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Abstract

In previous studies of the 1D vocal tract model of articulatory
synthesis, subglottal pressure is typically regarded as constant,
ignoring its dynamics. However, human vocalization is initially
generated by glottal airflow via subglottal pressure change. This
change is caused by the expansion and contraction of the lungs.
In the current study, we propose a new pressure-volume model
that relates pressure changes to volume changes of the human
lung. Using this model, the behavior of the human lung can
be integrated with articulatory synthesis. This model produces
positive and negative subglottal pressure corresponding to expi-
ration and inspiration respectively. In addition, breathing could
be implemented in the proposed model. This implementation
would expand the possibilities for articulatory synthesis.
Index Terms: speech synthesis, articulatory synthesis, lung,
time domain simulation

1. Introduction
Articulatory synthesis is one of speech synthesis approaches.
This approach simulates human speech production processes
using a mathematical model of the speech organs. Conven-
tional synthesis approaches, such as concatenative synthesis [1]
reconstruct real human voice and have the advantage of natu-
ralness. However, they ignore the body conditions underlying
human voice production, and are less related to actual vocaliza-
tion movements. Compared with such approaches, articulatory
synthesis that uses mathematical models of the speech organs
can be more easily related to actual vocalization movements be-
cause the models directly correspond to each organ.

The 1D vocal tract model has been used in many previous
studies of articulatory synthesis [2, 3, 4]. This model regards
the vocal tract as connected cylinders, and assumes plane wave
propagation. Conventional articulatory synthesis systems using
this model consider the vocal folds, vocal tract, and nasal tract.
However, a few studies have considered the lungs. Some stud-
ies considering the lungs [4] have assumed a static lung shape,
and other studies [5, 6] have assumed varying lung shape but
considered only expiration and ignored inspiration into lung via
glottis.

In actual vocalization, expansion and contraction of the
lungs generate subglottal pressure change and glottal airflow.
This airflow then produces vocal folds vibration and vocal tract
resonance. In addition, subglottal pressure and the fundamental
frequency of voice are thought to have a linear relationship [7].
Thus, the effects of subglottal pressure on speech sound are con-
sidered to be important. Nevertheless, most of previous studies
of articulatory synthesis systems consider subglottal pressure as
a constant or only expiration, and ignore changes in the shape
of the lungs or inspiration.

glottis vocal tract lips

subglottis supraglottis

Figure 1: System components

To solve this problem, the current study proposes an sim-
ple approximate lung model, which generates subglottal pres-
sure by quasi-static and adiabatic volume changes of the lungs.
Positive and negative subglottal pressure, which corresponds to
expiration and inspiration, were created with the proposed lung
model. Breathing in vocalization, which has not been realized
in previous articulatory synthesis models, can be implemented
by this subglottal pressure change in the proposed model.

2. Model
Figure 1 shows the components of the proposed system. The
proposed system consists of a supraglottal articulatory synthe-
sis model and a subglottal pressure-volume model. The supra-
glottal model includes the vocal folds and vocal tract, while the
subglottal model is a pressure-volume lung model.

2.1. Supraglottal Articulatory Synthesis Model

The 1D vocal tract model and plane wave propagation were
adopted as the articulatory synthesis system in the supraglot-
tal model, which were the same as the model used by Ho et
al.[4] The two mass model proposed by Ishizaka and Flanagan
[8] was used as a glottal model. We calculated self-oscillation
of the vocal folds generated by the difference between supra-
glottal pressure and subglottal pressure. Sound propagation was
calculated using the transmission line circuit model [2] which is
equivalent to the 1D vocal tract model.

Although more sophisticated models exist in glottis [9, 10]
and vocal tract [11, 12], simple models [2, 4, 8] were selected
for the this study. The simple models are adequate for real-
izaion expiration and inspiration, and the complicated models
are unnecessary for this case.
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2.2. Subglottal Pressure-Volume Model

The simple lung model proposed in this study is described
by two parameters: subglottal pressure Ps and subglottal vol-
ume Vs. The relationship between pressure change and volume
change is expressed in (1) when the time step in the simulation
was short enough to consider quasi-static and adiabatic condi-
tions of volume change. η is the heat capacity ratio given by
η = 1.4, regarding air as a diatomic molecule.

