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Summary

The acoustic properties of a recently proposed two-mass model for vocal-fold oscillations are analysed in terms
of a set of acoustic parameters borrowed from phenomenological glottal-flow signal models. The analysed vocal-
fold model includes a novel description of flow separation within the glottal channel at a point whose position
may vary in time when the channel adopts a divergent configuration. It also assumes a vertically symmetrical
glottal structure, a hypothesis that does not hinder reproduction of glottal-flow signals and that reduces the num-
ber of control parameters of the dynamical system governing vocal-fold oscillations. Measuring the sensitivity of
acoustic parameters to the variation of the model control parameters is essential to describe the actions that the
modelled glottis employs to produce voiced sounds of different characteristics. In order to classify these actions,
we applied an algorithmic procedure in which the implementation of the vocal-fold model is followed by a numer-
ical measurement of the acoustic parameters describing the generated glottal-flow signal. We use this algorithm
to generate a large database with the variation of acoustic parameters in terms of the model control parameters.
We present results concerning fundamental frequency, intensity and pulse shape control in terms of subglot-
tal pressure, muscular tension, and the effective mass of the folds participating in vocal-fold vibration. We also
produce evidence for the identification of vocal-fold oscillation regimes with the first and second laryngeal mech-
anisms, which are the most common phonation modes used in voiced-sound production. In terms of the model,
the distinction between these mechanisms is closely related to the detection of glottal leakage, i.e. to an incom-
plete glottal closure during vocal-fold vibration. The algorithm is set to detect glottal leakage when transglottal
air flow does not reach zero during the quasi-closed phase. It is also designed to simulate electroglottographic
signals with the vocal-fold model. Numerical results are compared with experimental electroglottograms. In par-
ticular, a strong correspondence is found between the features of experimental and numerical electroglottograms
during the transition between different laryngeal mechanisms.

PACS no. 43.64.-q, 47.85.-g, 43.60.-c, 05.45.-a, 43.70.-h

1. Introduction

One of the main challenges in voice production research
has for long been the construction of a deterministic vocal-
fold model which could describe, in particular, the mech-
anisms responsible for different voice qualities. Presently,
a qualitative distinction between pressed, modal, breathy,
whispery, tense, lax, creaky or flow voice is often made in
terms of the acoustic parameters describing one cycle of
the glottal flow derivative [1, 2, 3]. Quantitative aspects,
such as frequency or intensity, are also readable from this
kind of glottal-flow phenomenological model. However,
these acoustic parameters do not account for the subtle fea-
tures linked to the behavior of the source: they just provide
us with an empirical description of the signal at the exit of
the glottis. On the other hand, modelling and numerical
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simulation of the speech production process is a difficult
task which implies coping with the complex nonlinearities
of a fluid-structure interaction problem where the driving
parameters are subject to neural control.

Since 1972, a series of simplified vocal-fold models
which are apt for real-time speech synthesis have fol-
lowed and improved the pioneering Ishizaka and Flana-
gan’s two-mass model [4]. In this kind of lumped mod-
els, self-sustained vocal-fold oscillations are mainly due
to a varying glottal geometry that creates different intra-
glottal pressure distributions during the opening and clos-
ing phases of the vocal-fold oscillation cycle. The non-
uniform deformation of vocal-fold tissue is assured by a
mechanical model having at least two degrees of freedom.
For this reason, the most simple lumped vocal-fold models
are known as rwo-mass models.

It has often been remarked that the main weakness of
this approach lies in the absence of a simple relationship
between the parameters in the model and the physiology
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of the vocal folds [5]. Most of the parameters in the model
are initially chosen according to physiological measure-
ments [6], but afterwards they have to be tuned to com-
pensate for over-simplifications of the model. These tun-
ings are performed by trial and error, so that the signals
predicted by the model share the features presented by ex-
perimental glottal-flow waveforms. But the task is not sim-
ple, mainly because the parameters characterizing the sig-
nal are greatly outnumbered by the control parameters of
the model, and because the intricate correlation between
acoustic and control parameters has not been unveiled.

Research is therefore needed not only to build a bridge
between physiology and physics but also between physics
and the acoustic phenomenological models describing
glottal-flow waveforms. Devoting efforts to the second is-
sue is certainly necessary in order to bring together the
phenomena of voice production and perception, and even-
tually to decide whether a production model with a few
control parameters related to acoustic parameters is realiz-
able [7]. The existence of such a production model would
constitute a first step towards the eventual long-term con-
struction of a certainly more ambitious voice production
model capable of relating neural activities to glottal driv-
ing parameters (as has been recently done for the syrinx in
the case of birds [8]).

In this context, studying the acoustic response of vocal-
fold two-mass models is essential to unveil the actions that
the modelled source employs to produce different acoustic
effects. A systematic study of acoustic and control param-
eter correlations has been performed in the case of the tra-
ditional Ishizaka and Flanagan’s (IF) two-mass model [9].
This preliminary study has shown that the smooth varia-
tion of control parameters can be associated with a physi-
ological action producing a specific acoustic effect which
can be compared to those reported in the literature [1].

The aim of this paper is to perform an acoustic charac-
terization of a two-mass model with an up-to-date aero-
dynamic description of glottal flow which takes into ac-
count the formation of a free jet downstream of a moving
separation point in the closing phase of the glottal cycle
[10, 11, 12, 13]. The choice of a model with a symmetri-
cal glottal structure as introduced in [14] will be adopted,
mainly because it allows a reduction in the number of con-
trol parameters which narrows the gap with the low num-
ber of acoustic parameters used to describe glottal-flow
signals in phenomenological models. The fact that this as-
sumption does not hinder reproduction of glottal pulses is
a remarkable property of this kind of approach. Symmet-
rical two-mass models thus constitute a new testbench for
correlation analysis between acoustic and control param-
eters, as well as a promising scenario for vocal-fold mod-
elling in terms of acoustic parameters. A model of such
characteristics was implemented by Niels Lous ef al [14]
in 1998.

The article is organised as follows. The theoretical back-
ground concerning the invoked models is given in section
2. This section provides a self-contained description of the
Niels Lous model, a quick reference to glottal-flow sig-
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Figure 1. Sketch of the glottal channel geometry in the Niels
Lous two-mass model.

nal models in order to introduce the so-called acoustic pa-
rameters and a subsection devoted to what we will refer
to as control parameters of the model. Section 3 is de-
voted to the description of the algorithmic procedure de-
signed to generate the data that will be subsequently anal-
ysed. The acoustic analysis is developed in section 4. We
present results concerning the effects on glottal-flow sig-
nals of flow separation and of the acoustic feedback of
the vocal tract. The subsection presenting the sensitivity
of acoustic parameters to the variation of control parame-
ters has been outlined to show, in terms of the data, how
the model controls fundamental frequency, intensity and
pulse shape. We also report the observation of oscillation
regimes when acoustic measurements are plotted in con-
trol parameter space, and provide an interpretation of os-
cillation regimes in terms of laryngeal mechanisms. Fi-
nally, we show that the reported behavior of experimen-
tal electroglottographic signals during a transition between
mechanisms may be encountered in numerical electroglot-
tographic signals when the mechanical system traverses an
underlying bifurcation. General conclusions are drawn in
section 3.

