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ABSTRACT

Vowel production in human speech depends both on
the vocal tract shape, primarily establishing formant fre-
quencies in the speech spectrum, and the vibration of vo-
cal folds in the larynx, which function as a pressure-controlled
valve regulating airflow into the the vocal tract. This re-
search explores the application of the generalized dynamic
pressure-control valve model to the synthesis of voiced
sounds in human speech. Where many vocal models em-
ploy a source filter paradigm, the dynamic model allows
for feedback from the vocal tract to the glottal source, al-
lowing for stronger influence of the vocal tract on the vi-
brations of the vocal folds.

1. INTRODUCTION

Many vocal systems, like reed-based musical instruments,
use a pressure-controlled valve as the primary mechanical
resonator for sound production. In both cases, an input
pressure influences the valve’s oscillation by creating a
pressure difference across its surface. Any change in the
up- and down-stream pressure of the valve will impact the
behaviour of its oscillation by altering the overall driving
force and causing the valve to open or close further.

Voiced sounds such as vowels in human speech pro-
duction may be articulated using the velum, jaw, tongue
and lips to shape the vocal tract, thus influencing formant
frequencies in the waveform’s spectrum. The speaker also
controls the mechanical vibration of the vocal folds, a
pressure-controlled valve which modulates aiflow into the
vocal tract and strongly influences the fundamental fre-
quency, or pitch, of the sounding voice. In many cases,
the source-filter model (Figure 1) is considered to be suf-
ficiently accurate to simulate this interaction, as there is
a weak coupling between the relatively massy vocal folds
and the vocal tract. An improved synthesis is expected
however, when taking the down-stream pressure of the
valve (the pressure at the entrance to the vocal tract) into
consideration when computing the force driving the valve
oscillation and the flow through the valve channel.

More physically informed models are also available,
many using digital waveguide synthesis and incorporating
a series of two-port scattering junctions to simulate the
varying cross-section of the vocal tract corresponding to
the production of a particular vowel sound [1] . One- and
two-mass spring models have been used for the vocal folds
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Figure 1. A source-filter (feed-forward) model for speech
synthesis.

[2, 3, 4], with the two-mass model making it possible to
capture a more idealized cycle of the vocal fold vibration,
that is, with lower portion of the vocal folds leading the
upper portion, creating a wave-like motion on the vocal
fold surface [5].

In this work, we use the generalized pressure-control
valve model to simulate the vocal tract, as it was shown
to yield expected results for blown open, blown closed,
and swinging door valve configurations [6]. The feath-
ering incorporated in [7] is also expected to help capture
an aspect of the wave-like motion of the vocal-fold dis-
placement by smoothing the transition between an open
and closed valve.

Though an accurate synthesis of the human voice re-
quires a more complete implementation of the mouth and
nose (see Section 3), we focus on the synthesis of vowel
sounds by integrating the generalized valve, in a config-
uration and with parameters corresponding to the glottal
source, within a waveguide model. In the final section, a
software is presented, which provides a GUI for the con-
trol of the vocal tract model variables, as well as a graph-
ical shape viewer, allowing the vocal tract shape to be
viewed while listening to the corresponding vowel sounds.

2. MODELLING THE GLOTTAL SOURCE

2.1. Source-Filter Model

The vibration of the vocal folds produce the voiced sounds
of speech, and in particular, that of vowel sounds. Many
techniques for modeling vowels use a source-filter model,
which incorporates a feed forward filter (i.e. one that does
not feed back to the source), creating a situation where
the resonance of the vocal tract has no impact on the os-
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Figure 2. The blown open configuration of the general-
ized valve model, showing geometric parametersλsg, the
length of the valve that sees the sub-glottal pressure,λd,
the length of the valve that sees the valve’s downstream
pressure, andµ, the length of the valve that sees the flow.
Changing these parameters will change the corresponding
component forces of the overall driving force in (2).

cillation of the source. That is, the source, or a glottal
excitation, is typically simulated using a filtered periodic
impulse train, creating avoiced sourcewith a fundamental
frequency, plus any additional unvoiced sources such as
noise. The source is then passed through a filter with coef-
ficients set according to the vowel being produced and/or
the corresponding vocal tract shape (see Figure 1). For
many cases, this model is considered to be sufficiently ac-
curate as there is a relatively weak coupling between the
massy vocal folds and the vocal tract.

2.2. The generalized pressure-controlled valve

Using a dynamic model, like the generalized pressure con-
trol valve, allows for a stronger influence of the filter on
the source. Unlike the traditional source-filter, where sig-
nal flow is strictly from left to right (see Figure 1), the dy-
namic valve model has feedback resulting from the use of
the down-stream pressurepd when computing the valve’s
time-evolving variables, and in particular, the valve dis-
placementx and the volume flowU through the valve
channel.

The generalized valve model was first introduced in
[6], providing a configurable model of a pressure con-
trolled valve, allowing the user to design their own virtual
reed type, simply by setting the model’s parameters. Here,
we place the pressure-controlled valve model in the con-
text of the human vocal tract for an improved synthesis of
voiced sounds such as vowels.

