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Abstract

The acoustic coupling between the voice production system
and the vocal tract has a significant influence on the production
of voice. In this study, the coupling effect was represented us-
ing the acoustic pressure difference across the glottis, which is
capable of inducing a flow, and the mean acoustic pressure in
the glottis, which acts as a driving force for the vocal folds.
These specific acoustic pressures were then interpreted in the
frequency domain in the form of frequency responses, and in-
corporated into a model of the voice production system. In this
framework, we were able to test the effect of source-filter cou-
pling by filtering frequency responses. Numerical results re-
vealed that these responses and the input impedance of the vocal
tract both exhibited a dominant peak around 4 kHz. In addition,
voice production simulations revealed that this high-frequency
peak has a significant influence on the spatio-temporal pattern
of glottal volume flow and vocal fold movements.

Index Terms: voice production, source-filter coupling, vocal
fold, glottal flow

1. Introduction

In the production of voiced speech, glottal sound sources gen-
erated by oscillations of the vocal folds travel through the vocal
tract and form a sound field in the vicinity of the glottis. This
acoustic feedback from the tract influences the flow though the
glottis and movements of the vocal folds, a phenomenon known
as source-filter coupling. This coupling has various nonlinear
effects, such as flow skewing [1], enhancement or suppression
of vocal-fold oscillations [2, 3], lowering oscillation threshold
pressure [4], and discontinuity of changes in the fundamental
frequency caused by a continuous changes in vocal fold param-
eters [5, 6].

Time-domain computer simulation has been an important
tool for investigating these effects, and the consequences have
been analyzed in the frequency domain as an interrelation be-
tween the fundamental frequency of the voice and the resonant
and antiresonant frequencies of the vocal tract [5]. It has been
shown that the effect becomes more intense when the funda-
mental frequency approaches the resonant frequency. In addi-
tion, vocal fold oscillation becomes unstable when the funda-
mental frequency is between the resonant and antiresonant fre-
quencies. Titze [3] interpreted this effect in terms of the reac-
tance of impedances arising from the acoustic load of the sub-
and supra-glottal tracts. It was shown that the harmonic compo-
nent of the glottal volume flow waveform becomes weak when
the reactance is negative at that frequency (level one interac-
tion). It was also explained that the reactance of vocal-tract
impedance should be inertive, while that of the sub-glottal tract
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should be compliant for the oscillation of the vocal folds (level
two interaction).

In the current paper, source-filter coupling is represented
in the frequency-domain, as in Titze’s previous study [3]. The
acoustic tubes of the sub- and supra-glottal tracts are connected
to the intermediate part of the glottis, and the frequency re-
sponse of the acoustic pressures near the glottis is expressed
relative to each acoustic component of the glottal volume flow.
On the basis of this acoustic impedance representation, we ex-
amined the effects of the acoustic pressure difference across
the glottis and the mean intra-glottal pressure. In addition,
these frequency responses were low-pass filtered, and the conse-
quences of this frequency-domain manipulation of the source-
filter coupling were investigated using a time-domain simula-
tion of the voice production process.

2. Representation of source-filter coupling

2.1. Specific acoustic pressures related to the coupling ef-
fect

Source-filter coupling constitutes an acoustic influence of the
pressure near the glottis on the glottal flow and movements of
the vocal folds. Two specific pressure values are used here to
represent these effects. One of these values is the difference
between the inlet pressure (pao) and outlet pressure (pai1) of
the glottis

Apa =pao — par, (D

which causes the pressure gradient across the glottis, and is used
to estimate the volume flow together with the static lung pres-
sure [Egs. (5) and (6)]. The other is the mean acoustical pres-
sure in the glottis

pa= DA TEAL @
which can be used to estimate the driving force applied to the
vocal folds in addition to the aerodynamic pressure of the glottal
flow [Egs. (11) and (12)]. To discriminate between these tempo-
ral waveforms and their Fourier transforms, time-domain vari-
ables are denoted by lower-case letters while frequency-domain
variables are denoted by capital letters in the following expres-
sions.

The values of these specific acoustic pressures are deter-
mined on the basis of the model shown in Fig. 1. From
this model, relationships Pag = —ZoUao, Pa1 = Z1Uk;,
and Uy; = Ua1 + U, are obtained, where Zo and Z;
are the input impedance of the sub- and supra-glottal tracts.
The input impedance of the glottis seen from the vocal
tract, Zg4, can be expressed as Z; = —Pa1/Ua1 =
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Figure 1: Acoustic tube model connecting the sub- and supra-
glottal tracts via the glottis.

—(Bg — AgZo)/(Dg — CyZy), where Ay, By, Cy, and Dy
are elements of the transmission matrix of the glottis approxi-
mated as a tube with an uniform cross section.

