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Figurel: Deformationtransfercopiesthedeformationexhibitedby a sourcemeshontoadifferenttargetmesh.In thisexample deformations
of thereferencehorsemesharetransferedo the referencecamel,generatingseszen new camelposes.Both grossskeletalchangesaswell as

moresubtleskin deformationsaresuccessfullyeproduced.

Abstract

Deformationtransferappliesthe deformationexhibited by a source
triangle meshonto a differenttarget triangle mesh. Our approach
is generaland doesnot requirethe sourceandtarget to sharethe
samenumberof verticesor triangles,or to have identical connec-
tivity. Theuserbuilds a correspondencemapbetweerthetriangles
of the sourceandthoseof the target by specifyinga small set of
vertex markers. Deformationtransfercomputesthe setof trans-
formationsinducedby the deformationof the sourcemesh,maps
thetransformationshroughthe correspondencigom the sourceto
the target, and solves an optimizationproblemto consistentlyap-
ply the transformationgo the target shape. The resultingsystem
of linearequationanbe factoredonce,afterwhich transferringa
new deformationto the target meshrequiresonly a backsubstitu-
tion step.Globalpropertiesuchasfoot placementanbeachieved
by constrainingvertex positions. We demonstrateur methodby
retagetingfull body key posesapplyingscannedacial deforma-
tions onto a digital characterand remappingrigid and non-rigid
animationsequencefom onemeshontoanother
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1 Intro duction

Meshdeformationplaysa centralrole in computermodelingand
animation.Artists hand-sculpfacialexpressiongndstylizedbody
shapesThey assembl@roceduratdeformationsandmayusecom-
plex musculaturesimulationsto deforma charactes skin. Despite
thetremendousmountof artistry; skill, andtime dedicatedo craft-
ing deformationstherearefew techniqueso help with reuse. In
orderto reusea deformationcreatedfor one shapeto deforman-
other the speci ¢ parametershatcontrolthe deformationmustbe
adaptedo thenew shapeln mary casesadaptingheseparameters
is just astime consumingas startingfrom scratch. Although spe-
cial purposeadaptionmethodsexist, the problemis compounded
in the commoncasewheremary differentdeformationtechniques
are usedin tandem. An automaticadaptionmethoddesignedor
onetype of deformationmay fail in the presenceof others. Fur
thermore,ary hand-sculptealterationswill belost. As aresult,
thework spentdesigninga deformationtypically cannotbe reused
afterits plannedapplication.

Ourresearclamendghis problemby automaticallycopying de-
formationsfrom onemeshonto another This deformationtransfer
techniqueis our centralresearchcontritution. We usea general
approachthatrequiresno knowledgeof the actualmethodusedto
deformtheoriginal shape Ourtechniquds purelymesh-basednd
doesnot requirethe two meshego sharethe samenumberof ver
ticesor triangles,or to have identicalconnecwity. However, our
algorithmis designedfor the casewherethereis a clear seman-
tic correspondencieetweerthe two meshesndicatingwhich parts
of the sourceandtamget shoulddeformsimilarly. Our systemcan
transferhand-sculptedlterationsaswell asdeformationgesulting
from arbitrarily complex procedurabr simulationbasedmethods.
Figurel demonstratesur methodusedto transferfull body defor
mationsof a horsemeshontoa camel. The camelmeshwasnever
articulatedandtheresultingcameldeformationsarecompletelyde-
rivedfrom the sourcemeshusingdeformationtransfer

With the aid of a correspondenctol, the usersuppliesa map-
ping betweerthetrianglesof thesourceandthoseof thetarget. For
eachtriangle of the sourcemesh,our methodcomputesan af ne
transformatiorthat takesthe triangle from its original positionto
its deformedposition. Theseaf ne transformationstogethemwith
the correspondencespecifythe ideal changein orientation,scale,



To appearin SIGGRAPH004.

andskew of eachtriangleof thetamgetshape However, theseideal
transformationswill not, in general,be consistentwith respecto
one another: applieddirectly without modi cation, the transfor
mationswould not presere the connectednessf the target mesh.
Therefore,to nd the deformedtarget shape,deformationtrans-
fer solvesan optimizationproblemsuchthatthe ideal changesre
matchedascloselyaspossiblewhile maintainingconsisteng. The
retageting processis numerically ef cient, asthe systemof lin-
earequationdor a source/taget pair canbe factoredandstoredin
a precomputatiorstep. Transferringa new deformationfrom the
sourceto thetargetrequiresonly performingbacksubstitutionvith
the storedfactorization. Global propertiessuchasfoot placement
canbeachievedusingpositionalvertex constraints.

