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Abstract

Wire curve [15] is asimple,intuitive interfaceto local deformationof complex geometricob-
jectssuchashumanfacemodels.In this paperwe provideaformulationto extractwire curvesand
deformationparameterérom afacialmodelbasednthedisplacementsf its verticesfrom those
of the correspondingeferencemodel. This extraction procesds aninverseprocesf the wire
deformation. With a mild assumptiorandinteractive guidefor settingthe referencecurvesand
their attributes,we shav thattheinverseprocessanbenicely formulatedasan over-constrained
systemof linear equationghat canbe solved with a leastsquaresninimizationtechnique.We
apply the extraction processto multiple facemodelswith differenttypesof expressiongo ob-
tain their correspondingvire curves. For facial animation,we blendthoseextractedwire curves
and deformationparametergo finally deformthe referencefacemodel. Our proposedscheme
facilitatesbothlocal deformationandnon-uniformblendingby makinguseof the power of wire

deformation.
Keywords: real-timefacialanimationmultiplefacemodelsJocal deformationwire deforma-

tion, facepatternrecognition.

1 Introduction

Multiple facemodels,calledtemplatesare widely usedfor facial animation[5 12]. Eachof these
modelsreflectsbothafacialexpressiorof differenttype anddesignes insightto bea goodguideline
for animation. Thosetemplatescomprisea facial expressiondatabasdrom which we selectappro-
priatefacemodelsto blendandto deform. However, atemplateconsistsf a setof verticeswith few

handledo controlsuchgeometricoperationgexceptthe verticesthemseles. To achiere smoothlocal

deformationandnon-uniformblendingwithout ary tools, onewould have to dealwith every vertex

of facemodelsinvolvedin theseoperations.

Dueto its capabilityof local controlon facialfeaturessuchaseyesanda mouth,“wires’[15] have
becomeapopulartool for facialanimation.Thebasicideaof wire deformatioris to locally deformthe
verticesof afacialfeatureaccordingo thedisplacementesf wire curvesfrom theirreferencesogether
with deformationparameterg¢seeSection2.) Therefore by deformingawire curve, thefeaturesnear
the curve are also deformedaccordingly Thesefeaturesmay be refinedfurther with deformation
parametersRecently wire deformationhasbeenincorporatedn a well-knovn animationsoftware
calledMaya ™ asa standardieformationtool.

However, with a variety of modelingtools available,we cannotexpectthat a designerdoesnec-
essarilyemploy wire deformationto modela templateof facial expression.Moreover, evenmodeled
with thewire deformationtool, thefinal resultis representedot by wire curvesanddeformationpa-
rametersappliedto areferencédacemodel,but by the verticesthemselesdisplacedoy thosecurves
andparametersin orderto facilitatethelocal controlof facialfeaturesye presenaamethodto extract
asetof wire curvesanddeformationparameterfrom atemplateregardlesf its history thatis, how



it hasbeencreated. This methodnot only provideshandlesfor local deformationand non-uniform
blendingbut alsoreduceghe volumeof thetemplatedatabasehy representing templateasa setof
wire curvesanddeformationparametersharacterizingts correspondindacial expression.

The remainderof the paperis organizedas follows. We provide relatedwork in Section2. In
Section3, we give anintroductionto the wire deformationtechnique.We presenta formulationfor
extractingwire curvesanddeformationparametergn Section4. In Section5, we demonstratdow
our techniquecanbe usedfor facialanimation.Finally, we concludethis paperin Section6.

2 Reated Work

Blending multiple facemodelswith differentexpressionds popularfor real-timefacial animation.
Pighinetal. [12] capturedacegeometryandtexturesby fitting a genericfacemodelto a numberof
photographsThroughtransitionsbetweencapturediacemodelsof differentexpressionsthey were
ableto generatexpressie facial animation. Blanz et al. [1] proposedan automaticfacemodeling
techniqueby linearly blendinga setof examplefacemodelsfrom afacedatabaseTo avoid unlikely
facesthey restrictedthe rangeof allowablefaceswith constraintderived from the exampleset. For
local control on eachfacial feature thoseapproachesllow interactve segmentationof afaceinto a
setof regionsto assigna properblendingfactorto every vertex.

