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Production of alveolar trills

Acoustic simulation of alveolar trills using lumped self-oscillating models

of the tongue tip

Benjamin Elie!'® and Yves Laprie!
LORIA, INRIA/CNRS/Université de Lorraine, Nancy, France

(Dated: March 16, 2017)

This paper investigates the possibility to model the self-sustained oscillations of the tongue tip during the
production of alveolar trills. Using a realistic geometry of the vocal tract, derived from cineMRI data of a
subject, it first compares the mechanical behavior of two lumped mechanical models of the tongue tip: a
single-mass and a two-mass model. Simulations show that the two-mass model generates small phase shifts
between the upstream and downstream parts of the tongue tip, suggesting a behavior similar to the single-
mass model. The two-mass model is also less responsive than the single-mass model to the variations of the
instantaneous acoustic pressure upstream of the lingual constriction due to the oscillations of the vocal folds.
For this reason, the two-mass model should be favored when dealing with acoustic simulations of alveolar trills.
The paper also proposes a solution to simulate an incomplete occlusion of the vocal tract during linguopalatal
contacts by adding a lateral acoustic waveguide. This allows all kinds of situation experimentally observed
during the production of alveolar trills to be simulated. The simulation framework is used to study the impact
of a set of parameters on the characteristics of the produced alveolar trills. It shows that the production of
trills is favored when the tongue tip position is slightly away of the hard palate, and when the glottis is fully

adducted.
PACS numbers: 43.70.Bk, 43.72.Ja

I. INTRODUCTION

During the production of trill consonants (bilabial,
alveolar, or uvular), aerodynamic forces applied to a par-
ticular articulator (lips, tongue tip, and uvula, respec-
tively) are known to be respousible for the oscillations
of the target articulator. The oscillations of the artic-
ulators lead to periodic amplitude modulations of the
acoustic pressure waveform radiated at the lips. This pe-
riodic amplitude modulation is the main characteristics
of trills.

This paper focuses on the mechanical and acoustic
modeling of the production of alveolar trills, which are
produced by the oscillation of the tongue tip in the alve-
olar region. This trill is the most common across lan-
guages'?2. However, this is a hard-to-produce sound that
is mastered late in the acquisition process®. This sug-
gests that it requires specific articulatory and aerody-
namic conditions, which have been reported to be the
reason of assimilation in neighboring phonetic segments?.
Curiously, only a few studies have investigated the acous-
tic and aerodynamic characteristics of the production of
alveolar trills. Acoustic properties have been deeply de-
tailed via analysis of the speech signal® and the intraoral
pressure®. Linguopalatal contacts, along with the speech
signal characteristics have also been investigated”.

Despite these works, there is still a lack of acoustic
and /or mechanical models of the production of trills. To
the best of our knowledge, the work by McGowan® is
the sole attempt to study the production of trills using
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numeric simulations. He investigated the mechanisms in-
volved in the self-oscillations of the tongue tip with a very
simplified vocal tract. Simulations showed that the oscil-
lations of the tongue tip were sustained thanks to the wall
compliance of the vocal tract, hence a behavior similar to
a one-mass system. The author has also briefly discussed
the potential impact of classic two-mass lumped mod-
els, similar to those used for the vocal folds®'°. Indeed,
they present the advantage of simulating phase shifts be-
tween the upstream and downstream parts of the vocal
folds, as observed in real world experiments®, and also
to take a mobile flow separation point'®!! into account.
Besides, simulating self-oscillations of the vocal folds us-
ing a single-mass model is possible only if the oscillation
frequency lies below the first resonance frequency of both
the subglottal and supraglottal systems'?. One might ex-
pect the same behavior for the tongue tip, and this paper
investigates these questions, in Sec. IV, by comparing the
mechanical behavior of a one-mass system, similar to the
one introduced by Flanagan and Langraf'?, and a two-
mass system with smooth contours and a mobile flow
separation point'®, as detailed in Sec. III. In this work,
the glottal source is connected to the classic transmission
line paradigms'®, considering recent improvements'¢ to
deal with self-oscillating vocal folds with a membranous
gap. Thus, in comparison with the work of McGowan®,
it supports realistic shapes of the vocal tract, and also
the connection with self-oscillating models of the vocal
folds with a glottal chink. This is an important contri-
bution of the paper, since it enables the influence of the
acoustic pressure variations upstream of the lingual con-
striction due to the vocal folds motion to be investigated
with real anatomic data. Area functions have been de-
rived from real-time cineMRI using a sparse reconstruc-
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tion technique'®, detailed in Sec. II.