2 Background

Deformationtransferis a generalizatiorof the conceptintroduced
by expressiorcloning, which transferdacial expressiongrom one
facemeshto anothefNoh andNeumanm2001]. In this approach,
eachexpressionis encodedwith vertex displacementshat de ne
thedifferencesdetweerthereferencdaceandthe expressiorface.
Expressiorcloning usesheuristicsdesignedo adaptthe direction
andscaleof displacementectorsto accountfor facesof differing
shapeand proportions. This representatiorand adaptationtech-
nigueis specializedor the deformationghatarisein facialexpres-
sions. Our methodtransfersarbitrary nonlineardeformationsby
computinganoptimalglobaldeformationof thetamgetshape.

Oneway to represensucha global deformationis with a free-
form deformationSederbey andParry 1986]in which a lattice of
control pointsinducesa deformationon the enclosedspace.With
this or a similar representationary target meshcanbe deformed
with easeby applyingthe global deformationto every meshver
tex. The Inkwell 2D systemusespreciselythis strat@y to animate
different2D charactersvith the samesetof hand-animate@€oons
patchedLitwinowicz 1991]. However, this approachs harderto
generalizewhenthe sourcedeformationis not initially described
by a free-form deformationor a similar representation.In these
casesthemethodmustinfer boththe structureof the controllattice
andthe position of its control points, or, lessoptimally, solve for
the control points of a speci c lattice structure[Hsu et al. 1992].
A x edlattice structureis not optimal, because reasonablysized
lattice cannotexpressarbitrary nonlineardeformationsof vertices
for every tagetmesh[SinghandFiume1998].

Deformation transfer resoles this problem by using locally
speci ed deformationgBarr 1984], which cande ne ary global
nonlineardeformationof meshvertices.This approachextendsthe
ideasfrom Alexa, Cohen-Oy and Levin's [2000] shapeinterpola-
tion techniquewhich maximizestherigidity of a blendedshapeby
computingthe optimal deformationof its interior. We shav that
the interior of the target meshneednot be consideredor transfer
of meshdeformation. Our boundaryformulation hastremendous
practicaladvantagesilt greatlysimpli es thenumericalcompleity
of the transferprocessand malkesit easierto specify regionsthat
shouldmove similarly.

The conceptof deformationtransfercan be posedas an anal-
ogy: givena pair of sourcemeshesSand<® anda tamgetmeshT,
generatea nev meshT?suchthatthe relationshipbetweenT and
TOis analogouso the relationshipbetweerS andS® This form of
reasoningvasusedto transferdraving stylesbetweertwo curves
[Hertzmannet al. 2002]. Deformationtransferappliesin the spe-
ci ¢ casewherethe relationshipbetweenS and S’is a continuous
global deformationof the spaceandnot an arbitrary relationship.
This specializatiorenablesoptimal reproductionof the sourcede-
formation on the taget mesh. Furthermore deformationtransfer
doesnot requirea commonparameterizatioof the sourceandtar
get meshes. Instead,it employs sourceand target mesheswith
matchingreferenceposesmuch lik e facial animationusesa neu-
tral faceor skeleton-basetechniquesisea meshin the T-pose.

When the deformationof a triangle meshis purely skeleton-
driven,transferis morestraightforvard. A simpletechniqueknovn

assingle-weightervelopingor skeleton-subspacdeformationde-
forms meshverticesby blendingdeformationsof nearbyskeleton
bones.New tagetmeshesanbe swappedn by bindingtheir ver

ticesto theappropriatdbonesandsettingthedesiredvertex weights.
Furthermorethe motion of the skeletoncan be parameterizedy

joint anglesto de ne a setof naturalcontrol parametergor direct
animationof the meshwith keyframing, or for retagetingmotion
from a skeletonof a differentsizeandproportion[Gleicher1998].
Deformationtransferis the rst steptoward the developmentof

similar techniquedor the animationof mesheswith non-sleletal
deformationsor without an obvious skeletal structure. It general-
izesthe binding conceptwhich mapsthe motion of meshvertices
to the motion of a skeleton,by mappingdeformationsf thetarget
meshto deformationf thesource.