Otheralternatvesarebasedndeformationtechniquesin free-formdeformation(FFD})14], con-
trol pointsof a parallelpiped-shagd lattice are manipulatedo deforman object. Furtherextensions
to FFD adoptedatticesof arbitrarytopologyinsteadof regularlattices[2, 3, 10]. For directcontrol,
Hsuetal. [6] computedhe displacementsf the control pointsfrom the movementsof pointson the
surfaceof anobject. Thalmanretal. [7] employed FFD to simulatethe muscleactiononthe skin sur
faceof ahumanface.Terzopoulosetal. [9] proposed physically-basednethodfor skinandmuscle
deformationto enhanceahe degreeof realismover purely geometrictechniques.Williams [16] and
Guentetret. al. [4] usedfacialmotiondatacapturedrom realactorsto deformfacemodels.Marschner
etal. [11] computedhedisplacementsf controlpointsfor aspecificfacemodelfrom themovements
of samplepointson afaceperformetby solvingasystenof linearequationsn theleastsquaresense.

Singhetal. [15] provided a moreeffective controlmetaphotbasedon wire deformation.A para-
metric curve called”wire curwe” is usedto defineanddirectly control a salientdeformablefeature
on afacemodel. Its basicideais to locally deform geometrynearthe wire curve by manipulating
the curve. Dueto the capability of local controlaswell asdirect manipulation,wire deformationis
versatilefor synthesizingacial expressionsnteractvely.

3 WireDeformation

Singhet. al. [15] proposedwire deformationasa simple,intuitive interfaceto deformingcomplex
geometricobjectssuchashumanfacemodels.In this section we briefly summarizeheir deformation
scheme.

Wire deformationis definedby a tuple < W, R, f,r, s >, whereW and R denoteparametric
curvescalledwire andreferencecurves, respectrely, and f, r, ands aredeformationparameters$o
beexplainedlater Initially, W and R arecoincident.By deformingthewire curve W, it is displaced
from R. For apointp onanobjectM to deform,let pr beits nearespointon R, andpw thepoint
onW correspondingo pr. Thatis, pr andpw have the samecurve parameteralue. WhenW is



deformedthepointp is movedto p’ asfollows.
p' =p+ (pw — PR)f(X). N
Here,z is afunctionof R, p, andtherangeparameter, thatis,
z = z(R,p,r).
z is proportionatlto the Euclideandistancerom pg to p, thatis normalizedby . In particular

o [P=PrIl
T

Thefunction f in Equation(1) is amonotonicallydecreasindunctionof z thatsatisfiesf (0) = 1 and
f(z)=0forz > 1. Weuse

(=2 -1)? , if0<z <1,
f(2) = { 0 , otherwise.

[ givesthefractionof displacemen{pw — pr) to applyto p to obtainp’. Thedistance|p — prJ|
andthe rangeparameter determinez uniquelyandthus f. We canalsoadjustf(z) interactvely
within theunitintenal [0, 1] to reflectthe physicalcharacteristicef the pointp in relationto R. With
r fixed, f is decreasin@sp is fartheraway from R. The wire deformationin Equation(1) canbe
enhancedurtherwith aradialscalingparametes, thatis,

p'=p+(s—1)(p — pr)f(x) + (Pw — PR)f(X). (2)

The scalingparametes controlsthe movementof p in thedirectionof p — pgr or its reverse. The
secondermof theright-handsideof Equation(2) is for scaling.To assureno scalingwhens = 1, we
have modifiedthe original work. We alsoignoretherotationtermsincerotationsarerarelyemplo/ed
for deformationof facemodels.

