Eurospeech.1995-339

4

) |

10.214:

ISCA Archive

http://www.isca-speech.org/archive

4™ Eyropean Conference on
Speech Communication and Technology
EUROSPEECH 95
Madrid, Spain, September 18-21, 1995

3-D FEM ANALYSIS OF SOUND PROPAGATION IN THE NASAL TRACT

Hisayoshi SUZUKI, Takayoshi NAKAI, and Hiroshi SAKAKIBARA
e-mail: tdhsuzu@eng.shizuoka.ac jp
(Dept. of Electric and Electronics, Faculty of Engineering,
Shizuoka University, 3-5-1 Jouhoku Hamamatsu, 432 Japan.)

ABSTRACT

To examine the acoustical effects of complicated cross
section shape and bent form of the nasal tract, sound
propagation in the nasal fract is investigited. Fi-
nite Element Method Analysis (FEM) has been ap-
plied for the acoustic models of the nasal tract. The
acoustic models are so constructed that each model
has different degree of simplification of actual mor-
phological measurements obtained by MRI (Magnetic
Resonance Imaging Technology). Comparing the re-
sulting acoustical characteristics of those models, it is
found that how the maxillary sinuses and the right-
left asymmetry affect the-pole-zero configuration of
sound spectra of nasal speech, and how the compli-
cated cross section shape of nasal tract affects the
sound flow in the tract.

1 INTRODUCTION

The human nasal cavity constitutes an acoustic or-
gan for speech production as a side branch to the
main vocal tract. The nasal and paranasal cavities
are relatively static organs whose shape and size do
not change as rapidly as those of the aural cavity dur-
ing speech gesture. But the acoustical characteristics
of the nasal tract have not yet been perfectly under-
stood since they have quite complex morphological
configuration. The nasal tract, as an acoustic circuit,
has a bifurcation of the right and the left passages,
which are asymmetrical one another, and has several
paranasal cavities called the sinuses which work as ad-
ditional acoustic resonators. In addition, not only the
cross sectional area but also the cross sectional shape
of the nasal tract varies in large extent depending on
the location along the tract.

Several researchers have been conducted to re-
late the vocal tract morphology and acoustics[1]-[11].
Some of them used magnetic resonance imaging(MRI)
technique to measure the vocal.tract geometry in three
dimensions during speech gestures[8]-[11]. The au-
thors conducted earlier a morphological measurement
of the nasal and paranasal cavities using MRI technol-
ogy[10]. In present study, the authors have used the
MRI measurement and performed an acoustic anal-
ysis using three dimensional finite element method
(FEM) to examine the effects of complicated cross
sectional shapes on sound propagation in the nasal
tract.
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2 ACOUSTIC TUBE MODELING OF
THE NASAL TRACT FROM MOR-
PHOLOGICAL MEASUREMENT

Fig. 1 shows a 3-D image of the nasal tract and
the paranasal cavities reconstructed from the coro-
nal slices by MRI measurement of one male subject.
Three kinds of acoustic tube models were constructed
according to this MRI measurement so that each mod-
el had different degree of simplification of actual nasal
tract.

The extremely simplified model was made after
the traditional way as a concatenation of a number
of sections of short length uniform tubes, whose cross
sectional area was equal to that of MRI measurement.
It has 37 sections of short tube with length 3mm, and
resulting total length of nasal tract model is 11.1cm.
There is an implicit assumption that the plane wave
propagates in the nasal tract, and therefore, one di-
mensional wave equation is applicable for the sound.
This is equivalent to the transmission line analog or
electronic circuit model (called ECM hereafter) of the
nasal tract.

Nasal tract shows considerable morphological vari-
ation from section to section. Only a posterior por-
tion of it has a simple shape whose cross section is
circle-like shape. The middle portion and the ante-
rior portion, however, bifurcate to make two paral-
lel branches whose cross section shapes are far from
circle-like. This complicated morphological composi-
tion may invalidate the traditional acoustical analy-
sis based on a transmission line model or ECM of the
nasal tract.

Thus, our secondly simplified models was con-
structed to have elliptic cross sections whose cross
sectional area and circumference length were both
identical with those of MRI measurement. Fig. 2
illustrates 3-D FEM models having elliptic cross sec-
tion: (a)without sinus cavity and (b)with a pair of
sinuses. The maxillary sinus is taken into account
here because its acoustical effect is considered to be
largest among a few number of sinuses. These models
ignore the actual shape of cross section and the bent
form of the nasal tract, but is capable of providing
sound propagation modes not only along the axial di-
rection but also the transversal directions by solving
the three dimensional wave equation.

The third model is a quite realistic model in a
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sense that it has a bent form, and has cross section
shapes identical with the coronal images obtained by
MRI measurement. Fig. 3 shows an outer view of this
model. This is composed of 27 sections having 3mm
in length and various cross section shapes depending
on the location in the nasal tract. Fig. 4 shows the
shapes of every second sections from the bifurcation
(8-th section) to just behind of the nostrils(26-th sec-
tion). Each section is composed of number of voxels
of 0.977mm x 0.977mm x 3mm.

3 FINITE ELEMENT ANALYSIS

Three dimensional finite element analysis(3-D FEM)
was applied to solve the Helmholts equation:

Vip+kp=0

The Galerkin formulation was used under the bound-
ary conditions:

input:  p;, = 1.0
S
o7

output: = —jk%p

where z denotes radiation impedance of a circular
hole on an infinite plane baffle.