PV η = P ′V ′η (1)

When subglottal pressure and volume are described as
Ps, Vs, they become P ′s, Vs + ∆V after time step ∆t. Sub-
stituting these parameters for (1) then yields to (2).

PsV
η
s = P ′s(Vs + ∆V )η

P ′s = Ps

(
Vs

Vs + ∆V

)η
(2)

We considered that subglottal volume displacement ∆V af-
ter a time step ∆t would be sufficiently smaller than subglottal
volume Vs (|Vs| � ∆V ). Second or higher order terms of Tay-
lor expansion around ∆V

Vs
= 0 can then be ignored, and the

following equation can be established.

(
Vs

Vs + ∆V

)η
=

(
1 +

∆V

Vs

)−η

' 1− η∆V

Vs
(3)

Substituting this equation for (2) becomes the first-order ap-
proximation equation (4).

P ′s ' Ps

(
1− η∆V

Vs

)
(4)

The full dynamics of subglottal pressure and volume is
given by (2) and its first-order approximation is given by (4).

The 1D vocal tract model uses the superposition principle
for plane waves, and uses the difference value from atmospheric
pressure as the pressure value. However, the pressure-volume
relationship in (2) is not linear, making the principle invalid.
Thus, a pressure value that includes atmospheric pressure in-
stead of a difference value is necessary in the proposed lung
model. To transfer Ps from a subglottal model to a supraglottal
model requires the subtraction of atmospheric pressure.

The subglottal volume is controlled as follows using the tar-
get subglottal pressure P ′s. Using (2) and its first-order approxi-
mation (4), the manipulation of subglottal volume displacement
∆V can be calculated as (5) and (6) using target subglottal pres-
sure P ′s.

∆V = Vs

(
P ′s
Ps

)η
− Vs (5)

' Vs
η
− VsP

′
s

ηPs
(6)

The volume change ∆V can be separated subglottal volume
change ∆Vs due to shape change, and outflow volume at the
glottis Uo∆t connected to the supraglottal model in simulation

(∆V = ∆Vs + Uo∆t). The manipulated volume value ∆Vs
for target subglottal pressure P ′s can then be calculated using
the following equations (7) and (8).

∆Vs = Vs

(
P ′s
Ps

)η
− Vs − Uo∆t (7)

' Vs
η
− VsP

′
s

ηPs
− Uo∆t (8)

2.3. Calculation of the System

Using the above supraglottal and subglottal system, the output
sound can be calculated using the following iteration. The ma-
nipulation value of subglottal volume Vs in the expiration phase
is calculated based on the target subglottal pressure using (7)
and (8). And that in the inspiration phase is also calculated
based on the end-inspiratory position (EIP), which is the sum
of the functional residual capacity and tidal volume. EIP is set
as the target volume and compared to the maximum of volume
velocity based on FEV1%. FEV1% means exhaled air volume
ratio of forced expiration in the first 1 second.

1. Calculates subglottal volume changes

(a) subglottal volume changes by shape transform into
V ′s = Vs + ∆Vs

(b) Volume Uo∆t flows out of glottis

2. subglottal pressure changes into P ′s =

Ps
(

Vs
Vs+∆Vs+Uo∆t

)η

3. The lung is connected to the equivalent supraglottal cir-
cuit as a pressure source P ′s

(a) Calculates vibration displacement of two mass
model

(b) Simulates volume velocity and pressure in vocal
tract equivalent circuit

(c) Gets output sound pressure Pout and glottal vol-
ume velocity Ug

4. Goes back to 1

In this iteration, the system is operated by appropriate
changes of subglottal volume Vs. For simplicity, a direct con-
nection between the subglottis and glottis is assumed, and air-
flow from the subglottis Uo is equal to glottal airflow Ug .

2.4. Numerical Calculation Method

The synthesis system is calculated in the time domain. The
classical Runge-Kutta method is used to simulate the two mass
model. Slight displacement of glottal volume velocity dUg is
calculated by a trapezoidal rule, which was also used in the vo-
cal tract in Maeda’s system [2]. In addition, attenuation coef-
ficient α(< 1.0) is introduced to this accumulation term. This
coefficient prevents noise generation in respiration experiments.
The relationship of Ug, dUg is shown in the next equation (9).

