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direction and ten sections along the tongue surface. The tongue
ABSTRACT tissue model is shown in Fig. 1 with the vocal tract wall. In the

) . ) ) tongue model, the mesh lines represent viscoelastic springs, and
This report describes the development of a physiologically-basge o5 oints are located in the intersections of the mesh lines.

articulatory model, which consists of the tongue, mandible, hyoi1alhe mass-points in the midsagittal plane also connect to the

bone_ and vocal tract v_vall. Thes_e organs are re_presen?ed '%d?responding mass-points in the right and left planes by the
quasi-3D shape to replicate a midsagittal layer with a thickneggings 1o relate a deformation and a stress in the mass-spring
of 2 cm for tongue tissue and 3 cm for tract wall. The geometyqrk the mass-points also connect with diagonally adjacent
of these organs and muscles are extracted from volumetric es by the springs. Thus, the original shape can be restored
images of a male speaker. _BOth the SOf_t and r'g'_d struc_tures #&m a deformation due to the strain forces when external forces
represented by mass-points and - viscoelastic springs fofe \emoved. The mass per unit volume is chosen to be 1 g/cm

connective tissue, where the springs for bony organs are setti ihe tongue tissue, which is the same as that of water.
extremely large stiffness. This design is suitable to compute soft

tissue deformations and rigid organ displacements
simultaneously using a single algorithm, and thus reduces Hard palate
computational complexities of the simulation. A novel control
method is developed to produce dynamic actions of the vocal
tract, as well as to handle the collision of the tongue to
surrounding walls. Area functions are obtained for vowel
sequences based on model's vocal tract widths in the midsagittal

Phraryngeal
and parasagittal planes. The proposed model demonstrated awall
plausible dynamic behaviors for human speech articulation.

1. MODEL CONSTRUCTION :

Piriform

. . fossa
To replicate the behaviors of human speech organs, speaker- _ :
specific customization of the model was carried out by 27 ' P
replicating the anatomical information that was obtained from ° o2 0 2 4

volumetric MRI data of a male Japanese speaker.

Fig. 1 The oblique view of three-dimensional model of the speech organs.

1.1 Design of the Tongue Shape All dimensions are in cm.

The tongue tissue model is designed as a thick sagittal layer ) ) )
bounded by three sagittal planes. This design was chosen '{&€ Voigt model was adopted to approximate the properties of
form the midsagittal groove of the tongue and the side airway i€ tongue tissue, which consists of a spring parallel to a
producing vowels and consonants. The tongue tissue has bdafnPot. The mechanical parameters for the spring and the
modeled commonly using the finite element method [1,2]. OLﬁ{a}shpot reported in the previous studies defe_rred _W|dely: the
earlier study aimed at developing an integrated model thﬁE’ﬁne§S ranged from $A.0° dyne/crd, and the viscosity from
combined an FEM model of the tongue and a beam-mus -10 dyne-s/crﬁ [4]. In the present quel, parameters were
model of the jaw-larynx system [3]. The computations of10SEN tr?| be 1.54.xiy.ne/cn‘°1 for the stiffness and 1.75x10
movements in this hybrid model were slow because tH&yne-s/cmfor the viscosity.

achievement of an equilibrium between the soft tissue and ri%j’csi . ..
organs took considerable time. One possible solution to this2 Modeling of the Rigid Organs

problem is to model all _speech organs using an identical methqsl,tlines of the rigid organs.€., the jaw and hyoid bone in the
To the end, a mass-spring network is used to model both the sg#sent work) were also traced from the MRI data for the target
tissue and rigid organs in the current model. subject. The contours of the bony organs were identifiable in MR

The basic structure of the tongue tissue model roughly replicat9es when they are surrounded by soft tissue. According to
the fiber orientation of the genioglossus muscle. The central pAfe extracted geometries, the mandible is modeled by four mass-
of the tongue that includes this muscle is represented by a 2-dPRINts on each side, which form two triangles using five rigid

thick layer with three sagittal planes. Each plane is divided inf§f@ms including one shearing-beam [5]. The mandible model is
six sections with nearly equal intervals in the anterior-posterigombined with the tongue model at the mandibular symphysis.