From these relationships, A P and Py are each obtained as
the frequency response of a filter having the acoustic component
of the glottal volume flow as its input:

APa _ Pao — Pa1 _ {Bg — (Ag — 1)Z0}Z1 (

Za = 3
AT, U, Zn )
and
g _Pa_ Paot+Pa _ {By— (A +1)%}2
M, 20, 270 ’
“
where Zp = (Dg CyZo)Z1 — (By AgZy).
The input impedances of the tracts are obtained as
Zy = —(AsZp+ Bs)/(CsZp+ Ds) and Z, =
(DvZr — By)/(Ay — CvZy), where As, Bs, Cs, and

D; are elements of the transmission matrix for the sub-glottal
tract and A,, By, C, and D,, those for the supra-glottal tract.
The values of these elements are calculated by applying an
acoustic tube model of the lossy vocal tract [7], taking into
account data regarding vocal-tract area function [8]. Z,, and Z,
are the terminal impedance for the lungs and lips, respectively.

2.2. Total framework of the voice production model

Figure 2 shows the framework of the voice production model to
examine the influence of the acoustic feedback of the tract on
the process of the voice production. The frequency responses,
Za and Zps, are determined from the area data as explained
in the preceding subsection. In some cases, these must be pro-
cessed by a zero-phase low-pass filter to change the coupling
effect. Next, the inverse Fourier transforms of the frequency
responses, za and zas, are convolved with the waveform of
glottal volume flow, ugy, and the values of the specific acous-
tic pressures, Ap4 and p 4, are calculated.

The voice production model is composed of a method for
estimating the glottal volume flow and a model of the vocal
folds. Given the pressure difference between the sub- and supra-
glottal regions, the volume flow passing through the glottis is
estimated by a boundary-layer approximation that includes the
interaction between the core flow and the boundary layer [9].
Here, the pressure difference across the glottis is determined by
summing the static sub-glottal pressure supplied by the lungs,
pro, and the acoustic pressure as

Ap = pro+ Apa = pro + za * ug . 5)
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Figure 2: Framework of the voice production model incorporat-
ing the effect of source-filter coupling.

The convolution is computed only for the latest time instant.
From the Bernoulli relation, we obtain a pressure-flow relation

U

Ap = 0.5ps—52 . 6)
S is the effective channel area at the separation point, and is
given by

Ss = {h(zs) — 26(xs)Hy . @)
ly is the length of the vocal fold, h(z) is the channel height,
0(zx) is the displacement thickness of the boundary layer, and
x s is the point of flow separation along the x axis. The x axis is
taken as the line of symmetry between both vocal folds. p is the
density of the air. From these relationships, the volume flow is
estimated in the discrete-time form as

2a(0)52% + S5+/(2a(0)S5)2 + 2pP
ug(n) = ®
p
K—1
where P = pro + Z za(k)ug(n — k) and n represents

k=1
the time index. The flow separation point, x5, and the dis-
placement thickness, d(x), are obtained from the boundary-
layer analysis [9]. If the value of the volume flow is esti-

mated at an instant, the effective flow velocity is determined
Ug

— {R(=) — 26(2)
determined as pr(z) = pro — = pv(z)?, allowing the driving

as v(x) and the pressure distribution is

force of the vocal folds to be determined.

Movement of the vocal folds is modeled using the modified
two-mass model [10]. Each vocal fold is constructed by two
cylinders, located at the lower and upper parts of the fold, and
three plates, which connect the inlet and outlet of the glottis and
the cylinders. Masses m and m are assigned to each cylinder,
and are connected to the fixed wall by dampers of resistance 1
and ro, and linear springs with Hooke’s constants k1 and k.
The two masses are joined by another linear spring of constant
k12. The equation of motion is given as

d2y1

dy1
7

Yt

+r +kyr + k(v —y2)=fi 9



and

dy2
2at

d2y2
M2 g

+r + kaya + ki2(y2 — 1) = f2,  (10)
where y1 and y- are the displacements of the masses perpendic-
ular to the x axis. The absolute mass position is y1 + yo and
Y2 + Yo, where yo is the common rest position.

The driving force is exerted only on the lower, first mass,
and f5 is set to zero. The driving force, fi, is determined as
follows. The entire driving pressure is given by summing the
aerodynamic and acoustic pressures as

1)

_ 1 2
+pa =pro— —pv(z)” + 2m *ug ,

p(r) = pr(x) 3

where the convolution is computed for the latest time instant.
The driving force for the lower mass is then given as

f1= Mg {/Qcs pr(z)de + (xe — xo)ﬁA} . (12)

0

Here, x is the inlet of the glottis, z. is the outlet of the glottis,
x, is the flow separation point, and ) is a parameter specifying
the area upon which the pressure is exerted. If the glottis is
closed, fi is setto fi = Alg(ze — xo)pro.

3. Numerical results
3.1. Frequency responses representing the coupling effect

The frequency responses of the specific acoustic pressures, Za
and Zys, were computed from data related to vocal-tract area
function taken for the vowel /I/ in ”hid” [8] and data related to
the sub-glottal tract [11]. The length of the glottal tube (depth
of the glottis) was set to 0.3 cm, and the cross-sectional area
was set to 0.014 cm?. The results are plotted in Fig. 3.

