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Figure1: Deformationtransfercopiesthedeformationsexhibitedby asourcemeshontoadifferenttargetmesh.In thisexample,deformations
of thereferencehorsemesharetransferedto thereferencecamel,generatingsevennew camelposes.Both grossskeletalchangesaswell as
moresubtleskindeformationsaresuccessfullyreproduced.

Abstract

Deformationtransferappliesthedeformationexhibitedby asource
trianglemeshonto a differenttarget trianglemesh. Our approach
is generalanddoesnot requirethe sourceandtarget to sharethe
samenumberof verticesor triangles,or to have identicalconnec-
tivity. Theuserbuilds a correspondencemapbetweenthetriangles
of the sourceandthoseof the target by specifyinga small setof
vertex markers. Deformationtransfercomputesthe set of trans-
formationsinducedby the deformationof the sourcemesh,maps
thetransformationsthroughthecorrespondencefrom thesourceto
the target, andsolvesan optimizationproblemto consistentlyap-
ply the transformationsto the target shape.The resultingsystem
of linearequationscanbefactoredonce,afterwhich transferringa
new deformationto the target meshrequiresonly a backsubstitu-
tion step.Globalpropertiessuchasfoot placementcanbeachieved
by constrainingvertex positions. We demonstrateour methodby
retargetingfull body key poses,applyingscannedfacial deforma-
tions onto a digital character, and remappingrigid and non-rigid
animationsequencesfrom onemeshontoanother.
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1 Intro duction

Meshdeformationplaysa centralrole in computermodelingand
animation.Artistshand-sculptfacialexpressionsandstylizedbody
shapes.They assembleproceduraldeformationsandmayusecom-
plex musculaturesimulationsto deforma character's skin. Despite
thetremendousamountof artistry, skill, andtimededicatedto craft-
ing deformations,therearefew techniquesto help with reuse. In
order to reusea deformationcreatedfor oneshapeto deforman-
other, thespeci�c parametersthatcontrol thedeformationmustbe
adaptedto thenew shape.In many cases,adaptingtheseparameters
is just astime consumingasstartingfrom scratch.Although spe-
cial purposeadaptionmethodsexist, the problemis compounded
in thecommoncasewheremany differentdeformationtechniques
areusedin tandem. An automaticadaptionmethoddesignedfor
one type of deformationmay fail in the presenceof others. Fur-
thermore,any hand-sculptedalterationswill be lost. As a result,
thework spentdesigninga deformationtypically cannotbereused
afterits plannedapplication.

Our researchamendsthisproblemby automaticallycopying de-
formationsfrom onemeshontoanother. This deformationtransfer
techniqueis our centralresearchcontribution. We usea general
approachthat requiresno knowledgeof theactualmethodusedto
deformtheoriginalshape.Our techniqueis purelymesh-basedand
doesnot requirethe two meshesto sharethesamenumberof ver-
ticesor triangles,or to have identicalconnectivity. However, our
algorithm is designedfor the casewherethereis a clear seman-
tic correspondencebetweenthetwo meshesindicatingwhich parts
of the sourceandtarget shoulddeformsimilarly. Our systemcan
transferhand-sculptedalterationsaswell asdeformationsresulting
from arbitrarily complex proceduralor simulationbasedmethods.
Figure1 demonstratesour methodusedto transferfull bodydefor-
mationsof a horsemeshontoa camel.Thecamelmeshwasnever
articulatedandtheresultingcameldeformationsarecompletelyde-
rivedfrom thesourcemeshusingdeformationtransfer.

With theaid of a correspondencetool, theusersuppliesa map-
pingbetweenthetrianglesof thesourceandthoseof thetarget.For
eachtriangleof the sourcemesh,our methodcomputesan af�ne
transformationthat takesthe triangle from its original positionto
its deformedposition. Theseaf�ne transformations,togetherwith
the correspondence,specifythe ideal changein orientation,scale,
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andskew of eachtriangleof thetargetshape.However, theseideal
transformationswill not, in general,be consistentwith respectto
one another: applieddirectly without modi�cation, the transfor-
mationswould not preserve the connectednessof the target mesh.
Therefore,to �nd the deformedtarget shape,deformationtrans-
fer solvesanoptimizationproblemsuchthat the idealchangesare
matchedascloselyaspossiblewhile maintainingconsistency. The
retargeting processis numericallyef�cient, as the systemof lin-
earequationsfor a source/targetpair canbefactoredandstoredin
a precomputationstep. Transferringa new deformationfrom the
sourceto thetargetrequiresonly performingbacksubstitutionwith
the storedfactorization.Global propertiessuchasfoot placement
canbeachievedusingpositionalvertex constraints.

