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Abstract

Wire curve[15] is asimple,intuitive interfaceto localdeformationof complex geometricob-
jectssuchashumanfacemodels.In thispaper, weprovideaformulationto extractwirecurvesand
deformationparametersfrom afacialmodelbasedonthedisplacementsof its verticesfrom those
of the correspondingreferencemodel. This extractionprocessis an inverseprocessof the wire
deformation.With a mild assumptionandinteractive guidefor settingthe referencecurvesand
their attributes,we show thattheinverseprocesscanbenicely formulatedasanover-constrained
systemof linear equationsthat canbe solved with a leastsquaresminimizationtechnique.We
apply the extractionprocessto multiple facemodelswith different typesof expressionsto ob-
tain their correspondingwire curves.For facialanimation,we blendthoseextractedwire curves
anddeformationparametersto finally deformthe referencefacemodel. Our proposedscheme
facilitatesbothlocal deformationandnon-uniformblendingby makinguseof thepower of wire
deformation.

Keywords: real-timefacialanimation,multiplefacemodels,localdeformation,wire deforma-
tion, facepatternrecognition.

1 Introduction

Multiple facemodels,called templates,arewidely usedfor facial animation[5, 12]. Eachof these
modelsreflectsbotha facialexpressionof differenttypeanddesigner’s insightto beagoodguideline
for animation.Thosetemplatescomprisea facial expressiondatabasefrom which we selectappro-
priatefacemodelsto blendandto deform.However, a templateconsistsof a setof verticeswith few
handlesto controlsuchgeometricoperationsexcepttheverticesthemselves.To achieve smoothlocal
deformationandnon-uniformblendingwithout any tools,onewould have to dealwith every vertex
of facemodelsinvolvedin theseoperations.

Dueto its capabilityof localcontrolon facialfeaturessuchaseyesandamouth,“wires”[15] have
becomeapopulartool for facialanimation.Thebasicideaof wire deformationis to locally deformthe
verticesof afacialfeatureaccordingto thedisplacementsof wire curvesfrom theirreferencestogether
with deformationparameters(seeSection2.) Therefore,by deformingawire curve, thefeaturesnear
the curve arealso deformedaccordingly. Thesefeaturesmay be refinedfurther with deformation
parameters.Recently, wire deformationhasbeenincorporatedin a well-known animationsoftware
calledMaya

���
asastandarddeformationtool.

However, with a varietyof modelingtoolsavailable,we cannotexpectthata designerdoesnec-
essarilyemploy wire deformationto modela templateof facialexpression.Moreover, evenmodeled
with thewire deformationtool, thefinal resultis representednot by wire curvesanddeformationpa-
rametersappliedto a referencefacemodel,but by theverticesthemselvesdisplacedby thosecurves
andparameters.In orderto facilitatethelocalcontrolof facialfeatures,wepresentamethodto extract
asetof wire curvesanddeformationparametersfrom a templateregardlessof its history, thatis, how
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it hasbeencreated.This methodnot only provideshandlesfor local deformationandnon-uniform
blendingbut alsoreducesthevolumeof thetemplatedatabase,by representinga templateasa setof
wire curvesanddeformationparameterscharacterizingits correspondingfacialexpression.

The remainderof the paperis organizedas follows. We provide relatedwork in Section2. In
Section3, we give an introductionto thewire deformationtechnique.We presenta formulationfor
extractingwire curvesanddeformationparametersin Section4. In Section5, we demonstratehow
our techniquecanbeusedfor facialanimation.Finally, we concludethispaperin Section6.

2 Related Work

Blendingmultiple facemodelswith differentexpressionsis popularfor real-timefacial animation.
Pighinet al. [12] capturedfacegeometryandtexturesby fitting a genericfacemodelto a numberof
photographs.Throughtransitionsbetweencapturedfacemodelsof differentexpressions,they were
ableto generateexpressive facial animation. Blanz et al. [1] proposedan automaticfacemodeling
techniqueby linearly blendinga setof examplefacemodelsfrom a facedatabase.To avoid unlikely
faces,they restrictedtherangeof allowablefaceswith constraintsderivedfrom theexampleset.For
local controlon eachfacial feature,thoseapproachesallow interactive segmentationof a faceinto a
setof regionsto assignaproperblendingfactorto every vertex.

