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ABSTRACT

This paper presents a simulation framework that enables a glottal
chink model to be integrated into a time-domain continuous speech
synthesizer along with self-oscillating vocal folds. The glottis is then
made up of two main separated components: a self-oscillating part
and a constantly open chink. This feature allows the simulation of
voiced fricatives, thanks to a self-oscillating model of the vocal folds
to generate the voiced source, and the glottal opening that is neces-
sary to generate the frication noise. Numerical simulations show the
accuracy of the model to simulate voiced fricative, and also phonetic
assimilation, such as sonorization and devoicing. The simulation
framework is also used to show that the phonatory/articulatory space
for generating voiced fricatives is different according to the desired
sound: for instance, the minimal glottal opening for generating frica-
tion noise is shorter for /z/ than for /3/.

Index Terms: Articulatory synthesis, Vocal folds, Glottal chink,
Voiced fricatives

1. INTRODUCTION

Articulatory synthesis [1-3], or artificial talkers, are a useful tech-
nique to study acoustic, articulatory or physiological phenomena in-
volved in speech production. They are generally based on articu-
latory models [1, 3, 4], or waveguide modulation models [2], that
enable the evolution of the vocal tract geometry to be accurately
defined using a few parameters driving the position and the shape
of the articulators (jaw, tongue, lips, velum...). In the aforemen-
tioned models, little attention is paid to the glottal source model: the
glottal opening area is commonly imposed at the vocal tract input.
This strong assumption restrains the consideration of the coupling
between the vocal folds and the vocal tract. Hence the need of self-
oscillating models for the vocal folds.

However, models for simulating the self-sustaining oscillations
of the vocal folds [5-7] are generally based on the assumption that
vocal folds vibrate along their whole length. Although this assump-
tion suffices for numerous applications, it cannot account for partial
closure of the glottis, which can be an issue for the study of voiced
fricatives or breathy voice. Indeed, in these cases, the vocal folds
vibrate solely along a portion of their length, producing a glottal
leakage (or glottal chink) [8,9].

This paper proposes to divide the glottal length into two par-
allel components: self-sustaining vocal folds and the glottal chink.
To illustrate the method, the paper uses a 2 X 2 spring-mass sys-
tem with smooth contours and a mobile separation point [6,7]. The
acoustic propagation is computed thanks to the single-matrix formu-
lation [10]. Details are given in Sec. 2.

In comparison with previous works, which either used a para-
metric model of glottal opening area [9], or were connected to very
simplified models of the vocal tract [11], restraining the model to be
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used in continuous speech synthesis context, the presented simula-
tion framework uses a more realistic model of the glottis, and offers
the possibility to connect the glottal system to realistic time-varying
vocal tract geometries, including side cavities and length variation,
to be used in continuous speech synthesis. This approach is intended
to better account for the simultaneous production of frication noise
and voiced source in voiced fricatives.

The consideration of the glottal partial closure in parallel with
normally self-oscillating vocal folds is detailed in Sec. 3. It consists
in connecting an acoustic side branch in parallel to the glottis, as
suggested in [12]. Examples of synthesis of voiced sibilant fricatives
are presented in Sec. 4.

2. THEORETICAL BACKGROUND

2.1. Self-oscillating model of the vocal folds

The model used to generate the self-sustained oscillations of the vo-
cal folds (VF) is based on two spring-mass systems, representing
the rear and front ends of the VF. It stems from the basic two-mass
model [5]: it considers recent improvements, such as smmoth con-
tours, allowing a mobile separation point [6,7], and it adds corrective
terms to take into account the viscous losses and the unsteady flow
effects [13, 14].

At the flow separation point x, the pressure drop is given by
Eq. ().

Puus(t) = Poup(t) = Ro(t)Ug () + R (t)Ug (t)+% [Lg(1)Uq(1)]
where .
O o R e A
R,(t) = 1%“ /1 : hs?;t), (2b)
T .

are respectively the steady term of the Bernoulli equation, the
Poiseuille corrective term and the unsteady term of the Bernoulli
equation, h(zx) is the glottal opening along the x coordinates, I is
the length of the vibrating part of the vocal folds. The position of the
flow separation point x, varies with the glottal constriction geome-

try:
e if 1.2h1 > ho, xs = T2
* if 1.2h1 < ho, x, is such that hy = h(zs) = 1.2hy

The value 1.2 is an ad-hoc criterion [6,7].