Deformationtransfercanhave animmediateémpactonexample-
basedechniqueswhichcurrentlyrely ontheartistto specifyexam-
ple shapesPose-spacdeformationfor example,correctghe“col-
lapsingelbon” andotherproblemsassociatewvith simpleskeleton-
driven deformationsby enablingthe artistto sculptcorrective de-
formations[Lewis et al. 2000]. Oncethesecorrectionshave been
sculpted,deformationtransfercan reducethe effort requiredto
adaptthemto new meshes.Bregler et al's cartoon-capturéech-
nigueencodes motionin the coefcients of alinearcombination
of mesheswhich describethe animatedcharactein a selectionof
key pose42002]. Mappingthesemotionsontoadifferentcharacter
requiresanartistto recreateghe new charactein every singlepose.
Deformationtransferrequiresonly one posefor the newv charac-
ter and automateghe reproductionof the remainingposes.If the
entirecon gurationspaceof thecharacteis describedn this man-
ner[Ngo etal. 2000;Sloanetal. 2001],deformationtransfercould
leadto atechniqueor mappingthearticulationfrom onecharacter
to another

3 Deformation Transfer

The goal of deformationtransferis to transferthe changen shape
exhibited by the sourcedeformationonto the tarmget. We represent
thesourcedeformatiorasacollectionof af ne transformationsab-
ulatedfor eachtriangle of the sourcemesh. We usethis represen-
tationbecausehe non-translationgbortion of eachaf ne transfor
mationencodeghe changen orientation,scale,andskew induced
by the deformationon the triangle. However, the threeverticesof
atriangle beforeandafter deformationdo not fully determinethe
af ne transformatiorsincethey do notestablisthow the spaceper
pendicularto the triangledeforms. To resole this issue we adda
fourth vertex in the directionperpendiculato the triangle. Let v;
andVi, i 2 1:::3, bethe undeformedanddeformedverticesof the
triangle,respectiely. We computea fourth undeformedrertex as

(Vs = j V) (s Vi (1)

andperformananalogousomputatiorfor V4. We scalethe cross-
product by the reciprocalof the squareroot of its length since
this causeghe perpendiculadirectionto scaleproportionalto the
lengthof thetriangleedges.

An af ne transformatiorde ned by the3 3 matrix Q anddis-
placemenvectord, which, for notationalcorveniencewe write as
Q+ d, transformghesefour verticesasfollows:

Qvi+d=V;; i21:::4 (2

vga=vi+ (V2 Vi)

If we subtractthe rst equationfrom the othersto eliminated and
rewrite themin matrix form treatingthe vectorsascolumnswe get

QV = V where

2 ViVs Vivg Vvi] | 3)
2 Uy Vg Uy Vg Vq]

A closedform expressiorfor Q is givenby

Q=vv & (4)
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Figure2: We encodea sourcedeformationwith anaf ne transformatiorfor eachsourcetriangleandrelatethe transformationso thetarget
througha usersuppliedtrianglecorrespondencéA) Usingonly the non-translationatomponentf the sourcetransformationgransferghe
changen orientationandscaleto thetargettrianglesbut doesnot positionthemappropriatelyrelative to their neighbors(B) Usingthesource
displacementgivesa disconnectedhapesinceconsisteng requirementsare not enforced. (C) Deformationtransfersolvesa constrained
optimizationproblemfor a new setof targettransformationshatareascloseaspossibleto the sourcetransformationsvhile enforcingthe
consisteng requirementssharedverticesmustbe transformedo the sameplace.

We use Equation 4 to compute the source transformations
g thatencodethe changein shapeinducedby the defor
mation,whereS refersto the setof triangleindicesfor the source
mesh.