Otheralternativesarebasedondeformationtechniques.In free-formdeformation(FFD)[14], con-
trol pointsof a parallelpiped-shaped latticearemanipulatedto deformanobject. Furtherextensions
to FFD adoptedlatticesof arbitrarytopologyinsteadof regular lattices[2, 3, 10]. For directcontrol,
Hsuet al. [6] computedthedisplacementsof thecontrolpointsfrom themovementsof pointson the
surfaceof anobject.Thalmannetal. [7] employedFFDto simulatethemuscleactionontheskinsur-
faceof a humanface.Terzopouloset al. [9] proposeda physically-basedmethodfor skin andmuscle
deformationto enhancethedegreeof realismover purely geometrictechniques.Williams [16] and
Guenteret. al. [4] usedfacialmotiondatacapturedfrom realactorsto deformfacemodels.Marschner
etal. [11] computedthedisplacementsof controlpointsfor aspecificfacemodelfrom themovements
of samplepointsonafaceperformerby solvingasystemof linearequationsin theleastsquaressense.

Singhet al. [15] provideda moreeffective controlmetaphorbasedon wire deformation.A para-
metric curve called”wire curve” is usedto defineanddirectly control a salientdeformablefeature
on a facemodel. Its basicideais to locally deformgeometrynearthe wire curve by manipulating
thecurve. Due to thecapabilityof local controlaswell asdirectmanipulation,wire deformationis
versatilefor synthesizingfacialexpressionsinteractively.

3 Wire Deformation

Singhet. al. [15] proposedwire deformationasa simple,intuitive interfaceto deformingcomplex
geometricobjectssuchashumanfacemodels.In thissection,webriefly summarizetheirdeformation
scheme.

Wire deformationis definedby a tuple ����� 	
� ��� � � 
�� , where � and 	 denoteparametric
curvescalledwire andreferencecurves,respectively, and � , � , and 
 aredeformationparametersto
beexplainedlater. Initially, � and 	 arecoincident.By deformingthewire curve � , it is displaced
from 	 . For a point � on anobject � to deform,let ��� beits nearestpoint on 	 , and ��� thepoint
on � correspondingto ��� . That is, ��� and ��� have thesamecurve parametervalue. When � is
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deformed,thepoint � is movedto ��� asfollows.� ��� ����� ��� �!��"$# %&� '(# ) (1)

Here,* is a functionof + , � , andtherangeparameter, , thatis,* � *(� +
- �.- / # )* is proportionalto theEuclideandistancefrom ��" to � , thatis normalizedby , . In particular,* � 0 0 �1�!��" 0 0, )
Thefunction 2 in Equation(1) is amonotonicallydecreasingfunctionof * thatsatisfies2.� 3&# �54 and2.� *�# � 3 for *16 4 . Weuse 2(� *�# � 7 � *�89� 4 # 8:- if 3<;=*1; 4 -3 - otherwise.2 givesthefractionof displacement� ��� �!��"$# to applyto � to obtain ��� . Thedistance

0 0 ���!��" 0 0
andthe rangeparameter, determine* uniquelyandthus 2 . We canalsoadjust 2.� *�# interactively
within theunit interval > 3?- 4 @ to reflectthephysicalcharacteristicsof thepoint � in relationto + . With, fixed, 2 is decreasingas � is fartheraway from + . The wire deformationin Equation(1) canbe
enhancedfurtherwith a radialscalingparameterA , thatis,� ��� ���B� C$�=D?# � ���E��"F# %&� '�#��B� ��� �!��"$# %&� '(# ) (2)

ThescalingparameterA controlsthemovementof � in thedirectionof �E�=��" or its reverse.The
secondtermof theright-handsideof Equation(2) is for scaling.To assurenoscalingwhen A �54 , we
have modifiedtheoriginalwork. Wealsoignoretherotationtermsincerotationsarerarelyemployed
for deformationof facemodels.

