A model of facial biomechanics for speech production
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Modeling the peripheral speech motor system can advance the understanding of speech motor
control and audiovisual speech perception. A 3-D physical model of the human face is presented.
The model represents the soft tissue biomechanics with a multilayer deformable mesh. The mesh is
controlled by a set of modeled facial muscles which uses a standard Hill-type representation of
muscle dynamics. In a test of the model, recorded intramuscular electromyodEayts) was used

to activate the modeled muscles and the kinematics of the mesh was compared with 3-D kinematics
recorded with OPTOTRAK. Overall, there was a good match between the recorded data and the
model’s movements. Animations of the model are provided as MPEG movied99® Acoustical
Society of Americd.S0001-496629)02810-6

PACS numbers: 43.70.Aj, 43.70.Bk, 43.7((AL ]

INTRODUCTION reasonable animations, it does not correspond to the actual
dynamics of the face. In the present work, we have driven
The human face provides visible information duringthe model dynamically, using perioral electromyographic
speech(Summerfield, 199Rand influences the acoustics of data and 3-D position data recorded during speech produc-
speech by determining the shape and size of the opening @bn.
the acoustic tube produced by the vocal tri&dnhdblom and The present work follows the pioneering work of Eric
Sundberg, 1971 In recent years, there has been considerabl@uller (Muller et al, 1984 on facial modeling for physi-
interest in simulations of facial motion for the purposes ofological research. Muller argued that detailed modeling of
understanding speech motor contfelg., Muller, Milenk-  the peripheral motor system is essential to understand the
ovic, and McCleod, 1984 for producing realistic facial ani- neural control of speech. A realistic representation of tissue
mation (Terzopoulos and Waters, 1990; Parke and Watersand muscle permits control processes to be examined with
1996, and for stimulus generation for audiovisual speechthe transfer function of the biological plant taken into ac-
research(Cohen and Massaro, 1900n the present paper, count. There is abundant evidence that the peripheral motor
we describe work on a 3-D facial model that extends thesystem is not simply a passive channel for the transmission
work of Terzopoulos and Watefd990 on facial animation  of signals from the central nervous system. Rather, the non-
and produces a facial model that can be useful for speedihear mechanics of tissue and muscle, the inertial forces of
perception and production research. In Terzopoulos and Wahe moving articulators, and the complexities of force gen-
ters’ facial model, the biomechanical parameters related teration in muscles perform a transform on those signals. The
muscles and skin, as well as geometrical dimensions, wergnal form of the speech motor output is, thus, an interaction
selected using a heuristic approach. Although they weref the biomechanics and physiology of the vocal tract and
based on the actual physiology of a face, they were treated ae neural control signals.
dimensionless parameters, and their orders of magnitude The present research also has a second rationale. In au-
were chosen so as to produce a realistic simulation. Thigiovisual speech perception research, the visual stimuli are
approach complicates comparisons with experimental dataisually not controlled in any systematic fashigee Mun-
Here, we have tuned the model with realistic parameters obhall and Vatikiotis-Bateson, 1998n published work in this
tained from experimental measurements. Further, we haverea, it is rare to be provided with stimulus parameters for
modified the muscle geometry and the muscle model, acthe moving face beyond the gender of the talker. This lack of
cording to physiological data. In addition, we have modifieddirect visual stimulus control leaves many audiovisual ex-
the manner in which motion is simulated using this model. Inperiments confounding image displacement and velocity fac-
the original Terzopoulos and Waters’ model, the face motiortors with phonetic manipulations. Our secondary aim is to
was obtained as a sequence of equilibrium states of thgrovide a tool that can be used to produce realistic facial
model. That is, at each single stépame of the animation, animation in which facial movements can be manipulated in
muscle forces were manually adjusted and the model wag systematic way for perception experimefis Cohen and
allowed to reach an equilibrium state before going to themassaro, 1990
next step. Although this technique may be used to produce For both of these goals, the physics-based animation be-
gun by Keith Waters and Demetri Terzopouldse, Ter-
aElectronic mail: lucero@mat.unb.br zopoulos, and Waters, 1993, 1995; Parke and Waters, 1996;
PElectronic mail: munhallk@psyc.queensu.ca Terzopoulos and Waters, 1993; Waters and Terzopoulos,
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1991, 1992 offers a suitable research framework. The graph+epresented by a multilayered mesh that is parametrized with
ics environment created by Waters and Terzopoulos antinear or piecewise linear estimates of the biomechanical
their students allows physiological parameters for skin angroperties of the skin. Finally, the facial morphology is indi-
muscle to be specified and permits realistic equations of movidualized to match subjects using data from a laser range
tion to be implemented. This approach is consistent with dinder. This step allows direct comparisons between model
growing body of physiological modeling in speech which behavior and recorded kinematics. Below, we provide the
has proceeded on an articulator-by-articulator basis. Considietails for each component of the model.

