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Abairact

The acoistic features of speach characterized by 3-D vocal tract shapes are investigat-
ed by a 3-D FEM gimulation. Simulation models have cascaded structures of 36 cross
sections based on MRI data for the Japanese vowel fa/ of an adult male. To compare
gimplifled astructures with a nonslmplified structure of the vocal tract; a reference model
is used as the non-simplified structure and rectangular models and two elliptical models are
used as simplified structures.  Vocal tract transfer functions (VT TFs) are computed from
the almulation results, Tt ie concluded that the elliptical model with bent configuration is
usaful for the analysis of the acoustic charactaristics of the vocal tract by the FEM below
Bk Hz.

1 INTRODUCTION

We hove examined the scoustic charpcteristics of the vocal tracts wsing a 3-D FEM
which is & simulation method suitable for computing the acoustic field inside an arbitrary
3-Drshape.  Asa first step, we used a simple sioodation model of the vocal iract consiruct-
ed from cascading acoustic tubes with elliptical shapes [1, 2], Although these gimulation
results have shown that the acoustic characteristics of the 3-D models are different from
thosa of the traditional 1-DF equivaleat circult model [3], it is st not clear whether the
gimplified 3-D models are valid.

The purposs of this atudy 1s to investigate the validity of the simplification of the vacal
tracts with regard to the cross-sectional shape. A 3-D finite element method (FEM)
applied to an acoustic wave equation in & steady state is used to obtain the distributions
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of sound pressure in 3-D vocal tract models. The 3-D vocal tract models have cascaded
slruciures of 36 cross sections and are based on magnetic resonance lmaging (MR} data of
the vocal tract for the Japanese wvowel fa/ of an adult mele. To compare simplified
structures with a non-simplified structure of the vocal tract, the following models ace used:
o reference model, a rectangular model, and two elliptical models, The reference model
is composed as close as possible to that of the original MR] data, and is used as a basis for
the other models.  The cross-sectional shapes for the rectangular and elliptical models are
rectangular and elliptical, reapectively.  The aregs and perimeters of thess eross sections
colncide with those of the origingl MEL date.  The rectangular model and one of the
elliptical models are configured without a bend of the socal tract, while the sther elliptical
madel has a bent geometry. The distributions of sound pressure are obtained by the
simulation, and the VT TFs are computed from these disteibutions.  The simulation results
are summarized as follows: (1)The formant frequencies of the rectangular medel and the
elliptical model with straight configuration are lower than those of the reference model,
(2 The shifts are smaller [or the elliptical model, (3The formant (requencies of the
elliptical model with bent configuration are in good agreement with those of the reference
madel, even up to the sixth formant frequency.  (41In the higher frequencies above 6 kHa,
the VT TFs of the simplified models are largely differeat from that of the reference model,
From these results it is concluded that the elliptical maode] with the bend is useful for the
enalysis of the acoustic characteristics of the vacal tract by the FEM below 6 kHz,

2 BIMULATION METHOD

[¢ is well known that an acoustle wave equation In a steady state is represented using
veloelly potendinl ¢ ns

Vb= — k' t
where & {8 the wavelength constant, A Sound pressure p s obtained by
= o 2

where o ig the air density. The 3-D FEM is applied to Eq.(1[4].
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3 3-D YOCAL TRACT MODELS

3-D vocal tract modala have cascaded structures of 36 cross sections, from the glottis
bo the lips, and are based on MEI data of the vocal tract for the Japanese vowel fa) of an
adult male.

1 Reference Model

The reference model is composed as close as possible o that of the original MR data,
and is wused as & basls for the ather modals,  The origimal MR data have branches such as
the pyriform fomn and the epiglotile.  These branches, however, sre amiited (o teellitate
the creation of finite elements for each model. The finite element{FE} mesh of the
reference model is shown in Figure 1 A righd wall is assumed. To simulate the 3-D
racdintion Into o free space, the 3-D radiational model with a radivs of 4cm, which is
hemispherical in shape, is attached to the aperiure surface {the lips sided[6). A specific
acoistic impedance of spherical waves is wed as a boundary conditlon on the round surface

Figure 1: FE mesh of the reference model. A bemispherical
wolume is the 3-0) radiational volume with a radius of
dcm,
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of the hemisphere, and a rigid wall iz assumed on the cut surface which is regarded as a
sulace of o plane baffle,  The driving surface (the gloitis slde) is driven by particle velocity
explfued ).

