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ABSTRACT

The mcoustic features of apeech charscterlsed by 3-
D vocel tract shapes are investigated by a 3-00 FEM
almulatlon. Simulation modela have cascaded strac-
tures of 36 erose sections based on MRI data for the
Japanmas vowel fo/ of an adult male. To compoare
slmplified structures with a non-simplified structure of
tha voonl tenct, & referance modal 18 used as the non-
slmplified structure and rectangle models and ten el
liptical models are used as simplified stroctures. Vocal
tract transfer funetions (VITFs) are computed from
tho simulation rosults. It s concluded that the allip-
tical model with bent configuration i useful for the
analysis of the acoustio charncteristics of the voeoal
tract by the FEM below dkHe.

1. INTRODUCTION

We have examined the acoustle charpcteristics of the
voral tracts using & 3D FEM which is & simulation
mwthod suitable for computing the acoustic field in-
glde an arbltrary 3-D abape. As a ficst step, we used
o gimple simulation model of the vocsl tract con-
structed from cascading acoustie tubes with ellipti-
cal shapes|l, 2]. Although thess simulation results
have shown that the acoustle charscteristics of the 3-I
models are different from those of the traditional 1-D
ecpibvalent cleeult model[3], 1t ks still not clear whethar
the simplified 3-D models are valid.

The purposs of this study Is to investigate the validity
of the simplificathon of the voeal tracts with regard
to the cross-sectional shape. A 3D finite element
method(FEM) applied to an acoustlo wave equation
in A steady state i used to obtaln the distribotions of
sotnd pressure o 3-1 vocal tract models, The 3D vo-
cal tract models have cascaded structures of 3 cross
soctions and are based on magnetic resonancs lmsg-
ing [MRI) dats of the vocal trect for the Japanesa
vowal faf of an adult male;, To compare sleplified
giructures with a noo-simplified structure of the vo-
cal troot, the following models are wed: a reference
model, & rectangle model, and two elliptical models.

The reforonce model is composed as close s possible
to that of the original MRI data, and is used 88 a basls
for the other models. The cross-sectional shapes for
the rectangle and elliptical models are rectangle and
elliptical; respectively, The aress and perlmeters of
these cross sections coinelde with these of the origl-
nal MRI data, The rectangle model and one of the
elliptleal models are configured without a bend of the
vocal bract, while the other elliptical model has a bent
geomatry. The distributions of sound pressure are ob-
tained by the simulation, and the VITFs are com-
puted from thess distributlons. The simulation results
are summearized as follows: (1) The formant frequen-
cies of the rectangle model and the alliptical model
with stralght configuration are lower than thopa of the
reference model. (2)The shifts are smaller for the el-
Hptieal modal. (3)The formant frequencies of the allip-
tleal model with bent configuratlon are o good agree-
ment with those of the reforenca modal, even up to
the slxth formant frequency, (4)In the higher frequen-
cies sbove BkHz, the VI'TFs of the simplified models
are largaly different from that of the referance model,
From these resulis it 8 concluded that the elliptical
model with the bend |8 useful for the analysls of the
aooustle characteristics of the voeal tract by the FEM
balow GkHz,

2, SIMULATION METHOD

It I8 well known that an acoustic wave sguation 1o &

steady stabs is represanted using valocity potential ¢
Fit]

Vi = —k’¢ (1)

where k ig the wavelength constant. A Sound pressure
P i obtained by

p = upd &

where p ls the alr density, The 3-D FEM 1s applled to
Eq.(1)[4].
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3. 3D VOCAL TRACT MODELS

3-D voral traet medels have cascadod acructures of 346
cross sections, from the glottis to the lps, and are
based on MR date of the vocal tract for the Japaness
vowel Sof of an sdult male,

3.1. Reference Model

Thi reference model 18 composed mn close as possible to
that of the original MRI data, and is used as a basls
for the other models. The orlginal MRI diks have
branches such s the pyriform fosza and the epiglottis.
These branches, however, are omitted to facilitate the
creatlon of finite elements for each model. The fnkte
eloment{FE) mesh of the reference model I8 shown in
Figure 1. A rlgid wall I8 sssumed. To simulate the

Figure 1: FE mesh of the roferonee model, A hemnl-
spherical volume is the 3-I radiational volume with a
radius of dom.,

d=I cuclintbon Into w froe space, the 3=0 radiation
mosdel with & radius of dem, which s hemispherical
in shape, i attacled to the aparture surface (the lips
shle)[6. A specific acoustic impedance of spherical
waves s usad ma n boundary eonditlon on the round
surface of the hemispheoe, and & rigid wall is assumed
of the cut sucfies which is regarded g & suface of &
plane baffle. The driving surface (the glottis side) is
driven by particls velocity explfwt).