erable progress has been made in modeling of the biome-

chanics of the vocal fold¢Titze and Talkin, 1979 tongue

(Kakita, Fujimura, and Honda, 1985; Wilhelms-Tricarico, A. Facial mesh

1995, velum (Berry, Moon, and Kuehn, 1998jaw (Labois- The modeled face consists of a deformable multilayered

sisere, Qstry., fng .F(\alldmand, c1)9}9&nldg tor:gue/ja;\w fsyhstem mesh. The nodes in the mesh are point masses, and each
(Sanguinetti, Laboissie, and Ostry, 19981n each of these segment connecting nodes in the mesh consists of a spring

models, the biophysics of pas_sive tissue as well as aCtiVsnd a damper in a parallel configuration. The nodes are ar-
muslc le hgs been redprle Sﬁ mﬁd n gr(;:at d?tag' ied bi ranged in three layers representing the structure of facial tis-
h n olr erdto hmo' T t. el uman face n etalef 'Omel'sues. The top layer represents the epidermis, the middle layer
chanical and physiologica terms, a va_st_array of musc EFepresents the fascia, and the bottom layer represents the
propertles and passive tlssu_e characteristics m.USt be spe Kull surface. The elements between the top and middle lay-
fied. Unfortunately, good es_t|mates are nqt available for al rs represent the dermal-fatty tissues, and elements between
of these parameters. In spite of a long history of researclfhe middle and bottom layer represent the muscle. The skull

Interest in fac-|a| angtomyrlglghtoller, 1923, the;e r:s St'”, quodes are fixed in the three-dimensional space. The fascia
some uncertainty about the gross anatomy of the periorgi,y.q 5re connected to the skull layer except in the region

mudsclz_ullature((_e.g., \I/?kka—Puha.kka,hKe(zja.n, %nd. Hea]E), 1P8|9 around the upper and lower lips and the cheeks.
and little statistical data reporting the distribution of muscle The mesh has a uniform thickness with a separation of

lengths, muscle cross-sectional areas, etc. in the populatiof.s .\, between the topmost and middle layers and 2.5 mm
All of the facial muscles, and the perioral muscles in particu-bé,[Ween the middle and bottom lay&rall the nodes in tHe
lar, are highly interdigitatedBlair, 1986; Blair and Smith, mesh have the same mass. Taking a mean skin density of

1986, thus complicating their anatomical description. There1142 kg/n? (Duck, 1990, and estimating from the model a
is even less information apout the motor unit/fiber types iNean node density of 5 node/mwe obtain a massn
the perioral muscleécf. Sufitet al,, 1984. —0.23 g for each node

The biomechanical properties of skin and facial tissues 5 springs, except for the dermal-fatty springs, are lin-

are also difficult to characterize. The constitutive equation%ar at elongation. We consider a Young's modulus for the
for skin vary widely in the literature and parameters differSkin of 7350 dyn.e/cn'(Larrabee 1986 and estimate the
for different sites of the body, age, degree of obesity, etChumber of springs working in p’)arallel in 1 énof mesh

(Sg(? Lanir, 19_87’ for a rewew'of skin mode;hin&urther, the surface. Thus, we obtain a mean stiffness coefficient of about
skin’s propertles_ vary accordl_ng to dwecﬂo_n. For_exa_mple,600 dyne/cm for a spring 1 cm long. The stiffness coeffi-
the resting tension of,th_e skin follows reliable directional cients of springs in the topmost layer are made higha00
patterns called Langer's lin¢Barbenel, 198p dyne/cm) to represent the stiffer characteristic of the epider-
mis. The stiffness coefficients of all other springs are set to
I. FACIAL MODEL 600 dyne/cm. Since in general, the spring lengths are differ-