The temporomandibular joint is designed to produce two types

of motions: rotation and translation. The model of the hyoid

bone has three segments corresponding to the body and bilat Genioglossus
greater horns, which also offers rotation and translation motior
Each segment of the hyoid bone is modeled by two mass-poil
connected by a rigid beam. Eight muscles are incorporated
the model of the mandible-hyoid bone complex.

Styologlossus
(SG)

1.3 Construction of the Vocal Tract Walll

To determine a vocal tract shape, it is necessary to incorpor:
the organs surrounded the tongue in the model. Tt
j . (HG)
surrounding organs are the lips, teeth, hard palate, soft pal @ o

(the velum), pharyngeal wall, and the laryngeal tube. At th..

stage, .the pr§§ent model has no lips, and treats the other Orqé}&sz Structure of extrinsic muscles of tongue model: (a) three bundles of
as a single rigid wall. Theremre' the ‘movements of the veluganioglossus muscles (GGa, GGm and GGp) on the midsagittal plane and
and larynx are not taken into account in the present model. T hyoglossus (HG) and styloglossus (SG) on the pattsggane.

outlines of the vocal tract wall are extracted from MRI data in

the midsagittal plane, and the parasagittal planes of 0.7 and 24 DYNAMIC CONTROL OF THE MODEL

cm apart from the midsagittal plane on the right side. With an

assumption that the left and right sides are symmetric, 3[ e\ control method for the articulatory model is developed
surface models of the vocal tract wall and the mandibulahageq on an assumption that muscle activation patterns depend
symphysis were reconstructed using the outlines with 0.7 Crgp, he geometric distance between the current position and the
intervals in the left-right direction, as shown in Fig. 1. Becaus%rticulatory target. To produce vowel sequences, this study
of the geometrical complexities, it was not able to derive aRmployed four extrinsic muscles of GGp, HG, SG, and GGa for

analytic function for the surface walls. _For this reason, thehe tongue, and the jaw opener and closer muscles for the jaw in
surfaces of the tract wall and the mandibular symphysis werg,a crrent stage.

approximated using small triangular planes, 432 planes for the
tract wall, and 192 for the mandible.

glossus |+

Hyoid bone

The key issue in developing a target-based control strategy is to

determine a tongue position at an arbitrary moment in the
1.4 Arrangement of the Tongue Muscles geometrical space. To do so, thague positiorwas defined by

The anatomical arrangement of the major tongue muscles wiie average position of five midsagittal nodes on the tongue
determined based on high-resolution MR images obtained frogHrface from the tip to the dorsum. When exciting a single
the same target speaker. The genioglossus (GG), geniohydengue muscle by a unit activation for a certain duration, the
(GH), and mylohyoid (MH) were extracted in the midsagittaltongue position moves from the initial position to a new
plane. The superior longitudinal (SL), and inferior longitudinalPosition, and thus it forms a vector in the geometric space,
(IL) were identified in the plane 0.6 cm apart from theWhich is referred to as a muscle vector for the muscle. Figure 3
midsagittal. The hyoglossus (HG) and styloglossus (SG) wer®) shows the tongue muscle vectors by thick gray arrows for
distinguished in the plane 1.5 cm apart from the midsagittal. Thur extrinsic muscles. These muscle vectors form a space,
orientation of all these tongue muscles was also examined wif§ferred to as a muscle workspace, which can be directly
reference to the literature [6]. Figure 2 shows the location fofapped on the geometrical space. Suppose that the tongue is
the extrinsic muscles in the model, (a) for the midsagittal plandocated in the current positidtc and moves forward to a target
and (b) for the parasagittal plane. The genioglossus (GG), thed: the dashed line frorRc to Tg forms a vector, named an
largest muscle in the tongue, runs midsagittally in the central pa@ticulatory vector. When the articulatory vector is mapped
of the tongue. Since the triangular muscle GG exerts differef@nto the muscle workspace, a set of projections is obtained for
effects on tongue deformation in different parts, it can pdhe muscle vectors. Although the obtained muscle projections
functionally separated into three muscle bundles: the anteri&@n be positive or negative for each muscle vector, the positive
portion (GGa), middle portion (GGm), and posterior portionProjection alone provides an activating signal whose magnitude
(GGp). The thickness of the lines represents the size of tHg Proportional to the projection’s length. At theurrent
muscle units, the thicker the line, the larger the maximum forcéomputational stephown in Fig. 3 (a), SG and HG are the
produced. The hyoglossus (HG) and styloglossus (SG), shown aetive muscles. When the activation signals are computed at
the parasagittal plane, are designed to be symmetrical on the [8fCh computational step and drive the tongue to move to a new