2. Background models

2.1. The vocal-fold model

Any lumped vocal-fold model is composed of a descrip-
tion of the vocal-fold geometry, the aerodynamics of the
flow through the glottis, the vocal-fold mechanics and the
coupling to vocal-tract, trachea and lung acoustics.

The two-mass model proposed by Niels Lous er al [14]
assumes that the vocal-fold geometry is described by a
couple of three mass-less plates as shown in Figure 1. The
model considers a two-dimensional structure with the third
dimension taken into account by assuming vocal folds
have a length L, (compare to [15]). As usual, symmetry
is assumed with respect to the flow channel axis. The flow
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channel height h(z,t) is a piecewise linear function of
(see Figure 1) determined by hy o, ho 1, ha 2!

Tig(t) — hg—1 (1)

Ty — g1
+ hyor(2), (1)

hgq—1(z,t) = (z —my—1)

where ¢ = 1, 2,3 and hg and hy are constant.

Vocal-fold mechanical behavior during the production
of voiced sounds depends on lumped inertia m;, elastic-
ity k;, viscous loss ¢; and damping 7; = 2(;/k;m;. The
position of each of the two-point masses (y;,i = 1,2) is
animated with a motion which is perpendicular to the flow
channel axis. The coupling between the masses is assured
by an additional spring k.. Unlike in [4], non-linearities
in the springs characteristics are absent in this model: the
non-linear behavior of the system is assured by vocal-fold
collision. Glottal closure is associated with a stepwise in-
crease in spring stiffness &; and viscous loss (; that will
represent the stickiness of the soft, moist contacting sur-
faces as they form together, just as in the traditional IF
model [4]. The equations of motion for each of the masses
of this vocal-fold model read:

d‘z’l;' di i
m;—d;jﬁ T d?i + Eiys + ke(y; — i)
= fil Ps, Ly.d, po, po), (2)

where 1,7 = 1,2 (j # i) and f; is the y—component of
the aerodynamic force acting on point ¢. The force de-
pends on subglottal pressure Py, vocal-fold dimensions
(L4, d), air density pg =1.2ke/m? and air viscosity pig =
1.8610° kg/ms.

The aerodynamics of the flow within the glottis plays a
fundamental role in a voice production model. An analy-
sis based on the evaluation of dimensionless numbers [16]
shows that the main flow through the glottis can be ap-
proximated by a quasi-stationary, inviscid, locally incom-
pressible and quasi-parallel flow from the trachea up to a
point z; where the flow separates from the wall to form
a free jet. The pressure before x4 can hence be calculated
from Bernoulli’s equation:

o U\ po (U, (1)
1)(‘L’L)+E(h(m,t)Lg —po(t)+? hoLg )~ (3)

with U, (t) the volume flux through the glottis. These ap-
proximations do not hold for the boundary layer that sep-
arates the main flow from the walls, in which viscosity is
relevant and the flow is no longer quasi-parallel. Although
very thin, the boundary layer is important since it explains
the phenomenon of flow separation.

Experimental work by Pelorson et al [10] shows that
the occurrence of flow separation within the glottal chan-
nel, combined with no pressure recovery for the flow past
the glottis, is not a second order effect. In fact, at high
Reynolds number, the volume flux control by the move-
ment of the vocal folds is due to the formation of the free
jet downstream of the glottis as a result of flow separation
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in the diverging part of the glottis. As the jet width is small
compared with the diameter of the pharynx, most of the ki-
netic energy will be dissipated before the flow reattaches.
Flow separation is shown to occur not at a fixed position
but at a location which depends on the flow characteristics
as well as on glottal geometry.

For simplicity, the boundary-layer theory necessary to
explain and predict this behavior is substituted in the
model with a geometrical separation criterion that will de-
termine the position 25 of the separation point during the
closing phase. This criterion has been recently proposed
by Liljencrants (see [14, 16]). It is based on the hypothe-
sis that flow separation is mainly sensitive to the channel
geometry so that when ha(t) > shi(t) > 0, z4(¢) may
be determined from the condition h4(t)/h, () = s, where
s is referred to as the separation constant. Otherwise, i.e.
when the separation criterion is inactive, the flow sepa-
rates at ws (z, = x2) for an open glottis. When the glottis
is closed i, is assumed to be zero.

Regarding the aerodynamic force driving vocal-fold os-
cillations, Pelorson et al [10] assume that there are no
forces acting on the masses next to the larynx side of the
vocal folds. The traditional IF two-mass model does not
make this assumption but considers the latter masses to be
smaller than those modelling the pharynx side. Niels Lous
et al [14] have shown that neither of these asymmetries are
necessary to produce reasonable glottal waveforms. This
simplification is new to the world of vocal-fold lumped
models, and has coined the notion of a symmetrical two-
mass model.

It is clear that the aerodynamical portrait of transglot-
tal flow breaks down near vocal-fold collision: the aper-
tures involved are too small to justify a quasi-stationary,
high-Reynolds-number approximation. In such a case, a
viscous flow model should be considered. However, a nu-
merical resolution of the full equations holding near glot-
tal closure is computationally too expensive for real-time
speech synthesis. This point is quite delicate since it is par-
ticularly near glottal closure that high frequency energy
is produced, to which the ear is very sensitive. Vocal-fold
collision is accounted for in the rough manner described
within the mechanical model. As observed in [14], a sys-
tematic study of vocal-fold collision by means of finite-
element simulation could be useful to improve glottal-flow
modelling.

The representation of the vocal tract in this symmetri-
cal vocal-fold model does not differ from the one used in
the traditional IF two-mass model: the glottis is coupled
to a transmission line of cylindrical, hard-walled sections
of fixed length. In each section, one-dimensional acoustic
pressure wave propagation is assumed. In this model, tra-
chea and lungs are similarly modelled as a transmission
line. The trachea is described as a straight tube of constant
cross-sectional area and length, and lungs are modelled
as an exponential horn. Coupling with the incompress-
ible quasi-stationary frictionless flow description within
the glottis is obtained by assuming continuity of flow and
pressure.
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Figure 2. Definition of parameters describing the glottal-flow
pulse (above) and its derivative (below). The fundamental period,
Th, is a global parameter, which controls the speech melody; 7
is the duration of the open phase; 7T}, is the duration of the open-
ing phase; T, the effective duration of the return phase.