This paper also addresses the question of the differ-
ent situations that may be observed in real subjects pro-
ducing alveolar trills. Indeed, Recasens and Pallarés”
have shown that the contact between the tongue tip
and the hard palate is not systematic, depending on the
speaker, but may occur, and results from Solé suggest
that there is no complete occlusion during the produc-
tion of consonant trills, since the low frequency compo-
nent of the mouth airflow is constantly strictly positive.
Consequently, when dealing with acoustic simulations of
the alveolar trills, one should guarantee that tongue tip
oscillations with, or without contacts can be simulated,
and also that, in some cases, linguopalatal contacts do
not completely stop the main air path in the vocal tract.
The paper presents in Sec. V a solution to deal with these
situations by adding a lateral acoustic waveguide con-
nected both at the upstream and the downstream parts
of the tongue. This lateral connection is made possible
thanks to the recent Extended Single-Matrix Formulation
(ESMF) of the vocal tract'4. The simulation framework
including our self-oscillating tongue tip model is finally
used to investigate the influence of various parameters on
the production of alveolar trills. Results of the simula-
tions are shown and discussed in Sec. VI.

Il. ACOUSTIC AND ARTICULATORY
CHARACTERISTICS OF ALVEOLAR TRILLS

A. Acoustic characteristics

Alveolar trills (|r]) are sounds that are characterized
by periodic oscillations of the tongue tip. In world’s lan-
guages, other trills exist according to the vibrating ar-
ticulator, such as the uvula (uvular trills [r]), or the lips
(bilabial trills [B] and labiodental trills [s]), for instance.
The vibrations of the articulators are not directly con-
trolled by the speaker, namely they are not due to an
active muscular control, but to the aerodynamic forces
applied at their vicinity®. Studies about the production
of alveolar trills include the mastering process® by chil-
dren, occurrence in world’s languages!s2, coarticulatory
effects®16:17 acoustic characteristics®®, and air-tissue in-
teraction modeling®.

From these studies, it appears that alveolar trills are
difficult to produce®, they impact the neighboring pho-
netic segments4. Aerodynamic measurements on speak-
ers show that a high intraoral pressure is required to pro-
duce trills, and even higher for voiceless alveolar trills®.
The same paper reports significant variability of the
mean intraoral pressure among the two subjects of the
study. Same subjects uttered trills with oscillation fre-
quency in the range 28-33 Hz for voiceless trills and 26-
29 Hz for voiced trills®. Their open phase is 1.94 times
longer than the closed phase for voiceless trills, and 1.34
times longer for voiced trills.

Although the aforementioned studies have provided

useful information about the mechanisms involved in
the production of alveolar trills as well as their acoustic
characteristics, several questions have not been fully ad-
dressed. Electro-Palatography data (EPG) have shown
that contacts occur during the production of consonant
trills*™ 17, However, contact patterns significantly vary
across speakers, and even across repetitions of a single
speaker. For a few speakers, contacts occur only at the
edge of the tongue, and not at the tip. Hence, there is no
evidence of systematic contact between the tongue and
the hard palate, or the teeth, during the oscillation cy-
cle. It is not unlikely that the tongue tip freely vibrates
slightly away from the hard palate. Besides, in the case
of contact between the tongue tip and the hard palate,
is there a complete occlusion of the air path, or is there
narrow channels around one or both sides of the tongue
that permit the main airpath to not be stopped by the
obstacle? These questions are particularly raised by the
characteristics of the acoustic pressure waveforms of the
recorded trills. In all studies®%, the acoustic waveform
during the so-called closed phase is not null. This sug-
gests that trills do not involve complete occlusion. It
is also clear in Fig. 3 of the paper of Solé® that the
mouth airflow is systematically strictly positive during
the trill production. However, this is never discussed.
Consequently, when dealing with numeric simulations,
one should consider the three following situations: i)
there is no contact between the tongue tip and the hard
palate in the alveolar region, ii) contacts between the
tongue tip and the hard palate occur, but not on all the
edges of the tongue so that there is no total occlusion of
the vocal tract, i.e. the intraoral airflow is not stopped,
and iii) there are contacts everywhere on the edges of the
tongue so that the occlusion is complete. Another major
contribution of the paper is to present an acoustic model
that is able to reproduce all of these situations.