2.2. Acoustic propagation

To compute the acoustic propagation inside the vocal tract (VT), the
latter is modeled as a concatenation of cylindrical tubes (or tubelets).
The length and the cross-sectional areas of the tubelets are such that
they approximate the VT geometry. In this paper, the transmission
line circuit analog model approach [10, 15,16] is preferred to the re-
flection type line analog models approach [2,17,18], mainly because
the latter does not include the possibility to easily deal with length
variations of the VT. This is an important issue in realistic contin-
uous articulatory synthesis since the length of the VT varies during
natural speech production. Maeda [15], then Mokhtari ez al. [10],
showed that the acoustic propagation inside the vocal system seen as
a waveguide network may be written into a matrix form

f = Zu, 3)

where f € R™YTY s a vector containing pressure forces, Z €
RWHDX(N+D) s 3 tridiagonal matrix containing impedance and
loss terms associated to each tubelets, and u € R+ is the vec-
tor containing the volume velocities inside each tubelet.
Considering the vocal folds model presented in Sec. 2.1, a
quadratic term should be added to the set of linear equations to ac-
count for the Bernoulli resistance. The matrix formulation is then
rearranged so that the quadratic equation depends only on Uy :

Z7'f =Tuz +Z7'Quy, @)

where I is the identity matrix, Q is a square matrix the same size
as Z having only one non-zero element, that is Q(1,1) = Ry, and
ug € RVTY = [U2,U3,...,U%]" is the vector containing the
square power of the volume velocities. Eq. (4) is also valid in the
case of a waveguide network, since it does not directly modify the
coupling equations between different side cavities modeling the VT.

2.3. Frication noise generation model

The model to generate frication noise is important to approach the
naturalness of the synthesized speech. The method presented in this
paper uses bandpass filtered Gaussian white noise sources [19]. The
amplitude of the noise source P, at section ¢ is

3/2
a;_y

3
P,, = max {O7 Ew (R€2 — Rei) Ubc } , 5)

where £ is an arbitrarily adjustable real constant used to control
the noise level, and w is a random value between 0 and 1. Re is
the Reynolds number of the air flow inside the vocal tract, Re. is
a threshold above which the air flow is turbulent [20], and conse-
quently, above which the frication noise is generated. Upc is the air
flow volume velocity inside the vocal tract, and a;—1 is the area of
the upstream tubelet.

The choice of Re. is arbitrary. For this study, it is set to
1700. The computation of Upc follows the method proposed by
Maeda [19]. Note that to generate frication noise with high am-
plitude, the vocal tract should exhibit a narrow constriction (high
Reynolds number), Upc should be large (open glottis), and the noise
source should be located directly downstream the constriction (small
ai—1).

3. A GLOTTAL CHINK MODEL

3.1. Presentation

Fig. 1 represents the geometrical model of the glottal chink, as well
as the corresponding electric-acoustic analogy. In the model, the
glottis partial closure is due to a partial abduction of the vocal folds
and the chink is linked to the mobile part of the glottis. However,
since the movements of the amplitude of the vocal folds oscillation
is assumed to be small in relation to the partial abduction, the parallel
branch assumption can be considered as valid, i.e. the geometry of
the glottal chink should not be disturbed by the vocal folds oscilla-
tions. In Fig. 1, it is clear that the glottal chink area is acy, = lcnhab,
where [, is the length of the glottal chink and A,y is the abduction
of the vocal folds.
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Fig. 1. a) View of the partial closure model of the glottis, after Cra-
nen and Schroeter [8]. In this model, the partial closure is due to a
partial abduction of the vocal folds. [, is the length of the vibrat-
ing part of the vocal fold, I.j is the length of the glottal chink and
ly = ly + lcn is the total length of the vocal folds. the abduction of
the vocal folds is assumed to be constant and is denoted by hqp. b)
Electric-circuit analogy of the partially closed glottis. Ue.p, Rch, and
L.y are the volume velocity through the glottal chink, the energy
loss, and the air inertance inside the glottal chink, respectively.

3.2. Equations

The presence of the glottal chink modifies the first line of the system
defined in Eq. (4). Indeed, one can write

0
Pl —Puy = RU;+[Ry+ Ri)Ug+ 57 Lo + L] Ug(6)
0
+R1Uch + aLlUch (7)
0]
P —Poyp = [Rch + Rl] Uch + a [Lch + Ll] Uch (8)
0
+R1Ug + aLlUg ©)
P = b [Uq+Uch—U2+Sl], (10)

where Ry, L1, by and S are the air resistance and the air inertance,
wall losses and integrative constants, respectively, associated to the
first tubelet of the vocal tract, i.e. at the glottal junction. One may
refer to previous papers [10, 15] for details about their numeric com-
putation, and to [12] for details about the integration of the glottal
leakage side branch.

