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ABSTRACT

The noowellc features of speech charnctarized by 3-I) vocal
tract shapes ane investigabed with a slmelation method of a
3D finite olernent method (FEM). A simuolation model has
i cascaded slructure of 3 cross sections based on magnetls
resonance imaging data (MRI) of the vocal tract for the
Jupanese vewel /o of an sdull maale. Each crodd section
of the model ia obtained by somverdlng the MRI data into
fournquars lamants of the oqual ales. The cros-sect onal
shape of the simulation model corresponds well with that
of the orlginal MRI data. Vocal tract transfor functions
are computed from the simulation results, and the affects
of ihe asyminetrical and bent shapes of the vocal trect are
discussed,

1 INTRODUCTION
The authaors have meumined the acoustic characteriation of
the vocal {racts using & 3D FEM which & a simalation
mathod suitabls for compuating the acouatie Reld Inshde an
arbitrary 3-13 shape.

As & Arst step, we used & sicnple simwlation modal of
the vocal tract constructed from cascading acountic tulsea
with elliptical shapes{1, 2|. The geometries of sach tube
werd dotermined from thae MR data in order to have the
same perimetor and area, To slmulste 3-D radistion from
the lips, & 3-D radintion model[3], which ia hemk-spherical
In shaps, was attached to the radiation end.  Although
this moedel can pot represent the asymmetrical structure of
the voosl Lract, there are some computationa] adwninsges
soch s les eneenory and time, small amount of the data
of rowulte, wnd sanbansss bo make finlte slements. 1t b8 aleo
easier to compare the results with those of an 1-D analysks,
The visusBzation of the poeouaths flokd showesd the edatence
of some higher-order modes in the model below SkHz, The
appearancs of seros in the vooal tract transfor Functlon
{VTTF) ware obsarved at partlcular frequenclss becauss
of the 3D wave propagation. As the offects of the 3-D
shapen of vocal tracts on the YTTF are found bo be larger,
the analyses for an asymmetrical shape of the vocal tract
is neidid for more preclie evalidnton.

In this paper, we axamine the effects of the ssymmetri-
cal shapa of the vooal tract ukng & sinnilation modsl which
has & cascaded structure of 36 cross sectbons based on the
MRI data of the vooal tract for the Japanme vowel fa/
of an sdult male[d]. BEach cross section of the modsl is
obtained by comeeriing the MR data inte fourscguans ele-
manti of squal slze. The cross-sectional shape of the slm-
Iatlon mode corresponds well with that of the original MR1
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data. Bach element of the model is in the shape of & cube
and the sama slea. The wiilization of the cube alements
faciliiates to construct the model Furthermore & bent ver-
gion of the above straight configuration s comstructed in
agronmant with the vocal tract shaps. In the cass of the
bent configuration, all the ehaments are not the same cubi-
il ahape. In toss models, the 3-0 radiation model with
o radius of 4cm is stteched to the radiation end. A rigld
wall is mssumed, The drlving surface s driven by the slne
wives. The results show that the first three formant fre-
spnniion of Lo VT TFa move to lower Ereguanchis compannd
to those of the slmulstion model with the ellipticn] shape,
Especially in the case of the bent configuradion, the shift
of the third formant frequency becomes larger then that
of the atradght configuration. This fact suggels that the
asymupeirical shape of Lbe vocal tract has an effect on the
length of the acouwstic vocal tract, which becomes longer
in bingth than the roal lengih, In the VT'TPs some sharp
peaks appeared at higher frequencies above JkHz which
might b= affecta of the ssymmedrical shape or bhe effocta of
ihe discontinuous shape of the boundary elamants.