Multiple wire curvescanbe usedto bettercontrolthe shapeof the object. In their original work,
Singhet. al. proposedhreealternatvesto assigraweightto thecontrilution of eachwire curveto the
final deformation.For our purposewe chooseheonedescribeelov: Let Ap; bethedisplacement
of the pointp whenawire curve W; aloneis applied. Givenn wire cunesW;, j = 0,1,2,--- ,m,
thenew positionp’ is obtainedasfollows:

r Z;I;o Apjf:i(x)k
ML > LN YL )

Here, f;(z) = f(z(R;,p,r;)) whereR; andr; arethe referencecurve and the rangeparameter
correspondingo W;. Thelocalizingparametek controlstheinfluenceof W; ands; on deformation.
For example,as f;(z) approachesne (or p approaches?;), the influenceof W; ands; aremore
rapidly increasingwith biggerk.

4 Wire Extraction
Supposeghatwe usem pairsof wire andreferencecurves,denotedby (Wj, R;), i = 0,1,2,--- ,m,

to characterizéhe geometryof a facial expressionemplatel’ deformedfrom the basemodel M by
displacingtheir vertex positions.Then,our problemis:
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GivenM andT’, determinghecurvepairs,(W;, R;),j = 0,1,2,--- ,m anddeformation
parametersf, r, s, andk suchthatT’ canbeobtainedrom M throughwire deformation
by usingthosecurve pairsandparameters.

Thereferencecunes R;(u),j = 0,1,2,--- ,m characterizahe featuresof the basefacemodel A/
suchaseyesandthe mouthandthusarenotdependentn a specifictemplatel’. Therangeparameter
rj(u) is anattribute of thecurve R;(u) definedalongit for all w. Thelocalizingparametek: is applied
uniformly to every point on M regardlessof T'. Therefore,we assumehat experienceddesigners
specify B;’s, r;’s, and k interactvely to reflecttheir intuition on M. Provided with R;’s andr;’s,
f(z(R;,p,r;)) is uniquelycomputed.Hence,we will bedoneif the radial scalingparameters;'’s
andthewire curnvesW;'s aredetermined Here, s; is a usefulparametefor expressionexaggeration
or attenuationThecheekbulgefor anexaggeratedmileis agoodexampleof avery muchuseof s;.

Letp; andpt,i =0,1,2,--- ,n betheverticesof M andits correspondingerticesof 7. From
equation(3),
>oimo ij(x)“ Apyj
Ap: = ,i:0,1,2,---,n. (4)
‘ > im0 fij(x)*

Here, Ap;; is the displacemenof p; whenonly W; is applied, f;; = f(z(R;, pi,rj)), andAp; =
p} — p;. FromEquation(2),

Apsj = (s — 1)fi;(x) (pi — Pir;) + §i5(%) (Piw; — Piry); (5)

wherep;, s;, Pir;, andpiw; areavertex p; on M, the scalingparameteof thereferencecurve R;,
the pointon R; closestto p;, andthe pointon W; correspondindo pig;. As statedin the previous
section W; andR; areparametricurves. In particular we employ cubicB-splinesto representhem.
Therefore,(piwj - piRj) canbeexpresseasfollows:

t;

(Piw; — PiR;) = Z By (wj — rj1), (6)
1=0
wherew; andrj;,1 = 0,1,2,--- , t; arethecontrolpointsof wire andreferenceeurnvesW; andR;,
respectrely, andB;,l =0, 1,2, ..., t; aretheir basisfunctions.
FromEquationg5) and(6),
t5
Ap;j = (s; — DE;(x)(pi — Pir;) + £i5(x) D Bilwy — ). 7
1=0

Givenp;, we candeterminep;g, andits curve parametewalueon R; andthus B; canbe evaluated.
Theonly unknavnsontheright-handsideof Equation(7) is thecontrolpointswy;;’s of thewire curve
W; andtheir scalingfactors;’s. From Equationg4) and(7),

t;