and right sides. Totally, eleven tongue muscles were treatd®fsition, a trajectory of the tongue positiandicated by the
included in the model. thin gray arrow, and time-varying muscle activation patterns are

obtained.

The dark line with v-arrows shows the trajectory of the tongue
position in /iai/ sequence. Note that the tongue trajectory is a
resultant path of the tongue movement superimposed on the jaw



movement. Figure 3 (b) shows the activation signal patterns fBg,. The component of the momentummgv,) of my in a given

the four extrinsic muscles and for the opener and closer grouglisection is proportional to that of the vector frétato Py, in

of the jaw muscles. It is interesting to find that the musclthe same direction. When the node hits the outer wall, the
activation signals resemble the EMG signals observed in theaction force of the wall omyis opposite of the direction to the
physiological experiments [7,8]. The fact that the antagonistielocityv, and proportional to its amplitude. The tangential
muscles show a reciprocal pattern suggests that the proposethponent of the force amg can be reasonalitgpresented by
method based on articulatory targets can be used in place of the projection of the vectoPsPy, on the wall surface of a
method using EMG signals. If the co-contraction between theiangular plane that nodey hit. Assuming that the plane has
agonist and antagonist muscles is not taken into account, th@mogeneous properties in all directions, displacemeRgadn
muscle activation signals can be uniquely obtained by a givéhe triangular plane in each direction is proportional to the
target sequence. Therefore, this control strategy offers camponent of the momentuirg., the vectoPsPy,. Therefore,
practical way to drive a physiological model, even though it the equilibrium position can be approximated using the
not perfectly realistic from a physiological point of view. Theprojection ofPy, on the triangular plane, shown By, in Fig. 4
activation signals for the opener and closer muscle groups 4. This deformation changes the length of the springs
generated in the same way using a muscle workspace of the jemnnected with the node. For instance, the spring betRgen

muscles. and Py, is shortened to the one betwd®n andP’y, due to the
Ty 1 "GGa = '/’\\‘/{ collision. This effect induces additional forces for theaeelnt

65 2\ — : nodes. These forces are calculated according to the length
é GGp y fSG 9 OIT%iG-P“ L /‘\\4 increm(?nts of the co_ncerned springs in comparison with their
8 N 27"y 2 2[1 e — : J length in the case without the outer wall, and are taken into
s i PP fyg & ol [ account as an input for the nerimputation step.
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Fig 3. Model control using an articulatory target sequence: (a) tong
trajectory in tongue muscle workspace, and (b) generated mus:
activation signals. The signals for the jaw opener (JawOp) and clos ®)
(JawcCl) groups were obtained in jaw muscle workspace. @

Fig. 4 Collision of the surfaceodes of the tongue and vocal tract wall:

3. CONTACT OF THE TONGUE AND (a) deformation during collision and (b) an equilibrium position of the
THE TRACT WALL node on the wall.

In speech articulation, the tongue makes contact with the teeth, SYNTHESIS OF VOWEL SEQUENCE

hard palate, and mandible. Therefore, the contact between the

tongue and the outer wall of the vocal tract is one of the critic@lzsed on the above method. muscle activation signals are
factors in achieving accurate and stable control of the tonguganerated according to a given articulatory target sequence, and
Since the_outer wall is too complex in shape to be representediR¥ model is driven by the activation signals to produce a
an analytic function, the collision of the tongue on the Waliynamic change of vocal tract shape. Since the present model
cannot be combined with the motion equations of the modg|oes not provide a full 3D model of the vocal tract, realistic area

Alternatively, a method is proposed to compute tongUginction of the vocal tract has to be estimated using the
deformation when a rigid wall is introduced in the movementormation of the partial vocal tract of the model.

