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ABSTRACT

It is shown how two-mass models for the vocal cords can
be implemented efficiently with digital signal-processing
techniques. This facilitates their use in speech-synthesis
hardware. An example of such an implementation and the
glottal pulses obtained with it are presented.

1. INTRODUCTION

During voicing the vocal cords generate a periodically
modulated air flow called the glottal pulse. In passing the
vocal tract and the lips its shape changes. The resulting
variations in the air pressure at the lips constitute the
speech signal. Figure 1 shows a few periods of a natural
vowel /a/ and its glottal pulse.

Fluid-dynamic modelling of the generation of glottal
pulses helps to understand speech production. The exist-
ing models are computationally costly, which precludes
their use in real-time speech synthesis. This paper solves
this problem by presenting an efficient implementation
for the class of two-mass models (e.g. [2], [6], [4]).

2. TWO-MASS MODELS
Figure 2 shows a schematic representation of a vertical

cross section of the vocal cords according to the two-mass
model. They are assumed to be uniform in the direction

x 10

perpendicular to the figure. During normal phonation, the
air flows from the trachea to the pharynx. A glottal cycle
is described as follows. Initially, the closed vocal cords
are pushed open by the pressure difference between the
trachea and pharynx. During opening, the contours of the
vocal cords converge in the direction of the air flow, re-
sulting in a fluid-dynamic force that pushes them further
apart. As the vocal cords are compressed, their contours
diverge, causing the fluid-dynamic force to pull them to-
gether. This results in a collision, after which the process
is repeated. During opening the fluid-dynamic force and
elastic forces, due to the tissue, operate in opposite direc-
tions, whereas during closing they operate in the same di-
rection. Closing is therefore faster than opening.

The two-mass model describes a vocal cord as two
masses, coupled with a spring and connected to the larynx
by springs and dampers. The masses can only move in the
vertical direction. The solid line encompassing the masses
models the vocal-cord geometry, which is assumed to be
constant in the z-direction over the vocal-cord length L G
The fluid-dynamic and collision forces act on this enve-
lope. This results in forces acting on the masses. These,
and the air flow, depend on the geometry and the pressure
difference between the pharynx and trachea. We now pro- -
ceed to describe the standard approach to computing vo-
cal-cord motion and glottal pulses in two-mass models.

Since the vocal cords are symmetric about y = 0, it
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Figure 1. A few periods of a vowel /a/ (top) and its glottal pulse (bottom). Arbitrary units.
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Figure 2. Schematic representation of the two-mass
model.

suffices to describe only one system of coupled masses.
The masses are denoted by m, and m,; r and r, are
damping coefficients; k, and k, are stiffnesses of the
springs connecting masses to the walls; &k 5 is the stiff-
ness of the coupling spring between the masses. The posi-
tion, velocity and acceleration of mass i are given by
¥; (0, ¥; (2) and ¥; (1), respectively. The fluid-dynamic
and collision forces acting on the masses are denoted by
f and f2 which are both non-linear functions of all the
mass posttions and velocities and the air pressures Pr (n,
upstream, and pV(t) downstream. As f and f are ge-
ometry dependent, they cannot be madc more explicit at
this point. The mass positions and velocities are the solu-
tions of a system of non-linear differential equations:
mIL R R 07 = )

1
2y2+r +k M

2tk =y =1

Each differential equation represents a force balance, stat-
ing that the product of mass and acceleration is equal to
the sum of the forces acting on the mass. These are: the
damping force, the force due to the spring connecting the
mass to the wall, the force due to the coupling spring and
the fluid-dynamic and collision forces. The glottal pulse
P () follows as the solution of

PT—PV = cBué+cVuG+clu'G )
The constants ¢ g cyand ¢; depend on the mass posi-
tions and velocities. They determine the contributions by
the Bernouilli force, the viscous losses and the inertia of
the flow to the pressure drop over the glottis. Their explic-
it forms depend on the geometry. Expression (2) is gener-
ally valid for two-mass models under the assumption of
quasi-stationarity. An example can be found in [2].

Its continuous-time and non-linear nature make it dif-
ficult to solve (1) in real time in a speech synthesizer. Sec-
tion 3 will present a solution to this problem.
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3. SIGNAL-PROCESSING MODEL

The system (1) can be regarded as the differential equa-
tions of a linear time-invariant system with f1 and f2 as
inputs and the mass positions and velocities as outputs.
We will call this system the mechanical model. The first
step in setting up a signal-processing model for the vocal
cords will be to make a discrete-time realization of the
mechanical model. The second step will be to construct
the feed-back loop that computes fl , f2 and the glottal
pulse u G

The starting point for a discrete-time version of the
mechanical model is its continuous-time state-space de-
scription. The general form is:

(1) = Ax (1) +Byu(?)
y(H = Cx(r) +Dy (D)
The vector x(t) is the state vector, v (¢) the input vec-

tor and Y (1) the output vector, A, B, C and D are ma-
trices of appropriate dimensions. We choose

3

x= [yl Y1 ¥ y'Z]T,y= [fl fz]T,y=)_c )

and from (1) we derive

0 1 0 0 —0 0"
k,+k r k
A= 1 1 1 s=|™
0 0 0 1 0 05
kia 0 ky+kyy 1y o L
—_ - - m
) My My L |
C=ILD=90

The general form of a discrete-time state-space descrip-
tion is:
x =Ex +Fy
n n-1 n

_ (6)
Yy = Gj'cn—l +Hyn

The matrices E, F, G and H have the dimensions of A,
B, C and D, respectively. The objective is to design the
discrete-time system such that if v = v (nTs) , then
Y, =¥ (nT), with Ts the sampling period. In general,
this cannot be achieved, but the approximation is close, if
T_ is small compared with smallest time constant in the
system. Then we may choose