This complex facial physiology is represented in ourent than 1 cm, the stiffness coefficients for the actual springs
model by separate skin and muscle elements. The musclésthe mesh are properly scaled according to their rest length.
are modeled using a standard Hill-type formulati@vinters, For the dermal-fatty springs, a biphasic approximation
1990; Zajac, 198pthat contains force generation due to thefor the force-elongation characteristics is udg&arke and
contractile elementthe dependence of force on muscle Waters, 1996; Terzopoulos and Waters, 1990real dermal
length and velocityand the passive dependence of force ontissue, the stiffness of the dermis with small stretches is
muscle length. For a first approximation, we have assumethainly determined by elastin fibers, hence, the stiffness is
simple lines of action of the muscles and standard skeletdbw. As the elongation increases, collagen fibers uncoil.
muscle physiology. With the exception of the orbicularis orisOnce the collagen fibers are fully stretched, the skin stiffness
superior(O0OS and the orbicularis oris inferiofOOI), the increases suddenly and resists further elongation. The bipha-
perioral muscles have origins in the bony surfaces of thesic characteristic responds to the expression
mandible and maxilldsee Kennedy and Abbs, 1979, for an AL

X JALif Al/1p=<0.2

overview of speech muscle anatomyhus, we have repre- 9= 0.9 |+ k (Al—0.2,) it Al/l->0.2 1)
sented these muscles as linear force vectors. For the skin and 0 TR ok 07 Fe &
connective tissues we have made similar first approximawhereg is the spring forcel, is the rest lengthAl is the
tions. While the stress/strain characteristics of the skin arelongation, anck; andk, are the stiffness coefficients. We
nonlinear and anisotropi@.g., Lanir, 1987; Het al, 1982;  adopt the estimated value of 600 dyne/cm kerand 6000
Larrabee, 1986 we have adopted a linear, isotropic approxi- dyne/cm fork, (for a spring with a rest lengthy=1 cm).
mation to the skin’s mechanical characteristics. The skin iSThe value ofk, was set at 10 times the value bf to ap-
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TABLE |. Biomechanical constants of the facial mesh.

Parameter Value
Mass 0.23¢g
Damping 30 dyne s/cm
Stiffness:
epidermal layer 1200 dyne/cm
dermal-fatty layer 600 dyne/critow deformation
6000 dyne/cmlarge deformation
fascia layer 600 dyne/cm
muscle layer 600 dyne/cm

proximate the nonlinear function of the epidermal skin layer
(Lanir, 1987%.

At compression of the springs, we use the following
nonlinear function to provide an infinite growth of the spring
force as its length tends to zetbee et al, 1995:

B r(mrAl)
g=kta 21, | 2

wherek; is the same stiffness coefficient adopted for the
elongation characteristics, afd=0.98 is a scaling factor.

FIG. 1. Lines of action of facial muscles.

The damping coefficient is=30 dyne s/cm for all the The generation of muscle force is computed by using
layers. This value was selected through visual evaluation ohtegrated EMG as a measure of muscle activity, as follows.
the animations. With a stiffness coefficient for the derkis The steady-state fordd generated by the muscle is
=600 dyne/cm, the response timess r/k=50ms, which
is in the order of experimental valués.g., Muller et al,, M= k¢SE, 3
1984.

The above biomechanical constants for the skin are sunwhereSis the muscle cross-sectional argds the integrated
marized in Table I. EMG level normalized to a range betweeririean of base-

line muscle activity and 1 (maximum activity recorded
across the experiment, including a series of “maximal” fa-

cial gestures; cf. Zajac, 1989%nd k;=2500 dyne/crhis a
The mesh is deformed by action of a set of modeled

muscles of facial expression. The human face is controlled
by dozens of anatomically distinct muscles, but a subset of
15 pairs of muscles is represented in the model. These mod-
eled muscles can be divided into those muscles associated
with upper face movemeritorrugator, corrugator supercilli,
major frontalis, lateral frontalis, inner frontaliand the pe-
rioral muscles(depressor anguli oris, zygomatic major, zy-
gomatic minor, levator labii superioris, levator labii nasi, de-
pressor labii inferioris, risorius, mentalis, orbicularis oris
superior, and orbicularis oris inferjorThis subset of 15 (a)
muscles was chosen based on traditional analysis of emo-
tional expression(Duchenne, 1990; Ekman and Friesen,
1975 and anatomical studies of the speech musculature
(Kennedy and Abbs, 1979Figure 1 shows the lines of ac-
tion of these muscles. d ¢
All of the muscles, except the orbicularis oris superior > < > )
and inferior, attach at one or more nodes of the fascia layer
(middle layey. When activated, they exert a force on those
nodes in the direction of the nodes of attachment to the skull
layer[see Fig. Pa)]. The orbicularis oris muscles attach to a
path of fascia nodes along their length. When activated, they
exert forces on the fascia nodes in the direction of that path
[see Fig. 2b)]. The nodes of attachment of the muscles were
selected following anatomical descriptions in the literature (b)
(e.g., Kennedy and Abbs, 1978nd cadaver dissections car- gg. 2. Muscle force on the meste) Muscles attached to the skull)
ried out at Queen’s University. orbicularis oris muscles.