2 Background

Deformationtransferis a generalizationof theconceptintroduced
by expressioncloning,which transfersfacialexpressionsfrom one
facemeshto another[Noh andNeumann2001]. In this approach,
eachexpressionis encodedwith vertex displacementsthat de�ne
thedifferencesbetweenthereferencefaceandtheexpressionface.
Expressioncloning usesheuristicsdesignedto adaptthe direction
andscaleof displacementvectorsto accountfor facesof differing
shapeand proportions. This representationand adaptationtech-
niqueis specializedfor thedeformationsthatarisein facialexpres-
sions. Our methodtransfersarbitrary nonlineardeformationsby
computinganoptimalglobaldeformationof thetargetshape.

Oneway to representsucha global deformationis with a free-
form deformation[Sederberg andParry 1986] in which a latticeof
control pointsinducesa deformationon the enclosedspace.With
this or a similar representation,any target meshcanbe deformed
with easeby applying the global deformationto every meshver-
tex. TheInkwell 2D systemusespreciselythis strategy to animate
different2D characterswith thesamesetof hand-animatedCoons
patches[Litwinowicz 1991]. However, this approachis harderto
generalizewhen the sourcedeformationis not initially described
by a free-form deformationor a similar representation.In these
cases,themethodmustinfer boththestructureof thecontrollattice
andthe positionof its control points,or, lessoptimally, solve for
the control pointsof a speci�c lattice structure[Hsu et al. 1992].
A �x ed latticestructureis not optimal,becausea reasonablysized
lattice cannotexpressarbitrarynonlineardeformationsof vertices
for every targetmesh[SinghandFiume1998].

Deformation transfer resolves this problem by using locally
speci�ed deformations[Barr 1984], which can de�ne any global
nonlineardeformationof meshvertices.This approachextendsthe
ideasfrom Alexa, Cohen-Or, andLevin's [2000] shapeinterpola-
tion techniquewhich maximizestherigidity of a blendedshapeby
computingthe optimal deformationof its interior. We show that
the interior of the target meshneednot be consideredfor transfer
of meshdeformation. Our boundaryformulationhastremendous
practicaladvantages.It greatlysimpli�es thenumericalcomplexity
of the transferprocessandmakesit easierto specifyregionsthat
shouldmovesimilarly.

The conceptof deformationtransfercan be posedas an anal-
ogy: givena pair of sourcemeshes,SandS0, anda targetmeshT,
generatea new meshT0 suchthat the relationshipbetweenT and
T0 is analogousto therelationshipbetweenSandS0. This form of
reasoningwasusedto transferdrawing stylesbetweentwo curves
[Hertzmannet al. 2002]. Deformationtransferappliesin the spe-
ci�c casewherethe relationshipbetweenS andS0 is a continuous
global deformationof the spaceandnot an arbitraryrelationship.
This specializationenablesoptimal reproductionof thesourcede-
formationon the target mesh. Furthermore,deformationtransfer
doesnot requirea commonparameterizationof thesourceandtar-
get meshes. Instead,it employs sourceand target mesheswith
matchingreferenceposesmuch like facial animationusesa neu-
tral faceor skeleton-basedtechniquesuseameshin theT-pose.

When the deformationof a triangle meshis purely skeleton-
driven,transferis morestraightforward.A simpletechniqueknown

assingle-weightenvelopingor skeleton-subspacedeformationde-
forms meshverticesby blendingdeformationsof nearbyskeleton
bones.New targetmeshescanbeswappedin by bindingtheir ver-
ticesto theappropriatebonesandsettingthedesiredvertex weights.
Furthermore,the motion of the skeletoncanbe parameterizedby
joint anglesto de�ne a setof naturalcontrolparametersfor direct
animationof the meshwith keyframing,or for retargetingmotion
from a skeletonof a differentsizeandproportion[Gleicher1998].
Deformationtransferis the �rst step toward the developmentof
similar techniquesfor the animationof mesheswith non-skeletal
deformationsor without an obvious skeletalstructure. It general-
izesthebindingconcept,which mapsthemotionof meshvertices
to themotionof a skeleton,by mappingdeformationsof thetarget
meshto deformationsof thesource.

