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Abstract—This paper presents recent progress in research
examining the mechanisms of voice generation and a method
for physiologically-based speech synthesis. The overarching goal
of this research is the precise modeling of interactions among
physical systems involved in the processes underlying voice
generation. The interaction between the voice generation system
(glottal flow and the vocal folds) and the vocal-tract filter has
been found to involve nonlinear factors in speech, such as the
skewing of glottal flow, unsteadiness of vocal fold oscillations,
and transition of the voice register. The results of a quantitative
analysis also revealed frequency-dependent effects of source-filter
interaction.

I. INTRODUCTION

In the production of voiced speech, glottal sound sources
are generated by oscillations of the vocal folds, which travel
through the acoustic filter of the vocal tract. The vocal tract
acts as a resonator, which forms the peaks of the speech
spectrum called formants. In many models or analysis methods
of speech, these two sub-systems, i.e., the source generating
system and the vocal tract filter, are thought to be independent
because of the high acoustic impedance of the glottis. Based
on this assumption, linear source-filter theory [1] may explain
the nature of the speech production mechanism in humans.

However, when glottal sound sources travel through the
vocal tract, they form a sound field in the vicinity of the glottis.
This acoustic pressure can influence the flow though the glottis
and the movements of the vocal folds, a phenomenon known
as source-filter interaction (SFI). This interaction has various
nonlinear effects, such as flow skewing [2], enhancement
or suppression of vocal-fold oscillations [3], [4], lowering
oscillation threshold pressure [5], and discontinuity of changes
in the fundamental frequency caused by continuous changes
in vocal fold parameters [6], [7].

Time-domain computer simulation has been an important
tool for investigating these effects, and results from these
studies have been analyzed in the frequency domain as an
interrelation between the fundamental frequency of the voice
and the resonant and antiresonant frequencies of the vocal tract
[6]. It has been shown that the effect becomes more intense
when the fundamental frequency approaches the resonant
frequency. In addition, vocal fold oscillation becomes unstable
when the fundamental frequency is between the resonant
and antiresonant frequencies. Titze [4] interpreted this effect
in terms of the reactance of impedances arising from the
acoustic load of the sub- and supra-glottal tracts. The results
revealed that the harmonic component of the glottal volume

flow waveform becomes weak when the reactance is negative
at that frequency (level one interaction). In addition, the author
proposed that the reactance of vocal-tract impedance should be
inertive, while that of the sub-glottal tract should be compliant
for the oscillation of the vocal folds (level two interaction).

In the current paper, the processes underlying the generation
of voice are investigated, and a mathematical model is pre-
sented by focusing on the interactive behavior of three physical
sub-systems, i.e., the glottal flow, the vocal folds, and the vocal
tract. With respect to source-filter interaction, the acoustic
tubes of the sub- and supra-glottal tracts are connected to the
intermediate part of the glottis, and the frequency response of
the acoustic pressures near the glottis is expressed relative to
the acoustic component of the glottal flow. The results of a
quantitative analysis are presented, including an examination
of frequency responses related to SFI and a time-domain
simulation of voice production.

II. FLOW-STRUCTURE INTERACTION

Myoelastic-aerodynamic theory is widely considered the
basic principle underlying the production of voice. This theory
was proposed by Helmholtz and Miiller in the 19th century,
and confirmed experimentally by van den Berg in the 1950s.
Based on the interaction between air flow passing through the
glottis and visco-elastic movements of the vocal folds, the
theory proposes that the vocal folds are driven by aerodynamic
pressure of glottal flow. Their movements in turn open and
close the glottis and control the volume flow that gushes out
of the glottis. Acoustic sound sources are then generated as a
result of the self-sustained oscillation of the vocal folds.

By assuming that the flow through the glottis is quasi-steady,
incompressible and inviscid, its behavior can be described
by the conservation law of energy, known as the Bernoulli
relation, as

p(x) + %pv(x)z = const., (1)

where p(z) is the pressure, v(x) is the velocity, and p is the air
density. The z axis is taken in many voice production models
as the axis of symmetry between both vocal folds, as shown
in Fig. 1. The flow velocity can be written as
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where u, is the volume flow rate, S(z) = h(z)l, is the

sectional area of the glottal channel, and [ is the length of the
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Fig. 1. Representation of the one-dimensional glottal channel and the mass-
spring model of the vocal folds. The x axis is taken as the symmetrical axis
of both folds. h(z) is the channel height.

vocal fold which is perpendicular to the x —y plane shown in
the figure. In the tracheal region below the glottis, the channel
is widely opened and the velocity and kinetic energy are very
small compared with those in the glottis. At the outlet of the
glottis, on the other hand, the flow pressure is almost equal to
the atmospheric pressure, and hence can be set to zero. From
the Bernoulli relation, the following relation is then obtained
for the sub-, intra-, and supra-glottal regions:

1 1 ug
= —_ — —n—= 3
trachea " —
glottis vocal tract

where prg is the sub-glottal pressure and S is the sectional
area of the glottal jet formed by the separation of flow from
the wall of the channel. If the point of flow separation, zg, is
given, Sy can be written as Sy = h(z,)l; by assuming that
the sectional area of the jet is constant.