{
dUg[n] = 2

Ug [n]

∆t
−QUg [n− 1]

QUg [n] = 4
Ug [n]

∆t
− αQUg [n− 1]

(9)
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2.5. Simulation Parameters

Parameters used in the simulation are described here.
The area function of the vocal tract reflects the magnetic

resonance imaging measurement result by Story et al.[13] and
the function of a vowel /A/ was adopted. The glottal parameters
in the two mass model and the air parameters were the same as
those in the system used by Ho et al.[4] The attenuation coeffi-
cient α in the proposed model was set to 0.999.

The initial subglottal pressure was set as the atmospheric
pressure (1.013× 106 dyn/cm2). The initial subglottal volume
was also set as EIP, and its approximation value was 3.0× 103

cm3. The maximum subglottal volume velocity was defined as
FEV1%. Berglund FEV1%[14] was calculated as 4.22 × 103

under conditions in which height was 170.9 cm (the average
height of a 20-year-old Japanese male). The calculated vol-
ume velocity ∆Vs was based on (7) and (8) was transformed
into volume velocity in atmospheric pressure by (2) or (4), then
compared to FEV1%.

3. Experiments
In the following section we describe three experiments, includ-
ing presentation of the results and discussion of the findings.
The operating frequency of the system was set to 5.0×105 Hz.
For calculations, we examined the subglottal pressure-volume
relationship based on quasi-static and adiabatic conditions us-
ing equation (2) and its first-order approximate equation (4),
and compared the results.

3.1. Subglottal volume control

The first experiment was conducted to examine subglottal vol-
ume control compared with constant subglottal pressure. Tar-
get subglottal pressure was set as 8 cmH2O(=7.843 × 103

dyn/cm2). This pressure value has been used in many previous
studies of articulatory synthesis systems, which have typically
used constant subglottal pressure. The results of the proposed
model were compared with the results of a conventional system
that replaces the subglottal part of the proposed system by such
constant subglottal pressure value.

3.2. Different target subglottal pressure

In the second experiment, the proposed lung model operated
with different target subglottal pressure values and controled
its volume. These values were set as 4, 6, 8, 10, 12 cmH2O.
By controlling subglottal volume, we changed subglottal pres-
sure to trace target pressure values. We compared differences
in the fundamental frequency of these output sound. When the
effects of the proposed lung model on output were confirmed,
we assumed that the use of subglottal parameters in addition to
supraglottal parameters would make articulatory synthesis more
natural and complex.

3.3. Implementation of inspiration & expiration

In the third experiment, we confirmed whether aspiration was
realized by extension and contraction of the proposed lung
model. Breathing in vocalization was assumed, and 1.5 s vocal-
ization consisted of 0.5 s expiration, followed by 0.5 s inspira-
tion, and 0.5 s expiration. The target subglottal pressure in expi-
ration was set as 8 cmH2O. In inspiration, displacement and ve-
locity of the two mass model was fixed as xi = 0, vi = 0. Thus,
the glottis was slightly opened. Because previous articulatory
synthesis systems have not realized inspiration action, imple-

Figure 2: Subglottal pressure, volume, glottal volume velocity,
and output pressure generated by pressure-volume lung model
and constant subglottal pressure

mentation of the action would expand the application range of
the system.

4. Results and Discussion
4.1. Subglottal volume control

Figure 2 shows the results as the time varying output of sub-
glottal pressure Ps, subglottal volume Vs, glottal volume veloc-
ity Ug , output sound pressure Pout. In the proposed system,
the results of the pressure-volume relationship using equation
(2) and its first-order approximate equation (4) closely corre-
sponded. The blue solid line shows the results of the proposed
pressure-volume model, the orange dotted line shows the re-
sults of the approximate equation, and the green dashed line
shows the results of constant pressure. Both the blue and or-
ange lines in Ps showed a maintained increase toward target
subglottal pressure by a decrease in Vs. Consequently, simi-
lar output Ug, Pout to output of constant pressure suggests that
the synthesis system using the proposed lung model was able to
generate self-oscillation of the vocal folds, and resonance in the
vocal tract. In addition, the gradual increase in the target value
in Ps resulted in a smoother (and maybe more natural) start of
the waveforms of Ug, Pout compared with those generated with
constant lung pressure.