Deformationtransfercanhaveanimmediateimpactonexample-
basedtechniques,whichcurrentlyrely ontheartistto specifyexam-
pleshapes.Pose-spacedeformation,for example,correctsthe“col-
lapsingelbow” andotherproblemsassociatedwith simpleskeleton-
driven deformationsby enablingthe artist to sculptcorrective de-
formations[Lewis et al. 2000]. Oncethesecorrectionshave been
sculpted,deformationtransfercan reducethe effort requiredto
adaptthemto new meshes.Bregler et al.'s cartoon-capturetech-
niqueencodesa motion in thecoef�cients of a linearcombination
of meshes,which describetheanimatedcharacterin a selectionof
key poses[2002]. Mappingthesemotionsontoadifferentcharacter
requiresanartistto recreatethenew characterin everysinglepose.
Deformationtransferrequiresonly one posefor the new charac-
ter andautomatesthe reproductionof the remainingposes.If the
entirecon�gurationspaceof thecharacteris describedin thisman-
ner[Ngo etal. 2000;Sloanetal. 2001],deformationtransfercould
leadto a techniquefor mappingthearticulationfrom onecharacter
to another.

3 Deformation Transfer

Thegoalof deformationtransferis to transferthechangein shape
exhibitedby thesourcedeformationonto the target. We represent
thesourcedeformationasacollectionof af�ne transformationstab-
ulatedfor eachtriangleof thesourcemesh.We usethis represen-
tationbecausethenon-translationalportionof eachaf�ne transfor-
mationencodesthechangein orientation,scale,andskew induced
by thedeformationon the triangle. However, the threeverticesof
a trianglebeforeandafter deformationdo not fully determinethe
af�ne transformationsincethey donotestablishhow thespaceper-
pendicularto the triangledeforms.To resolve this issue,we adda
fourth vertex in the directionperpendicularto the triangle. Let vi
andṽi , i 2 1: : :3, be theundeformedanddeformedverticesof the
triangle,respectively. Wecomputea fourthundeformedvertex as

v4 = v1 + (v2 � v1) � (v3 � v1)=
p

j(v2 � v1) � (v3 � v1)j (1)

andperformananalogouscomputationfor ṽ4. We scalethecross-
product by the reciprocalof the squareroot of its length since
this causestheperpendiculardirectionto scaleproportionalto the
lengthof thetriangleedges.

An af�ne transformationde�ned by the3� 3 matrix Q anddis-
placementvectord, which, for notationalconvenience,wewrite as
Q+ d, transformsthesefour verticesasfollows:

Qvi + d = ṽi ; i 2 1: : :4: (2)

If we subtractthe �rst equationfrom theothersto eliminated and
rewrite themin matrix form treatingthevectorsascolumns,weget
QV = Ṽ where

V = [v2 � v1 v3 � v1 v4 � v1]
Ṽ = [ṽ2 � ṽ1 ṽ3 � ṽ1 ṽ4 � ṽ1] : (3)

A closedform expressionfor Q is givenby

Q = ṼV� 1: (4)
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Figure2: We encodea sourcedeformationwith anaf�ne transformationfor eachsourcetriangleandrelatethetransformationsto thetarget
througha usersuppliedtrianglecorrespondence.(A) Usingonly thenon-translationalcomponentof thesourcetransformationstransfersthe
changein orientationandscaleto thetargettrianglesbut doesnotpositionthemappropriatelyrelativeto theirneighbors.(B) Usingthesource
displacementsgivesa disconnectedshapesinceconsistency requirementsarenot enforced.(C) Deformationtransfersolvesa constrained
optimizationproblemfor a new setof target transformationsthatareascloseaspossibleto thesourcetransformationswhile enforcingthe
consistency requirements:sharedverticesmustbetransformedto thesameplace.

We use Equation 4 to compute the source transformations
S1; : : : ;SjSj that encodethe changein shapeinducedby the defor-
mation,whereS refersto thesetof triangleindicesfor thesource
mesh.