This yields to the following system

fvr Zvr | Civren uyr 2
= : . RyU, 11
{ Jen ] { Civreny | Zen Ua | 00000 (b

where Cyr cn) = b1 + R1 + %Ll, and

0
Zep = b1 + Ren + R1 + E(Lch + L1)7



is the impedance term associated to the coupling between the glottal
chink and the vocal tract. The index V'I" denotes the vocal tract seen
as a waveguide network. This method is compatible with the single-
matrix formulation [10], as shown in [12].

4. NUMERICAL SIMULATIONS

4.1. Data used for the simulations

The contours of the vocal tract in the mid-sagittal plane were derived
from X-ray films from the DOCVACIM database [21]. The area
functions were obtained by dividing the vocal tract shape in tubelets
perpendicular to the vocal tract centerline, and then applying « 3
transformations to recover the area [22]. A specific algorithm was
designed purposely for determining the centerline [23].

4.2. Synthesis of French sibilant voiced fricatives
4.2.1. Synthesis of /2/

Fig. 2 shows the spectrum, the simulated output pressure, the glottal
flow, the motion of the vocal folds and the Reynolds number com-
puted during the simulation of a sustained /z/, in 3 configurations
corresponding to 3 different glottal chink openings.
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Fig. 2. Results of the simulation of a sustained /z/ for different glottal
chink opening I.;: 0 cm (left column), 0.3 cm (center), and 0.5 cm
(right column). From top to bottom: narrow-band spectrum, output
signal pressure Po.: radiated at the lips, glottal flow (solid line) and
flow through the chink U, (dashed line), opening height of the vocal
folds at =1 (solid line) and x> (dashed line), and Reynolds number,
with indication of the threshold (straight horizontal line).

The effect of the glottal chink can then be highlighted: the DC
component of the glottal flow due to the chink raises the Reynolds
number. When the glottal flow is sufficiently high, the Reynolds
number is constantly above the threshold Re.. The output pres-
sure Po,: that is radiated at the lips is then the superimposition
of the voiced source, generated by the glottal flow through the vi-
brating part of the vocal folds, and the frication noise source. This
can be seen on the spectrum of the simulated audio signal: the
voiced source, represented by harmonics, is predominant in the low-
frequency domain, whereas the noise source is predominant in the
mid- and the high-frequency domains, where the harmonic nature
of the spectrum has disappeared. When the glottal chink length is
sufficiently long, 0.5 cm in this case, the frication noise source is
so predominant that the voiced source has almost no influence on
Pou:. The simulated utterance sounds somehow like a devoiced /z/,
namely /s/: the spectrum no longer exhibits harmonics, and the os-
cillating nature of some quantities, such as U; and Re, disappears.

Note that the vocal folds still vibrate, but the oscillating motion is
more erratic and has a smaller amplitude.

4.2.2. Synthesis of /3/

Fig. 3 shows the spectrum, the simulated output pressure, the glottal
flow, the motion of the vocal folds and the Reynolds number com-
puted during the simulation of a sustained /3/, in configurations cor-
responding to 2 different glottal chink openings.
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Fig. 3. Results of the simulation of a sustained /3/ for different glottal
chink opening l.: 0.3 cm (left column), and 0.5 cm (right column).
From top to bottom: narrow-band spectrum, output signal pressure
Pou: radiated at the lips, glottal flow (solid line) and flow through
the chink U, (dashed line), opening height of the vocal folds at x1
(solid line) and x> (dashed line), and Reynolds number, with indica-
tion of the threshold (straight horizontal line).

Similarly to the simulation of /z/, the glottal chink opening im-
pacts the voicing intensity of the simulated /3/. Influence is quantita-
tively similar in both cases: the wider the glottal chink opening, the
larger the noisiness. Nonetheless, there are quantitative differences:
for a glottal chink opening of 0.5 cm, the spectrum of the simulated
/3/ still exhibits salient harmonics, while the latter were no visible
in the spectrum of the simulated /z/. Therefore, for similar phona-
tory conditions, the sibilant fricative /z/ seems to tend to produce
more frication noise, in relation to the voiced source, than the sibi-
lant voiced fricative /3/. Thus, when the glottal chink opening is too
wide, the voiced fricatives tend to sound like the associated voiceless
fricative. These results suggest that the partial abduction of the vocal
folds during the production of voiced fricatives may be a cause for
devoicing if the glottal gesture is not sufficiently well coordinated
with the vocal tract configuration. Besides, this phenomenon seems
to depend on the produced fricative, since preliminary results show
that the devoicing of /z/ seems to be more likely than that of /3/.
This hypothesis is discussed in the next section via a more detailed
investigation.