B. Muscle models

epidermal layer

4/'7 fascia layer

skull layer

muscle force

muscle line of action

nodes of muscle
attachment

o epidermal layer

fascia layer

skull layer

muscle force
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TABLE II. Cross-sectional areas, stiffness, and number of fascia attachmeniy this equationx; is the current position of node The

for each muscle. second term is the total damping force acting on the node,
Muscle Area(cr?) Stiffness(dyne/cn and the indey represents all the nodes that are neighbor to

nodei. The third term is the total spring force, and the force

Zygomatic major 0.1 1730 contributiong;; of spring-connecting noddsandj is calcu-
ll
Levator labii superioris 0.15 2595 lated usi EJ 1 402
Depressor anguli oris 0.4 6920 ated using Eqgs(1) and(2). ' o
Depressor labii inferioris 0.11 1903 The fourth term models the incompressibility of human
Mentalis 0.07 1211 skin. gf is the force at nodé produced by the preservation
'C-)e‘é?‘tolf anguli oris %16 13733800 of volume of the triangular prism elemeato which nodei
roicularis oris superior . . .
Orbicularis oris inferior 0.6 10380 belongs. This force is calculated as

9°=Ker(VE—=VO)N+Keo(pE—BF), 9)

scaling coefficient(selected according to the results of the whereV® andV* are, respectively, the current and rest vol-
animations. umes of elemeng, n{ is the epidermal normal at nodep;

A graded force development of the muscle foldeis  andP; are the current and rest nodal coordinates for riode
simulated by the second-order, low-pass filtering of thewith respect to the center of mass of elementand k¢,

steady-state forchl, according to the equatiofiaboissiee = 1000 dyne/crfy ke, =2000 dyne/cm are scaling factors.
et al, 1996 The fifth terms in Eq. (8) is a force to penalize fascia
) ) _ nodes penetrating the skull. This force cancels out the force
?M+2M+M=M, (4 component on the fascia node in the direction towards the

wherer=15ms. A force-length characteristic is added usingSkU!l: @nd is calculated as

the equationOtten, 1987; Brown, Scott, and Loeb, 1996 —(f"n)n;, if f-n;<0
1/])23_ 1|16 ST10, otherwise : (10
'=M exr{ — L (5)
1.26 ’ wheref}' is the net force on fascia nodendn; is the nodal

. : l.
wherel is the actual muscle length amglits rest length. norma L .
Finally, force-velocity and passive stiffness characteris- The_ last term on .the left side n E), hy, is a nodal
tics are added to compute the total muscle fdfcaccording restoration force applied to the fascia nodes connected to the

to the equatior(Laboissiee et al, 1996 skull. It is calculated as

F=M[f,+f,arctarifs+f,0)]+[k,Al]", (6) i =Kn(Xi =), (1)

. where %; is the rest position of fascia node and ky,
wheref,=0.82,1,=0.5,f;=0.43, f;=0.2s/lem.kp Is the - _ 5, dyne/cm is a scaling factor. This equation acts as an
passive muscle stiffness, and extra force modeling the attachment to the skull of the skin,

X, if x>0 and compensates in part the cancellation of the force com-

[x]"= 0, if x=<0. () ponent between fascia nodes and the skull due to penaliza-
Th ive muscle stiffn for h muscle w tion of skull penetration. It is necessary to help bring the

€ passive muscie Stfiness for each muscie was Conl,qaq pack to the resinitial) position when muscle forces

pute'd by scaling a reference value according to the CI0S%re deactivatedwithout this force, the nodes tend to wander
sectional area of each muscle. As reference, we used a CroS8und the rest position

sectional area of 1 cmand passive stiffness of 17300 : i : :
dyne/cm for the hyoid depressor muséleaboissiee et al, d;mally, Fin Eq. (8) is the total muscle force applied to
1996. The cross-sectional areas were taken from Kennedy |

and Abbs(1979 or estimated from experimental measure-

ments on a dissected cadaver. Table Il shows the cross-

sectional areas and the passive stiffness used in the simulfi- FACIAL ANIMATIONS

tions. Only the perioral muscles shown in the table were . . .
considered for the present work. . The model_descrlbeq above rgpresents aflr'st approxima-
The steady-state muscle force was also computed bt|on of the peripheral biomechanics gnd physmlogy of the
scaling according to the cross-sectional area, as explaine man face. To test the_ accuracy of this representation of the
later in Sec. 11 C. plant, eIectromy_ograph&EMG) data were collected from a
set of seven perioral muscles. The aim was to test the transfer