In orderto relatethesourcedeformationto thetargetmeshwith
thesetof triangleindicesT, theusersuppliesamappingM between
thesetindicesfor thesourceandtargettriangles:

M = f (s1; t1); (s2; t2); : : : ; (sjMj ; tjMj)g: (5)

A pair (si ; ti) indicatesthat the target trianglewith index ti should
deformlike thesourcetrianglewith index si . This mappingallows
transferreddeformationsto originatefrom any regionof thesource
mesh.Thereareno restrictionson M. In mostcases,it is a general
many-to-many mapping,but it canalsobebijective(one-to-oneand
onto),surjective (onto),or not-onto.This generalityenablestrans-
fer betweenmeshesof differenttessellations.

Ourstrategy is to transferthesourcetransformationsvia thecor-
respondencemapto the target. Thenon-translationalportionS of
a sourceaf�ne transformationS+ d encodesthechangein triangle
shapeinducedby thesourcedeformation.However, we cannotap-
ply S directly to thecorrespondingtarget trianglesinceS encodes
only the changein orientationandsizeandnot the positioningof
thetrianglerelative to its neighbors(Figure2 A). Furthermore,we
cannotusethesourcedisplacementvectorsto resolve this problem
sincetheir lengthsdependon the sizeandpositionof the source
shape.Doing soyieldsa discontinuousshape(Figure2 B) andex-
posesthefactthatourdeformationrepresentationaffordstoomany
degreesof freedom.It allows thetrianglesto betransformedarbi-
trarily eventhoughneighboringtrianglessharevertices.

In orderto ensurethat theaf�ne transformations,whenapplied
to the target mesh,areconsistentwith respectto oneanother, we
requirethatsharedverticesbetransformedto thesameplace(Fig-
ure3). For thesetof targetaf�ne transformationsT1 + d1 : : :T jTj +
djTj this requirementis

T jvi + d j = Tkvi + dk; 8i; 8 j;k 2 p(vi); (6)

wherep(vi) is thesetof all trianglesthatsharevertex vi .
In orderto transferthesourcedeformationontothetargetmesh

while maintainingtheseconsistency requirements(Figure 2 C),
deformationtransferminimizes the differencebetweenthe non-
translationalcomponentsof the sourceandtarget transformations
and enforcesthe consistency constraintsin Equation6 by solv-
ing the following constrainedoptimizationproblemfor the target

k Î p(v)

vj Î p(v)

...

Tj v+dj = Tk v+dk = v
v

...
k Î p(v)

j Î p(v)

~
~

Figure3: In order to maintainconsistency, the af�ne transforma-
tionsfor all trianglesj;k 2 p(v) thatsharevertex v musttransform
v to thesameposition.

af�ne transformations:

min
T1+ d1:::T jTj+ djTj

jMj

å
j= 1




 Ssj � Tt j




 2

F

subjectto T jvi + d j = Tkvi + dk; 8i; 8 j;k 2 p(vi):

(7)

Thematrixnormjj � jjF is theFrobeniusnorm,or thesquarerootof
thesumof thesquaredmatrixelements.

A solutionof thisoptimizationproblemde�nesacontinuousde-
formationof thetargetmeshup to a global translation.Theglobal
translationcanbede�ned explicitly by settingthedisplacementdi
for any targettriangle.In addition,otherpositionalconstraintssuch
asfoot placementcanalsobeadded.

4 Vertex Formulation

Althoughtheformulationof deformationtransferin Equation7 can
besolvedwith quadraticprogrammingtechniques,amoreef�cient
methodeliminatestheconstraintsby reformulatingtheproblemin
termsof vertex positions.Thekey ideais to de�ne theunknown tar-
gettransformationsin termsof thetriangles'vertices.Then,rather
thansolving for theentriesof theaf�ne transformations,we solve
directly for the deformedvertex positions. This methodsatis�es
all constraintsbecause,by construction,any sharedvertex will be
transformedto thesamelocation.

