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Absiract

The acoustics of the vocal wract at high frequencies,
including higher modes of propagation, is discussed
using three dimensicnal solutions of the wave
equation,  Different  geometries of  increasing
complexify are considered, It is shown, in particular,
that the effect of the position of the source and of the
vocal ract peomelry appears to play & crucial role at
bigh frequencies. The application of these findings
with respect (o vowel and consonamt synihesis is
discussed.

Introduction.

During the lasi decades most effons, in the feld of
speech  modeling, have been focussing on  the
description of the sound sources while the acoustic
propagation within the vocul tract still relies on 8 ane
dimensdonal plane wave sssumption (e.g. Fant, 19609,
If not clearly established, the lmit of validity of sach
an assumplion is alreacy well-known to Ile in the range
4-5 kHz which is a savere limdtation in particular for
plosive and fricative modeling, The use of one
dimensional acoustics could have been jostified by the
lack of information about the vocal dract real
geometry. However, nowadays, thanks to new medical
imaging techniques such as MRI, accurate theee:
dimensiopal representations of the vocal ract
geometry ang available,

In this paper the 3-D theory of wave propagation
inside a duct is briefly discussed. The application of
such B dhsory 1o the case of & cascade tube
represendation of the wocal wact, wing a mode
matching technique, is then presanted. The effects of
three-dimensional  wave propagation are  then
Iltusirated using simple synthedie confipurations,

L. The one tube approximation of the vecil fract.

W congider in this section, ithe simplest representation
of the vocal ract, illustrated in figure 1, a5 8 wnifonm
tube with rigid walls, closed at one end (the “glotiis™)
and opened in an infinite baffle s the other end (the
"lips"}. The shape of the wocal tract is considered as
raciangular with & cross-section of 26 x 2.6 cm and a
total length of 16.8 cm, For the sake of smplicity, we
only congider that the excitation of the vocal tract is
provided by a simgle point soorce, O, located at

(g ¥ete). Due to the linearity of ihe scoudtical
problem, the results presented here can easily be
exiended to the cass of muliple sources or of spatially
distributed sources,
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Figire 1: Simple one tibe répresentation of the vocal
Fract.

Uging these pssumptions, the general solution of the
acobshic wave propagation in the frequency domain (s
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where [ 13 the lrequency imposed by the source, Amg
und By are two consiants determined by the
boundary conditions at both ends of the wave guide,

Aan 18 & constant, and the edgen function ‘¥ is defined
by:
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The wave constant k_ is determined by the dispersion
equmion:
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Ecquation (1) together with equation (3) shows that o
given mode (m,n} will be propagating only if the
eeitation frequency, f= kef2n, & bigher than the c

on frequency:
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where ¢ 15 the speed of sound,
In particular, below the first cat-on frequency fu or fu,
#ll kes, mno ® 0, are purely imaginary, the
coresponding modes (mn) are thus decaying and a1 8
finite distance from ithe source, the ihree-dimensional
solution (1) converges to a cne dimensional one (plane
WavE),
Although equation (1) requires an infimibe summnation
over both m and 0, § is nol necessary, in practice, 10
acgount for & large number of higher modes. As a
typical example, we presant, in figure 2, the préssurs
distribution  cakeulated  inside dhe one  fube
approximation  using two  higher modes. As a
reference, this resuli is compared to the numerical
simulation using the TLM method (El Masri et al.,
1998) which includes all higher modes wp w the
frequency associated to the spatial resolution {of order
of 30 kHz).

Figure 2 ! Pressure confaurs (in | off nep) af 8 ks
obrained by nmumerica!  smplatton  (ropp  and
calculation (borfom ),

Bquution (1), through the term W, (X4, ¥ ), clearly
shows that the efficiency of the higher modes 15 &
fumction of the poaition of the aound source withdn the
vocal tract, A sound source lpcated af the center of a
pection (Xg ™ L2 or g m L/2), wuch s the glotiis, in
first approximation, will not generate any odd-order
higher modes because in such o case ' (g, ) = 0.
On the opposite, a sound source located near a wall
will generate odd-order higher modes with & maximum

amplitude { | W (% ¥ |=1).