2.2. Glottal-flow signal models

Glottal-flow signal models, which provide a description
of glottal-flow waveforms in terms of the definition of
a few acoustic parameters, have proved to be particu-
larly useful for vocal intensity and timbre description. A
wide variety of signal models is available in the literature
[17, 18, 19, 20, 21], differing in the number and choice
of acoustic parameters. Doval and D’ Alessandro [2] have
shown, however, that these models may all be described
in terms of a unique set of acoustic parameters, closely
linked to the physiological aspect of the vocal-folds vibra-
tory motion. The glottal flow signal is assumed to be a pe-
riodic positive-definite function, continuous and derivable
except maybe at the opening and closure instants.

In order to define a suitable set of acoustic parame-
ters, let 7 be the fundamental period of the signal and
Fy = 1/T} the fundamental frequency. Consider the glot-
tal pulse shape depicted in Figure 2.

In order to describe the glottal-flow pulse and its derivative

in time we introduce the following parameters:

o the open quotient O, = T, [Ty, where T is the dura-
tion of the open phase,

e the speed quotient Sy = T, /(T —T),) (which conveys
the degree of asymmetry of the pulse), T}, being the
duration of the opening phase and

e the effective duration of the return phase T, (which
measures the abruptness of the glottal closure).

Description of the pulse height requires an additional
parameter: the amplitude of voicing A, (the distance be-

tween the minimum and maximum value of the glottal vol-
ume velocity) or alternatively,

o the speed of closure I which corresponds to the glottal
volume velocity at the moment of closure, whose main
perceptual correlate is intensity.

2.3. Control parameters

Consider equations (2) and (3): our dynamical variables
are 1, y» and Uy; fi1, fo and h are prescribed functions,
and the remaining quantities are the model parameters. As
mentioned in (2.1), we follow [14] in the assumption that
the glottis has a symmetrical structure, i.e. m; = m, k; =
k,r; = r. The stepwise variation of elasticity and damping
on collision is also symmetrical: when hA(z;) < 0, k is
increased to cpk and ¢ to € + c¢

Typical values for these parameters are: d ~ 0.2cm,
m ~ 0.1g, k ~ 40N/m, k. =~ 25N/m, { ~ 0.1,
L, ~ l4cmand Py, ~ 8cm HyO (hg = hy = 1.78cm,
he =0, ¢, =4, ¢ = 1.5). This set of values will be here-
after referred to as the typical glottal condition, and the
waveforms obtained for this set of values will be called
typical glottal waveforms. The values assigned to the col-
lision constants ¢, and ¢ are chosen so that a satisfac-
tory behavior at closure is attained. Vocal-fold length can
take values between 1.3 cm< L, < 1.7 cm for women and
1.7em< Ly < 2.4 cm formen. L, can be stretched in 3 or
4 mm during phonation [22]. Subglottal pressure ’; may
vary from 8 cm H2O in normal conversation (60 dB SPL.)
to 360cm H,O (120dB SPL) for a tenor singing at full
volume [23].

Throughout this article, we will assume that some
of these parameters (namely, hg, ha, he, cp, c¢) are fixed.
This does not mean that the model is not acoustically sen-
sitive to the variation of these parameters. It is a decision
we make in order to restrict our control parameters to those
which can be directly interpreted in terms of a physiolog-
ical action. It is worth remarking that m,d and L, make
part of the active control parameters since a speaker can
vary the vocal-fold mass, length and thickness participat-
ing in vocal-fold vibration.

The additional symmetry imposed by the assumption of
a symmetrical glottal structure entails an interesting re-
duction in the number of mechanical control parameters.
Let us recall that the traditional two-mass model needs
at least nwenty-one parameters to reproduce characterisitc
glottal-flow signals, while the phenomenological descrip-
tion of the glottal-flow signal itself can be attained with as
few as five acoustic parameters, including fundamental fre-
quency. The control parameters in the symmetrical model
amount to seven quantities, namely d, m, k, k., (, Ly, Ps,
thus reducing the gap between acoustic and physical pa-
rameters for voiced sound reproduction.

It is worth noting that nothing in this formalism forbids
an eventual distinction between upper and lower masses.
The model admits an asymmetrical vocal-fold structure as
well, but as we will show throughout our acoustic analysis,
the assumption of a symmetrical vocal-fold structure does
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not hinder reproduction of the wide variety of acoustic
properties observed in experimental glottal-flow signals.

3. Algorithmic procedures

Data generation for an acoustic analysis of the above-
described vocal-fold model is carried out by an algorith-
mic procedure comprising a numerical simulation of vo-
cal-fold motion according to equations (2) and (3). Such
simulations compute the dynamical variables U, (¢), y1 (%),
y2(t) by means of an iterative process in time. For the
implementation of vocal-fold motion simulation with the
Niels Lous model we follow [16].

In order to study the response of the model to the varia-
tion of control parameters, three additional tasks have to be
performed: prescribing the way in which control parame-
ters will be varied, extracting dynamical variables which
can be compared with experimental data, and measuring
acoustic parameters from glottal-flow signals.

Let p be one of the control parameters of the model. It
can be varied in two different ways: either
(a) we set p to vary in time within the vocal-fold motion
simulation, so that p = p(t) as U, (t), y1(t), y=(t) are cal-
culated, or
(b) we set p to adopt a number of values within a given
range and we compute UZ (1), y7 (t),y5 (1) for each p.

We will use (a) to compare real-time control parameter
variation with experimental data, in particular with exper-
imental electroglottographic signals, and (b) for a numer-
ical measurement of acoustic parameters. Further details
on the algorithms performing these tasks is given below.

3.1. Numerical simulation of electroglottographic
signals

In order to compute glottal-flow evolution throughout the
real-time variation of one of the control parameters of the
model over a chosen range, an algorithm is implemented
(see the flow diagram in figure 3). The initialisation box
requires input for:

- the algorithm parameters (voicing time ?y;,, sampling
rate),

- the control parameters of the model,

- the inclusion or discarding of acoustic coupling to the
vocal-tract in the simulation.

The control parameter, p, and its range of variation,
(Dini, Prin), can be selected. The increment Ap is com-
puted in order to attain pg;y, at ti,. Notice that if Ap is
sufficiently small, the variation of p does not produce tran-
sients and the simulation corresponds to a smoothly vary-
ing glottal-flow signal which actually resembles the result
of a physiological gradual action.

The shaded box in Figure 3, corresponding to vocal-fold
motion simulation with the Niels Lous two-mass model,
contains the iterative process in time that allows calcu-
lation of y;(£),y2(t) and U, (%) as in [16]. This iterative
process is slightly modified to compute dU,/dt, x4(t)
and a(t), where a(t) denotes the contact area between
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INITIALISATION :
t=0, tss? control parameters ? acoustic coupling?