function between muscle activity and facial surface kinemat-

C. Equations of motion ics and to examine the model’'s capability to reproduce the
The equation of motion for each nodef the model has dynamical behavior of the face during speech production.
the general expressidhee et al, 1995 Specifically, we used the recorded EMG to drive the mod-
& d g eled muscles. We then compared the model kinematics to the
X Xj  0X; e observed subject kinematics. The model was individualized
— + — |+ i+ c+s+h=F. i )
m dt? rzj: dt dt 2,: 9i 2;‘ 4TS T =E to the subject’s morphology using data from a Cyberware

(8 laser scannefLeeet al, 1993, 1995 Thus, direct kinematic
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1996. Finally, the signals for each muscle were normalized
to a range between 0 and 1 by dividing them by the maxi-
mum level of each muscle. As indicated above, each mus-
cle’s maximum was set to the highest level recorded in the
speech material or during a set of extreme facial gestures
(e.g., extreme lip protrusion

The position data from the OPTOTRAK system were
transformed to the coordinate system used in the face model.
In the face model, the origin is at the node immediately
below the highest node of the nose, and xha&xis is hori-
zontal from left to right, they is vertical to the top, and the
z-axis is the protrusion axis.

Since the dynamics of the jaw were not yet implemented
in the model, we rotated the jaw using position data of the
subject’s chin during the animations for the CID sentences.
The rotation of jaw was computed using the OPTOTRAK
data for marker 1. First, the vertical displacement of the
marker was computed, in relation to its résitial) position.
Then, we computed the rotation angle of the nodes in the jaw
in the facial mesh that would produce the same vertical dis-
placement of these nodes. In the case of the bite-block ex-
FIG. 3. Position of OPTOTRAK IREDs and electrode insertion points periments, the jaw rotation was kept fixed at its initial value,
(crossesfor EMG collection. computed from the OPTOTRAK data.

comparisons were possible. The next sections will describg Animation
in detail the animation process and comparisons with re-"

corded facial kinematics. The face model was implemented as a set of programs
written in ¢ language and usingPENGL for the graphic in-
A. EMG and kinematic data terface, adapted from the original programs by letel.

Intramuscular EMG data were collected from perioral (1999- ltruns on an Ultra Sparc workstation, and an anima-

muscles on the left side of a single subject's face, while théiOn o 3 S took about 4 min to compute. _
subject produced English sentence maté@al Central Insti- The animation was performed as follows. The equations
tute of the DeafCID) everyday sentencgé The subject was of motion of the mesh nodes were solved with an Euler al-

a male, native speaker of American English. The EMG wadorithm, and a tim_e step of 9.33 ms. To obtain a final rate of
recorded from the levator labii superioris, levator anguli oris/®0 HZ: @ frame with the animated face was saved every 50

zygomatic majof, depressor anguli oris, depressor labii in- iterations of the_ _algorithm. Also, the position_s of nodes clos-
ferioris, mentalis, orbicularis oris superior, and orbicularis®St 0 the positions of markers in the subject's face were

oris inferior using intramuscular hooked-wire, bipolar elec-Saved er:/ery o0 |t§rat|(f)ns.  series of 50 iterati N

trodes. Figure 3 shows the approximate electrode positions 'gtt € t_)egln][ur;]g(_) cac Se”ej 0 5do |t”erat|o_ns,t edCO”?'
(crosses Electrode insertions were determined with refer-PUted rotation of the jaw was read, and all the jaw nodes in
ence to Kennedy and Abki€979 and were verified using a the mesh at the skull layer were rotated accordingly. To com-

series of nonspeech maneuvers. The acoustic signal was Hensate for a time delay in the propagation of the jaw rota-

multaneously recorded. The sampling frequency of the EMd,ion from the skull layer to the epidermal Iay(a’ecall_that .
and acoustic signal was 2500 Hz. jaw rotation was computed from a marker on the epidermis

At the same time. we recorded the three-dimensional’€ introduce an artificial time advance of two sampling
position of 11 markersinfrared emitting diode$IRED)) on points (33 m9 to the jaw rotation data. Next, the processed

the right side of the facésee Fig. 3 using an OPTOTRAK EMG was read, ar'ld. the force exerted by gach muscle was
(model 3010, Northern Digital, Incsystem at a sampling computed. The activity Iev_el (_)f the zygomatic major was set
frequency of 60 Hz. The position data were corrected fofdual to the levator anguli oris.

motion of the head, and transformed to a coordinate system The thfjatlons ?; E]OF'OH were then solved,dco_ngdﬁrmg
in which the origin is the incisor cusp and the horizontal and"® Muscle force and the jaw rotation constants during the 50

protrusion axes lie along the bite surfad@amsayet al iteration period. This process was repeated until the end of
1996. " the EMG data files.