mo ek
Api =Y B (6 1)) (s — pimy) + B0 S Bi(wp —rp). (©)
j=0 Zj:o flJ (X) 1=0

We are going to solve Equation(8) for s; andW;. In a specialcase,we cantrivially getW;.
Supposeéhat B; passeshrougha sequencef verticeson the basemodelM andalsothatonly one
wire curweis definedonM. Then,R; andW; becomel?y andWy, respectrely, sincewe have onewire
cure. For vertex p; on Ry, thefirst termof the equationvanishessincep; — pir, = 0. Moreover,
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fio(z) = 1 sincethevertex p; is on Ry. Therefore Equation(8) is reducedo Ap; = piw, — PiRe-
Thatis, the displacemenbdf vertex p; is determinedonly by a single wire curve Wy. Therefore,
Wy, canbe computedfrom the verticeson the expressiontemplateT correspondingo thoseon M.
However, multiple wire curvesaregenerallydefinedon M for facialanimation.The vertex p; on M
movesto a new positionby the influenceof multiple wire curves. Henceevenif R; passeshrough
the sequencef verticeson M, W; can not be obtainedfrom the samesequencef verticeson T
correspondingo thoseon M.
Let

wi = (fi5@)* /O fis(@)F),
=0

m
¢ =Y wij(p;i — Piw;), and
=0

q;1 Zle—rj1,1:0,1,2,---,tj.

Then,Equation(8) becomes

t:

m J
Ap; =c¢;i + Zwij((Pi — PiR;)Sj + Zqujl),i =0,1,2,--- ,n. 9)
j=0 1=0

Here,q;1's ands;’s arethe only unknavns. Rearrangingequation(9), we have a systemof linear
equations:

t:

m m 'J
E wij(pi — piRj)Sj + E E WijBIQJI =Ap;—c¢;,i=0,1,2,--- ,n, (20)
3=0 j=01=0
or
Bs + Cq =b, (11)
where
woo(Po — PoR,) W01(Po — POR,) ' Wom(P0O — POR,,)
B = w10(P1 — P1Ry) W11(P1 — P1Ry) " * Wim(P1 — P1Ry,)
................................................ 3
wWno(Pn — PanRy) Wn1(Pn — PnRy) **° Wonm(Pn — PnRy,)
wopBo wooB1 -+ wooBig wo1Bo wo1B1 -+ we1Biy - wom Bo wom B1 -+ wom Biy,
C = wipBo wigB1 -+ wipBig wi1Bo w11 B1 -+ w11Bty - wim Bo wim B1 -+ wim By,
.................................................................................... 3
Wn0Bo wnoB1 - wpoBty Wwn1Bo wni1B1 - wp1 Bty - WamBo wnmB1 - wnm By,
T
d =1(900 901 *** Qoto 910 Q11 *** Q1t; *** 9m0 Aml *** Umtm) >
s =(s; 8- sm)T, and

b = (Apo—co Aps—c;1 --- App —cn)T.

Thevectors representtheradial scalingfactors.Eachelementg;; of thevectorq is thedisplace-
mentof the control point wy from ry. We canfurther simplify Equation(11), juxtaposingmatrices
B andC:

Ag=n", (12)



Figurel: Thebasefacialmodelandits correspondingvire curves.

whereA = [B|C] andg = (sT,qT)T. SolvingEquation(12) for ¢, we cannotonly find thescaling
factorsbut alsoextractall wire curves. The systemgivenin Equation(12) is over-constrainedsince
the numberof verticesin the facemodel M is muchgreaterthanthe total numberof control points
for all referencgor equivalentlywire) curvesandtheir scalingfactors.Therefore,waneedto compute
theleastsquaresolution,thatis,

q=(ATA)"AThb. (13)

(AT A)* isthepseuddnverseof (AT A) obtainedrom its singularvaluedecompositiorig, 13]. The
first m elementsf q give the scalingfactorss;’s for the templateT’. Displacingthe control points
of the referencecurves (or equialently the initial wire curves)with the restof elementswe finally
computethe controlpointsof all wire cunes.

5 Experimental Results

For our experimentswe have built a basefacemodelandits templatesof differentexpressiorntypes.
Thebasemodelconsistof about5,000polygons. The expressiortemplatesarederived by designers
from the basemodelthroughdisplacingthe verticesof the basemodel. As shavn in figure 1, we
definel5referencdandthuswire) curveslying onthebasemodel.Eachof referenceandwire curves
is a cubic B-splineandhasfour or morecontrol points.