In orderto relatethe sourcedeformatiorto the targetmeshwith
thesetof triangleindicesT, theusersuppliesamappingM between
thesetindicesfor the sourceandtargettriangles:

M = f(spita); (S2it2) 05 (Simj my) 9 (5)

A pair (s;t) indicatesthatthe target trianglewith index t; should
deformlik e the sourcetrianglewith index s;. This mappingallows
transferredleformationdo originatefrom ary region of thesource
mesh.Therearenorestrictionson M. In mostcasesit is ageneral
mary-to-mary mappingbutit canalsobebijective (one-to-onend
onto), surjectize (onto), or not-onto. This generalityenablegrans-
fer betweemmesheof differenttessellations.

Our strat@y is to transferthe sourcetransformationsia the cor
respondencenapto the target. The non-translationaportion S of
asourceaf ne transformatiorS+ d encodeshe changen triangle
shapenducedby the sourcedeformation.However, we cannotap-
ply Sdirectly to the correspondingargettrianglesinceS encodes
only the changein orientationand size and not the positioningof
thetrianglerelative to its neighborgFigure2 A). Furthermorewe
cannotusethe sourcedisplacementectorsto resole this problem
sincetheir lengthsdependon the size and position of the source
shape Doing soyields a discontinuoushapg(Figure2 B) andex-
poseghefactthatour deformatiorrepresentatioaffordstoo mary
degreesof freedom. It allows thetrianglesto be transformedarbi-
trarily eventhoughneighboringrianglessharevertices.

In orderto ensurethatthe af ne transformationswhenapplied
to the tamget mesh,are consistenwith respectto one anothey we
requirethatsharedverticesbe transformedo the sameplace(Fig-
ure3). For thesetof tagetaf ne transformationd s + dy::: Tjpj+
dj7j thisrequirements

Tjvi+dj=Tevi+ dy;  8i; 8j:k2 p(vi); (6)

wherep(v;) is thesetof all trianglesthatsharevertex v;.

In orderto transferthe sourcedeformationontothe target mesh
while maintainingtheseconsisteng requirementgFigure 2 C),
deformationtransferminimizes the differencebetweenthe non-
translationalcomponent®of the sourceandtarget transformations
and enforcesthe consisteng constraintsin Equation6 by solv-
ing the following constrainedptimizationproblemfor the tamget

—-——
- -—

- \k

Tjvedj = Tiv+di =¥ .

Figure 3: In orderto maintainconsisteny, the afne transforma-
tionsfor all trianglesj;k 2 p(v) thatsharevertex v musttransform
v to the sameposition.

<1

af ne transformations:

iMj

o 2

a S Ty

g, uF (7)
8i; 8j;k2 p(vi):

min
T+ donTyrj+ djy
subjectto  Tjvi+ dj= Tyvj+ dy;

Thematrixnormjj jjr is theFrobeniusiorm,or thesquareoot of
thesumof the squarednatrix elements.

A solutionof this optimizationproblemde nesacontinuoude-
formationof the targetmeshup to a globaltranslation.The global
translationcanbe de ned explicitly by settingthe displacement;
for ary targettriangle.In addition,otherpositionalconstraintsuch
asfoot placementanalsobeadded.

4 Vertex Formulation

Althoughtheformulationof deformatiortransferin Equation7 can
be solvedwith quadratigprogrammingechniquesa moreef cient
methodeliminatesthe constraintdy reformulatingthe problemin
termsof vertex positions.Thekey ideais to de ne theunknowvn tar
gettransformationsn termsof thetriangles'vertices.Then,rather
thansolvingfor the entriesof the af ne transformationswe solve
directly for the deformedvertex positions. This methodsatis es
all constraintsbecauseby constructionary sharedvertex will be
transformedo the samelocation.

For eachtarget triangle, we add a fourth undeformedvertex
(Equationl) andwrite the non-translationaportion of the af ne
transformatiorin termsof the undeformedand deformedvertices
T=VV L Theelementsof V 1 dependon the known, unde-
formedverticesof the tamget shape.The elementof V arethe co-
ordinatesof theunknovn deformedvertices.Thus,the elementof
T arelinear combinationsof the coordinatef the unknavn de-
formedvertices.
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Giventhis de nition, we rewrite the minimizationproblemas
Y 2
mn g S Ty g (8)
V1V ]-: 1
Sincethe taiget transformationsare de ned in termsof the un-
known deformedtarget vertices,the minimizationis over the ver-
ticesthemselesandthe continuity constraintsaareimplicitly satis-
ed. Positionalvertex constraintcanbe enforcedby simply treat-
ing avertex asa constantatherthanasafreevariable.

