valueat u;v pro-
videsus with the 3D positionof the correspondingnodel
point. _

puy = VIEMRU;v); @
wherey/ 980 madqs thecontinuous/ector eld, obtainedrom
thethediscretizedyeometryimagethroughinterpolation.

Example 2. A descriptionof a pcA face[4] is alsoeas-
ily accomplishedhrougha cascadef deformation elds.
We describethe meanpositionswith a constantdeforma-
tion eld,

Pov(8) = VMU V); 3
whereV™ea" hehaes like in the previous example. For
every principal componenk, we cande ne a vector eld
VPG%, We createa cascadef Add\ectordeformationelds,
wheredeformation eld k will take into accountall PCA
components k: Thek" deformationeld takesthek 1"
deformationeld andaddsaparametetimesavector eld.
We describehis cascadas

pu(8) = P HE) + ok VPX(u;v); (4)

whereqy is the parameteresponsibldor thek pca com-
ponent.



3.4 Deformable Faceswith Deformation Fields

A verysimpledeformabldace,yet powerful andusefulfor
tracking,canbe de ned asa cascadef afew carefullyde-
signedaf ne transformationsthatis, AddVectordeforma-
tion elds (Equatiord).

We startwith a representationf the faceat rest,whichis
in no way an easytask, and a fertile areaof studyin its
own right[19, 8, 4]. First,we de ne the eyebrov deforma-
tions usinga vector eld, whichis zero-valuedoutsidethe
in uence areaof the eyebravs. The vectorsare assigned
monotonicallydecreasingnagnitudegrom a maximumat
the eyebravs themseles,to zero at the border(Figure 1,
top center). This deformationcanbe brokeninto two sep-
arateones,if we requireasymmetriceyebrov movements
in the face. This deformationsimulatesthe effect of the
frontalisfacemuscle.

Simplelip movementscan be modeledby the use of two

differentmuscles- the zygomaticmajor, which pulls the

lips andcheeksn thedirectionof thetemplesandtheriso-

rius, which pullslips andcheeksn thedirectionof theears.
Again,eachdeformatiorcanbesplit into two for asymmet-
ric movementgFigurel, top right andbottomleft).

Finally, jaw openingscanbe modeledby a constantopen-
ing area(chin), superiorandinferior lips (that createshe
elliptic openingof the mouth),anddecreasingaluesuntil
theborder(Figurel, bottomcenter).

The cascadingof thesesimple af ne transformationsal-
thoughwith fairly complex vector elds, providesuswith a
deformabldacemodelthatis sufciently powerful evenfor
computervision tracking from a single uncalibratedcam-
era[ll, 12]. Ourtechniqueandframework allow usto use
representationsonstructedrom captureddata[3], to de-
sign deformationsby hand[11], and evento usehybrids
approaches.

4 Adaptive Mesh

Recallthatthe deformablemodelis a discretizationof the
targetsurface.Oneof themostcommondiscretizatiormeth-
odsis througha polygonalmeshthatdecomposethe base
domainandgivesa pieceviselinearapproximatiorof vari-
ouspropertiesde ned over the domain- includingthe ge-
ometryin caseof a parametricsurface.

In applicationghatemploy deformablemodelsit is desir
ableto have all the computationsstructuredndependently
of a particular surface discretization. We have achieved
onehalf of thisrequirementhroughthe useof deformation
elds overtheu;vdomaindescribedn theprevioussection.
The otherhalf consistof developingmethodgo make the

piecaviselinearapproximatiorsuf ciently accuratdor the
purpose®f theapplication.

Forthisreasonit is desirabldo haveamesHhibrary thatcan
provide the applicationwith a dynamicadaptve discretiza-
tion of the surfacebasedn problem-dependemtiteria. In
this way; it is possibleto cleanly separatehe application
speci c computationgrom the meshinfrastructuremainte-
nance.

In the following we describea dynamicadaptve meshli-

brary basedon stellaroperatorghat addressemostof the
requirementsf applicationslealingwith deformablemod-
els. This library encapsulateall the functionality for sup-
portingthe meshrepresentationTheimplementatioris ro-
bust, computationallyef cient andeconomicain termsof
memoryusage Thelibrary API is easyto useandprovides
theright level of abstractiorfor theapplication.