Vary one
parameter 2

A
Choose parameter (p), step
(Ap) and range (pini, Prin)

TWO-MASS MODEL

¥
Calculate glottal-flow:
Ug (1), Ug'(t). x s (1), a(t)

Acoustic
Parameter
Meas urement

Figure 3. Flow diagram of the algorithm sizmulating real-time
variation of one of the control parameters of the model.

the folds. Notice that the traditional two-amass model does
not allow calculation of contact area because the projected
area in IF is always rectangular and there is no gradation in
opening or closing [24]. Instead, the voc al-fold geometry
depicted in Figure 1, admits a gradual vasriation of contact
area in time, which is given by:

a(t) = Ly - z.(t), 4

where z.(t) is the distance along whictx ho 1 (z,t) < 0.
Computing a(t) is important since the contact area be-
tween the folds has been conjectured to correspond to
electroglottographic measurements [24]. The electroglot-
tographic technique consists in passing @ high frequency
electric signal (2-5MHz typically) between two elec-
trodes positioned at two different locations on the neck.
Tissues in the neck act as conductors wwhereas airspace
narrows the conducting path. When airgzaps are reduced,
the overall conductance between the electrodes increases.
Glottal closing (opening) is consequentl s/ associated with
an increase (decrease) in the electroglottographic signal.
The electroglottographic signal (EGG) gives thus an indi-
cation of the sealing of the glottis, and constitutes a direct
measurement of vocal-fold vibration. The numerical sim-
ulation of electroglottographic signals is obtained by run-
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ning the algorithm and plotting a(t). If Ap # 0, the un-
derlying variation of a control parameter provides an EGG
simulation in the course of a hypothetical physiological
action.

The data output file contains U,(t), dU,/dt, hy(t),
ho(t), a(t) and 24(t). The glottal-flow volume derivative
can be used to generate synthetic sound files for perception
analysis. In fact, dU, /dt is a good approximation to the ra-
diated sound pressure [4, 9]. The sound output file allows
the listener to perceive the effect of the variation of a con-
trol parameter and hence of the associated physiological
action, regardless of whether such an action is effectively
possible for a human speaker without inducing variations
of the rest of the physical parameters which have been kept
constant during the simulation.

Notice that it Ap has been set to zero, control param-
eters are all kept constant, and therefore an additional ac-
tion can be performed: acoustic parameter measurement,
The procedure used to measure acoustic parameters from
steady glottal-flow time series is discussed in the next
paragraph.

3.2. Numerical measurement of acoustic parameters

The flow diagram corresponding to the algorithm used to
compute acoustic parameters as a function of control pa-
rameters is shown in figure 4. The initialisation box will
prompt the user to set the voicing time #;,,, the sampling
rate and the control parameters that will be varied (p, with
1 < ¢ < 3, i.e three at most) with their respective ranges of
variation and increment steps. Simultaneous variation of
more than one control parameter is important to seize the
intercorrelations between them. Variation of a single con-
trol parameter is also necessary to understand the acoustic
correlate of its variation. While the selected control pa-
rameters p, are varied, the remaining control parameters
are set to their default values, which are those of the typ-
ical glottal condition. The algorithm will iterate over the
allowed values of p,. For each set of values given to p,,
the algorithm performs four actions, namely

- simulating vocal-fold motion with the Niels Lous model
(i.e. generating a vector type variable containing U, (t) and
dU, /dt VE < tin),

- computing acoustic parameteres for the resulting glottal-
flow signals (using both U, (f) and dU, /d#),

- storing p, followed by the acoustic parameters in a file
and

- incrementing p,.

At the end of the ¢g—multiple loop, the output file contains
¢+ 5 columns with the values of py, Fy, E, Oy, S, T, ob-
tained within each iteration.

It is worth remarking that t;;, must be adjusted to a
value which greatly exceeds the build-up time required for
the oscillations to settle to a steady state (tf;,, > 0.1s).
Notice however that for certain values of p,, steady-state
oscillations may not settle at all. The limits of the model to
produce oscillations should a priori correspond to the lim-
its of the phonation apparatus, which is uncapable of pro-
ducing voiced sounds beyond certain physiological possi-
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t=0, tgn? control parameters?

INITIALISATION :
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Ug'(t), xs(t), a(t)

te-t+At
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=]

q ¢ Pgq *+A Pq
* ACOUSTIC PARAMETER MEASUREMENT

Isolation of a sample of one
cycle of Ug (t)

s Ug (t) apt for acoustic
parameter computation 2

[ Computation of Fo, Og, E, Sq, Ta |

i
no Glottal
leakage ?
OUTPUT
FILE A

[

Figure 4. Flow diagram for the algorithm of numerical measure-
ment of acoustic parameters.

bilities. The reader must bear in mind that these physio-
logical constraints do not only correspond to, for instance,
a maximum value of subglottal pressure that the lungs can
attain. It may also happen that the lungs are capable of
producing high values of subglottal pressure for which the
vocal-fold mechanical system is unable to oscillate, unless
the rigidness of the folds is high enough, for instance. In
this example, the vocal folds will not reach steady-state
oscillations for a high P, and a low k., even if the lungs
can effectively attain such a value of P. In such cases,
the algorithm computes U, (t), but the glottal-flow signal
does not present the expected periodic shape necessary for
acoustic parameter computation (Figure 2). The algorithm
will then skip this phase and directly increment the varied
parameters without storing results in the output file.

To illustrate the algorithm procedure, let us consider an
example. Let us choose to vary two control parameters:
k € [10N/m, 110 N/m] in steps of 5 N/m and m € [0.01 g,
0.14 g] in steps of 0.01 g. The program will iterate over the
values of k& and m and store in the output file the values
ofm.k, Fy, E,0,,S,, T, corresponding to each iteration,
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unless the computed U, (t) presents irregularities which Finally, 7}, is computed by substracting the iteration index

inhibit acoustic parameter computation. Once the process ~ j for which Uj[j] > E/4 and js. The acoustic parame-
is completed, we can plot any of the acoustic parameters ters are calculated in terms of these values following the
versus {m, k} in order to examine the effect of the vari- definitions presented in the previous paragraph.

ation of m and % on the glottal-flow signal. If we plot m 4)  Checking for glottal leakage: If Uy [jmin] # 0 (incom-
versus k we will have a portrait of parameter space, i.e. of plete closure of the glottis) the control parameter values for
the values of m and & for which the model predicts regular when this happens are stored in a separate file.
steady-state oscillations (see for instance Figure 15d). Notice that the measurement of 7, is performed in terms
Let us now focus on the routine that computes acous- of the glottogram derivative. Hence, when there is glottal
tic parameters, once U, (t) is calculated. U [j] is in fact ~ leakage (i.e. the transglottal air flow does not reach zero
a vector containing a time series where time is given by during the quasi-closed phase), 7 no longer stands for the
the iteration index j. The algorithm steps (see [9]) are the duration of the open phase but simply for the time needed
following: to attain the maximum rate of decrease in flow. Therefore,
1) Isolation of a sample of the glottal-flow cycle: The the reader should keep in mind that, throughout this work,
olottal volume velocity is inspected backwards in time to  glottal leakage is not represented by a unit value of O, but
search for the last greatest maximum within an interval by a separately measured non-zero minimum value of the
established by the frequency range in spoken and sung glottal flow.
voice. The iteration index j; corresponding to this event
is stored as the final instant of the sample, and U,[jy] is
stored as U}"**. The iteration index corresponding to the
initial instant of the sample j; is found by inspecting the
signal backwards from j¢. The next maximum that best
approaches the value of U,[js] is stored as j;. Next, the  Let us first consider the symmetrical two-mass model,