The solution to this optimization problemis the solutionto a
systemof linear equations.Rewriting the problemin matrix form
yields

min - jic A3 ©)
\ZBAY

whereX is avectorof the unknavn deformedvertex locations,c is
avectorcontainingentriesfrom the sourcetransformationsand A
is alarge, sparsamatrix thatrelatesX to c. Settingthe gradientof
theobjective functionto zerogivesthefamiliar normalequations:
ATAx=ATc (10)
Theentriesin A dependnly onthetargetmeshs undeformedrer
tex locations. Furthermorethe systemis separablen the spatial
dimensionof the vertices. Thus, for eachsource/taget pair, we
computeandstorethe LU factorizationof ATA only once. Retar
getingary sourcedeformationonto the target meshonly requires
performingbacksubstitutiorio solve separatelyfor the x, y, andz
component®f thedeformedargetvertices.For ef ciency, we use
a sparselLU solver [Davis 2003]. Sincethe columnsof A corre-
spondto the unknavn deformedtarget vertices,andsincewe add
anextraverte for eachtriangle,the numberof columnsof A (and
hencethenumberrowsandcolumnsof ATA) is equalto thenumber
of verticesplusthe numberof trianglesof thetargetmesh.Table1
liststhevertex andtrianglecountsfor the meshesn this paperand
Table2 lists thefactorizationrandaveragebacksubstitutiotimes.

5 Correspondence

Thecorrespondendeetweerthesourceandtargettrianglesde nes

how the deformationof the sourcemeshshouldbe transferreco

thetarget. We aid thecreationof this mappingwith atool thatauto-
maticallycomputeghetrianglecorrespondencigom a small setof

m userselectednarker points. Our correspondencechniques an

iteratedclosestpoint algorithmwith regularization,aidedby user
selectednarker points,thatdeformsthe sourcemeshinto thetarget
mesh. Then, it computesthe triangle correspondencby search-
ing for pairsof sourceandtamet triangleswhosecentroidsarein

closeproximity. Figure4 illustratesthis process.Our correspon-
dencesystemis similar to thetemplate tting proceduredescribed
by Allen, CurlessandPopawi€ [2003] but developedin the context

of our numericaframevork.

Thecorrespondencgystemsolvesa minimizationproblemsim-
ilar to the one we usefor deformationtransfer but the objectve
functionis designedo deformonemeshinto the other, ratherthan
deformingit like theotherdeforms.Theusercontrolsthedeforma-
tion by supplyinga setof marler pointsspeci ed aspairsof source
andtargetvertex indices. Eachpair indicatesthat the sourcever-
tex, afterdeformation shouldmatchthelocationof thetamgetver
tex. Thesemarkersareenforcedasconstraintsn theminimization.
The objective function containsa term that enforcesdeformation
smoothnessynethatpreventsover smoothingandonethatmaoves
thesourceverticesto thetargetmesh.

Deformationsmoothnesds;s, indicatesthatthe transformations
for adjacentrianglesshouldbe equal. For a meshwith n vertices,
welet T bethesetof triangleindicesandT + dy:::T7j + djj be
theafne transformationshatde ne the deformation.Then,

Es(viiziva)=a a IiTi Tijijg: (11)
i=1j2adji)

A B C D

Figure4: The correspondencalgorithmdeformsthe sourcemesh
into the tamet, controlledby userselectedmarker pointsshavn in
yellow. (A) Targetmesh.(B) Sourcemesh.(C) Sourcemeshafter
the rst phaseof deformationwherethe closestvalid point term
is ignored. (D) Final deformedmeshusingall threetermsof the
objective function.

ing to Equation4, andadj(i) is the setof trianglesadjacento tri-
anglei. Notethatthis termis minimizedwhenthechange in defor
mation,andnotthe meshitself, is smooth.For example,regardless
of the smoothnessf the mesh,ary rigid transformatiorappliedto
all trianglesis a valid minimumfor Es.

Deformationidentity, E;, is minimizedwhenall transformations
areequalto theidentity matrix:

iTi
E(viiive) = &0iTi liig: (12)
i=1

The purposeof this termis to preventthe deformationsmoothness
termfrom generatinga drasticchangen the shapeof the meshin
orderto achieve optimalsmoothness.