AT,
E=e¢ F=BT,G=C=LH=D=0 ()

The time constants of two mass models are well above

1 ms, so that the above approximation is close if, for ex-

ample, fs = 1/T = 48kHz. )
The reason why we can model (1) as a linear system
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Figure 3. Signal-processing version of the two-mass
model.

with a non-linear feed-back loop is that H = 0. The out-
put consequently depends on the previous state. For the
input we can write v, =Y (Gx sPp P ) with ¥ a
vector-valued function computmg tll'xe forces i and f
This yields the following recursive relation for x, Wthh
could not have been constructed if H did not equal 0:
=E-7_cn_1+FY(G-’.Cn_1’prpv) (®)

X
“n

The second term expresses the effects of the feed- back
loop.
Figure 3 shows the signal-processing version of the
two-mass model. For the construction of the feed-back
loop, we need to model three aspects of the vocal cords.
Since these depend on the specific two-mass model, they
cannot be described in the same amount of detail as the
mechanical model. The geometry model describes the re-
lation between the mass positions and the variables char-
acterizing the geometry. The collision model describes
how the collision between the vocal cords influences the
geometry and computes the collision forces acting on the
masses. This part contains the non-linearities that in some
two-mass models are contained in the springs (e.g. [2],
[6]). The fluid-dynamic model computes the glottal pulse
and the fluid-dynamic forces on the masses as functions of
the geometry variables and the air pressures.

4. ACOUSTIC COUPLING

The discrete-time two-mass model can be interfaced with
lossless discrete-time tube models for the vocal tract and
the trachea (e.g. [S]), thus simulating the acoustic cou-
pling with those organs. This is shown in Figure 4.

The air flow at the end of a lossless tube consists of a
forward travelling wave, denoted with a superscript +, and
a backward travelling wave, denoted with a superscript -.
Since we assume quasi-stationarity we have at each in-
stant nTs :
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Figure 4. Coupling of the two mass model with tube
models for the trachea and the vocal tract.

+ - + -
G,n=uT,n_uT,n=uV,n_uV,n ®

The u; and u,,  are known from previous calcula-
tigns and, in order fo drive the tube models, the “-T, , and
“y have to be computed. For the pressures upstream
and downstream we have

+ - +
pT,n ZT(uT,n+uT,n) = ZT(zuT,n—uG, n)

+ -
Pyn= ZV(uV,n+uV,n) (2u “g, n)

where Z, and Z, are the characteristic impedances of

the trachea and the vocal tract tube, respectively. When

the vo$al cords are closed we have u = 0 and u,

and wy . follow directly from (9). When the vocal cords

are open we use (2) in which we replace the derivative by

a first-order difference and substitute the right-most ex-

pressions of (10) for the pressures. The glottal pulse u

can then be solved from the resulting quadratic form and
- +

the ur o, and Uy follow from (9).

u

(10)

5. AN EXAMPLE

As an example we present a simple two-mass model
which has been reported on in [1]. It is shown in Figure 5.
The mechanical model is identical to the one described
previously. The geometry model has only two variables:
h; =2y, and h, = 2y,.The collision model computes
the collision forces and limits %, and A, to non-negative
values. The fluid-dynamic model, though relatively sim-
ple, would still require too much space to be presented
here. The reader is referred to [1] for details.

The glottal pulses obtained without acoustic coupling
with the trachea and the vocal tract are almost identical to
those obtained by numerically solving the differential
equations. The error is -33 dB. The savings in computa-

y =
Figure 5. Simple two-mass model.
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Figure 6. A few periods of a synthetic vowel /a/ (top, arbitrary units) and its glottal pulse (bottom).

tion time are a substantial factor of 300. Figure 6 shows a
speech signal and glottal pulse obtained with acoustic
coupling taken into account. The trachea has been mod-
elled as a uniform tube of 12 cm with a cross-sectional
area of 2.5 cm?. The entrance reflection coefficient was
0.8. The pressure at the entrance was 7840 dynes/cm?.
The atmospheric pressure at the lips was Odynes/cmz.
The vocal tract was a non-uniform tube built up of 3.5 mm
- sections. The cross-sectional areas were derived from the
vocal-tract area function for a vowel /a/, given in [2]. The
impedance at the lips was modelled as an inductance. The
other constants used in the example were as follows. Sam-
pling frequency: fs = 48kHz. Mechanical model:
m = 0.17g; m, = 0.03 g; k1 = 45 kdynes;
k2 = 8kdynes; k12 = 25 kdynes; r= 17.5 dynes cm/
s; r, = 18.6 dynes cm/s. Geometry model:
LG =14 cm; Xy—xy = 0.2cm; X=Xy = 0.025cm;
h0 = 2cm.

6. DISCUSSION

It has been shown how an explicit numerical solution of
the non-linear differential equations, determining the be-
haviour of two-mass models can be avoided by regarding
the two-mass model as a linear time-invariant system with
anon-linear feed-back loop. Such a system can be realized
efficiently in digital signal-processing techniques. The
obtained discrete-time two-mass model can be interfaced
with tube models of the vocal tract and the trachea, thus
simulating the acoustic coupling with those organs. As a
result we have a speech synthesizer that is controlled by
physiological parameters, such as the one described in {7],
but that is capable of operating in real time.

The differences between two-mass models are often in
terms of their geometries, collision behaviour or fluid dy-
namics. The approach presented here is flexible in the
sense that these aspects can be easily implemented and
evaluated. It is also not restricted to two-mass models,
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since models with more masses (e.g. [8], [9]) can also be
described.
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