Thislibrary hasthefollowing features:

The meshis basedon the half-edge a standardopo-
logical datastructure Becausehe half-edgeis widely
adopted thereare mary applicationsthat canbene t
from this library.

Themeshhasanunderlyingsemi-rggularmultiresolu-
tion structure As aresult,noadditionalstoragebeside
the currentstateof the meshis requiredin the repre-
sentation.

Themeshdynamicallychangests resolutionbasedn
generahdaptatiortriteriaspeci edby theapplication.
This is implementedhroughre nementandsimpli -
cationmethodghat maintaina restrictedmultiresolu-
tion.

Thelibrary API includesoperatordor meshcreation,
dynamicmeshadaptatiorandtopologicalqueryoper
ators.

Thelibrary is basedn resultsfrom stellarsubdvision the-
ory andthe notion of binary multi-triangulation. We now
give anoverview of theseconceptsanddescribetheimple-
mentationof thelibrary.

4.1 Splitting and Welding

The key to an adaptve meshrepresentations an under
lying multiresolutionstructure. A multiresolutionmesh,

gulationsof adomainU, suchthat,jMij  jM;j, fori < j,
wherejMj is thenumberof trianglesof ameshM.

In generalthemeshed; 2 H arerelatedby operatorghat
performre nement or simpli cation to changethe mesh
resolution. It is desirablethat theseoperatorsaffect the
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Figurel: Cascad®f deformableelds thatgenerate simpleface.

meshonly locally. This propertymalesit possibleto create
mary multiresolutionsequenceby piecingtogetherinde-
pendentocal modi cations.

Stellarsubdvision theoryprovidessuitablelocal operators
to modify the resolutionof a mesh.The stellarsubdvision

operatordor two-dimensionatrianglemeshesre theface

split andits inverse,the faceweld, andthe edge split and

its inverse theedge weld

The maintheoremof stellartheoryassertthattheseoper
atorscantransformbetweenary two equialenttriangula-
tions [17]. Moreover, stellarsubdvision operatorsde ne
the mostlocalizedatomic changedo a triangulation. We
usestellar subdvision operatorson edgesas the building
blocksfor multiresolutionmeshes.

4.2 Semi-RegularBMTs

The adaptve meshmaintainsthe multiresolutionstructure
of asemi-rgularbinarymulti-triangulation.A binary multi-
triangulation (BMT) is a multiresolutionstructureformed
by applying edgesplits to an initial mesh,M, calledthe
basemesh andproducinga nal mesh,M, calledthe full
mesh The BMT can be thoughtof asa directedagyclic

graphDAG describingall possiblepathsof localchangeso
themesh[22, 9]. In thisDAG, arrovs arelabeledwith stel-
lar subdvisions on edges,andthe verticesrepresensub-
meshesAny cutin the DAG thatseparate® from M rep-
resentsa valid mesh calledthe currentmesh

A regular binary multi-triangulation (RBMT) is a binary
multi-triangulationthatsatis esthefollowing conditions:

1. Thebasetriangulationis the unionof basicblodks

2. Edgesplitsareonly appliedto interior edgesof basic
blocks

A basicblodk is a pair of triangleswith a commonedge,
calledthe internal edge of the block. The otheredgesare
calledexternaledges In anRBMT, whentheinternaledge
of abasicblockis subdvided,new blocksareformedwith
theadjacentrianglesandsomeadditionaledgesmay need
to be subdvided. In thatway, externaledgesof previous
blocksbecomenternaledgesof new blocks. This process
is calledinterleavedre nementand producesa restricted
quad-tee[23], in whichadjacentrianglesdiffer atmostby
oneresolutionlevel.

Theregularity of theRBMT allows usto storeonly thecur-
rentmesh,yet allows usto re ne or simplify the meshac-



cordingto the multiresolutionstructure.

5 Adaptive Re nement and Simpli cation

The meshadaptatioris implementedn the library by en-
forcinga RBMT structureusingoperatordor restrictedre-
nementandsimpli cation.

Thelibrary assumeshatshapeanformationis known to the
applicationindependentlyof the mesh. More speci cally,
thefollowing requirementsieedto be satis ed:

Thereis abasedomainin which the surfacegeometry
andotherpropertiesarede ned,;

It is possibleto take andcomputesamplef pointson
thesurface.