The boundary conditions assume that input sound
pressure at the velopharyngeal port is unity and the
load impedance at the nostrils is approximated as a
radiation impedance of a circular hole on an infinite
plane baffle. The loss components such as viscosity
and heat conduction are not factored into the com-
putational models.

Number of nodes in the FEM model were approx-
imately 3,500 for the first model, 4,600 the second,
and 12,600 for the third. Sound pressure and particle
velocity at each node in the models were calculated.
The sound intensity was also calculated to observe
the energy flow in the nasal tract.

4 RESULT

Frequency characteristics of transfer function as a ra-
tio of sound pressure at the nostrils p, to that at the
velum p; are shown in Figs'd, 6, and 7.

The input impédance looking into the nasal tract
from the velopharyngeal port is shown in Fig.8.

Fig.s 9, 10 and 11 show the active sound inten-
sities for the realistic model at 1.1kHz, 1.8kHz, and
3.0kHz, respectively. :

At the frequency 1.1kHz, all nasal tract models
except for the one having the sinuses show a peak re-
sponse for both of the left passage and right passage,
as shown in Fig.s 5 and 6. This is also seen in Fig.
9, where plenty of active sound intensity flows along
the both passages. For a frequency 1.8kHz shown in
Fig. 10, a relatively small amount of sound ntensity
i1s output from the nostrils. This accounts for why
the frequency response around 1.8kHz remains lower
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levels in Fig. 5, 6, and 7. Notice also in Fig. 10
that there are energy flow from the right passage to
the left passage. This is due to the right-left asym-
metry of the nasal tract configuration. Both of the
frequency response shown in Fig. 7 and the sound
intensity flow at 3.0kHz shown in Fig. 11 provide us
an interesting insight for realistic model of the nasal
tract. An remarkable right-left difference in output
levels at higher frequencies than 3.0kHz is seen in the
realistic model, but is not seen for the other models.
The intensity flow diagram of Fig. 11 shows that al-
most all active intensity flows only through the right
passage from the bifurcation portion to the right nos-
tril. The direction of flow is rather inversely in the
left passage from the nostril to the bifurcation and it
looks as if there was a closed loop path in the mid-
dle portion of the left passage. This is caused by the
complicated cross section shape of the nasal tract in
addition to the right-left asymmetry.

From these results, the following findings can be
drawn: '

1. Transmission line model(ECM) is considered in
general to be valid at frequency range up to
4kHz, but noticeable differences between ECM
and FEM model are arisen even below 3kHz
when the left-right asymmetry in the nasal pas-
sage is taken into account (Fig. 5).

2. An prominent effect of the left-right asymme-
try is to produce a pair of pole and zero in
frequency region mainly around 1800Hz (Fig.
5). This is caused by mutual branching effect
of the left and the right passages.

3. An effect of the maxillary sinus is to produce a
noticeable pole-zero pair at 500Hz-700Hz and
several extra spectral peaks and dips over a
wide frequency range (Fig. 6).

4. In the model whose cross section shape is more
realistic than elliptic, a spectral peak at around
2.7kHz is shifted to 2.2kHz (Fig. 7). There ap-
pears a remarkable left-right difference at 3kHz
and many more spectral peaks and dips appear
in higher frequency region than 3kHz to make
the resulting spectrum very complicated (Fig.
7 and 11).

5. Input impedance at velopharyngeal port, Fig.
8, shows that there are total effect of several
factors such as left-right asymmetry in two pas-
sages, resonance characters of sinuses, and the
effect of cross section shapes, besides the nasal
tract itself.

6. The flow of sound intensity, Figs. 9, 10, and
11, show that some time there appear a side
branches or a closed loop in the middle portion
of the nasal tract.
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Fig. 2 Straight acoustic tube models having elliptic cross section.

Fig. 1 A 3-D image of the nasal and Gt p< (a).without the paranasal cavity.

paranasal cavities reconstructed from the
coronal slices observed by MRI.

" Fig. 3 Bent acoustic tube model having realistic cross
section shape.

5 CONCLUSIONS

In conclusion, not only the sinus cavities and the left
to right asymmetry in the nasal tract produce the
pole-zero pairs in the transfer function of the nasal
tract, but the complicated cross section shape also
produces remarkable resonance frequency shifts and
possibly extra pole-zero pairs.
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(b) with the paranasal cavities(spherical model).
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Fig. 4 Coronal cross section shapes of the realistic nasal
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Fig. 5 Frequency characteristics of ratio of output to:
input sound pressures in ECM model and FEM model.
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Fig. 7 Transfer function of FEM model having realistic
cross sections.

Fig. 9 Active sound intensity for 1.1kHz.
Top: View on the horizontal cut plane il-

Fig.10 Active sound intensity for
1.8kHz.
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Fig. 6 Transfer function of elliptical cross section FEM
model without paranasal cavity (- - -) and that with
paranasal cavities(—).
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Fig. 8 Input impedance at velopharyngeal port.
realistic model(—), elliptic model(- - -)
(frequency definition 50Hz)

Fig.11 Active sound intensity for
3.0kHz.

lustrated in the middle. of this figure.

Mid: The right passage viewed on the ver-
tical plane illustrated in the top of this fig-
ure.

Bottom: The left passage viewed on the
vertical plane illustrated in the top of this
figure.

Top, Mid, and Bottom show the
views as corresponding to planes as
in Fig. 9.
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Top, Mid, and Bottom show the
views as corresponding to planes as
in Fig. 9.
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