3.2, Simplified Models

Ench eross soctbon of simplified models 18 obtainad by
comverting the MRI data into elliptlcal or rectangle

ahape, The area and perlmeter of each cross section
coincide with those of the original MEI data. An ex-
amphe of the converted cross-sectlonal shapes (s shown
in Figure 2.

Cross section of reference model

Flgure 2: An example of the converbed eross-sectional

shapes. The slmplified eross sections have the samo
area and perimeter as those of the originel MRI data.

An ghown In Flgure 3 the interval length botwoon twao
cross sections is defined as the distance betwesn the
centenl polnts of the coadjocent erom sections, The
eontenl polnt i deterimined os the conter of the intee-
ettion line of the cross section and the mid-sagiteal
plana of the reforence model. The total length of the
vipral tract bs 17.838am,

Figure 3: This figure shows the cross sectlons, the
intersectlons of the cross sectlons and the mid-sagitial
plang, and the lnes between the central points of the
condjacent cross section.

The rectangle model and one of the elliptieal modals
are configured without a bend of the vocal tract, while




the other alliptical model has o bent geometey, The
angle of the bend is approximataly the same a8 that
of tha referance model, For the stralght sonfiguration,
each cross section is aligned symmetrically with re-
spoct to thie stralght central line, The FE mmsbea ara
shown In Flgure 4 for the rectangle model and in Fig-
ure § for the alliptical modale. These models also have
the same 3-D radiation volume and boundary condi-
Hons ns those of the reference mocdel,

Figure 4: Tha FE meshes of the rectangle model

Figure 5: The FE meshes of the elliptical models.

top: straight configuration; bottom: bant configurs-
thou.

4. VTTFS FROM FEM
SIMULATION

From the distribution of sound pressure obtained from
the FEM simulation, the VT'TF H,(w) is deflned as{5]

Hiw) = 1-:|—* 'L“’“' (%)

whare Weaa is s radistion power equivalent to the total
active inteosities on the surface of the 3-D radiational
voluma, uy is & source volume velocity. & I8 a constant
for Hiw) to be dimensionless.

Figure & shows the computed VTTFs. The solid line
shows the VITF of tha reference modal. The VT'TFs
for elliptical models are shown as a broken line for
thi stealght configuration and a dotted line for tha
bent configuration, respectively. The VTTF for the
rectangle model is shown as & one-dot chaln line,
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Figure 6: YTTFs from FEM simulation,

Table I shows the formant frequencies and percentages
of ahifts of the formant frequenclos relative (o those of
the the reference model, The percentage of the shift
& deflned as

FF = FFofRef
FFofRel

where FF and FFofRef are the formant frequencies
of the simplified models and of the raferance modal,

reapectively,

« 100 (4)
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Table I: Formant frequencles[Hz| and percentages of

the shifts, The shifts are shown in aitheses,
Iptical model |
hent
B |
(-4.25
- 1332 T3EL | 1802 1£-T1L
f—;% (-6.08) [ (-2.25)
ad 2609 ) G614 | 2009
(=4 98 [-E.ME gu.mg
4th 3390 328 1
(«3.04) | (-2.21 gﬁ.m;
5th 4302 4lds
(-381) | (-2.65) | (0.00)
fith 400 5108 Hl61 B0
{-2.52 ;-mlg gu.aa;
7ih BO
(2.85) | (2.02) | (2.70)

The formant fregquoncies of the rectangle model and
the elliptical model with stralght configuration are
lower than those of the reference model in the range
of -1.b parcent = -7.6 percent. The length of each see-
tion for the straight configuration (s set equal to the
Intesval length of adjacent cross sectlons of the orlgl-
nal MRIL As the rate of shift Is always negative up to
the Geh formant frequency, it can be sabd that the use
of the interval leogth results in the overestimate of the
vocal tract lengih for the stralght configurations,

The shifts of the elliptical model are smaller than those
of the rectangle model, Consequently, it can be said
that for the slmplification of the vocal tract the use
of the elliptical cross sections gives better geometrical
approximation of the real vocal tract than the use of
the rectangle cross sectlons.

The formant frequencies of the elliptical model with
bent eonfiguration shows very good agresment with
those of the reference model even up to the sixth for-
mant fregquency. From these results it is concludad
that the elliptical model with bent configuration is
usafil for the analysis of the aeoustle characteristies
of the voual tract by FEM below 6lkHz.

In tha higher frequencles above GlcHz, the VTTFs of
the simplified modals are largely different from thet
of the reference model. In the VTTFs of the refer-
ence model a amall peak appears near §.4kHz and &
sharp peak naar 7.8kHz, which might be affects of the
asymmatrical shape,

6, CONCLUSION

Uning tha 3-0 FEM we have almulsted the ncoustle
wave propagathon in the precise and simplified 3-D
vocal tract models,

The formant frequencion of the elliptical model with
bent configuration were in agreement with thoga
of the reference model. Tharefore the elliptical model
with bent configuration is more useful than other sim-
plificd modals,
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