The flow separation point was fixed to the glottal exit in
the two-mass model of the vocal folds[6]. However in reality,
this strongly depends on the shape of the glottis. It is also
known that the glottis takes both the divergent and convergent
shapes during a period of the vocal fold oscillation. Recently,
the behavior of viscous flow near the surface of the vocal
fold was analyzed using the boundary-layer theory [8], [9].
In addition to the flow separation point, this analysis method
can estimate characteristic quantities of the boundary layer,
such as the displacement thickness, momentum thickness,
and wall shear stress. The effective flow channel is then
determined by excluding the displacement thickness, d(x),
from the geometric shape of the channel as

S(x) = {h(x) — 26(2) Hy- )

The effective flow velocity is also determined as

{h(z) = 26(x)}ly

With these effective values, the glottal volume flow is esti-

mated from (3) as
2
Ug = Sgy | 20 (6)
p

and the pressure within the glottis as

v(x) = )

(z) = LU (7)
allowing the driving force of the vocal folds to be determined.
The effective channel area at the separation point is now given
as

Sy = {h(x.) — 26z}, ®)

by considering the influence of the boundary layer.

Movement of the vocal fold is modeled using the modi-
fied two-mass model [10] in this paper. 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. In Fig. 1, masses m;
and mgy are assigned to each cylinder, and are connected to
the fixed wall by dampers of resistance r; and ro, and linear
springs with Hooke’s constants k; and ko. The two masses are
joined by another linear spring of constant k5. The equation
of motion is then given as

d*yr dyy
Myt it ke )= O)
and
d? d
me B2 2 gy kia(e ) = oo (10)

where y; and y, are the displacements of the masses perpen-
dicular to the x axis. The absolute mass position is y; + o
and y2 + Yo, giving the channel height

h(z) = 2(y1 + vo) (1D

and

h(z) = 2(y2 + yo) (12)
at the mass positions, where y is the common rest position. As
such, vocal fold movement determines the height of the glottal
channel and gives the boundary condition to the flow analysis
problem. The actual expression of the driving forces, f; and
f2, is explained below, but is basically given by integrating
the pressure p(x) in (7) along the z axis and by multiplying
the vocal fold length [.
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Fig. 2. Acoustic tube model connecting the sub- and supra-glottal tracts via
the glottis.

III. SOURCE-FILTER INTERACTION (SFI)

When the glottal sound source is generated as a result of the
flow-structure interaction, it travels through the vocal tract and
forms a sound field in the vicinity of the glottis. This sound
field causes a pressure gradient between the sub- and supra-
glottal regions and induces additional volume flow. In addition,
the instantaneous sound pressure in the glottis can push or
pull the vocal folds. As such, the acoustic field can influence
the glottal flow and vocal fold movements, a phenomenon
known as source-filter interaction (SFI). This section describes
how this interaction can be formulated in a model of voice
generation [11].

A. Specific acoustic pressures related to SFI

SFI represents an acoustic influence of pressure near the
glottis on the voice generation system of the vocal folds and
glottal flow. Two specific pressure values are used here to
represent these effects. One is the difference between the
pressures at the inlet of the glottis (p4o) and at the outlet
(pa1)

Apa =Dpao — pa1- (13)

The other is the mean acoustic pressure inside the glottis

__ pao+par
sy
To discriminate between these temporal waveforms and their
Fourier transforms, time-domain variables are denoted by
lower-case letters while frequency-domain variables are de-
noted by capital letters in the following equations.
The values of these specific acoustic pressures are deter-
mined on the basis of the model shown in Fig. 2. From this
model, relationships

(14)

Pao = —ZoU o, (15)
Pay = 21Uy, (16)

and
U1/41 =Uy1 + Ug 17

can be obtained, where Z; and Z; represent the input
impedance of the sub- and supra-glottal tracts, respectively.
The input impedance of the glottis seen from the vocal tract,
Zg4, can be expressed as

Py (Byg—AgZy)

Zy=-72 = - ,
g Um (Dg — CyZy)

(18)
where Ay, By, Cy, and D, are elements of the transmission
matrix of the glottis approximated as a tube with a uniform
cross section.