The closestvalid point term, E¢, indicatesthat the position of
eachvertex of the sourcemeshshouldbe equalto the closestvalid
pointonthetargetmesh.

n
Ec(viiiivmiciiiicn) = @ jivi Giji% (13)
i=1

whereg; isthecloseswalid pointonthesourcemeshto tamgetvertex
i. Whencomputingthe closestvalid point, vertex normalsof the
sourcemesharecomparedvith trianglenormalsof thetargetmesh
and a differencein orientationof lessthan 90 indicatesa valid
point. A grid-basedspatialsortingalgorithmacceleratethe closest
pointcomputation.

To computethe deformedverticesVy : : : U, of the sourcemesh,
we de ne thefollowing minimizationproblem

min  E(vi:i:ivp;Cpiiicy) = WsEs+ wiE + weEc
G100 ) . (14)
subjectto Vg = my; k2 1::im

wherews, wj, andwc areweights,s; is the sourcevertex index for
markerk, andmy is thepositionof markerk onthetargetmesh.We
solve this minimizationin two phasesin the rst phaseweignore
the closetpoint term by usingweightsws = 1:0, w; = 0:001, and
wc = 0. We solve the problemfor the deformedsourcemesh(Fig-
ure 4 B). The marlker pointsof the deformedmeshwill matchex-
actly sincethey arespeci edasconstraintsandtherestof themesh
will becarriedalongby thesmoothnesandidentity terms.We use
thisinitial estimatiorto computea setof valid closespoints. Then,
in thesecondhaseye solve the sameproblemincreasingvc each
time andupdatingtheclosesipointsaftereachiteration.Preserving
ws = 1:0 andw; = 0:001 while increasingwc in four stepsfrom
1:0 to 50000 producedgood resultsin our tests. Eachtime the
minimizationproblemis solved, the sourcemeshis deformedrom
its original undeformedstate.Sincewc increasesthe sourcemesh
morecloselyapproximateshetargetmeshaftereachiteration(Fig-
ure4 C).

Oncethe sourcemeshhasbeendeformedto matchthe shapeof
thetamgetmesh we computethetrianglecorrespondencdsy com-
paring the centroidsof the deformedsourceand target triangles.
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Mesh Vertices | Triangles
Horse 8,431 16,843
Camel 21,887 43,814
Cat 7,200 14,410
Lion 5,000 9,996
Face 29,299 58,836
Head 15,941 31,620
Flamingo | 26,907 52,895

Table1: Numberof verticesandtrianglesfor our examplemeshes.

Two trianglesarecompatibleif their centroidsarewithin a certain
thresholdof eachotherandthe anglebetweertheir normalsis less
than90 . This compatibilitytestpreventstwo nearbytriangleswith
disparateorientation(e.g.,trianglesfrom the upperandlower lips
of a face)from enteringthe correspondencefor eachtriangle of
the deformedsource,we computethe closestcompatibletriangle
(if any) of the target meshandaddthe pair to the correspondence
list. Likewise,for eachtriangleof thetarget,we computethe clos-
estcompatibletriangle of the deformedsourcemeshandaddthat
pair. This processensureghatall trianglesof the sourceandtar
get meshessubjectto the compatibility restriction,will be listed
amongthe correspondencesA tamet triangle may correspondo
mary sourcetriangles,andvice versa. This featureallows our de-
formationtransfermethodto accommodatenesheswith differing
numbersof verticesandtriangles.

6 Results

Figure 1 shavs deformationsof a horsetransferedonto a camel.
Thereferencehorsemesh shovn in thegraybox, is deformednto
sevenkey poses.The key posesncludeolvious skeletaldeforma-
tionssuchasbendingof thelegsor neckaswell asmoresubtleskin
deformationdik e stretchingnearthejoints. Theinputto our algo-
rithm is thereferencehorsemesh the sevendeformedhorseposes,
thereferenceeamelmesh andthe correspondendeetweerthetwo
referencemeshes.Given this data,deformationtransfergenerates
sevennew camelposesy transferringhesourcedeformation®nto
the referencecamel. Both the grossskeletal changesas well as
the moresubtleskin deformationsarefaithfully reproducedn the
camel. Figure5 demonstratea similar setof deformations.Here,
key posesof a cat are retagetedonto a lion. Sincedeformation
transfercopiesthechange in shapanducedby thedeformationwe
requirethe sourceand target referencemesheso have the same
kinematicposewhenskeletaldeformationsareretageted.