0.36  0.38

030 032 034

Time (s)

0.24 026 0.28

Figure 1. Audio speech signal of two utterances of the pseu-
doword /ara/, with a zoomed-in version of the alveolar trill
[r]. The time envelope is plotted as a dashed line

Fig. 1 shows two examples of acoustic speech signal of
alveolar trills uttered in the pseudoword /ara/. The time
envelope of the acoustic pressure waveform shows peri-
odic cycles during the production of the alveolar trill [r].
It oscillates between a maximum, at a level slightly less
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than the adjacent vowels, and a minimum, which is not
null. The non-zero value of the acoustic waveform mini-
mum suggests that there is a permanent acoustic flow at
the lips, going either through the lingual constriction, or
along the sides of the tongue, or both ways.

B. Articulatory characteristics

Observing tongue tip movements during alveolar trills
is very difficult. Indeed, since the oscillation has small
amplitude and is relatively fast, it requires high spa-
tiotemporal resolutions. Thus, high-speed Ultrasound
imaging and Electromagnetic articulography (EMA)!8
have been used to observe the time evolution of the
tongue tip position during alveolar trills. These studies
provide data from alveolar trill realizations of German'®,
Czech', Spanish, and Russian speakers??. All of them
show oscillation amplitudes of a few millimeters. EMA
measurements also show that the tongue exhibit a flat-
ter shape in the coronal plane during trills in comparison
with fricatives'®.

For our simulations, the whole area function is needed.
For that purpose, the vocal tract geometry has been ob-
served via real-time cineMRI techniques. It consists in a
reconstruction of the midsagittal view of the vocal tract
at a reasonably high frame rate, using sparse reconstruc-
tion methods'®. The frame rate is 29 frames per second,
with a spatial resolution of 1x1 mm?. MRI experiments
were performed on a 3T Signa HDxt MR system (General
Electric Healthcare, Milwaukee, WI). Speech MRI data
were obtained from a healthy volunteer with written in-
formed consent and approval of local ethics committee.
He is a 35 years old male speaker. The data were col-
lected with a 16-channel neurovascular coil array. The
protocol consisted in a sagittal slice through the mid-
dle of the vocal track acquired with a custom modified
Spoiled Fast Gradient Echo (Fast SPGR, TR 3.5ms, TE
1.1ms, line BW 83.33 kHz, flip angle 30 degrees, half
echo in frequency direction, matrix 256x256, 512 tem-
poral frames). For each temporal frame the modification
consisted to acquire only a randomized fixed size sample
(10 lines) of the 256 phase lines of the k-space. The alve-
olar trill is pronounced in the intervocalic context /ara/.

We considered that acquiring MR images at 29 frames
per second, namely similar to the trill frequency, is suf-
ficient to get a good idea of the global position of the
tongue tip during oscillations along with the rest of the
vocal tract since we acquire several images per trill. For
the study, the speaker was asked to slightly lengthen the
trill duration, so that between 5 and 10 images per trill
realization are available.

Fig. 2 shows an example of the midsagittal view of
the vocal tract during the production of an alveolar trill
in the sequence /ara/. Contours of the vocal tract in
each reconstructed MR image of the sequence have been
semi-automatically extracted by hand, as detailed in our
previous paper'®, and area functions were obtained by,

first, dividing the vocal tract shape in tubelets perpen-
dicular to the centerline, and then applying o S trans-
formations to recover the area?'. This transformation is
a power function that gives the cross-sectional area a(x)
as a function of the midsagittal distance d(x):

a(z) = a(z)d(x)’, (1)

where a and 8 are ad hoc coefficients. Their values de-
pend on the region of the vocal tract, and «x is the dis-
tance to the glottis along the centerline. Several studies
have provided different values for o and 8. We kept those
given by Soquet et al.?! for the male speaker. The deter-
mination of the centerline plays a critical role in synthesis
since it influences the length of the vocal tract. A specific
algorithm was designed purposely?2.