Multiple wire curvescanbeusedto bettercontrol theshapeof theobject. In their original work,
Singhet. al. proposedthreealternativesto assignaweightto thecontributionof eachwire curveto the
final deformation.For ourpurpose,wechoosetheonedescribedbelow: Let G<��H bethedisplacement
of thepoint � whena wire curve I�J aloneis applied.Given K wire curves I�J , L � 3?- 4 - M?- N N N�- O ,
thenew position ��� is obtainedasfollows:� ��� ���QPBRH S�T.U ��H % H � '�# VPBRH S�T % H � '(# V ) (3)

Here, 2 J � *�# � 2(� *(� +$J - �.- / H # # where +9J and , J are the referencecurve and the rangeparameter
correspondingto I�J . ThelocalizingparameterW controlstheinfluenceof I�J and A J ondeformation.
For example,as 2 J � *�# approachesone(or � approaches+9J ), the influenceof I�J and A J aremore
rapidly increasingwith bigger W .
4 Wire Extraction

Supposethatwe useO pairsof wire andreferencecurves,denotedby � I�J - +9J # , L � 3?- 4 - M?- N N N�- O ,
to characterizethegeometryof a facialexpressiontemplateX deformedfrom thebasemodel Y by
displacingtheir vertex positions.Then,ourproblemis:
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Given Z and[ , determinethecurvepairs, \ ]�^ _ `$^ a _ b<cBd&_ e _ f&_ g g g(_ h anddeformation
parameters,i , j , k , and l suchthat [ canbeobtainedfrom Z throughwire deformation
by usingthosecurve pairsandparameters.

The referencecurves `$^ \ m�a _ b�cnd&_ e _ f&_ g g g(_ h characterizethe featuresof thebasefacemodel Z
suchaseyesandthemouthandthusarenotdependentonaspecifictemplate[ . Therangeparameterj ^ \ m�a is anattributeof thecurve `$^ \ m�a definedalongit for all m . Thelocalizingparameterl is applied
uniformly to every point on Z regardlessof [ . Therefore,we assumethat experienceddesigners
specify `$^ ’s, j ^ ’s, and l interactively to reflect their intuition on Z . Provided with `9^ ’s and j ^ ’s,i.\ o(\ `9^ _ p._ q r a a is uniquelycomputed.Hence,we will be doneif the radial scalingparametersk ^ ’s
andthewire curves ]�^ ’s aredetermined.Here, k ^ is a usefulparameterfor expressionexaggeration
or attenuation.Thecheekbulgefor anexaggeratedsmileis agoodexampleof averymuchuseof k ^ .

Let p�s and p�ts _ u(c�v�_ w�_ x�_ g g g�_ y betheverticesof Z andits correspondingverticesof [ . From
equation(3), z p�s�c|{B}r ~��(� s r \ �(a �?�Ep�s r{B}r ~��(� s r \ �(a � _ u�cBv�_ w�_ x�_ g g g�_ y.� (4)

Here,

z p�s r is thedisplacementof p�s whenonly ]�^ is applied, i � ^�cQi.\ o(\ `9^ _ p�s _ q r a a , and

z p�s.cp t s�� p s . FromEquation(2),z p s r c�\ � r � w?a � s r \ ��a \ p s � p s ��� a�� � s r \ �(a \ p s ��� � p s ��� a _ (5)

where p s , k ^ , p s ��� , and p s ��� area vertex p s on Z , thescalingparameterof thereferencecurve `9^ ,
thepoint on `9^ closestto p�s , andthepoint on ]�^ correspondingto p�s ��� . As statedin theprevious
section,]�^ and `$^ areparametriccurves.In particular, weemploy cubicB-splinesto representthem.
Therefore,\ p�s ��� � p�s ��� a canbeexpressedasfollows:\ p s ��� � p s ��� a(c�� �� � ~��.� � \ � r � � q r � a _ (6)

where��r � and q r � _ �(cBv�_ w�_ x�_ g g g(_ � r arethecontrolpointsof wire andreferencecurves ]�^ and `9^ ,
respectively, and �F� _ ��cBd&_ e _ f&_ � � � _ � ^ aretheir basisfunctions.