While thedeformation®f Figuresl and5 areprimarily skeletal
in nature,Figure 6 demonstratethe effectivenesf our approach
with non-rigiddeformationsHere,the horsecollapsessif it were
madeof arubbersheet.Its legs buckle andits entirebody falls to
theground folding ontop of itself. Thedeformationaretransfered
to the camel,andits bodybucklesandcollapsesimilarly.

In the accompaying video, we usedeformationtransferto re-
tamgettwo deformationghatvary continuouslthroughtime. First,
we transfera gallop gait from the horseto the camel, and then
we transferthe collapsingmotion from Figure 6. In orderto re-
solwve the global positioningof the camelover time andto enforce
foot/groundcontact,we extractedthe positionsof one vertex on
eachfoot of the horseover time, performedan overall scalingto
bettermatchthe larger size of the camel,and addedvertex con-
straintsto matcha vertex on eachcamelfoot to thesepositions.
Deformationtransferthen copiesthe horsedeformationonto the
camelwhile simultaneouslysatisfyingthe vertex constraints.Be-
causecomputingthe sourcedeformationsaswell asmappingthem
to thetargetarebothlinearoperationstemporalconsisteng of the
sourceanimationandvertex constraintgesultsin atemporallyco-
herenttargetanimation.

In Figure7, facial expression®f a real personacquiredwith a
3D scanningsystemaretransferedntoadigital characterA great
deal of expressieness—especiallgroundthe eyes and nose—is

Example Numberof | LU Factor Back-
Markers ization substitution
Horse/Camel 65 1.559s 0.293s
Cat/Lion 77 0.299s 0.057s
Face/Head 42 1.252s 0.298s
Horse/Flamingo 73 1.495s 0.406s

Table2: The numberof correspondencemarkersusedandthetim-
ing resultsfor our exampleson a 3.0GHzPentiumlV machine.

capturecandadaptedo thetargethead.This typeof transfemmight
be usedwhenadigital stand-inmustreplaceareal actor or to map
thefacialexpression®f avoice actorontoananimatedcharacter

Sincethescannedlatais in theform of facemasksandthetarget
meshconsistof anentireheadandneck,the mappingbetweerthe
sourceandtargettrianglesis not onto. Only a subsebf the target
triangles(thoseof thefront of theface)arelistedin the correspon-
dence.We specifythatthe deformationof the remainingtargettri-
anglesshouldbe minimal by mappingthemto theidentity matrix.

Our deformationtransfertechniquewas designedfor the case
wherethereis a clearsemanticorrespondendeetweerthe source
andtarget. We choseanatomicallysimilar meshedo demonstrate
ourresultssincethey have anobviousmapping(i.e.,legtoleg, head
toheadegetc.).In Figure8, we challengehisassumptiotoy transfer
ring the horsedeformationontoa amingo mesh. The correspon-
denceis ambiguousasthe amingo hasonly two legs,notail, anda
beak.We mappedhe amingo's legsto the horses front two legs,
the amingo'sbodyto theentirehorses bodyincludingits tail, and
its beakto the horses head.Building this mappingpusheghelim-
its of our correspondencgystemasthe amingo's“S”-shapecheck
mustbeunbento matchthehorses straightneck. Thedeformation
smoothnesterm (Equation1l1) ghts againsttheselarge local de-
formations,requiringthe userto selectmary marker pointsalong
the neck. However, oncethe correspondencbkasbeenadequately
speci ed,the amingo faithfully deformslik ethehorse.Of course,
areal amingo's hips bendin the oppositedirection of a horses
front hips, which demonstratea reasorwhy deformationtransfer
betweeranatomicallydifferentmeshesnaynotbeappropriate.