From the top plot, it can be seen that the input impedance of
the vocal tract, Z1, exhibited a significant peak at approximately
4.1 kHz. This peak is much stronger than those corresponding
to the first to fourth formants. An investigation confirmed that
this high-frequency peak was due to the resonance of epiglot-
tal tube, i.e., a local, small acoustic cavity above the glottis.
The figure also shows that each peak in the input impedance
forms a peak of the same frequency in the magnitude spectrum
of the responses, Za and Zy, plotted in Fig. 3 (B). Concerning
the peaks seen in the input impedance, Titze [3] clarified that
source-filter coupling can be enhanced by reducing the cross-
sectional area of the epiglottal tube. It should also be noted
that the magnitude of frequency responses is interpreted as the
frequency-dependent strength of source-filter coupling, because
they determine the amplitude of the pressure values, Ap and
P, resulting from the volume flow, ug.

The influence of the high-frequency peak at 4.1 kHz is ex-
amined through a time-domain simulation, below. Here, as
shown in Fig. 2, the frequency responses (Za and Zu) are
low-pass filtered with a cut-off frequency of 3.8 kHz at each
time step of the simulation. The bottom plot of Fig. 3 shows the
filtered versions of the responses shown in Fig. 3 (B).

3.2. Dynamic simulation of voice production

In the simulation, the parameters of the vocal-fold model were
set to m; = 0.125 g, mg = 0.025 g, k1 = 80000 dyn/cm,
kz = 8000 dyn/cm, k12 = 55000 dyn/cm, T = 0.2 mlkl =
23.3 dyn-s/cm, and 72 1.2y/mgoks = 18.6 dyn-s/cm. For
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Figure 3: Computed results of (A) vocal-tract input impedance,
(B) frequency responses of the acoustic pressure difference Za
(solid) and mean acoustic pressure Zr (broken) for the vowel
/l/, and (C) the filtered versions of the responses.

the glottis in a closed state, the values of the stiffness parame-
ters were increased such that k; = 320000 and k2 = 32000
dyn/cm. The dampers were also increased such that r; = 257
and 7o = 49.6 dyn-s/cm. The initial displacement was yo =
0.00014 cm and the vocal-fold length was [, = 1.2 cm. A
was determined so that the effective depth of the lower mass,
A(ze — x0), was approximately 0.27 cm. The sub-glottal pres-
sure was 8 cmH2O and the sampling frequency was 20 kHz.
The plots in Fig. 4 show the changes with time of the glot-
tal volume flow (uy), effective glottal area at the flow separa-
tion point (Ss), acoustic pressure difference across the glottis
(Apa), mean acoustic pressure in the glottis (p4), mass dis-
placements (y1 and y2), and the driving force on the vocal folds
(f1). The broken line in the driving force plot shows the force
component generated by the aerodynamic pressure, while the
solid line is the sum of aerodynamic and acoustic pressures.
The volume flow is basically in proportion to the glottal area,
but the acoustic pressure difference in this simulation was posi-
tive when the glottis was closing. This had the effect of inducing
a forward flow and sharpening the waveform of the glottal flow.
On the other hand, the aerodynamic and acoustic forces were
both negative when the glottis was closing. The glottis was then
effectively closed and the vocal fold oscillation was maintained.
Finally, Fig. 5 shows the results of a simulation where the
frequency responses, Za and Zys, were low-pass filtered (see
the bottom plot of Fig. 3) to eliminate peaks higher than 4kHz.
In the figure, the acoustic pressure difference was almost nega-
tive, which produces a backward flow, and reduces the volume
flow through the glottis. On the other hand, the amplitude of
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Figure 4: Results of the voice production simulation for the
vowel //.

the mean acoustic pressure was very small, and the total driving
force was slightly negative when the glottis was closing. A com-
parison of these results with those shown in Fig. 4 reveals that
the waveforms of the glottal area and vocal fold displacement
were differently shaped, with the period of vocal fold oscilla-
tion almost doubling. The movements of the lower and upper
masses were almost synchronized, indicating that convergent-
divergent changes in the glottal channel were not exhibited. As
such, the elimination of the high-frequency component of Za
and Z)s caused a significant change in the motion of the vocal
folds and the waveform of the glottal volume flow.

4. Conclusion

Source-filter coupling is typically observed when the frequency
of the vocal fold oscillation approaches the resonance frequency
of the vocal tract [S]. Titze [3] also reported that each frequency
component in the glottal volume flow interacts with the vocal-
tract resonator independently. In the current study, the effect of
the source-filter coupling was investigated further using the fre-
quency response of two types of acoustic pressures. The results
of voice production simulations clearly indicated that the high-
frequency component of these frequency responses has a strong
effect on the processes involved in voice production.

This research was partly supported by the Grant-in-Aid for
Scientific Research from the Japan Society for the Promotion of
Science (Grant No. 19103003).
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