3.2 Simplified Models

Each eross section of simplified models s obtained by converting the MEI data into
elliptical or rectungular shape,  The area and perlmeter of each crose section coincide with
those of the original MRI data. An example of the converted crosa-sectional shapes is
ahown In Flgure 2,

A shown in Flgure 3 the interval length between two cross sections is defined ne the
diztance between the central points of the coadjacent cross sections,  The central point is
determined &s the center of the intersection line of the cross section and the mid-sagiteal
plane of the reference model, The total length of the vocal tract s 17.836om,

The rectangular model and one of the elliptical models are configured withoit a bend
of the vocal tract, while the other elliptical model hag a bead geometry, The angle of the
bend i approximately the same s that of the reference model,  For the straight configura.-
tion, each cross section is aligned symmaetrically with respect to the straight central line,
The FE meshes are shown in Figure 4 for the rectangular model and in Figure 5 for the
elliptical models, Thess modeks also have the same 3-D radiation volume and boundary
conditiong ne these of the reference madel,

Cross section of reference model

Elliptical eross section Rectangular cross section

Figure 2: An example of the converted crosssectional shapes.
The slmplified crons sections have the same area and
perlmeter as those of the original MREL data.
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Figore ¥ This flguee shows the eross sections, the intersections
of the ercea sections wnd the mbd-saglital plone, wnd th
lines between the central pointe of the coadiacent cross
mection,

Figure 4; The FE meshes of the rectangular model.
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Figure & The FE meshes of the elliptical medels. el steaight
configuration, right: bend conliguration.

4 VTTFS FROM FEM BIMULATION

From the distribution of sound pressure obtalned from the FEM gmulation, the VT'TF

@) is defined as [5]
H(a)= K| | @

where Wi ia 8 radiation power equivalent to the total active intensities on the surface of
the 3-D radiational volume. 3 is & source volume veloclty. K is a constant for Fw) to
be dimensionbess,

Figure 6 shows the computed VTTFa. The solid line shows the VTTF of the refer-
ence model.  The VTTFs for elliptical models are shown as a broken line for the stralght
configuration and a dotted line for (he bent configuration, respectively, The VTTE for
the rectangular model s shown a8 8 ome-dot chain line,

Tahle 1 shows the formant frequencies and percentages of shifts of the formant
frequencies relative to those of the the reference model. The percentage of the shift is
defined as
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where fuee amd feor are!the formant frequencies of the simplified models and of the
reference model, respectively,

Table 1 : Formant frequencies [Hz] and percentages of the shifte.  The
#hilis are shown in parenthesss,

i elliptical mndel
rafrence model | rectangalar model atralght -

It S4B | 551 (-650) | BS3  (-595) | G63 (4,28
el 1332 | 1251  (-7EE) | 102 (-G.0Ap | 1231 (-2.2%)
e | P00 | BP0 (498) | 2804 (9640 | 2009 (0.00)
| 4th 3390 | 9267 (-304) | 3315 (-221) | 3300 (0.00p
fith 4302 | 4138 (-RA1) | ALBE  (-2.85) | 4302 (0,00}
fth 5240 | GI0R  (-252) | 5160 (-151) | 5260 {038}
Tth G2 | G091 (2AN) | M4z (206) | moA2  (2.90)

The formant frequencles of the rectangular model amd the elliptical model with
stralght configuration are lower than those of the reference model in the range of =15
percent — -6 percent.  The length of each section for the straight configuration ia set
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equal to the interval length of adjacent cross sections of the original MEL  As the rate of
shift is always negative up to the Gth formant frequency, it can be sald that the use of the
interval length results in the oversstimate of the vocal tract length for the straight
configurations.

The shifts of the elliptical model are smaller than those of the rectangular model.
Conuaguently, it can be said that for the simplification of the vecal tract the use of the
elliptical cross sections gives better geometrical approximation of the real vocal tract than
the wse of the rectangular cross sections,

T formant frequencies of the elliptical mode]l with bent configuration showa very
good agreement with those of the reference model even up to the sixth formant frequency.
From these results it i3 concluwded that the elllptical model with bent conflguration iz useful
for the analysis of the acoustic characteristics of the voeal tract by FEM below & kHz.

I the higher frequencies above & KHz, the VTTFs of the simplified models are largely
different from that of the reference model.  In the VTTFs of the reference model a small
peak appears near G4kHz and n sharp peak near TEkHz2, which might be effects of the
asymmetrical shape,

5 CONCLUSION

Using the 3-D FEM wre have simulated the acoustic wave propagation in the precise
and simplified 3-D vocal tract models,

The formant frequencies of the elliptical model with bend configuration were in good
agreement with those of the reference model. Therefore the elliptical model with bent
configuration is more useful than other simplified models.
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