4. Results

4.1. The typical glottal condition

interval [jmin1, jmin2] for which the signal is at its min-  without coupling to the vocal tract, and with the control
imum value is computed. The interval [j;, jy] is reset to  parameters taking the values of the typical glottal condi-
start at jmin = (Jmin1 + Jmin2)/2. Pulses whose tempo- tion listed in section 2.3.

ral length (given by (j; — ji)/As, with As the sampling The model predictions are reproduced in Figure 5a and
rate) exceeds a slightly enlarged standard phonationrange b for a phonation frequency of about 100 Hz. The discon-
([30, 1500] Hz) are not taken into account. tinuities at the vocal-fold opening and closure instants are
2)  Checking for a sufficiently regular glottal-flow wave- mainly due to the absence of viscosity in the flow model
form: We check for the existence of only one local maxi- (notice that glottal-flow signal models do not assume that
mum within the sample of U/,. We check if this property dU, /dt should be derivable at the opening and closure in-
is fulfilled during the cycles preceding the chosen sam- stants). The additional discontinuity in the derivative of
ple of U, (the oscillations build-up phase is excluded from U, (t) before closure is due to the activation of the sepa-
this verification). In this way, we make sure the glottal- ration criterion. Figure 6 shows the instantaneous values
flow signal has reached a periodic steady-state. Similarly, taken by x, during the cycle shown in Figure 5a and b.
we count the local extrema within the sample of dU, /dt. ~ When hs(t) > shi(t) > 0 (s = 1.2) the separation point
In the absence of vocal-tract coupling, dU,; /d¢ should ex- x, moves from x, towards z; and hence, the pressure dif-

hibit one local maximum and one local minimum, as in ference between x; and x; used in equation 3 to calculate
Figure 2. Other conditions, such as [Ug[j;] — Ugljs]| <  the flux decreases more rapidly, inducing a rapid decrease
U;m"", or U, [jm;n} < iffg’,”'M /2, contribute to confirm that of U, which is clearly visible in the glottal-flow deriva-

Ug has the suitable shape for acoustic parameter computa- tive. Even if this kind of discontinuity is not prescribed
tion. If any of these conditions is not satisfied, irregulari- in glottal-flow signal models, acoustic parameters are still
ties for the corresponding control parameters are reported  meaningful in terms of the zeros and extrema of dU, /dt
to the screen, and the next steps (acoustic parameter com- within a period (see Figure 2), as anticipated in the algo-
putation, glottal leakage detection and storing results in rithm for numerical measurement of acoustic parameters
the output file) are skipped. Notice that we have not con- presented in the previous section.

ditioned dU, /dt to be derivable. In fact, the activation of Viscosity tends to slow down the opening and closing
the separation criterion is expected to produce additional of the folds. Following [14] in the estimation of the pres-
discontinuities, which a priori do not prevent acoustic pa-  sure loss due to viscosity, the model predicts the smooth
rameter computation. glottal-flow shown in figure 5(c) and (d). Notice that in-
3)  Calculating acoustic parameters for the given sam- clusion of the viscous term removes the discontinuity cor-

ple: We inspect dU, /dt within [j;, j¢]. We compute T, by~ responding to the activation of the separation criterion as
substracting the iteration index (j;) corresponding to the well. In fact, we have found that the viscous-flow correc-

first non zero value of dU, /dt and the iteration index (j2) tion will demand, for instance, higher subglottal pressures
associated with the maximum of U,,. A, is directly U, [j2]. for the criterion to become active. In order not to favour
We compute T, from (js — ji1) where (j3) corresponds to an unrealistic (too sudden) closing behavior, a viscosity
the minimum value of dU, /dt. E is directly dU, /d¢[js]. term corresponding to an approximation of a fully devel-
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Figure 6. Position x; of the separation point corresponding to
Figure 5a and b.

oped Poiseuille velocity profile is hereafter included in our
simulations.

12U,
LQ‘ min (hl,hg):g-

Iy — I

Apyise & (5)

Examples of the effect of the vocal tract on the glottal
flow waveform are given in Figure 7. Compare the glot-
togram generated by the uncoupled model to the one corre-
sponding to the glottis coupled to the vocal tract for vowel
/a/. The values of the control parameters are set in both
cases according to the typical glottal condition (see sec-
tion 2.3). Notice that even if y;(t), y2(f) and Fy remain
almost invariant when the vocal-tract shape is altered, the
acoustic interaction between the vocal tract configuration
and the glottal volume flow accentuates the asymmetry of
the glottal-pulse shape and introduces formant ripples in
the glottal flow waveform.

These results (concerning the sensitivity of the glottal-
flow waveform to the vocal-tract shape in this model) are

200 250
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20 + \
0 - + ol A
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(@) t [msec] (©) t [msec]
0.1 0.1 ¢
~
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@ @ \ Figure 5. (a) Glottal volume velocity
L @ = = e .
E o E 9 \\. [ in cm®/s for the uncoupled model.
5 005 g 05/ L (b) Glottal flow derivative in m®/s>
2 2 \\_ Jl corresponding to (a). (c) Glottal vol-
-04 1 J) ume velocity in em®/s for the un-
015 X . k 015 L coupled model with the viscous flow
’ 76 78 80 82 84 86 88 76 78 80 82 84 86 88 correction. (d) Glottal flow deriva-
(b) t [msec] (d) t [msec] tive in m*/s* corresponding to (c).
essentially similar to those obtained with previous two-
0.25 - mass models. This is not surprising: the representation of
e the vocal tract in the symmetrical two-mass model does
e : not essentially differ from [4]. In order to concentrate on
T 015 the new elements of this model, namely, the symmetry as-
O, . age
2 o4 sumption and the geometry-dependent position of the sep-
x H [ . . . . .
aration point, we will hereafter disregard the acoustic load
0.05 | of the vocal tract and constrain our analysis to the acous-
5 L tic effects originated by the parameters controlling glottal
76 78 80 82 84 86 88 configuration. Certainly, the acoustic parameters measured
time [msec] in this work will not strictly correspond to a “true” glottal

airflow, but their variation in terms of control parameters
will not be masked by formant ripples and will be con-
sequently more neatly evaluated [25, 26]. For recent dis-
cussions on the importance of acoustic feedback into fold
oscillations from the vocal tract, see [9, 27, 28].