B. Data preprocessing D. Results for CID sentences

The EMG signals were first rectified and next integrated  Figures 4, 5, and 6 show the displacemesrtical and
and downsampled to 60 Hz to match the sampling frequencprotrusion* and acceleration of nodes corresponding to
of the position data, using a median filtering algorithm with alREDs 3, 5, and 7, for the CID sentence “Where are you
17-ms trapezoidal windowVatikiotis-Bateson and Yehia, going?” The figures also show the measured displacement
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FIG. 6. Displacement and accelerations in the vertigaand protrusior(z)
directions corresponding to IRED 3 for the CID sentence “Where are youdirections corresponding to IRED 7 for the CID sentence “Where are you

going?” Full line: animation results; broken line: measured data. The crossgomg?”, Full line: animation_ resglts; broken line: measur_ed data. The cross-
correlation between the animation and measured data is shown correlation between the animation and measured data is shown.

FIG. 4. Displacement and accelerations in the verfigahnd protrusior(z)

tendency for the IREDs immediately surrounding the mouth
and acceleration of the IREDs, and the cross-correlation bgp show lower cross-correlatiofis.
tween the animated and measured kinematics.

In general, there is a good match between the animated

and measured kinematics. Tables Il and IV show meanE- The movies
maXimum, and minimum cross-correlation coefficients for Research on the face allows a second type of measure of
all IREDs and corresponding model nodes for all of the senthe success of modeling efforts. In addition to statistical
tences. As can be seen, the match tends to be better in th§easures of movement similarity between the model and
vertical (y) displacements and acceleration than the protrurea| facial kinematics, the animations can be simply viewed
sion (2) records. There is also a difference in the degree ofg assess the degree of perceived realism of the motion. Two
correlation across the various IRED positions. There is aypEG movies are available on our web phéer this pur-
pose. The first shows the CID sentence “Where are you
going?” The second shows repetition of the vowel—

1 T T T T

£ CORR = 0.98939 consonant—vowe(VCV) utterance /ug/ with the subject
=0 e using a bite block to immobilize the jaw. EMG was collected
g - . s for the same muscle set and used to drive the model. Thus,
-1 : = : ‘ for the bite-block movie all of the animation is produced by
05 the muscle activation. The movies are produced at 60 frames
5 per s and their viewing speed will depend on the processor
% 0
"_0.5 TABLE lll. Cross-correlation coefficients between animated and measured
oo displacements of markers for CID sentences.
6:% Vertical Protrusion
g ° Marker # Mean Maximum Minimum Mean Maximum Minimum
©-100 ' ' ' ' 1 098  0.996 0.969 0.840  0.932 0.578
o 2 0.344  0.645 0.072 —0.001 0.581 —0.617
£ 3 0.896  0.954 0.775 0.369  0.772 —0.246
N 4 0976 0.992 0.949 0.739  0.883 0.307
E 5 0.971  0.991 0.941 0.694  0.917 0.523
s 6 0.916  0.963 0.831 0.265  0.600 —0.428
time (s) 7 0.886  0.958 0.728 0.469  0.770 0.087
8 0508 0.883 -0.315 0.309 0.816 0.068
FIG. 5. Displacement and accelerations in the veriigahnd protrusior(z) 9 0.857  0.930 0.747  0.724 0.930 0.566

=
o

directions corresponding to IRED 5 for the CID sentence “Where are you 0.467 0.714 -0.063 0.371 0.785 —0.199
going?” Full line: animation results; broken line: measured data. The cross- 11 0.785 0.951 0.515 0.294 0.561 -0.104
correlation between the animation and measured data is shown.
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TABLE IV. Cross-correlation coefficients between animated and measured  |n spite of these potential problems, the model’s perfor-
accelerations of markers for CID sentences. mance was surprisingly good. What accounts for the model
Vertical Protrusion performance? No single factor can explain this, but a com-
bination of the following factors seems most likely. The pri-
mary determinant of facial motion is the movement of the