4.3. Voicing and noise onsets

This section presents a short study about the required glottal condi-
tions to generate voiced fricatives. Based on a set of several area
functions (17 for /z/ and 9 for /3/) that have been computed from
Xray images of the DOCVACIM database [21], the minimal length
of the glottal chink for generating frication noise has been computed



as a function of the minimal constriction cross-section area. This
quantity, denoted 1, corresponds to the minimal length of the glottal
chink from which the simulated Reynolds number is larger than the
threshold, so that frication noise is generated. A second quantity,
denoted [2, is also computed: it is the minimal length of the glottal
chink from which the simulated noise level is larger than the en-
ergy level generated by the voiced source. Finally, the voicing range
Al = I3 — l1 is computed. It is the range length of the glottal chink
for which the generated utterance is considered as a voiced fricative.
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Fig. 4. Minimal length of the glottal chink for frication noise gener-
ation (1), minimal length of the glottal chink for predominant frica-
tion noise over voiced source (l2), and length range of the glottal
chink for voiced fricative generation (Al), as a function of the min-
imal constriction area. Values obtained for different area functions
corresponding to /z/ ("0’), and /3/ ("0”). The median values of both
group of fricative, as well as the median absolute deviations (dashed
lines), are displayed.

Fig. 4 shows the values of l1, l2, and Al = I3 — l1, as a function
of the constriction area for both places of articulation, /z/ and /3/.
The cross-section area of the constriction seems to have an important
influence on the frication onset /. Indeed, small constriction areas
lead to small values of /1. As a consequence, the minimal length /1
is significantly smaller for /z/ than for /3/, since the latter articulation
exhibits a less narrow constriction.

Basically, the same phenomenon occurs for the minimal length
l2: the required length of the glottal chink so that the frication noise
becomes predominant over the voiced source is shorter when the
supraglottal constriction area is smaller. This leads to smaller values
of 5 for /z/ than for /3/. Yet, it is not true for a few cases, especially
when the constriction area is very small (less than 0.3 mm?).

Results also show that the length range for generating voiced

sibilant fricatives is somewhat very small (usually smaller than 0.15
cm). Our simulations reveal that the range of the glottal chink length
for generating a voiced fricative depends on the place of articulation
and on the supraglottal constriction geometry. Consequently, if par-
tially opening the glottis with a glottal chink may be considered as an
articulatory gesture to generate voiced fricative, it should be done in
a very precise way so that it generates frication noise without mask-
ing the voiced source. This tend to confirm that bad coordinations
between the supraglottal constriction geometry and glottal configu-
ration may be a cause for phonetic assimilation, such as sonorization
and devoicing of fricatives.

5. CONCLUSION AND FURTHER WORKS

The paper has presented a glottis model for simulating voiced frica-
tives. It consists in an extension of classic self-oscillating models of
the vocal folds to include the possibility of a partial glottal closure.
The glottal leakage, or glottal chink, is acoustically modeled as a
side branch in parallel with the vibrating part of the vocal folds. The
model supports the connection with anatomically realistic models
of vocal tract. This is a major contribution for realistic continuous
speech synthesis.

The interest of the method has been shown via numerical simu-
lations of sustained voiced fricatives /z/ and /3/. The addition of the
glottal leakage together with the self-sustaining model of the vocal
folds enable the frication noise production mechanism to be real-
istically modeled. Indeed, the incomplete closure of the glottis im-
poses a DC component of the Reynolds number. If the latter is larger
than the chosen threshold, then frication noise is generated aside the
voiced source generated by the vibrating vocal folds.

Simulations also showed that the opening of the glottal chink
has a great influence on the degree of voicing of fricatives. If there is
not enough leakage, the frication noise may not be generated. On the
contrary, a too wide open glottis may annihilate the voiced source of
the fricative. Consequently, the incomplete glottal closure may be a
cause of assimilation, whether sonorization, voicing or devoicing of
fricatives. This result is confirmed by a short study revealing that the
minimal length of the glottal chink from which the frication noise is
predominant in the resulting speech signal is shorter for /z/ than for
/3/. This suggests that /z/ is more likely to be devoiced than /3/.

The glottis model presented in this paper is thus a base to investi-
gate more thoroughly the acoustic impact of the partial closure of the
glottis. For instance, in the next future, the boundaries of the phona-
tory/articulatory space that generates voiced and voiceless fricatives
might be better defined thanks to this model.
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