4.2. Acoustic parameter sensitivity to control pa-
rameters

The acoustic characterization of this symmetrical vocal-
fold model poses a number of questions among which the
first is whether it is able to reproduce the whole range of
values for acoustic parameters as measured in experimen-
tal glottal-flow signals. Qur analysis shows that there is a
positive answer to this question and that acoustic parame-
ters may attain values with the Niels Lous model that can-
not be attained with the asymmetrical IF model [9].

The variation of m, &k and P, suffice to reproduce the
standard phonation frequencies (Fy = [30, 1500] Hz). The
open quotient can also be made to vary from [0.3, 1] if
we assume here that the value 1 represents glottal leakage.
Likewise, S, € [0.8,9.0], E € [0,160] m*/s* and R, =
T, /To € [0.02,0.18].

The sensitivity of acoustic parameters to the variation of
physical control parameters is a good indicator of the ac-
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Figure 7. (a) Glottal volume velocity in cm?/s in the absence of
acoustic coupling with the vocal tract (full line), and with vocal
tract as in vowel /a/ (dotted line). (b) Glottal flow derivative in
m?/s? corresponding to (a).
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Figure 8. Variation of fundamental frequency as vibrating mass
(m) and vocal-fold tension (k) are varied. The region in red rep-
resents phonation with complete glottal closure while the region
in blue corresponds to phonation with glottal leakage.

tions that the modelled glottis employs to produce voiced
sounds of different characteristics. We will therefore out-
line the general tendencies observed in the variation of
acoustic parameters as control parameters are varied.

4.2.1. Fundamental frequency control

Titze [29] has observed that increasing fundamental fre-
quency is mainly the effect of four possible actions: a con-
traction of the vocalis (increase of the vocal-fold tension,
i.e. of their spring constant in a two-mass model), a de-
crease in the vibrating mass, an increase in the subglottal
pressure and a decrease in the vibrating length.
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Figure 9. Variation of fundamental frequency with subglottal
pressure: (a) for the symmetrical model for P > 10cm H2O,
(b) for the range of subglottal pressure in which both models (IF
and Niels Lous) oscillate. The points in the upper left corner cor-
respond to the symmetrical model with glottal leakage, and the
points below correspond to the symmetrical model without glot-
tal leakage. The points in the center correspond to the IF model.
Values of control parameters other than subglottal pressure have
been chosen to follow in both cases the typical glottal condition.

Our acoustic analysis shows that a symmetrical two-
mass model attains the highest values of Iy by decreas-
ing m and increasing k: this is specially efficient if both
actions take place simultaneously, as shown in Figure 8.

Increasing P also induces an increase in the fundamen-
tal frequency when F; < 40cm H,O. For 40¢cm H,0<
P, < 150em H,O, subglottal pressure does not induce
substantial changes in frequency. Finally, for 5 > 150 cm
H-0, the effect is the opposite: increasing subglottal pres-
sure induces a decrease in £y (see Figure 9a). It is inter-
esting to compare these results to those predicted by the
traditional two-mass model. The evolution of Fy with sub-
glottal pressure for the IF model is shown in Figure 9b.
The points in the upper left corner correspond to the sym-
metrical model with glottal leakage, the points in the cen-
ter correspond to the IF model and the points below cor-
respond to the symmetrical model without glottal leakage.
First of all, it is worth noting that the IF model does not 0s-
cillate for P, > 20 cm H,O: it only oscillates for low val-
ues of subglottal pressure, inducing an increase in Fp. The
symmetrical model predicts a much more complex behav-
ior: there is glottal leakage when the subglottal pressure is
very low and this produces higher frequencies than those
obtained when there is complete glottal closure.

As Titze observes [29], a decrease in the vibrating thick-
ness d entails a slight increase in Fyy according to our sim-



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 90 (2004)

Sciamarella, d’Alessandro: Parameter sensitivity of vocal folds model

Figure 13. Variation of T,, with m and k. The blue points in-
dicate glottal leakage. The red points indicate oscillations with
complete glottal closure.

4.3. Oscillation regimes and laryngeal mechanisms

4.3.1. Laryngeal mechanisms

Laryngeal mechanisms denote different phonation modes
with well-defined acoustic characteristics. The question of
laryngeal mechanism reproduction with low-dimensional
vocal-fold models is of great importance in vocal-fold
modelling research, as it constitutes a well-known acous-
tic phenomenon in direct connection with vocal-fold mo-
tion [33].

Laryngeal mechanisms are usually defined in terms of
glottal configuration and muscular tension. In a vocal-fold
model, glottal configuration is easily quantified by some
of the control parameters mentioned above, namely m, d
and L, while muscular tension is represented by % and k..

For instance, the glottal configuration adopted in what
is called mechanism 0 (1) or vocal fry corresponds to
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Figure 14. Spectrogram, variation of intensity, and variation of
fundamental frequency and open quotient for a glissando sung
by a tenor, as reported by N. Henrich in [34].

k and L, small and d high. The vibration in this mecha-
nism presents a very short open phase (i.e. glottal-flow is
non-zero during a small fraction of the oscillation period).
Glottal configuration adopted in mechanism [ (mj), cor-
responding to the so-called modal voice or chest register,
is such that the vibrating tissue is long, large and dense.
In terms of control parameters, m; is associated with high
values of m,d and L,. During phonation in mechanism
11 (myr), corresponding to the so-called falsetto voice or
head register, vocal-folds become tense, slim and short.
This laryngeal mode differs from m; in aspects regarding
glottal configuration, muscular tension and glottal closure.
The reduction in the length of the folds that participates
in vibration is caused by an accentuated compression be-
tween the arytenoids. On the other hand, vibration in m;
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ulations, but this effect is much less important than the
effects mentioned above. The effect of the remaining pa-
rameters is the following: an increase in ¢ induces a slight
decrease in Fp, while an increase in k. or L, induces a
slight increase in Fj.

4.2.2. Intensity control

Gauffin and Sundberg [30] have found that the SPL of a
sustained vowel shows a strong relationship with the nega-
tive peak amplitude of the differentiated glottogram, which
we have called speed of closure E.

For a male speaker, Fant ef al [31] found that £ was
proportional to P}-!, which is very close to the linear rela-
tion observed in [32]. Numerical computation of £ for the
symmetrical model as subglottal pressure is varied, yields
the relation shown in Figure 10.

The model induces a relation between E and P, which
is reasonably approximated by Fant’s relation. The detail
obtained in our numerical results may be attributed to the
strict invariance of the other physical parameters in our
simulation. In fact, if we consider the effect of varying
subglottal pressure with an underlying variation of another
parameter (e.g. k. in Figure 11), E(F;) presents a dis-
persion which resembles measurements presented by [32]
and which makes the detailed behavior observed in Fig-
ure 10 no longer visible, Figure 11 also shows that be-
yond 300cm Hz0, glottal leakage allows to maintain an
increase in & following Fant’s relation.