Noneof the sourceandtargetmeshesn our examplessharethe
samenumberof vertices,triangles,or connectity. Table1l lists
this geometricinformation abouteachmodel, and Table 2 gives
timing resultsfor eachexample. Our methodis extremely fast.
For example, the camelmesh,consistingof 21;887 verticesand
43;814triangles requiredonly 1.559secondsgor factorizationand
0.293secondsn averageto solve for eachretagetedpose. The
usertime requiredto addthe markersand computethe correspon-
dencefor eachexamplewasunderonehour

7 Conclusion

Deformationtransferis a generaimeshbasedechniquethattrans-
fersdeformationsxhibitedby a sourcemeshontoadifferenttarget
mesh.Thetechniqueransferdbetweermeshesvith differentmesh
structure(numberof vertices,numberof triangles,andconnect-
ity). The procesds numericallyefcient. A precomputatiorstep
factorsand storesthe systemof equationdor a source/taget pair.
Transferringa new deformationinvolves a backsubstitutiorwith
thefactoredsystem.

The usercontrolsthe transferprocesshy supplyinga mapping
betweernthe trianglesof the sourceandthe trianglesof the tamget
thatidenti es which partsshouldmaove similarly. Our correspon-
dencetool assistghe userby automaticallycomputingthe triangle
correspondencizom a smallnumberof usersuppliedmarlers.

In orderto performdeformationtransfer the sourceandtarget
deformationsarerepresentedsaf ne transformationsTheknown
sourcedeformationsare mappedto the tamget via the correspon-
dencemap. We solwve a constrainedptimizationfor the tamgetde-
formationthatmatcheshesourcaransformationascloselyaspos-
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Figure6: Thehorsedeformationgcollapsingasif it weremadeof arubbersheetjs transferredo the camel.

sible while maintainingconsisteng constraints For ef ciency, we
useavertex formulationof this problemthatsatis estheconstraints
implicitly.

Several limitations of our currentsystempoint to directionsof
future work. Our methodallows limited control over the deforma-
tion transferprocessn the form of the correspondencenap and
vertex constraintsput providesno directway to ne-tune the so-
lution asidefrom changingthe sourcedeformationandreapplying
deformatiortransfer In particular it cannottransferthe animation
controlsusedto generatehe deformationin the rst place.ldeally,
deformatiortransfewould carryoverthecontrolsaswell, allowing
the retageteddeformationto be ne-tuned for the tamgetshape.A
generakechniqueto adaptanimationcontrolknobsfrom onechar
acterto anothelis anopenproblemin computergraphics.

The optimizationproblemthatwe solwe is uniqueup to aglobal
translation. Thus, the global position mustalwaysbe speci ed in
someway by theuser Whenretagetingonly key posesasin Fig-
uresl and5, it is easyto resole the global positionby xing one
vertex in place.However, whenretagetingan entireanimationse-
guencethe positionmustbe speci ed at eachpointin time. A po-
sitional constraintspeci ed only during selectedntenals (suchas
during groundcontact)will resultin “popping” artifactswhenthe
constrainbecomesctive. In theaccompaying video,we resohed
theissueby constraininghe camels feetto matchthe horses feet
at eachpointin time. But, if two meshedave very differentpro-
portions,it may be moredif cult to formulateanappropriatecon-
straint.

Oneway to approachthis problemis to directly addresshetem-
poraldimensionin theretagetingprocessn orderto enforcetem-
poral coherenceaswell asreducethe global positioningproblem

to the speci cationof positionalconstraintonly duringkey events
suchasfoot/groundcontact. However, a formulationof deforma-
tion transferover time would increasehe numericalcompleity of
the optimization, requiring a different numericalapproach. With
ourdirectLU solver, we have successfullyransferedleformations
onto a target meshwith 400k triangles. However, at this point
the LU solver approachesnemorylimitations. The LU factoriza-
tion, with aconsiderablamountof swapping,took 95secondsand
backsubstitutiontook 6.5 seconds.For extremelylarge meshesa
multigrid solver would likely outperformour directmethod.

Perhapsthe most conspicuoudimitation of our techniqueis
the requirementof grosssimilarity betweenthe sourceand tar
getmeshesTransferringdeformationbetweerdrasticallydifferent
meshess anopenproblemin computergraphicsthat presentswo
primary challengesFirst, it requiresa moreversatiletechniqueto
relatethe sourceandtamget to one anotherthat canaccommodate
ambiguousandarbitrarymappings.Secondit requiresamethodto
appropriatelyadaptthedeformatiorto thetamget,ratherthansimply
transferringt directly without modi cation.
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