2 SIMULATION METHOD
It is well kmown that an acoustlc wave equation in a steady
bty lo papresented wsing velsalty potantial ¢ as

e =y (1

whers & & the wave length constant, A 300 FEM in ap-
plied to Eq(1)[8]. From the simulation results of velocity
potentinl &, the particls velockty v b8 compuated by the 3D
FEM applied to the folkwing equation,

v = T (2

3 3D VOCAL TRACT MODEL WITH
ASYMMETRICAL SHAPE
A 3D vocal tract model bas s cascaded structure of 36
croas pections, from the ghottls to the Hps, and based on
MRI data of the vocal tract for the Japaness vowel faf
of an adull male|4]. Bach cross section of the model s
cbtained by converting the MR data Into foursquare el
omantn of equal sles with & langth of Jmm se shown In
Fig.l. Special cares by sight are taken into sccount in or-
dor to obtein the cross-sectional area and the shapes of
the simulation mode] as consistent as possible (o those of
the original MRI data. The solid line shows the crees sec-
thonal ahaps of the arlginal MR dats, and the broken Lne
shows the meshing of the foursguare fAnite elamend. BEach

w0 =




Figure 1: Example of mesahing.

element of the model is in (he shape of & cube and of the
s sigs, This approach has some advantages such as leas
msmory and tme, small smouant of the deta of reulis, and
it"s easier 1o make finite elements.

Ares functions and parimotar functlons for the ordginel
MH] data and the finite element mesh(FE mesh) are shown

in Flg.2 nnd [Fg.3, reapsostivaly.

14

original dala——
12 FE mesh =
‘Em —HL_L
§el
4 o
2 i
D
R
Glmtla [+] hpn [nm]
Flgure & Ares funetbons.
30 i : : .
35 original data——
'E' FE maah .............. .
B 20 §
-'Ea 15 |
E 10
5
0 - -
R Rl TR S I R T
Glottis to lips [em]

Flgura & Perlmater fancllona,

The aros function for the FE mash 8 almost the samme
with that of the original data therefore the cross sections

it divided s close us possibls to thal of the orlglnn datis,
The perimeler function for the FE mesh doss not ocorre
eponed wall with that of ihe original dais slnce the porime
ter 1 not comaldered in the proceduse of the mesh cre-
atlon. The maxlmum differenco is B.1em in length. Fig.4
ghown the cross sections of this part. The difference in the
perimater becomen larger when the original sectional shaps
conlalns an oblgus lwe with the angle +45 degroos, Note
that the perlmater of the gimulation model is stepwise.

Figure 4: Cross sectlon with the maximiam difference in
the peariceter functions.

The simulation models are constructed with & cascaded
tructurs of these approximated cross sections. FE meshes
are shown in Fig.5(a) for o stralght conflguration and {b)
for o bent configuration, respectively, The beot configu-
ratlon b obiained by bending the siralght configuration.
The angle of the bend is approximately the same ns that
of Ll criginal MRI data, A righl wnll & sssumed, To shm-
wlate the 3-Tt radiation in & free space, the 3D radlatlonal
modal[3] with & radiug of 4o, which is hemisphacical in
shape, is atiached to the aperture surface (the lips side),
Tha driving surfmca (the glotils skdo) s driven by particls
velockty expffut).

4 BIMULATION RESULTS

4.1 VTTFs for 1-D modal

Before we describs the results of the FEM simulatbon, we
address the differences betwean the origlnal MBI data aned
the FE eesh uslng the VTTFs computed from the tradi-
tional 1-0 squivalent eireult model[6] with the ares funs-
thons shown in Fig.2 and the perimeter functions shown in
Fig.d.

The VTTFs are shown in Fig.. Both of results are al-
most in agrooment without a slight difference above 6kHz,
Although loss factors are the functlon of the perimeters,
there is litibe influence dus to the differances in the perime-
ters alnoo Lhe two aren (unctions ane almoal the sams, amd
the wall is sssumed o be rigid




Figure 5 FE meshes for asymmetrical shape of vocal tract.

4.2 VTTFs for FEM slnulation
From the results of the FEM simulation, the VTTF H,{w)

le defined na
Z A (w)

Helw) = 20 log,y | i
Agva(w)
% w

whers uyfw) and v (w) are the nommal components of the
partlele valoeliy of the driving surface and nperture surfaca,
respectivaly. Ag and Ay are the areas of the driving surface
aned nperture surface, respectively,

The VTTFs computed from the results of the FEM sim-
ulatlon aro ohown in Fig.T. The solkd lino shows the YTTF
of the 1-D model, and {8 the same as in Fig. The YTTFa
for tho asymmetrical models are ehown as s brokon Hne for
the siralght configuration and & dotted line for the bent
configuration, respectively. For & purpose of comparison,
the VTTFs for our FEM modals with an elliptical cros-
sectlon[2] shown in Fig.h are alsc shown as & ane-dot chain
ling for the siraight configuratlon and & two-dot chain line
for the bent configuration.