Considering the variation of £ with the seven control
parameters, we have found that the highest values of I are
attained by increasing P; and k.: once more, this is spe-
cially efficient if both actions take place simultaneously, as
shown in Figure 11. The effect of other parameters is less
important. Increasing d or Ly tends to favor an increase
in intensity while a big vibrating mass m would produce
the opposite effect. The influence of ¢ or k on intensity is
quite weak.

4.2.3. Control of the glottal pulse shape

For the typical glottal condition, phonation at 100 Hz
presents O, ~ 0.5, S, = 2 and T, ~ 0.5ms. Breathi-
ness is easily indicated by the existence of glottal leakage,
which is usually accompanied by an increase of T, and a
decrease of 5.

The widest ranges of variation for O, and S, are gener-
ated when P, k and k. are varied. An increase in P, or k.,
entails a reduction of O, and an increase in S;, while the
effect of k is quite the opposite. This is shown in Figure 12.

When P, k, k. keep values close to the typical glot-
tal condition, O, and S, are bounded to smaller ranges,
namely, O, € [0.45,0.65] (recall that glottal leakage is
calculated separately), S, € [1,3]. An inverse proportion-
ality between O, and S, is generally present. In other
words, when either k& or L, are increased, (), increases
and S, decreases and when either k. or P are increased,
O, decreases and S, increases. A simultaneous increase
(or decrease) of O, with S; in phonation would imply -
in the context of this model- a simultaneous and balanced
variation of parameters inducing opposite effects.
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Figure 10. Variation of E as subglottal pressure (P;) is var-
ied from numerical measurements in the symmetrical model
(pluses). The dotted line corresponds to the values of I predicted
by Fant’s relation [31].
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Figure 11. Variation of E as subglottal pressure () is varied
for several values of k.. There is complete glottal closure for the
points in red and glottal leakage for the points in blue. The green
line corresponds to the values of E predicted by Fant’s relation.

Our numerical measurements show that glottal leakage
is invariably associated with low values of S, and high
values of T, in comparison with the values of these acous-
tic parameters when there is complete glottal closure. This
regularity is in accordance with the above description of
breathy voice. Physiological actions related to breathiness
will be further discussed in the following section.

Abrupt glottal closure (T, ~ 0) is typically present
when parameters in set C' = {{,m, k, Ps} have low val-
ues (with respect to the typical glottal condition). See Fig-
ure 13 for an example. This is also bound to happen for
large values of d or L,. Values of T, are certainly depen-
dent on Fy: the highest values of 7}, (which may reach
4ms) are attainable when the fundamental frequency is
low enough.

It has been observed that S, is generally correlated
with T),. In fact, this holds during the variation of any of
the control parameters with the exception of the vibrating
mass m (which entails an increase in T, while S remains
almost constant), as well as for the coupling spring con-
stant k..
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usually implies a certain degree of glottal leakage: the
transglottal airflow does not reach zero during the quasi-
closed phase as a consequence of an incomplete glottal
closure. In terms of the model, m;; means low values of
m,dand L, while k and k. are considerably higher.
Laryngeal mechanisms can also be identified in terms
of acoustic parameters [1]. As fundamental frequency Fj
is increased, one can notice a voice break corresponding to
the change between m; and my; (see Figure 14). Gener-
ally, my corresponds to lower values of Fy, a low O, and
a stronger intensity. Instead, m;; corresponds to higher
values of Fy, a high open quotient and a weaker intensity.
Vocal fry (or mg) may be activated when the vocal appa-
ratus is forced to produce frequencies lower than 30 Hz.

4.3.2. Oscillation regimes

The preceding section suggests that simulations with dif-
ferent values of m,d, L, k and k. should in principle be
able to reproduce different laryngeal mechanisms, pro-
vided the vocal-fold model is sound enough. Whether
glottal-flow signals generated with a symmetrical model
effectively correspond to phonation in a certain mecha-
nism is a question that we will attempt to answer from the
results of our numerical simulations.

Numerical experiments show that as m, k,d, L,, P,
or k. are varied in pairs, distinct oscillation regimes are
clearly visible. Figure 15 shows parameter space for some
of these control parameters, in which we encounter two
distinct regions within which regular vocal-fold oscilla-
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tions take place. In these examples, the blue square points
correspond to signals with glottal leakage, while the green
crosses correspond to signals with complete glottal clo-
sure. Notice that within a single region in parameter space,
the variation of fundamental frequency is smooth.

Regimes with glottal leakage systematically present
higher values of Fg, a lower intensity and a higher open
quotient. Besides, they are activated as k or k. increase
and reaching them implies less muscular effort if d or L,
are small. In order to attain the highest frequencies, it is
necessary to lower m. All these features suggest a corre-
spondence between m; and the oscillation regimes of the
symmetrical two-mass model which present glottal leak-
age.

Distinct oscillation regions may also appear for oscil-
lations without glottal leakage. An example is shown in
Figure 16 where m and P; are simultaneously varied. The
transition from one region to another implies a jump in
Fyy. However low Fj is in the right region of Figure 16, an
identification of this oscillation regime with 1 is not pos-
sible since the correspondent glottal-flow signals do not
present a sufficiently short open phase. A simultaneous
lowering of k and L, as d is increased (with respect to the
typical glottal condition) has been simulated in search of
an oscillation regime which could be identified with mq,
since this laryngeal mechanism is described by a physio-
logical action of this kind. However, these numerical ex-
periments have not allowed us to find oscillation regimes
resembling mg.

4.3.3. Transition between regimes

e The nature of the transition:

The transition from one regime to another is generally
marked by a jump in fundamental frequency. Consider
Figure 15 and notice that moving from the green to the
blue regions involves a jump in Fy. However. note that
moving from one regime to another in parameter space
does not necessarily imply a sudden change in control pa-
rameters to produce the jump in Fy. In the upper right cor-
ner of (¢), for instance, or in the lower left corner of (a), it
is possible to pass from the green to the blue region with
a smooth variation in (k., P;) orin (k, d) and this smooth
variation will anyway induce a jump in fundamental fre-
quency. These situations correspond to a bifurcation of the
dynamical system governing vocal-fold oscillations, in the
sense that a sudden qualitative change in the behavior of
the system takes place during a smooth variation of control
parameters [35].