For eachtarget triangle, we add a fourth undeformedvertex
(Equation1) and write the non-translationalportion of the af�ne
transformationin termsof the undeformedanddeformedvertices
T = ṼV� 1. The elementsof V � 1 dependon the known, unde-
formedverticesof the targetshape.Theelementsof Ṽ aretheco-
ordinatesof theunknown deformedvertices.Thus,theelementsof
T are linear combinationsof the coordinatesof the unknown de-
formedvertices.
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Giventhisde�nition, we rewrite theminimizationproblemas

min
ṽ1:::ṽn

jMj

å
j= 1




 Ssj � Tt j




 2

F : (8)

Since the target transformationsare de�ned in terms of the un-
known deformedtarget vertices,the minimizationis over the ver-
ticesthemselvesandthecontinuityconstraintsareimplicitly satis-
�ed. Positionalvertex constraintscanbeenforcedby simply treat-
ing avertex asaconstantratherthanasa freevariable.

The solution to this optimizationproblemis the solution to a
systemof linearequations.Rewriting theproblemin matrix form
yields

min
ṽ1:::ṽn

jj c� Ax̃jj22 (9)

wherex̃ is a vectorof theunknown deformedvertex locations,c is
a vectorcontainingentriesfrom thesourcetransformations,andA
is a large,sparsematrix that relatesx̃ to c. Settingthegradientof
theobjective functionto zerogivesthefamiliarnormalequations:

ATAx̃ = ATc (10)

Theentriesin A dependonly on thetargetmesh'sundeformedver-
tex locations. Furthermore,the systemis separablein the spatial
dimensionof the vertices. Thus, for eachsource/target pair, we
computeandstoretheLU factorizationof ATA only once. Retar-
getingany sourcedeformationonto the target meshonly requires
performingbacksubstitutionto solve separatelyfor the x, y, andz
componentsof thedeformedtargetvertices.For ef�ciency, we use
a sparseLU solver [Davis 2003]. Sincethe columnsof A corre-
spondto the unknown deformedtarget vertices,andsincewe add
anextra vertex for eachtriangle,thenumberof columnsof A (and
hencethenumberrowsandcolumnsof ATA) is equalto thenumber
of verticesplusthenumberof trianglesof thetargetmesh.Table1
lists thevertex andtrianglecountsfor themeshesin thispaper, and
Table2 lists thefactorizationandaveragebacksubstitutiontimes.

5 Correspondence

Thecorrespondencebetweenthesourceandtargettrianglesde�nes
how the deformationof the sourcemeshshouldbe transferredto
thetarget.Weaidthecreationof thismappingwith atool thatauto-
maticallycomputesthetrianglecorrespondencefrom asmallsetof
muserselectedmarkerpoints.Ourcorrespondencetechniqueis an
iteratedclosestpoint algorithmwith regularization,aidedby user
selectedmarkerpoints,thatdeformsthesourcemeshinto thetarget
mesh. Then, it computesthe triangle correspondenceby search-
ing for pairsof sourceandtarget triangleswhosecentroidsarein
closeproximity. Figure4 illustratesthis process.Our correspon-
dencesystemis similar to thetemplate�tting proceduredescribed
by Allen, Curless,andPopović [2003]but developedin thecontext
of ournumericalframework.

Thecorrespondencesystemsolvesaminimizationproblemsim-
ilar to the one we usefor deformationtransfer, but the objective
functionis designedto deformonemeshinto theother, ratherthan
deformingit like theotherdeforms.Theusercontrolsthedeforma-
tion by supplyingasetof markerpointsspeci�edaspairsof source
andtarget vertex indices. Eachpair indicatesthat the sourcever-
tex, afterdeformation,shouldmatchthe locationof the targetver-
tex. Thesemarkersareenforcedasconstraintsin theminimization.
The objective function containsa term that enforcesdeformation
smoothness,onethatpreventsover smoothing,andonethatmoves
thesourceverticesto thetargetmesh.

Deformationsmoothness,ES, indicatesthat the transformations
for adjacenttrianglesshouldbeequal.For a meshwith n vertices,
we let T bethesetof triangleindicesandT1 + d1 : : :T jTj + djTj be
theaf�ne transformationsthatde�ne thedeformation.Then,

ES(v1 : : :vn) =
jTj

å
i= 1

å
j2adj(i)

jjT i � T j jj2F : (11)

A B C D

Figure4: Thecorrespondencealgorithmdeformsthesourcemesh
into the target,controlledby userselectedmarker pointsshown in
yellow. (A) Targetmesh.(B) Sourcemesh.(C) Sourcemeshafter
the �rst phaseof deformationwherethe closestvalid point term
is ignored. (D) Final deformedmeshusingall threetermsof the
objective function.