FromEquations(5) and(6),z p s r c�\ � r � w?a � s r \ �(a \ p s � p s ��� a�� � s r \ �(a�� �� � ~��.� � \ � r � � q r � a � (7)

Given p s , we candeterminep s ��� andits curve parametervalueon `$^ andthus ��� canbeevaluated.
Theonly unknownsontheright-handsideof Equation(7) is thecontrolpoints ��r � ’sof thewire curve]�^ andtheir scalingfactor k ^ ’s. FromEquations(4) and(7),z p s c }�r ~�� � s r \ ��a �{B}r ~�� � s r \ ��a �9� \ � r � w?a � s r \ ��a \ p s � p s ��� a�� � s r \ ��a�� �� � ~��.� � \ � r � � q r � a � � (8)

We aregoing to solve Equation(8) for k ^ and ]�^ . In a specialcase,we can trivially get ]�^ .
Supposethat `$^ passesthrougha sequenceof verticeson thebasemodelM andalsothatonly one
wire curveis definedonM. Then,̀9^ and ]�^ becomèF� and ]�� , respectively, sincewehaveonewire
curve. For vertex p�s on `F� , thefirst termof theequationvanishessince p�s � p�s �.�
c�v . Moreover,
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  ¡ ¢ £ ¤�¥.¦�§
sincethevertex ¨�© is on ª ¢ . Therefore,Equation(8) is reducedto «<¨�© ¦ ¨�© ¬E­$®!¨�© ¯(­ .

That is, the displacementof vertex ¨�© is determinedonly by a single wire curve ° ¢ . Therefore,° ¢ canbe computedfrom the verticeson the expressiontemplateT correspondingto thoseon M.
However, multiple wire curvesaregenerallydefinedon M for facialanimation.Thevertex ¨�© on M
movesto a new positionby the influenceof multiple wire curves. Hence,even if ª$± passesthrough
the sequenceof verticeson M, °�± can not be obtainedfrom the samesequenceof verticeson T
correspondingto thoseon M.

Let ² ¡ ± ¦�£   ¡ ± £ ¤�¥ ³ ´�µ ¥ ¶?£.·¸± ¹ ¢   ¡ ± £ ¤�¥ ³ ¥ º» © ¦ ·¸± ¹ ¢ ² ¡ ± £ ¨�©�®E¨�© ¯�¼ ¥ º and½&¾ ¿ ¦�À ¾ ¿ ®!Á ¾ ¿ º Â�¦BÃ�º Ä�º Å�º Æ Æ Æ(º Ç ¾ È
Then,Equation(8) becomes«<¨ © ¦ » ©&ÉËÊ¸¾ ¹�Ì À © ¾ £ £ ¨ © ®E¨ © ¯�¼ ¥ Í ¾ ÉÏÎ ¼¸ ¿ ¹�Ì.Ð ¿ ½ ¾ ¿ ¥ º Ñ�¦BÃ�º Ä�º Å�º Æ Æ Æ�º Ò È (9)

Here, ½ ¾ ¿ ’s and Ó ± ’s arethe only unknowns. RearrangingEquation(9), we have a systemof linear
equations: ·¸± ¹ ¢ ² ¡ ± £ ¨ © ®E¨ © ¯�¼ ¥ Í ¾ ÉÔÊ¸¾ ¹�Ì Î ¼¸ ¿ ¹�Ì À © ¾ Ð ¿ ½ ¾ ¿ ¦�Õ ¨ © ® » © º Ñ�¦BÃ�º Ä�º Å�º Æ Æ Æ(º Ò.º (10)