[L Effects of a change in geometry, the two-tube
approximalion,

We now conslder another configerntion depicied ip
figure 3, In the first case, the vocal tract is assumed to

be symmetrical along the z-axis while in the second
ane the voeal treot iy sssumed todally asyemmatrical. I
15 clear that none of these sitations anre realistic, the
ridql wocal tract shape s expecied to be somewhat in
berwean the extreme cases presented in Figure 3,
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Figure J; Symmelric versWs asymimernic  Heo-fabe
approximeation

In both chses an analytical solution is, in general,
impasgible. The problem can however be solved using
g pumerical resolulion bassd on & mabkching mods
technique (Kergomard, 1991} In figure 4 are
presenied  two  typieal  ennmples  of | pressure
distnibutions in the z-y plane, for both symmetrical and
nsymmetrical 2-tube configurntions s & kHz, As one
would expect, while in the symmetrical case the first
higher mode (0,1) 18 not present, in the asymmetrical
case, the influence of this mode can clearly be
obgrrvied,
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Figure 4 ; Compariron between the pressure confours

in the y-z plane ar & kHz obrainad with a centric and
et ecenierie 2-rulve approximarion

11, M=tubes approximations,

As two  Iast exomples, we present  calculations
performed for more realistic vocal tract geometrics
derived from MR data. In both cmseg the somrce (s
Tocared at (00,0}

The firs1 cose corresponds Lo the vowel /o’ msdeled ns
a 15-tube peometry as shown in figure 5, io this case
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the geometry is imposed as symmetrical alopg the z-
AXig.
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Figure 5; 3-D peomeivical approcimation of the vowal
dad Top . 3-I0 view, bottom » slde wiews,

Az amore synthetic repressptation, we present,
fgure &, the calculated transfer funciion defined by |

Wt

Q
where Wy is ithe toial power radiated from ihe open
end,
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Figure 6 : Trangfer function for the vowel ol
Comparizon  berween  plane wave selution  and
solurion inclisding wo highar modes,

The last example concerns the fricative consonant /¢
midebed vsing I8 wbes as ilostrated in fgore 7, Mote
that im this last case, an is introduced o
conform with MRI dua, The comresponding transfer
function is presented in figure 8.

Figure 7' A 38 rube approzimation of the fricanive J
Top : 3-D view, bottom ;| slde wews,
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Figure & : Trangfer funcion for the fricanivel /0
Comparison  between  plane  wave zolution  aid
solution including twe higher modes,

As shown in figures 6 and B, and by comparison with
the one-dimensional reaults (plane wave solation), the
presence of higher modes have two effects :

= & reduction of the resonance frequencies below the
cut-on frequency of the first higher mode due (o the
proasence of vanishing modes

- & "zero" ocourring at the cut-on frequency of the first
higher macde and, further, & severe perurbation of the
resonance pallern.

Conclusion

The examples presented above clearly show tha
higher modes of propagation can have a significam
effect on vocal fract acoustics,. When compared with
real spacch data, these effects can be related with some
well-known phenomenon such as the presence of peros



in the transfer function of otal vowels or the zeros and
the strong enhancement of energy at high frequency
for fricatives,

An ncourate description of higher modes effects i
however difficult because, as illugtrated in this paper,
the eifichency of these modes depends not only on the
position of the source bt also on the preciss peometry
of the vocal tract, More precissly, the exampls
presenied in seclion 1 shows thai the degree of
asymmetry of the vocal tract plays a crocial role. The
real vocal ract §s, of course, nol as asymmetrical ag
assumed in section [1 but certainly not perfectly
symmeirical, Further research, coupled with 3D
geomeirical modeling of the vocal iract, is thus needed
before one con draw a clear conclusion,
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