First, we shav how well our wire extractionschemeworks. In Figure2, the original facetem-
platesarearrangedsideby sidewith their correspondingemplateseconstructedrom the baseface
model by applyingthe extractedwire curves and deformationparameters.in the first column, we
give the original templatethat have sad,hapyy, surprisedandangryexpressiongrom top to bottom,
respectiely. In the secondcolumn,we shav the correspondingeconstructedemplatesin the same
sequence.Note how visually similar the pairs of original and reconstructeaxpressionsare. This
supportghe effectivenesof our schemeo extractthewire curnvesanddeformationparameters.

Now, we exhibit the capability of wire curvesfor local deformation. With the wire curvesand
deformationparameter®xtracted,we canusethemasa high level userinterfaceto locally deform
facial featuressuchas eyes, lips, forehead,cheeks,and etc, insteadof interactvely manipulating
every vertex involved in the deformation,individually. Figure 3 shawvs local deformationachieved
with suchwire curves: The left figure shavs a smiling expressionandits correspondingvire curve
configuration,the expressionin the middle is obtainedby manipulatingmainly the wire curvesthat
characteriz¢helips, andthe expressioron theright is obtainedoy deformingmainly the wire curves
oneyebrows.



Figure2: Theoriginal facetemplatesandtheir correspondingeconstructednodels.



Figure3: Theexamplesof highlevel userinterfacefor local deformation.

Finally, we demonstratéhe easeof non-uniformblendingwith wire curvesextracted.The upper
row of Figure4 shaws the uniform blendingof facial featuresthatis, uniform featureinterpolation
betweenwo templategepresentetty image(1) andimage(10), respectiely. Eachfacial featureof
the formeris transitedto thatof the later at the samespeed.The lower row givesanimagesequence
due to their feature-wisenon-uniformblending. For this non-uniformblending, we use different
blendingfunctionsfor eyesandthe mouth. As shavn in Figure 6, the blendingfunctionfor eyesis
g(t) = v/t, andthe blendingfunction for the mouthis g(t) = ¢3 for 0 < ¢t < 1. Theseblending
functionsenablethetransitionof eye featurego bemuchfasterthanthatof lip featuresvhent is near
zero.Ontheotherhand thelatteris muchfastetthantheformerwhent approachesne.Feature-wise
non-uniformblendingcan hardly be achieved efficiently without an effective userinterfacesuchas
the wire deformationscheme.Figure5 shavs anexampleof uniform andnon-uniformblendingfor
anothemaodel.

6 Conclusion

In this paper we presenta methodto extracta setof wire curvesanddeformationparametergrom
a facemodelregardlessof its constructionhistory Givena pair of referenceandfacemodelswith
anidenticaltopologicalstructure we formulatea systemof linear equationsof which the unknavns
arethe positionsof control pointsof eachwire curve andscalingparameters.This systemis over
constrainedincethenumberof verticesin thefacemodelsis muchgreatethanthatof unknavns. We
extractthe wire curvesandparameterdy solvingthe systemfor the leastsquaresolution. Thewire
curvestogethemwith the scalingparametersthusextracted,not only provide corvenienthandlesfor
local geometrycontrol but alsofacilitate non-uniformtransitionsamongfacial expressiortemplates.
Theexperimentakesultsshav the effectivenesof wire curve extractionandits usefulness.

In the future, we planto extractthe positionsof referencecurves and more deformationparam-
eters. With theinitial positionof a referencecurve interactvely given by a designerwe will try to
extractthebestpositionof thereferencecurve thatfits for afacialexpressiormodelandits reference.
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Figure4: upperrow: uniform blending.lower row: non-uniformblending.
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Figure5: upperrow: uniform blending.lower row: non-uniformblending.
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Figure6: (a) Theblendingfunctionfor eyes,y = v/t for 0 < ¢t < 1. (b) The blendingfunction for
mouthy = #3 for0 < ¢ < 1.
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