Theapplicationprovidesfour functionsto thelibrary through
asurfaceobject: aprocedurdo construcia polyhedrorthat
de nes the geometryand topology of the basedomain;a
samplingfunction to evaluatethe geometryof the surface
at a vertex of the mesh;andre nementandsimpli cation
teststo determineavherethemeshneeddurthersubdvision
or coarsening.

The library API for meshconstructionand adaptationis
composedf a meshconstructorthattakesasa parameter
thesurfaceobject,andmethoddor adaptvere nementand
simpli cation of the mesh. Thesemethodsusethe adapta-
tion testfunctionsandthe samplingfunctionof the surface.

The functionality of the meshlibrary is sufcient to create
adaptve meshe®f dynamicsurfacesfor our applicationof

deformablemodels. In this context, someimportantspe-
ci c aspectare;

The basemeshincorporatesll theimportantfeatures
of thesurface;

Thesurfaceis de ned by aparametridunction;

The criteriafor meshadaptatiorare derived from the
deformationgriven by tracking,discussedn the fol-
lowing sections.

5.1 Obtaining the BaseResolution

Oneof the secretdor this methodto work well is a prop-
erly built baseresolutionmesh.ldeally, the coarsesmodel
shouldalreadyhave the appropriatetopological structure
for the adaptve mesh. Additionally, the model triangles
shouldhave approximatelthe samesurfacearea,for a vi-
sually pleasante ning process.

We satisfythe rst requirementoy enforcingcompliance
of the basemeshwith the topologicalrequirement®f the

adaptatiorschemeThemeshlibrary providesfunctionality
to bringthebasameshinto therequiredform throughaone-
time applicationof carefully selectededgesplits.

Initial similar-sizedtriangles,on the other hand,imply a
goodbalancebetweeminimal detailselectionandthevari-
anceof the edgesizes.Sofar we have maintainedhis bal-
ancethroughmanualselectionof pointsin the u;v space,
and triangulationof this spacewith constraints(with the
helpoftriangle 1) to nd thebaseconnectvity. Wethen
usethedeformationelds themselesto generatéheappro-
priatebasegeometry

In Figure2awe shov ahand-craftedhasemodelconstructed
from coordinatesin u;v, andin Figure 2b we shawv the

modelaftermakingit compliantwith the RBMT structural

requirements.

5.2 Adapting the Meshto the Model

Oncewe have thebasemodelat the coarsespossiblereso-
lution, we have to decideby how muchto re ne themesh
to obtaina good-lookingmodel. Theoptimallevel of detail
dependn boththe facial characteristic®f the person to
whomthe meshis beingadaptedandwhich areaof theface
we arelooking at. An additionalconcernis the complexity
of there ned model— asthenumberof trianglesincreases,
sodoesmemoryconsumptionandcomputationabverhead
for the animationof the model. In the following we com-
parethreedifferentre nementstrateyies.

5.2.1 Unconditional Re nement

This stratgy is the simplestone possible: repeatedlyre-

ne a modela x ed numberof times (threetimesin the
examplespresentedn this paper).The advantagesarethat
this re nement methodis very fast, becausehereare no
time-consumingests,andthatit is guaranteedo yield a
good-lookingmodelwith a high level of detail. Offsetting
theadwantageshowever, is theindiscriminatelyhigh num-
berof verticesandtrianglesin theresultingmodel,with all
thecomplity disadantagesnentioneckarliet

5.2.2 Normals-BasedRe nement

The ideabehindthis stratey is to obtaina smoothmodel
by breakingup sharpridgesandvalleys, andjaggedangles
at the modeledges.Ridgesandvalleys arede ned by the
anglebetweerthetrianglenormalsof ary two trianglesthat
sharea commonedge.If it falls above a thresholdwe re-
ne the edge. Similarly, jaggedanglesat the modeledges

http:/Avww-2.cs.cmu.edu/ quake/triangle.html



(@)

113vertices
195triangles

(b)

233vertices
414triangles

(©

3416vertices
6624triangles

(d)

1917vertices
3674triangles

(e)

1351vertices
2567triangles

Figure2: (a) Original mesh,(b) Meshin RBMT form, (c) Unconditionalre nementto constantdepth,(d) Normals-based
re nement,(e) Surfacecontourerrorbasede nement. Left to right: Meshin u-v spacePolygonalmesh,Facewith texture
applied.