As previously explained, the real-time cineMRI recon-
struction enables several area functions to be recovered
for a single trill realization. Since the main aim of the
paper is to investigate the possibility to simulate self-
oscillations of the tongue tip in alveolar trills with lumped
mass-spring models integrated into realistic shapes of the
vocal tract, using area functions of alveolar trills on dif-
ferent contexts is not in the scope of the paper. Conse-
quently, for the sake of brevity, we chose to use only one
area function for the rest of the paper: it corresponds
to the median area function extracted from the acquired
sequence of images corresponding to the production of
the examined trill. The choice of a median area function
is mainly for the purpose of compensating the poten-
tial errors due to the manual delineation, as well as the
variations in the alveolar constriction region due to the
tongue tip movement during the trill production. The
resulting area function is shown in Fig. 2. In the simula-
tions, this area functions corresponds to that of the vocal
tract when the tongue is at its rest position. Oscillations
of the tongue tip will then modify the cross-sectional area
of the lingual constriction, namely the area of the tubelet
having the smallest area (at 15.9 cm in Fig. 2 (c)). Note
the narrowing at the middle of the vocal tract, which is
due to the presence of the velum in the area, as shown in
the MR image in Fig. 2.

Ill. ACOUSTIC MODEL

The simulation framework used to compute the acous-
tic propagation inside the vocal tract is derived from
the transmission line circuit analog model (TLCA) ap-
proach'®. It considers plane waves propagating along
a spatially sampled vocal tract, modeled as a set of
connected acoustic tubes, or tubelets. Unlike the other
widely used approach, the reflection type line analog
(RTLA) model?®2%, it easily deals with time-varying
lengths of the vocal tract, and also with uneven spatial
sampling of the vocal tract. For further information, the
reader may find a detailed review of existing techniques
for speech synthesis in Ref.2°. The framework that is
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Figure 2. Top: (a) MR image of a midsagittal view of the
vocal tract during the production of an alveolar trill in the
sequence /ara/. Contours of the articulators are shown in
the MR image, as well as (b) the spatial sampling of the
vocal tract into acoustic tubelets. (c) resulting median area
function obtained from real-time cineMRI data.

used in this paper, called ESMF'4, considers recent im-
provements of TLCA-based techniques, such as the possi-
bility to connect self-oscillating models of the vocal folds
with a glottal chink. In this paper, the acoustic model
is extended to include the potential oscillations of the
tongue tip.

A. Acoustic propagation

The vocal tract is seen as a waveguide network, where
each waveguide represents a side cavity!*26. In our
study, side cavities include the sublingual cavity (cf.
Fig. 2) and the lateral channels around the sides of the
tongue. It has been shown, following the recent ESMF
paradigm!4, that the wave propagation inside such net-
works, connected to a self-oscillating model of the vocal
folds, is driven by the following system of equations

where f € RV+D s a vector containing pressure forces,
Z ¢ RWHDX(N+D) js a tridiagonal matrix containing
impedance and loss terms associated to each tubelet,
where Q is a square matrix the same size as Z having
only one non-zero element, that is Q(1,1) = Ry, u € RV
is the vector containing the volume velocities inside each
tubelet, and ug € RV = [U2,UZ,... UZ]T is the

vector containing the square power of the volume veloc-
ities. The term R; is the Bernoulli resistance, as defined
in Ref.14.

The acoustic propagation model supports the connec-
tion of self-oscillating models of the vocal folds with a
glottal chink'®. In such case, the membranous portion
of the glottis is composed of two distinct parts along the
length of the vocal folds: an adducted part, modeled with
a classic two-mass self-oscillating system!?, and an ab-
ducted portion, i.e. the so-called glottal chink, modeled
as an acoustic branch. This allows incomplete closure
of the glottis during oscillation cycles of the vocal folds
to be modeled, and has been found to be important for
simulating breathy voice?”, and voiced fricatives?®. In
this paper, the chink length opening, denoted by I, is
defined as the percentage of the vocal folds length that
corresponds to the glottal chink. Consequently, I.;, = 0%
when there is no glottal chink, and I.;, = 100% when the
glottis is fully abducted.