Th frst thres formant frequencios and percentages of
shifts of the formant. frequencies for the FEM models from
the froquoncios of the 1-D masdal are shown in Tabdo, 1. The
percentage of the shift is defined s

FRofFEM — FPaf1D
R % 100 {4)

whers FFofFEM and FFof1D are the formant frequencies
of the FEM model and of the 1-D model, respectively.
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Figare 7: VT'I'Fa for FEM slmuladlon.

The shifis of the formant frequencies of the elliptical
miedols from thoss of tha 1-0 model are only in the range
of 0 = -2 %. It seems that the elliptleal cross soction is
symanetrical with respect to the wertical and to the hori-
ecntal directions and Lhe scoustle wave propagates along
the center lne of the model. On the other hand, the ghifts
of tha formant frequenclg of the asymmetrical models are
in the range of -5 — -10 %.

It mny be possible 1o determing & cenieal line of the
asymmetrical model by sight, and define it as a vocal tract
lengih, However, in the case of the saymmetrionl misdl,
the propagation path could be much more deformed oom-
pared with the symmetrical modol. As & result, the asoiis
the length becomes longer than the length of the central
line. This causes the lower shift of the formant frequen-
el

In the case of the elliptical model, the VT'TFs of the
ntralght and bent configuration are almost tho same up
to dkHz, However, relatively large differences betwesn
atralght and bant configurations can boe ssan in (he asym-
medrical modal, In both models, bower shifts of the st
thres formant frequencies compared to the 1-D model are
obearved. As for the affect of tha bent, Bondhi|T] has con-
chaded based on the modal analysis for m uniform bent duet




(k) bant configuration
Figure & FE meshes with elliptical cross section,

Table 1: Formant frequencies[He] and percentages of the

ghifts, The shifis are shown belween parentheses.
1.0 aayr model | elliptical model
i bent | @ bant
lst l TH
-60) | (7.0 | 1) | 1
acd | 1820 15'5;' ‘{Tha Ti1 1aa'nL
(67) | (58) | (@) | (L) |
ard || a8 ATl | 2T 2054 | 2070
Gy | o | oy | L

thiat & minor Increass in upwand shift percantiags n (e for-
enant frequencies might be possible, However, for & bend
with varying the arem o the cross-sectional shape, W seems
that the effects of the bend are smaller than thoss of the
change in cross-sactionnl shapes or (n arens when they are
compured with the 1=-D moded,

In the region of the higher frequency, the YVTTFs ame
commpletely different, 1t seems reasonable o puppose that
the asyrametrical shape makes the propagation path of the
soolistlo wave msoro comphi,

The fact that the 1st and 2nd formant frequencies for the
naymmettical models are different from those of the 1-D
models and the elllptic models suggests thal the Influesce
of the ssymmeirical shape can be an imporiant faclor of
weoustic charnclerlstles

Wa son some sharp peaks in the YTTFa of the asym-
matrical madals above 3kHz, One of the possible reasons
may ba the effect of the stepwise discontinuous shapes of
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the asymuneirical models because wa do not see any sharp
peak in the alliptical models,

5 OONCOLUSION
Using the 3-I' FEM we have simulated the acoustic wave
propagation in the 3D vocal fract models with the aaym-
metrical shapa,

In tha VTTFa of the amymmetrieal modols, tha formanmt
froquencies were appreciably lower compared to those of
tha alliptieal models, The formsnt requencies for the bent
conflguration was also lower than those for the stralghi
conflgucation. From these [acts & can be said that the
saymmatrical shaps of the vocal traet hes o large influenca
on the acoustic charpcboristics, The efect of the sbepwiss
discond inuous shapss, which are regarded s artifacts in the
vocnl tract model, should be clarified. From this point of
view we might go on 1o an even more detalled axamina bon
af the asymmetrical shape of the vocal toect wsing & precise
approximatied model with smooth connoctbon. Tha sifoc-
tive way 0 coovert the complex 3D vocal iract nto the

simplifind shape suitable for the slmalstion may be found
fromn the reaults of the precise model.
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