Here,T1; : : : ;T jTj arede�ned in termsof thetargetverticesaccord-
ing to Equation4, andadj(i) is the setof trianglesadjacentto tri-
anglei. Notethatthis termis minimizedwhenthechange in defor-
mation,andnot themeshitself, is smooth.For example,regardless
of thesmoothnessof themesh,any rigid transformationappliedto
all trianglesis avalid minimumfor ES.

Deformationidentity, EI , is minimizedwhenall transformations
areequalto theidentitymatrix:

EI (v1 : : :vn) =
jTj

å
i= 1

jjT i � I jj2F : (12)

Thepurposeof this termis to prevent thedeformationsmoothness
termfrom generatinga drasticchangein theshapeof themeshin
orderto achieveoptimalsmoothness.

The closestvalid point term, EC, indicatesthat the positionof
eachvertex of thesourcemeshshouldbeequalto theclosestvalid
pointon thetargetmesh.

EC(v1 : : :vn;c1 : : :cn) =
n

å
i= 1

jj vi � ci jj2; (13)

whereci is theclosestvalidpointonthesourcemeshto targetvertex
i. Whencomputingthe closestvalid point, vertex normalsof the
sourcemesharecomparedwith trianglenormalsof thetargetmesh
and a differencein orientationof lessthan 90� indicatesa valid
point. A grid-basedspatialsortingalgorithmacceleratestheclosest
point computation.

To computethe deformedverticesṽ1 : : : ṽn of the sourcemesh,
wede�ne thefollowing minimizationproblem

min
ṽ1:::ṽn

E(v1 : : :vn;c1 : : :cn) = wSES+ wI EI + wCEC

subjectto ṽsk = mk; k 2 1: : :m
(14)

wherewS, wI , andwC areweights,sk is thesourcevertex index for
markerk, andmk is thepositionof markerk onthetargetmesh.We
solve this minimizationin two phases.In the�rst phase,we ignore
the closetpoint term by usingweightswS = 1:0, wI = 0:001,and
wC = 0. We solve theproblemfor thedeformedsourcemesh(Fig-
ure4 B). Themarker pointsof thedeformedmeshwill matchex-
actlysincethey arespeci�edasconstraints,andtherestof themesh
will becarriedalongby thesmoothnessandidentity terms.Weuse
this initial estimationto computeasetof valid closestpoints.Then,
in thesecondphase,wesolvethesameproblemincreasingwC each
timeandupdatingtheclosestpointsaftereachiteration.Preserving
wS = 1:0 andwI = 0:001 while increasingwC in four stepsfrom
1:0 to 5000:0 producedgood resultsin our tests. Eachtime the
minimizationproblemis solved,thesourcemeshis deformedfrom
its original undeformedstate.SincewC increases,thesourcemesh
morecloselyapproximatesthetargetmeshaftereachiteration(Fig-
ure4 C).

Oncethesourcemeshhasbeendeformedto matchtheshapeof
thetargetmesh,we computethetrianglecorrespondencesby 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 ourexamplemeshes.

Two trianglesarecompatibleif their centroidsarewithin a certain
thresholdof eachotherandtheanglebetweentheir normalsis less
than90� . Thiscompatibilitytestpreventstwo nearbytriangleswith
disparateorientation(e.g.,trianglesfrom theupperandlower lips
of a face)from enteringthe correspondence.For eachtriangleof
the deformedsource,we computethe closestcompatibletriangle
(if any) of the target meshandaddthe pair to the correspondence
list. Likewise,for eachtriangleof thetarget,we computetheclos-
estcompatibletriangleof the deformedsourcemeshandaddthat
pair. This processensuresthat all trianglesof the sourceandtar-
get meshes,subjectto the compatibility restriction,will be listed
amongthe correspondences.A target trianglemay correspondto
many sourcetriangles,andvice versa.This featureallows our de-
formationtransfermethodto accommodatemesheswith differing
numbersof verticesandtriangles.