path of the nodes. Figure 4 shows a diagram for explaining this
method. Suppose that the poiftg, P;1, andP,; represent the

. This study obtains vocal tract area function by two steps:
positions of three noder,, m;, andm, on the tongue surface at y Y P

. . . . determination of vocal tract width of the model and computation
time 1. When a certain force is applied, these three nodes wou . L . -
ot the area function from the width information. Figure 5 shows

move [oPoz, Prz, andPy, at time 2 if there were no vocal tract example of estimating area function for vowel /i/. A grid line
wall. The dashed lines with an arrow show the pathways of t@estem [9] shown by doted lines is implemented on the
noges. WZen :‘he tr:act V\Illa" IS mt(;oducgd the path_wa); of th idsagittal plane to determine the vocal tract width. The central
'?cr)]efls,tﬂg :;’ deltssr:oil\clIVng\l/Pes :tn a;egzll\jﬁts)rir;ea;égzb;me' line of the vocal tract is defined by a curve passing through the
WheréPs is the intersection of the trajectoryrag and the WaII’ mid-points of the grid line intersections with the outer and inner

J y ) boundaries of the tract (see Fig. 5 (a)). The orientation of each
cross-sectional plane is decided based on the central line by
optimizing the angle of the cross-sectional planes and the central
line so that there are no abrupt angle changes between the
adjacent cross-sectional planes. The solid lines show the position

The equilibrium position of nodey contacting the wall can be
estimated by the forces on nagat the collision with the outer
wall.  The total energy ofm, at the collision can be
approximately represented by the potential energy fRento



and orientation of the obtained cross-sectional planes of timtegrated in the same motion equation system using mass-points
vocal tract, and the line length defines vocal tract width. Thend viscoelastic springs. This design reduces computation time
vocal tract width on the parasagittal planes is measured using tireatly. The computing time of our model is about 50 times of
same cross-sectional planes. The result is shown in Fig. 5 (al time using the Sun Workstation Ultra-30. The model shows
As shown in this figure, two sides of the tongue contact with threome behaviors characteristic to human speech articulation,
hard palate in the anterior portion for /i/, and the airway isvhich are reflected by natural quality of the synthesized sounds

constructed by the groove of the tongue in the midsagittal plan@ a vowel-to-vowel transition.
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Fig. 5 Cross-sectional shapes of the vocal tract in the midsagittal plane (a),

and the parasagittal planes (b). (The dimensions are in cm)
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Fig. 6 Vocal tract area functions calculated from the physiological model

for vowel sequence fiai/. Thin lines show the area functions during the
Area functions of the vocal tract are estimated using aransition between /il and /al.

improved a-3 model [3] with vocal tract widths in the
midsagittal and parasagittal planes.

A=W +y W, +a,WE2 + yw, (1]

wherew, is the vocal tract width in the midsagittal plane agd

is the average value of the widths in two parasagittal plangg;
a, Buv,a,,B,,y, are a function of the distance from the
glottis, and are determined by minimizing the difference between

the estimated and MRI-based area functions for 5 Japané%b

vowels. Unlike the conventional methods, this estimation not
only uses the width information of the midsagittal plane, but alga;
employs the information from parasagittal planes. Estimated area
functions are shown in Fig. 6 for vowel sequence /iai/. The thick
lines show the area functions in stationary segments for voweR
/il and /a/, while the thin lines illustrate area functions during the
transition. Since the rate of movement of the tongue and jqé]
from one articulatory target to another is constrained by the
physiological property of the model, the targets in a sequen
can be reached for a long vowel duration, but they may not be i
the duration is short. This behavior is similar to movement
smoothing, or coarticulation, in human speech articulation. Thig]
feature of the model allows us to manipulate speech rate of the
synthetic sound only by adjusting vowel duration withoub]
affecting sound quality in the transitional segment.

5.CONCLUSIONS

In this study, mass-points and viscoelastic springs were
employed in modeling tongue tissue and rigid organs. This model
demonstrates two major advantages over other physiological
models based on the finite element method (FEM). First, the
system consisting of mass-points and viscoelastic springs is
stable at fast generating a large deformation of a soft tissue
continuum. Second, the soft tissue and rigid organs can be
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