Marker # Mean Maximum Minimum Mean Maximum Minimum

1 0959 0985 0.851  0.870 0.945 0.657 jaw. When the jaw opens, the facial tissue and muscles are
2 0339 0600 —008 -0121 0420 -0674  gtretched and the skin deforms to accommodate the move-
3 0848 0933 0601 0263 0.625 ~0.341 ment. In the simulations, we moved the jaw based on re-

4 0942 0970 0.844 0714 0.881 0.184 . . o

5 0946 0976 0835 0702 0868 0307 corded kinematics and thus the modeled facial tissue re-
6 0.861  0.942 0670 0.331 0.778 -0.071 sponded well to this change. While the tissue changes in
7 0867 0957 0.662 0505 0.831 0.112 response to the jaw kinematics are realistic, it leaves the
8 0408 0765 —-0490 0288 0787 -0.267  qgyestion of the extent to which the perioral muscles are ac-
1?) g:gg 8:322 _093;315 o?égil 0'07'223 B 0.38'0336 cura_tely p_ortrayed. The b_ite_—bloc_k trigl shown in the secon_d

11 0737 0851 0539 0410 0690 —0.108 movie indicates that realistic animation can be produced in

the absence of jaw movement. However, we did not collect
enough of the bite-block data to carry out statistical analyses.

speed of the reader’'s computer. As can be seen, in both casléés likely the cross-gorr_elaﬂons would be lower in this case.
A second contribution to the good performance is the

the model produces highly realistic speech movement angact that the face in speech is controlled with few degrees of

natural skin motion. freedom (Ramsayet al, 1996 and may be quite crudely
controlled (Lofqvist and Gracco, 1997 Ramsayet al’s
principal component analysis of the lip motion indicates that
the motion along a single dominant trajectory accounted for

The model described here incorporates active muscluch of the variance in the data and that the motion of any
properties as well as passive muscle and tissue properties $ingle position marker on the lip was strongly one-
a detailed 3-D simulation of facial dynamics. Realistic dimensional. Légvist and Gracco have shown that the lips
speech animation is produced by driving the physical modePften make contact in bilabial stops at peak velocity and that
with recorded EMG data. Good cross-correlations betweegontact forces are involved in deceleration. This would imply
model kinematics and recorded data were observed and natifat there is considerable redundancy in the motor control of
ral patterns of skin deformation can be observed in movies ofhe lips and face for phonetic targets and that these targets
the animation. This initial version of the model is quite are not specified with great precision. Thus, with tissue pa-
promising, yet both the model and the test of the modefameters in the biological ballpark and EMG patterns pre-
involved significant simplifications. The tissue biomechani-Scribing a time structure for the behavior, the facial anima-
cal properties are represented by linear approximationgion looked realistic.

While the muscle activation dynamics are represented in a As noted above, the potential for problems in the EMG
sophisticated manner, the lines of action of the muscles aré great and its use is a bit of an experimental gamble. How-
simplified. In addition, only a subset of the full set of facial ever, the performance of the model here and separate analy-
muscles is modeled. ses on the same EMG and kinematic ddkatikiotis-

The test of the model's performance was shaped by 8ateson and Yehia, 1996éndicate that the recorded EMG
number of practical considerations. The EMG and kinematsignals were very good correlates of the muscle activity.
ics were recorded from opposite sides of the face. This wa¥atikiotis-Bateson and Yehi@1996 have shown, using a
done to avoid having electrical noise from the OPTOTRAK second-order autoregressive model, that the EMG can be
contaminate the muscle activity recordings. Thus, we haveised to estimate the facial motion with very high accuracy.
tacitly assumed symmetry in the structure and action of théne interpretation of this is that the facial muscle activity
face. This assumption ignores the known asymmetries in faeverdetermines the relatively simple facial speech gestures.
cial morphology and lip movemerCampbell, 1982 and  Thus, in combination, a range of muscle recordings can pro-
thus adds error variance to our modeling. Our use of theride good estimates of the time course of perioral force gen-
EMG to drive the model allowed a direct test of the repre-eration.
sentation of the biomechanics of the face. However, the use One final aspect of the model may contribute to its good
of perioral EMG raises a set of separate issues. Intramuscul@erformance. The model's overall performance may be
EMG recordings such as the ones we used are imperfectominated by the mesh viscoelastic properties. If this is the
measures of the full muscle activation and force generatiorcase, the response of the model will be determined mainly by
The reasons for this include recording noise in the signalsthe time constants of the mesh, and high accuracy in the time
interdigitation of the muscle fibers potentially leading to re-histories of the muscle activities would not be necessary. We
cordings from multiple muscles at any single recording siteare currently exploring this question with sensitivity analysis
(Blair and Smith, 198f possible compartmentalized of the model.