or Ð Í É�Ö ½ ¦B×.º (11)

where Ð ¦ÙØ<Ú Û Û Ü Ý Þ�ß(Ý Þ à á â ã Þ á Ü Ý Þ�ß(Ý Þ à ä â�å å å ã Þ æ�Ü Ý Þ�ß(Ý Þ à æ âÚ ç Û Ü Ý á ß(Ý á à á â ã á á Ü Ý á ß(Ý á à ä â�å å å ã á æ�Ü Ý á ß(Ý á à æ âè è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è èÚ é Û Ü Ý ê�ß(Ý ê à á â ã�ê á Ü Ý ê�ß(Ý ê à ä â�å å å ã ê æ Ü Ý ê�ß(Ý ê à æ â.ë ºÖ ¦ÙØ Ú Û Û ì Û?Ú Û Û ì&ç å å å Ú Û Û ì í Û Ú Û ç ì Û�Ú Û ç ì&ç å å å Ú Û ç ì í ç å å å Ú Û î�ì Û?Ú Û î�ì&ç å å å Ú Û î�ì í îÚ ç Û ì Û?Ú ç Û ì&ç å å å Ú ç Û ì í Û Ú ç ç ì Û�Ú ç ç ì&ç å å å Ú ç ç ì í ç å å å Ú ç î�ì Û?Ú ç î�ì&ç å å å Ú ç î�ì í îè è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è è èÚ é Û ì Û?Ú é Û ì&ç å å å Ú é Û ì í Û Ú é ç ì Û?Ú é ç ì&ç å å å Ú é ç ì í ç å å å Ú é î ì Û?Ú é î ì&ç å å å Ú é î ì í î ë º½ ¦�£ ½ Ì Ì ½ Ì ï Æ Æ Æ ½ Ì Î ­ ½ ï Ì ½ ï ï Æ Æ Æ ½ ï Î ð Æ Æ Æ ½ Ê Ì ½ Ê ï Æ Æ Æ ½ Ê Î ñ ¥ ò$ºÍó¦�£ Ó µ Ó ô Æ Æ Æ Ó · ¥ õ.º and×ö¦�£ «<¨�ÌF® » Ì Õ ¨(ï$® » ï Æ Æ Æ9Õ ¨�÷
® » ÷ ¥ ò È
Thevector

Í
representstheradialscalingfactors.Eachelement½ © ¿ of thevector ½ is thedisplace-

mentof thecontrolpoint
À © ¿ from Á © ¿ . We canfurthersimplify Equation(11), juxtaposingmatricesÐ and Ö : ø!ù½ ¦B×.º (12)
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Figure1: Thebasefacialmodelandits correspondingwire curves.

whereúüû�ý þ�ÿ ��� and �� û�� � �
	 � ��� � . SolvingEquation(12) for �� , wecannotonly find thescaling
factorsbut alsoextractall wire curves. Thesystemgiven in Equation(12) is over-constrained,since
thenumberof verticesin the facemodel 
 is muchgreaterthanthe total numberof controlpoints
for all reference(or equivalentlywire) curvesandtheirscalingfactors.Therefore,weneedto compute
theleastsquaressolution,thatis,

�� û�� ú � ú�� ��ú ����� (13)

� ú��.ú�� � is thepseudoinverseof � ú��(ú�� obtainedfrom its singularvaluedecomposition[8, 13]. The
first � elementsof �� give thescalingfactors� � ’s for the template� . Displacingthecontrol points
of the referencecurves(or equivalently the initial wire curves)with the restof elements,we finally
computethecontrolpointsof all wire curves.

5 Experimental Results

For our experiments,we have built a basefacemodelandits templatesof differentexpressiontypes.
Thebasemodelconsistsof about5,000polygons.Theexpressiontemplatesarederivedby designers
from the basemodel throughdisplacingthe verticesof the basemodel. As shown in figure 1, we
define15reference(andthuswire) curveslying onthebasemodel.Eachof referenceandwire curves
is acubicB-splineandhasfour or morecontrolpoints.