From these relationships, Ap4 and p4 are each obtained
as the frequency responses of a filter having the acoustic
component of the glottal volume flow as its input:

APy _ Pag—Pa _ {By— (A~ 1)Z0}%

Zn= 19
s Uy Uy Zp (19)
and
g Q _ Pao + Pay :7{Bg*(Ag+1)ZO}Zl
M Uy 20, 27p ’
(20)
where
Zp = (Dy — CyZy)Zy — (By — AyZp). 1)
The input impedances of the tracts can be obtained as
(AsZ, + Bs)
Zo= 10 22
0= 7(C.Z, 1 Dy) (22)
and
(DyZ, — By)
=T 23
' (Av - Cer) , ( )

where A, B, C,, and D, are the elements of the transmission
matrix for the sub-glottal tract and A, B, 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 [12], taking into account data regarding vocal-tract
area function [13]. Z,, and Z, are the terminal impedance for
the lungs and lips, respectively.

B. Total voice production model including SFI

Fig. 3 shows the framework of the voice production model
[11] to examine the influence of SFI on the generation of
voice. The frequency responses related to SFI, ZA and Zj,,
can be determined from the area function data as explained in
the preceding subsection. Next, the inverse Fourier transforms
of the frequency responses, za and zj;, are convolved with
the waveform of glottal volume flow, 14, and the values of the
specific acoustic pressures, Apa and p 4, are calculated.

The volume flow is estimated from the specific acoustic
pressure, Ap,, and the static lung pressure, prg. The total
pressure difference between the sub- and supra-glottal regions
is determined by summing both pressures as

Ap = pro + Apa = pro + 2a * Ug. (24)
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Fig. 3. Framework of the voice production model incorporating the effect of
source-filter coupling.

Here, the convolution is computed only for the latest time
instant. Considering the Bernoulli relation given in (3), a new
pressure-flow relation can be obtained:

2

1 u
Ap = —p-Z. 25
P= 505 (25)
By eliminating Ap, these relationships can be rewritten in a
discrete-time form as

1 ug(n>2

K—1
PFo + kZ:O Za(k)ug(n — k) = 2PT§’ (26)

where K is the length of za(k), and n is the index corre-
sponding to the latest time instant. The volume flow is then
estimated as

_ 2a(0)SZ + S51/(24(0)5;)2 + 2pP
p

27

K—1
P =ppo+ za(k)ug(n — k).
k=1

(28)

These equations indicate that the time history of the glottal
flow waveform affects the flow estimation recursively under
the influence of SFI.

Next, we consider the influence of SFI on vocal fold
movements. In the current study, the driving force was exerted
only on the lower, first mass, and f> was set to zero [10]. The
entire driving pressure is given by summing the aerodynamic
and acoustic pressures as

2

g 3 + Znp ok Ug. 29)

() = pla) +pa = pro — 3p o
Ptotal\T) = P\T) T~ PA = PFo 2,05(@
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Fig. 4. Computed results of (A) vocal-tract input impedance and (B) frequency
responses of the acoustic pressure difference Za (solid) and mean acoustic
pressure Z s (broken) for the vowel /i/.

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

fi= Al {/j p(x)de + (2 — xo)pA} .

0

(30)

x is the inlet of the glottis, x. is the outlet of the glottis, z; is
the flow separation point, and A is a parameter specifying the
area upon which the pressure is exerted. If the glottis is closed,
f1is set to f1 = AMg(xe — zo)pro. By substituting the value
of f; into the equation of motion of the vocal fold model, the
displacements of the lower and upper masses, y; and yo, are
calculated. These values determine the glottal shape h(z), and
the entire procedure is repeated for the dynamic simulation of
voice production.

IV. NUMERICAL RESULTS
A. Frequency responses representing the effect of SFI

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/ [13] and data related to
the sub-glottal tract [14]. 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. 4.

From the top plot, it can be seen that the input impedance
of the vocal tract, Z;, exhibited a significant peak at ap-
proximately 4 kHz. This peak was much stronger than those
corresponding to the first to third formants. An investigation
confirmed that this high-frequency peak was due to the reso-
nance of the epiglottal 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 of Za
and Zp;. Concerning the peaks seen in the input impedance,
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Fig. 5. Spectrogram for the temporal pattern of the glottal volume flow for the
vowel /i/. The tension parameter of the vocal-fold model was linearly changed
in time from two to five in this simulation.

Titze [4] clarified that source-filter interaction 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 interaction, because they determine the amplitude of
the pressure values, Apy and p4, resulting from the glottal
volume flow.