6 Results

Figure1 shows deformationsof a horsetransferedonto a camel.
Thereferencehorsemesh,shown in thegraybox, is deformedinto
sevenkey poses.Thekey posesincludeobviousskeletaldeforma-
tionssuchasbendingof thelegsor neckaswell asmoresubtleskin
deformationslike stretchingnearthejoints. Theinput to our algo-
rithm is thereferencehorsemesh,thesevendeformedhorseposes,
thereferencecamelmesh,andthecorrespondencebetweenthetwo
referencemeshes.Given this data,deformationtransfergenerates
sevennew camelposesby transferringthesourcedeformationsonto
the referencecamel. Both the grossskeletal changesas well as
themoresubtleskin deformationsarefaithfully reproducedon the
camel.Figure5 demonstratesa similar setof deformations.Here,
key posesof a cat are retargetedonto a lion. Sincedeformation
transfercopiesthechange in shapeinducedby thedeformation,we
requirethe sourceand target referencemeshesto have the same
kinematicposewhenskeletaldeformationsareretargeted.

While thedeformationsof Figures1 and5 areprimarily skeletal
in nature,Figure6 demonstratestheeffectivenessof our approach
with non-rigiddeformations.Here,thehorsecollapsesasif it were
madeof a rubbersheet.Its legsbuckleandits entirebody falls to
theground,folding ontopof itself. Thedeformationsaretransfered
to thecamel,andits bodybucklesandcollapsessimilarly.

In the accompanying video, we usedeformationtransferto re-
targettwo deformationsthatvary continuouslythroughtime. First,
we transfera gallop gait from the horseto the camel, and then
we transferthe collapsingmotion from Figure6. In order to re-
solve theglobalpositioningof thecamelover 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-
causecomputingthesourcedeformationsaswell asmappingthem
to thetargetarebothlinearoperations,temporalconsistency of the
sourceanimationandvertex constraintsresultsin a temporallyco-
herenttargetanimation.

In Figure7, facialexpressionsof a realperson,acquiredwith a
3D scanningsystem,aretransferedontoadigital character. A great
deal of expressiveness—especiallyaroundthe 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: Thenumberof correspondencemarkersusedandthetim-
ing resultsfor ourexamplesona3.0GHzPentiumIV machine.

capturedandadaptedto thetargethead.This typeof transfermight
beusedwhena digital stand-inmustreplacea realactor, or to map
thefacialexpressionsof avoiceactorontoananimatedcharacter.

Sincethescanneddatais in theform of facemasksandthetarget
meshconsistsof anentireheadandneck,themappingbetweenthe
sourceandtarget trianglesis not onto. Only a subsetof the target
triangles(thoseof thefront of theface)arelistedin thecorrespon-
dence.We specifythatthedeformationof theremainingtargettri-
anglesshouldbeminimalby mappingthemto theidentitymatrix.

Our deformationtransfertechniquewas designedfor the case
wherethereis a clearsemanticcorrespondencebetweenthesource
andtarget. We choseanatomicallysimilar meshesto demonstrate
ourresultssincethey haveanobviousmapping(i.e.,leg to leg,head
to head,etc.).In Figure8,wechallengethisassumptionby transfer-
ring thehorsedeformationontoa �amingo mesh.Thecorrespon-
denceis ambiguousasthe�amingo hasonly two legs,notail, anda
beak.We mappedthe�amingo's legsto thehorse's front two legs,
the�amingo'sbodyto theentirehorse'sbodyincludingits tail, and
its beakto thehorse's head.Building this mappingpushesthelim-
its of ourcorrespondencesystemasthe�amingo's“S”-shapedneck
mustbeunbentto matchthehorse'sstraightneck.Thedeformation
smoothnessterm(Equation11) �ghts againsttheselarge local de-
formations,requiringthe userto selectmany marker pointsalong
the neck. However, oncethe correspondencehasbeenadequately
speci�ed,the�amingo faithfully deformslike thehorse.Of course,
a real �amingo's hips bendin the oppositedirectionof a horse's
front hips,which demonstratesa reasonwhy deformationtransfer
betweenanatomicallydifferentmeshesmaynotbeappropriate.

Noneof thesourceandtargetmeshesin our examplessharethe
samenumberof vertices,triangles,or connectivity. Table1 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 1.559secondsfor factorizationand
0.293secondson averageto solve for eachretargetedpose. The
usertime requiredto addthemarkersandcomputethecorrespon-
dencefor eachexamplewasunderonehour.