I1l. DISCUSSION

muscles(Binder and Stuart, 1980n which different motor Models of this kind provide an essential tool for under-
units within a muscle have different functional roles, andstanding speech motor control. In the study of speech, we
nonlinearities between EMG and force generation. can measure only the end product of a complex chain of
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planning and control processes. However, the kinematics oturacies in the detailed kinematics of lip shape. In our current work, we are
speech and the EMG are the result of an interaction betwegfxploring implementation of a skin surface friction.

linguistic and motoric planning processes and the biome-"P+/130.15.96.12¢munhallk/home.html

chanics of the speech articulators. To understand this com-

plex sensorimotor process, we must be able to assign vari-

. . . arbenel, J. C(1989. “Biomechanics of Skin,” inSystems and Control
ance components in the data to different stages in thBEncycIopedia: Theory, Technology, Applicatidifergamon, Oxford

production process. At the very least, variance componentgerry, p. A., Moon, J. B., and Kuehn, D. PL998. A Histologically-based
due to the central commands and the biological plant must beFinite Element Model of the Soft Palatilational Center for Voice and

separated. If models such as the one described here can prgaPeech: Status and Progress Repitfol. 12, pp. 71-7Y.

vide a biologically plausible representation of the plant theander’ M. D., and Stuart, D. G1980. "Motor Unit-muscle Receptor
9 yp p p ! Interactions: Design Features of the Neuromuscular Control System,” in

comparisons between different ideas about the central con-progress in Clinical Neurophysiology, Spinal and Supraspinal Mecha-
trol of the speech motor system can be made. nisms of Voluntary Motor Control and Locomotjoedited by J. E. Des-
This particular model also has another role in speech Medt(Karger, Basel, Switzerland

- . . . L . Blair, C. (1986. “Interdigitating Muscle Fibers Throughout Orbicularis
research. As indicated in the introduction, there is little vi- o< |nrerior: Preliminary Observations,” J. Speech Hear. R85 266—

sual stimulus control or visual stimulus specification in re- 269,
search on audiovisual speech perception. Some individuaRair, C., and Smith, A(1986. “EMG Recording in Human Lip Muscles:
are easier to lipread than others, and speaking style and pr:g_Can Single Muscles Be Isolated?” J. Speech Hear. R8s256—266.

. . . ) L. rown, I. E., Scott, S. H., and Loeb, G. EL996. “Mechanics of Feline
netic context change the facial kinematics. The timing and gyjeus: |1. Design and Validation of a Mathematical Model,” J. Muscle

velocities of speech movements, the magnitudes of facial Res. Cell Motil.17, 221-233.
motions, the visibility of the oral cavity, and the size and Campbell, R(1982. “Asymmetries in Moving Faces,” British J. Psychol.

. ; 73, 95-103.
velocity of head motion all can vary from talker to talker and Cohen. M. M., and Massaro, D. WL990. “Synthesis of Visible Speech,”

from context to context. Yet, visual stimulus characteristics genay. Res. Methods Instrum. Comp2g, 260—263.
are rarely reportedcf. Munhall et al, 1996; Munhall and Duchenne, G. B(1990. The Mechanism of Human Facial Expression
Tohkura, 1998 In acoustic speech perception, the field has_(Cambridge University Press, New York

. . . . ._Duck, F. A.(1990. Physical Properties of Tissue: A Comprehensive Refer-
developed on the basis of detailed synthesis and multlvarlal%ence BookAcademic, London

parameter specification. Audiovisual and visual speech pelkman, p., and Friesen, W. ¥1975. Unmasking the FacéConsulting
ception research must follow similar standards of stimulus Psychologists, Palo Alto, CA
control, and models such as the one described in this pap&f: S- P.. Azar, K., Weinstein, S., and Bowley, W. WL982. “Physical

. . . . . . Properties of Human Lips: Experimental and Theoretical Analysis,” J.
will be important tools for creating factorial studies of visual Biomech.15(11), 859—866.

cues(cf. Massaro, 1987, 1998 Kakita, Y., Fujimura, O., and Honda, K1985. “Computation of Mapping
from Muscular Contraction Patterns to Format Patterns in Vowel Space,”
in Phonetic Linguistics: Essays in Honor of Peter Ladefqgetited by V.
Fromkin (Academic, New York
Kennedy, J. G., and Abbs, J. KL979. “Anatomic Studies of the Perioral
Motor System: Foundations for Studies in Speech Physiology,” Speech
. o . Lang. Adv. Res. Practl, 211-270.
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