4.2. Different target subglottal pressure

Similarly to the first experiment, each subglottal pressure pat-
tern in the second experiment tracked the target pressure pat-
tern. The fundamental frequency of the results was calculated
using the autocorrelation method, and the findings are shown
in Figure 3. The blue dots show the pitches calculated from the
pressure-volume equation (2), and the orange “x” symbols show
the pitches calculated from its first-order approximate equation
(4). The frequency values of each equation were the same. The
green dashed line shows the approximate line calculated us-
ing the least squares method. As the target pressure increased,
the fundamental frequency also increased. The relationship be-
tween these values appeared to exhibit a linear pattern, and the
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Figure 3: Fundamental frequency produced by different sub-
glottal pressure

proportion corresponded to the estimation by Titze[7].

4.3. Implementation of inspiration & expiration

Examining the generated sound confirmed that the vowel /A/
was produced in two expiration phases, while the inspiration
phase was silent in both pressure-volume equations (2) and its
first-order approximate equation (4). Figure 4 describes the
time varying output of subglottal pressure, subglottal volume,
glottal volume velocity, and output sound pressure in expira-
tion and inspiration. The blue solid line corresponds to the pro-
posed pressure-volume model, while the orange dotted line cor-
responds to the approximate equation of the model. Decreased
subglottal volume in expiration phase recovered in the inspira-
tion phase, and negative glottal volume velocity led to recovery
of subglottal pressure. These results suggest that the implemen-
tation of expiration and inspiration (i.e., respiration) was real-
ized by the proposed pressure-volume lung model. To imple-
ment the aspiration sound involved in the frictional sound in the
silent inspiration phase mentioned above, the following two fac-
tors should be considered. The first factor is the consideration
of frictional sound and the extension of the articulatory model
we used, which did not produce this sound. The second factor
is the development of a subglottal volume control method in the
inspiration phase based on actual measurement, to make Ug, Ps
more natural during inspiration.

In addition, attenuation coefficient α was required in this
experiment. The unstable vibration in Ug, Pout of the second
expiration phase was generated without this coefficient (i.e.,
α = 1.0). The output sound in the second expiration phase
included noise, and cannot be regarded as a regular vowel. The
cause of this noise was likely to be related to the form of the ac-
cumulation term. First-order derivation of Ug did not change in
the inspiration phase compared with the expiration phase. Be-
cause the sum of the accumulation term consisted of the sum of
the first-order derivation, the accumulation term became overly
large during inspiration. Thus, the term was not able to reflect
small fluctuations of Ug in the second expiration, and generated
an unstable wave.

In the first and second experiments, the output of pressure-
volume equation (2) and its first-order approximate equation (4)
were approximately identical. In the third experiment, the be-
havior of Ps, Vs, Ug, Pout was almost identical, and no differ-

Figure 4: Subglottal pressure, volume, glottal volume velocity,
and output pressure among expiration and inspiration with at-
tenuation coefficient

ence could be heard when listening to the sounds. This sug-
gests the minimal effect of the approximation on the output
sound quality in practical usage. The calculation time of present
synthesis system was largely occupied by the propagation pro-
cess in the vocal tract, and relatively little time was taken up
by the lung occupancy component. Thus, the results indicated
that use of the approximation in the articulatory synthesis sys-
tem was not necessary. However, future extensions of the pro-
posed lung model, such as consideration of the alveolus and
branches, would be expected to increase the amount of calcu-
lation involved. Thus, first-order approximation may have the
advantage of decreasing calculation with minimal effects on the
output sound.

5. Conclusions
In the current study, a new pressure-volume model of the human
lung was proposed and integrated into an articulatory synthesis
system. Various equations of the pressure-volume relationship
in the lung model were considered. The results revealed that the
first-order approximation had the minimal effect on the output
sound quality in practical usage.

This implementation required attenuation coefficient in ac-
cumulation terms. Without attenuation, changes of the first
derivation of volume velocity in the inspiration phase were
small, meaning that the accumulation term became overly large
and was likely to have induced noise.

subglottal pressure in the proposed pressure-volume model
was controlled by changing subglottal volume, and had an ef-
fect on the fundamental frequency of output sounds. Inspiration
in vocalization was realized by consideration of the physical
conditions of the lung. Unlike previous synthesis systems, the
proposed system implemented aspiration actions, extending the
development of articulatory synthesis.
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