7 Conclusion

Deformationtransferis a generalmeshbasedtechniquethat trans-
fersdeformationsexhibitedby asourcemeshontoadifferenttarget
mesh.Thetechniquetransfersbetweenmesheswith differentmesh
structure(numberof vertices,numberof triangles,andconnectiv-
ity). The processis numericallyef�cient. A precomputationstep
factorsandstoresthe systemof equationsfor a source/target pair.
Transferringa new deformationinvolves a backsubstitutionwith
thefactoredsystem.

The usercontrolsthe transferprocessby supplyinga mapping
betweenthe trianglesof the sourceandthe trianglesof the target
that identi�es which partsshouldmove similarly. Our correspon-
dencetool assiststheuserby automaticallycomputingthetriangle
correspondencefrom asmallnumberof usersuppliedmarkers.

In order to performdeformationtransfer, the sourceandtarget
deformationsarerepresentedasaf�ne transformations.Theknown
sourcedeformationsare mappedto the target via the correspon-
dencemap. We solve a constrainedoptimizationfor the targetde-
formationthatmatchesthesourcetransformationsascloselyaspos-
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Figure5: Catposesretargetedontoa lion.
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Figure6: Thehorsedeformation,collapsingasif it weremadeof a rubbersheet,is transferredto thecamel.

siblewhile maintainingconsistency constraints.For ef�ciency, we
useavertex formulationof thisproblemthatsatis�estheconstraints
implicitly.

Several limitations of our currentsystempoint to directionsof
futurework. Our methodallows limited controlover thedeforma-
tion transferprocessin the form of the correspondencemap and
vertex constraints,but providesno direct way to �ne-tune the so-
lution asidefrom changingthesourcedeformationandreapplying
deformationtransfer. In particular, it cannottransfertheanimation
controlsusedto generatethedeformationin the�rst place.Ideally,
deformationtransferwouldcarryoverthecontrolsaswell, allowing
theretargeteddeformationto be�ne-tuned for thetargetshape.A
generaltechniqueto adaptanimationcontrolknobsfrom onechar-
acterto anotheris anopenproblemin computergraphics.

Theoptimizationproblemthatwe solve is uniqueup to a global
translation.Thus,the global positionmustalwaysbe speci�ed in
someway by theuser. Whenretargetingonly key poses,asin Fig-
ures1 and5, it is easyto resolve theglobalpositionby �xing one
vertex in place.However, whenretargetinganentireanimationse-
quence,thepositionmustbespeci�edat eachpoint in time. A po-
sitionalconstraintspeci�ed only duringselectedintervals (suchas
duringgroundcontact)will result in “popping” artifactswhenthe
constraintbecomesactive. In theaccompanying video,weresolved
theissueby constrainingthecamel's feet to matchthehorse's feet
at eachpoint in time. But, if two mesheshave very differentpro-
portions,it maybemoredif�cult to formulateanappropriatecon-
straint.

Onewayto approachthisproblemis to directlyaddressthetem-
poraldimensionin theretargetingprocessin orderto enforcetem-
poral coherenceaswell asreducethe global positioningproblem

to thespeci�cationof positionalconstraintsonly duringkey events
suchasfoot/groundcontact. However, a formulationof deforma-
tion transferover time would increasethenumericalcomplexity of
the optimization,requiringa differentnumericalapproach.With
ourdirectLU solver, wehavesuccessfullytransfereddeformations
onto a target meshwith 400k triangles. However, at this point
the LU solver approachesmemorylimitations. The LU factoriza-
tion,with aconsiderableamountof swapping,took95seconds,and
backsubstitutiontook 6.5 seconds.For extremelylarge meshes,a
multigrid solverwould likely outperformourdirectmethod.

Perhapsthe most conspicuouslimitation of our techniqueis
the requirementof grosssimilarity betweenthe sourceand tar-
getmeshes.Transferringdeformationbetweendrasticallydifferent
meshesis anopenproblemin computergraphicsthatpresentstwo
primarychallenges.First, it requiresa moreversatiletechniqueto
relatethe sourceandtarget to oneanotherthat canaccommodate
ambiguousandarbitrarymappings.Second,it requiresamethodto
appropriatelyadaptthedeformationto thetarget,ratherthansimply
transferringit directlywithoutmodi�cation.
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Figure7: Scannedfacialexpressionsclonedontoadigital character.
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Figure8: Horseposesmappedontoa �amingo.
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