B. Self-oscillation models of the tongue tip

In order to reproduce self-oscillations of the tongue tip,
our models consider the lower wall of the tubelet corre-
sponding to the lingual constriction to be lumped mass-
spring systems, either a single-mass, as introduced by
Flanagan and Landgraf'?, or the two-mass model, de-
rived from the classic two-mass mechanical system for
the vocal folds by Ishizaka and Flanagan®. In this paper,
self-oscillations are used to update the cross-sectional
area of the tubelet that corresponds to the lingual con-
striction, namely the tubelet that presents the minimal
cross-section area. Consequently, only the extremity of
the tongue tip is assumed to oscillate, without modifying
the cross-section areas of the neighboring tubelets. In
the following presentation of the models, the upstream
and downstream sections, as in Figs. 3 and 4, represent
the tubelets located just downstream and upstream of
the tubelet with the minimal cross-section area.

1. One-mass model

When dealing with the vocal folds, one-mass models
have provided satisfying results as long as the oscilla-
tion frequency was below the first formant frequency of
the subglottal and supraglottal systems?%:39, and the sub-
glottal pressure was varied®'. However, only a transverse
oscillation mode can be simulated. For tongue tip oscil-
lations during alveolar trills, the observed range® of the
oscillation frequency lies between 25 and 35 Hz, which is
much below the formant frequencies of the vocal tract.
Also there is no evidence, so far, of the existence of im-
portant contributions of tongue tip’s oscillation modes
higher than the transverse mode. As a consequence, the
single-mass model may be sufficient to accurately simu-
late alveolar trills®. One major drawback would be the
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fact that single-mass models have been shown to lead to
unrealistic amount of acoustic interactions between the
vocal folds and the vocal tract3!, which could also be true
between the tongue tip and the rest of the vocal system.
This will be discussed in the Sec. IV.

Lingual
constriction

P, P, [ht P,
hp

Upstream Downstream
section section
{m, k,r}
0 l; T

Figure 3. Single-mass model for the tongue tip. Py, P, and
P. denote the pressure downstream, upstream and inside the
lingual constriction, respectively. The mass, stiffness and the
damping of the tongue are denoted by the triplet {m,k,r}.
The height of the lingual constriction is denoted by h:.

The system is represented in Fig. 3. It is a classic
forced oscillating system with a single degree of freedom.
The equation of the lingual constriction height h; writes

mhy(t) + rhe(t) + kA (t) = F(2), (3)
where m, r, k are respectively the mass, the damping,
and the stiffness of the tongue tip, and F' is the pressure
forces that are applied to the system. The elongation is
Ahy = hy — hg, where hy denotes the rest position of the
tongue.

Pressure forces are defined as

le
F:/O P(z)dzx, (4)

where [; is the length of the lingual constriction. The
pressure distribution along the lingual constriction is
given by

P(t) = Py(t) + Be(t) + Po(t) + In(t) (5)

where Be(t), Po(t), and In(t) are respectively the steady
term of the Bernoulli equation, the Poiseuille corrective
term and the unsteady term of the Bernoulli equation.
They are defined as:

PaU2
Belt) === { 20)  n2( t)] ’
_ 12‘[Lalfo(t
Po(t) = TN (6)
o palt 0 (t)
In(t) - Wt 8t |: t(t)] ’

where w; and [; are respectively the width and the length
of the lingual constriction, p, and u, are respectively
the mass density and the shear viscosity of the air. The
height h, is the height of the section just downstream of
the lingual constriction.

2. Two-mass model

For simulating the self-oscillations of the vocal folds,
the choice of a two-mass system instead of a single-mass
one is motivated by the possibility to reproduce higher
modes of oscillation, and especially phase shifts between
the upstream and the downstream parts of the vocal
folds. Indeed, at least two modes of oscillation have
been extensively observed and shown to be important
to consider in the simulations??. For tongue tip oscilla-
tions, this has been previously discussed by McGowan®,
but there is, so far, no evidence of such behavior of the
tongue tip during trill productions.

The two-mass model used for the tongue tip is then
similar to the one used for vocal folds. It includes smooth
contours, a mobile flow separation point'®!!, and the
computed pressure forces consider viscous losses and un-
steady flow effects32:33.

Lingual
constriction

P, P, Py

Downstream
section

Upstream
section

Figure 4. Two-mass model for the tongue tip. P4, P,, and
P. denote the pressure downstream, upstream and inside the
lingual constriction, respectively. The mass, stiffness and the
damping of the tongue are denoted by the triplet {m,k,r}.
The height of the lingual constriction is denoted by h.