First, we show how well our wire extractionschemeworks. In Figure2, the original facetem-
platesarearrangedsideby sidewith their correspondingtemplatesreconstructedfrom thebaseface
modelby applying the extractedwire curvesanddeformationparameters.In the first column,we
give theoriginal templatethathave sad,happy, surprisedandangryexpressionsfrom top to bottom,
respectively. In thesecondcolumn,we show thecorrespondingreconstructedtemplates,in thesame
sequence.Note how visually similar the pairsof original and reconstructedexpressionsare. This
supportstheeffectivenessof ourschemeto extractthewire curvesanddeformationparameters.

Now, we exhibit the capabilityof wire curves for local deformation.With the wire curvesand
deformationparametersextracted,we canusethemasa high level userinterfaceto locally deform
facial featuressuchas eyes, lips, forehead,cheeks,and etc, insteadof interactively manipulating
every vertex involved in the deformation,individually. Figure3 shows local deformationachieved
with suchwire curves: The left figureshows a smiling expressionandits correspondingwire curve
configuration,theexpressionin themiddle is obtainedby manipulatingmainly thewire curvesthat
characterizethelips, andtheexpressionon theright is obtainedby deformingmainly thewire curves
on eyebrows.
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Figure2: Theoriginal facetemplatesandtheir correspondingreconstructedmodels.
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Figure3: Theexamplesof high level userinterfacefor localdeformation.

Finally, we demonstratetheeaseof non-uniformblendingwith wire curvesextracted.Theupper
row of Figure4 shows theuniform blendingof facial features,that is, uniform featureinterpolation
betweentwo templatesrepresentedby image(1) andimage(10), respectively. Eachfacial featureof
theformer is transitedto thatof thelaterat thesamespeed.Thelower row givesanimagesequence
due to their feature-wisenon-uniformblending. For this non-uniformblending,we usedifferent
blendingfunctionsfor eyesandthemouth. As shown in Figure6, theblendingfunction for eyesis��� � ���! � , andthe blendingfunction for the mouth is ��� � ���"� # for $&% � %!' . Theseblending
functionsenablethetransitionof eyefeaturesto bemuchfasterthanthatof lip featureswhen � is near
zero.Ontheotherhand,thelatteris muchfasterthantheformerwhen� approachesone.Feature-wise
non-uniformblendingcanhardly be achieved efficiently without an effective user-interfacesuchas
thewire deformationscheme.Figure5 shows anexampleof uniform andnon-uniformblendingfor
anothermodel.

6 Conclusion

In this paper, we presenta methodto extract a setof wire curvesanddeformationparametersfrom
a facemodelregardlessof its constructionhistory. Given a pair of referenceandfacemodelswith
an identicaltopologicalstructure,we formulatea systemof linearequationsof which theunknowns
arethe positionsof control pointsof eachwire curve andscalingparameters.This systemis over-
constrainedsincethenumberof verticesin thefacemodelsis muchgreaterthanthatof unknowns.We
extractthewire curvesandparametersby solvingthesystemfor theleastsquaressolution.Thewire
curvestogetherwith thescalingparameters,thusextracted,not only provide convenienthandlesfor
local geometrycontrolbut alsofacilitatenon-uniformtransitionsamongfacialexpressiontemplates.
Theexperimentalresultsshow theeffectivenessof wire curve extractionandits usefulness.

In the future,we plan to extract thepositionsof referencecurvesandmoredeformationparam-
eters. With the initial positionof a referencecurve interactively given by a designer, we will try to
extractthebestpositionof thereferencecurvethatfits for a facialexpressionmodelandits reference.
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(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Figure4: upperrow: uniform blending.lower row: non-uniformblending.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Figure5: upperrow: uniform blending.lower row: non-uniformblending.
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(a)

(b)

Figure6: (a) Theblendingfunction for eyes, (*),+ - for .�/0-1/"2 . (b) Theblendingfunction for
mouth (�)3- 4 for .�/5-
/62 .
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