The model’s parameters are continuously variable, and
may be configured to produce blown closed, blown open,
and the symmetric “swinging door” models, as well as to
set the valve geometry. Though the fleshy nature of the
human vocal folds prevent it from vibrating with as pre-
dictable behaviour as the more rigid woodwind reed, the
dominant motion of the valve is considered to be blown
open, that is, a sub-glottal pressure increase will cause the
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Figure 3. Simulation results for the vowel ’ah’, showing
the time evolution of the valve channel height, the volume
flow through the channel, and the normalized pressure at
the entrance to the vocal tract as well as at the mouth.

valve to open further, while an increase in down-stream
pressure will force the valve to close further (see Fig-
ure 2). It may be possible to create more complex oscilla-
tory behaviour by having two valves with different config-
urations placed in cascade, but this is left for future work.

It is by considering both the forceF driving the reed,
and the air flowing through the reedU , that the depen-
dence of valve’s oscillation on the down-stream pressure
is apparent. The displacement of the valve may be approx-
imated by the second-order differential equation

m
d2x

dt2
+ m2γ

dx

dt
+ k(x − x0) = F, (1)

wherem is the effective mass of the reed,γ is the damp-
ing coefficient,k is the stiffness of the reed. The overall
driving force is equal to the sum of all forces acting on the
reed,

F = Fm + Fb + FU , (2)

where the forceFm acts on the valve surface area seen by
the sub-glottal pressurepsg, the forceFb acts on the valve
surface area seen by the down-stream pressurepd, and the
forceFU is applied by the flowU , forcing the valve open.
Example parameter values are seen in Table 1.

The differential equation governing air flow through
the valve, fully derived in [7], is also dependent on down-
stream pressure (that is, the pressure difference across the
valve) and is given by

dU

dt
= (psg − pd)

A(t0)

µρ
−

U(t0)
2

2µA(t0) + U(t0)T
, (3)
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Figure 4. Spectrum and spectral envelope (extracted us-
ing linear predictive coding (LPC) of order 16) for the
vowel ‘ah’.

Quantity Numeric value
Valve type (oscillation constraint) blown open
Radius of exhaust pipea 0.014 m
Quality factor (Q) (valve damping) 9.0
Mass (m) 0.00028 kg
Width of the valve (w) 0.0049 m
Length of the valve (l) 0.014 m
Thickness of the valve (d) 0.003 m
Equilibrium position (x0) 0.0002 m

Table 1. Synthesis control parameters and example values
(as suggested by [2]).

whereA(t) is the cross sectional area of the valve chan-
nel, andµ is the length of valve that sees the flow (see
Figure 2).

The oscillating vocal folds may therefore be modeled
digitally by obtaining a value every sample period for the
displacement of the valvex, the flowU , and the pressure
at the entrance to the vocal tractpd, in response to an ap-
plied sub-glottal pressurepsg. Figure 4 shows the time-
evolution of these parameters in response to an applied
sub-glottal pressurepsg = 800 Pa, and using a vocal tract
with the shape corresponding to the vowel sound ‘ah’ (top
of Figure 6).

3. THE VOCAL TRACT SIMULATION

The pressure at the entrance to the vocal tract is obtained
from the waveguide model which simulates the delay in
the vocal tract, as well as the scattering which occurs along
its length due to the varying cross section. The character-
istic impedance at each of the ports in the sequence of two-
port scattering junctions (see Figure 5), is derived from a
vocal tract area function corresponding to the vowel being
synthesized (see Figure 6). With known impedances on
either side of the junction, the junction pressure is deter-
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Figure 5. The model showing feedback between the
waveguide delay element and the pressure-controlled
valve model. The delay element may be implemented as
a one-dimensional waveguide for a simple cylinder, or as
a series of two-port junctions for a tube—or vocal tract—
with varying cross section.

mined by

pj =
2
∑N

i=1
Γip

+

i
∑N

i=1
Γi

(4)

whereΓi = 1/Zi andN = 2 for a two-port junction, and
the output pressure at any port is simply the difference in
the junction pressure and the incoming pressure on that
port,p−i = pJ − p+

i .
In addition to the vocal tract shape simulation as a piece-

wise connection of several cylindrical tubes connected by
two-port scattering junctions (see Figure 5) [8], there is a
three-port scattering junction connecting the glottal tube
to oral and nasal tubes (where the junction pressure is ob-
tained using (4) but withN = 3) [1]. The effects of this
addition to the overall vocal tract shape may be controlled
using the GUI seen in Figure 7. The slider labeledMouth
Reflectionallows for control of the mouth opening, while
the slider labeledNose Reflectionallows for control of the
nasal quality of the produced sounds (these corresponds
to the controls in the SPASM software [9]).

The graphical user interface for the vocal tract simu-
lation is implemented in OpenGL, using a graphical vi-
sualizer that allows for viewing of the vocal tract shape
while listening to the corresponding vowel sounds. The
shapes were obtained from medical resonance imagining
(MRI) [10, 11] data, from which vocal tract area func-
tions were extracted and used to generate the images seen
in Figure 6.

4. CONCLUSION

In this work we incorporate the generalized pressure con-
trol valve, previously seen in the context of wind instru-
ment, to simulated voiced sounds of human speech. The
valve configuration and anatomical parameters for a the
vocal folds are given, with results showing a successful
simulation of vowel sounds. A graphical user interface is
provided, allowing for control of the vocal tract, as well
as providing a visualization of the vocal track shape cor-
responding to the sound being produced.



‘ah’ as in “bart”

‘oo’ as in “food”
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Figure 6. Vocal tract shapes corresponding to vowel
sounds, ‘ah’, ‘oo’, ‘ee’, and ‘ae’, respectively, generated
by the GUI’s graphical visualizer.
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