This distinction is important since laryngeal mecha-
nisms have been first attributed to a sudden modification
of the activity of the muscles, whereas recently it has been
suggested that transitions may be due to bifurcations in
the dynamical system [35]. Our calculations show that, a
priori, both possibilities may hold. According to our re-
sults, it is the choice and value of the control parameters
which are varied during the transition that will determine
whether a discontinuous physiological action is necessary
to induce a jump in Fy. If this is true, the degree of train-
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Figure 17. EGG and DEGG signals exhibiting peak doubling dur-
ing a transition between laryngeal mechanisms imy and m;, ob-
served in a glissando sung by a baritone, as reported by N. Hen-
rich in [34]. The top panel presents the shape of both signals over
the whole glissando. The middle and bottom pannels zoom on the
transition.

ing of a speaker in the control of his vocal apparatus may
result in different physiological solutions to produce a de-
sired effect (such as increasing Fp in a glissando).

e Transitions and electroglottographic signals:

Henrich [ 1] reports the existence of peak doubling in ex-
perimental DEGG signals (da(t)/dt), particularly next to
or during the transition between the first and second laryn-
geal mechanisms [34]. Figure 17 shows that right before
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Figure 18. EGG and DEGG signals generated by vocal-fold motion simulation with the symmetrical model (a) before the transition
and (b) during the transition between the green and blue regions of Figure 15¢ at P, = 450 cm H»O.

the transition (panel 1) both the opening and the closure
peaks are doubled. During the transition (panel 2), some
periods present double closure peaks and single open-
ing peaks. After the transition (panel 3), both closure and
opening peaks are single. Opening peaks are generally less
clearly marked, while closure peaks are either extremely
precise and unique, or they are neatly doubled. This phe-
nomenon has been considered in a couple of experimental
studies [36] and [37]. It has first been conjectured to be
linked to (@) a slightly dephased contact along the length
of the folds. If this is so, this kind of effect should be re-
produced by a vocal-fold model in which a structure is
assigned to the folds along L, as in Titze’s model [15].
A second hypothesis has attributed double peaks to (b) a
rapid contact along the z:—direction followed by a contact
along L,.

Even if our simple and essentially 210 two-mass model
does not allow either for (a) or (b), our numerical simu-
lations show that double closure peaks can be clearly re-
produced when a transition between oscillation regimes
is occuring. As an example, Figure 18 shows a cycle of
a(t) and its derivative da(t)/d¢, well before (a) and dur-
ing (b) the transition between the green and blue regions
in Figure 15(c). Just as observed in Figure 17, da(¢)/dt
presents double closure peaks during the transition. The
fact that the model reproduces double closure peaks dur-
ing a transition between regimes constitutes another ele-
ment in favour of the interpretation of oscillation regimes
in terms of laryngeal mechanisms. These results suggest
that peak-doubling at closure may occur due to a time-lag
closure in the z—direction exclusively, provided that an

underlying variation of certain control parameters is pro-

ducing a qualitative change in the behavior of the mechan-
ical system.

5. Conclusions

Symmetrical two-mass models of vocal-fold oscillations
constitute a new testbench in the quest for a physical
phonation model capable of linking physiological actions
to voice acoustics. It has been shown that the assumption
of a symmetrical glottal structure does not hinder gener-
ation of glottal pulses covering the full parameter space,
while a reduction in the number of control parameters is
gained. We have examined the acoustic properties of the
symmetrical two-mass model proposed by Niels Lous et al
in [14], in which flow separation takes place at a variable
position depending on the glottal geometry. For the charac-
terization of glottal-flow waveforms, we have resorted to a
set of acoustic parameters borrowed from phenomenolog-
ical glottal-flow signal models [2], which is particularly
useful for vocal intensity and timbre description.

An algorithm is developed in order to compute the
acoustic characteristics of the model by generating the
glottal airflow signal for different settings of the control
parameters of the model. The algorithm allows exami-
nation of the glottal volume velocity, the position of the
masses, the contact area between the folds and the posi-
tion of the separation point as a function of time. It also
simulates real-time control parameter variations for per-
ception analysis and calculates the contact area function
between the folds which can be compared with results ob-

759



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 90 (2004)

tained from electroglottographic signals. From salient tim-
ing events of the glottal waveform, a number of source
parameters are estimated for each glottal pulse. This ap-
proach allows for the mapping between the control param-
eters of the two-mass model and typical parameters used
for characterising the voice source signal.

With this tool, we have determined the conditions un-
der which the phenomenological description provided by
the signal model can be applied to two-mass-model gener-
ated signals. Simulations without acoustic coupling to the
vocal tract show that the activation of the separation cri-
terion proposed by Liljencrants produces a discontinuity
in the derivative of glottal volume velocity. This discon-
tinuity is not prescribed in glottal-flow signal models but
does not prevent acoustic parameter computation. The in-
clusion of a viscous-flow correction is shown to demand
higher subglottal pressures for the separation criterion to
become active (apart from predicting a smooth opening an
closing of the vocal folds).

Simulations with acoustic coupling to the vocal tract
show the degree in which the acoustic feedback of the
vocal tract affects the glottogram shape, producing for-
mant ripples in the glottal-flux derivative and accentuat-
ing the asymmetry of the glottal-pulse shape, just as ob-
served for previous vocal-fold models. The effects of the
vocal tract are left out from the correlation analysis be-
tween acoustic and control parameters, in order to concen-
trate on the acoustic effects of the variation of the source
control parameters originated by the new elements intro-
duced in [14].

The symmetrical vocal-fold model is shown to repro-
duce the whole range of values for acoustic parameters ob-
served in experimental glottal-flow signals. These ranges
are even wider than those attained with the traditional
asymmetrical two-mass model. In fact, the symmetrical
model admits oscillations in regions of parameter space
that the asymmetrical two-mass model cannot reach (e.g.
regions where Py > 20cm Hz0).

The sensitivity of acoustic parameters is an indicator of
the actions that the modelled glottis employs to produce
voiced sounds of different characteristics. Our study shows
that the control of fundamental frequency is mainly ob-
tained with a simultaneous increase in elasticity and a de-
crease in the vibrating mass of the folds. Intensity is partic-
ularly sensitive to subglottal pressure and vocal-fold rigid-
ness. The open quotient is mainly controlled by a com-
bined action of subglottal pressure and vocal-fold elastic-
ity. In turn, variations in the abruptness of the glottal clo-
sure are produced by a simultaneous adjustement of the
mechanical properties of the folds, including damping, as
well as of subglottal pressure. Breathiness is determined
by the vibrating thickness and length of the folds, as well
as by their elasticity and rigidness.

Finally, our simulations show that the model produces
distinct ‘oscillation regimes’ and that these can be iden-
tified with different phonatory modes (laryngeal mecha-
nisms). Evidence is produced for the identification of some
of these regimes with the first and second laryngeal mech-
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anisms, which are the most common mechanisms used
in human phonation. On the other hand, identification of
low-frequency oscillation regimes with mechanism 0 (vo-
cal fry) has not been possible, at least for a symmetrical
glottal structure.

Transitions between oscillation regimes are shown to
share features experimentally observed for transitions be-
tween laryngeal mechanisms. The double closure peaks
reported in [1] for experimental electroglottographic sig-
nals during such transitions, has been reproduced using the
contact area functions generated with the symmetrical pro-
duction model. Such a result constitutes further evidence
for the identification of laryngeal mechanisms with oscil-
lation regimes. According to the symmetrical two-mass
model, the nature of the transition between regimes may
be of two types: either there is a sudden change in the ac-
tivity of the muscles or there is an underlying bifurcation
of the dynamical system. Which of both possibilities takes
place will depend on the region of parameter space visited
during the transition.
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