Figure3: Differentfacesunderdeformations.

occurwhenthetriangleorientationsat the endpointdiffer
greatlyfrom one another To computethe difference,we
averagethe triangle normalsof the trianglessurrounding
eachrespectie endpoint.If theanglebetweertheaverages
fallsabove athresholdwe re ne theedgein question.

This methodis computationallyinexpensve, andresultsin
reasonableapproximationsof the model surface contour
Thenumberof verticesandtrianglesin theresultingmodel
is muchlowerthanwith theunconditionare nementstrat-
egy. On the other hand,if thereare indeedsharpridges
in the contour suchasaroundthe eyes andthe lips, this
methodkeepsre ning unnecessarilyithouta correspond-
ing increasean theappearancef themodel.

5.2.3 SurfaceContour Err or-BasedRe nement

This strateyy directly computeghequality of the polygonal
approximatiorto the true contourof the model. We de ne
theerror of apolygonPoly ata point (u; V) to be:

Proty(U; V) )

wherepy.y is the 3D positionof the contour andPegiy(U; V)
is the 3D positionof the polygonat coordinategu; v).

Eroly(U; V) = puyv

Thenthetotal errorin theapproximatiorof thesurfacecon-
tour with the polygonis
z

Epoly = &poly(U; V) dudv: (6)
Poly

The averageerroris obtainedby dividing ey by the area
of the polygon. If it falls above a threshold we re ne this
polygon.In addition,we computethe maximumerror

muf\J}X eroly(U;V) )

which helpscapturepeaksandtroughsin themodelsurface
contour andletsusre ne accordingly

This methodyields a visually pleasingre nement of the
modelwith far fewer verticesandtrianglesthanwith either

of the two othermethods(Figure 2e), at a highercompu-
tational cost. Evaluatingthis criterion requiresa discrete
approximationof the integral in Equation6, via sampling
the polygon. For the modelsshown in Figure 2, this pro-
cesds threetimesslower thannormals-basednduncondi-
tional re nement. Therefore this criterionis bestsuitable
for applicationsvherewe changehemodelparameterfre-
quently andre ne the modelonly infrequently

6 CaseStudy: Deformable, RetargetableFaces

We have coupledthe library describedin Section4 with
an implementationof the deformation elds in Section3
andtheadaptatiorstrategjiesin Section5 to ourdeformable
model simulationand tracking system[11, 12]. Figure?2
shaws that our descriptionwith deformation elds is res-
olution-independentAt this level of detail, animationof
thefacialparametergsanbe donein realtimeon a Pentium
4 systemrunningat 2.4 GHz. The re nementof the base
meshtakes0.7 seconddor the unconditionalandnormals
criteria,and2.5 secondgor the contourbasectriterion.

Becauseheu; v spacds normalizedacrosdifferenthuman
faces(Section3), in theorythe deformationmapsshould
apply to any humanfacethat can be representedn this
normalizedspace. To testthis hypothesiswe appliedthe
deformationsto a few of the subjectsof the datasetrca
datasetf [4], sevenin total. An exampleselectiornof faces
is shavnif Figure3. This gure, aswell asthe supplemen-
tal movie, shav thatour methodindeedmakesretageting
feasiblewith minimal effort.

Hence,we have threeimmediatebene ts: we cananimate
an arbitrary face,do model-basedracking of an arbitrary
person(afterproper tting), andretaigetfacialmotions.

7 Conclusionsand Futur e Work

In this papemwe have describeduni ed approacHor adap-
tive deformablemodels,with humanfacesasa casestudy
Thisapproachs basednrepresentinghemodelgeometry
in a normalizedu; v space,andde ning deformationsvia



deformatiormapsandvector elds operatingonthis space.
This methodis sufciently powerful to make thede nition
of modelsand deformationsboth resolution-independent
andretagetable.

Theframework for meshadaptatiordescribedn this paper
is easyto use. The logic for whento re ne and simplify
the meshcan be encapsulatedh just two functions. We
have shavn by way of threedifferentre nementstratayies
thatit is easyto obtainjust theright level of detail for the
application.

Currently we arein the processof applying thesetech-
niquesin computervision, for deformableface tracking.
For thatwe will needa working setof view-basedandtex-

ture-basedadaptationcriteria. We are also investigating
possibletechniquego learndeformationsrom real datain

anautomatednanner
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