B. Dynamic simulation

Dynamic simulation was conducted for the vowel /i/, and
the results are plotted in Figs. 5 and 6. 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, ke = 8000 dyn/cm, ki3 =
55000 dyn/cm, r; = 0.2¢/m1k; = 23.3 dyn-s/cm, and ry =
1.2y/mgks = 18.6 dyn-s/cm. For the glottis in a closed state,
the values of the stiffness parameters were increased such that
k1 = 320000 and ko = 32000 dyn/cm. The dampers were also
increased such that ;1 = 257 and ro = 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(z. — o), was approximately 0.27
cm. The sub-glottal pressure was 8 cmH5O and the sampling
frequency was 20 kHz.

To control the fundamental frequency, the masses were
divided by a parameter 7" and the spring constants were multi-
plied by T'. The natural frequency of each mass-spring system
was then changed such that \/kiT/(m1/T) = /k1/miT.
The value of T" was changed from two to five linearly with time
in this simulation. The fundamental frequency was initially
below the first formant of /i/, and above the first formant and
the first dip at the end of the simulation.

Figure 5 shows the spectrogram of the glottal flow, ug,
within the frequency range 0-2 kHz. The horizontal broken
lines around 350 and 500 Hz correspond to the first peak and
dip, respectively, of Za and Zj; (see Fig. 4). The frequency
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Fig. 6. Results of a time-domain simulation of voice production for the vowel
/i/. The plots show the changes over time of the glottal volume flow, acoustic
pressure difference across the glottis, mean acoustic pressure in the glottis,
mass displacements, and driving force on the vocal folds. The displacements of
the lower and upper masses are shown by solid and broken lines, respectively.

region enclosed by the broken lines is therefore unstable for
phonation [4], [6]. The fundamental frequency reaches this
peak frequency at a time of approximately 0.15 s. Between
0.15 and 0.28 s, the spectrogram indicates the appearance of
subharmonic and unstable behavior. The harmonic pattern then
stabilizes when, at 0.28 s, the fundamental frequency agrees
with the dip frequency of approximately 500 Hz. As such, the
effect of SFI is apparent in the unstable region between 350
and 500 Hz. In addition, it is noteworthy that the voice register
changes when the fundamental frequency crosses this specific
region [15]: the vocal folds oscillate in the chest register when
the fundamental frequency is below the unstable region. In
contrast, when the fundamental frequency is above the region,
the vocal folds oscillate in the falsetto register.

Figure 6 also shows waveforms of the main variables for the
same simulation. In the first time section (0.02—0.04 s), the
fundamental frequency is outside the unstable frequency re-
gion. In addition, the glottal flow waveform appeared skewed,
and a stable positive-to-negative change of driving force was
observed. The acoustic pressure difference is positive when
the glottis is closing, which induces a forward flow and a
sharpening of the waveform of the glottal flow. On the other
hand, the mean pressure and driving force to the vocal folds
is negative when the glottis is closing. The glottis is then
effectively closed and the vocal fold oscillation is maintained.

In the second section (0.20—0.22 s), the vocal fold oscilla-
tion is unstable. In the waveform of the glottal flow and other
physical quantities, we can observe an additional periodicity
occurring for each of two pitch periods, resulting in the



existence of subharmonic behavior in the spectrogram. Finally,
over 0.30—0.32 s, regular vocal-fold oscillation is recovered,
and the voice register is now changed to the falsetto. Note that
the fundamental frequency is close to the dip frequency of Za
and Zj;. The feedback acoustic pressures and the effect of SFI
are therefore weak. In the falsetto register, the phase difference
of the oscillatory movements of the upper and lower masses
is not apparent, indicating that a convergent-divergent change
in the glottal shape is not attained. The driving force to the
vocal folds is mainly given by the aerodynamic pressure of
the glottal flow, and from the figure, it is clear that the force
is always positive.

V. CONCLUSION

The production process of the voice was examined by
focusing on the interactions of three physical systems, i.e.,
the glottal flow, the vocal folds, and the vocal tract. The
flow-structure interaction between the glottal flow and vocal
folds plays an essential role in the production of voice.
Regarding the influence of the geometry of glottal channel on
the behavior of flow, a detailed analysis result was reported in
[8] and [9]. In the present study, the source-filter interaction
between the voice production system (glottal flow and the
vocal folds) and the acoustic cavity of the vocal tract was
modeled using the frequency response of two types of specific
acoustic pressures in the vicinity of the glottis. Quantitative in-
vestigations revealed that these frequency responses exhibited
dominant peaks in the high frequency region at approximately
4-5 kHz. In addition, SFI was typically observed when the
fundamental frequency of the vocal fold oscillation approached
the resonant frequency of the vocal tract. The strength of the
interaction was also found to increase near the resonant fre-
quency, and simulation results revealed instability in phonation
and changes of the voice register.
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