The geometry of the tongue tip is then represented in
Fig. 4. In this paper, indices u and d denote the upstream
and downstream parts respectively. The equation of the
tongue motion is

+ (ku + ko) Ahy (t) — keAhg(t) =
(ka + ke)Ahg(t) — keAhy(t) =

= Fu(t)
Fy(t)
(7)
where the expressions of the pressure forces and the pres-
sure distribution are similar to Eq. (4) and Eq. (5). How-
ever, the potential phase shift between both masses mod-
ifies the expressions of Be(z,t), Po(z,t), and In(z,t)

muhu(t) + Tuﬁu(t)
maha(t) + raha(t) +
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in Eq. (6), which depend on the position along the -
coordinate:

O !
Be(z,t) = — 2w? [h%(a:,t) N h%(zo,t)} ’
Po(z,t) =—12u$(t) / hg?ait)’ i

In(z,t) = —wﬁt% {Ut(t) /x ]%th)] .

Eq. (8) is valid for x located upstream of the separation
point. Indeed, in this paper, similarly to the vocal folds
model, the two-mass model of the tongue tip includes a
mobile separation point xs, where x4 is such that hy =
h(zs) = 1.2k, if 1.2h, < hg, and x5, = x4 otherwise.
The value of 1.2 is a ad hoc criterion'®. The pressure
P(z,t) = Py(t) if x > .

The collision model use artificial stiffening of the
tongue tip, namely the stiffness parameters k, and kq
are multiplied by a factor 4 if h,, or hg, are equal or less
than 0, respectively, and the damping is multiplied by a
factor 2.2. These factors are also ad hoc criteria, chosen
following the original two-mass model by Ishizaka and
Flanagan®.

IV. COMPARISON BETWEEN LUMPED MECHANICAL
MODELS

A. Simulation of alveolar trills

Using the area function derived from cineMRI data
of a real speaker, sustained alveolar trills are simulated,
first with the single-mass model, and then with the two-
mass model. The parameters chosen for the two-mass
system are summarized in Tab. I. The width of the lin-
gual constriction w; and the rest height hy are derived
from the MRI data. Since lumped mass-spring systems
models consider the shape of the constriction as rect-
angular, w; is estimated such that the constriction area
a; = howy = athO’B matches the cross-sectional area given
by the power transformation of Eq. (1), hence

Wy = Oéthgt_l, (9)

where a; and (; are the transformation coefficients from
Soquet et al.?! in the alveolar region, namely a; = 1.92
and ; = 1.2 when w; and hg are expressed in cm. The
stiffness values have been chosen according to the mass
values so that the resonance frequency of the uncoupled
mechanical system is 25 Hz, which is in the range of typi-
cal values observed in real speakers®. Assuming the mass
density of the tongue p; is slightly more than water34,
ie. py ~1.04x10% g.m3, the distance between the base
and the extremity of the tongue tip h;, measured in MR
images, is around 1.1 cm, and the tongue tip is a paral-

lelepiped, each mass is then

1
mziptxltxhttxwtz().%g.

hg (cm) Uy, (cm®/s) hy (cm) Poy (a..)

10 B 30 fo 30 o0 70 30 90 00
Time (ms)

(a)

1 . ! n !
P 10 20 30 10 50 60 70 80 90 100

7 4
50

10 0 30 o
Time (ms)

(b)

Figure 5. Simulation of alveolar trills with linguopalatal con-
tacts by using (a) a single-mass model, and (b) a two-mass
model. For each figure, from top to bottom are plotted the
acoustic pressure radiated at the lips (Pout), as well as the
time envelope (dot-dashed line), the time evolution of the lin-
gual constriction height h; at the upstream (solid line) and
downstream (dashed line) sections, the low frequency filtered
airflow at the mouth U,,. The bottom figure plots the dis-
placement hy of the upstream (solid line) and downstream
(dashed line) parts of the vocal folds.

Results of the simulations are displayed in Fig. 5. It
shows the oscillations of the lingual constriction height
around its rest position. In this example, periodic con-
tacts between the tongue tip and the hard palate occur.
In this configuration, namely when there is no lateral
channel, linguopalatal contacts completely stop the air
flow inside the vocal tract, hence the zero values in the
airflow waveform U,,, and in the acoustic pressure wave-
form Ppy:. In any case, the time envelope of the acoustic
pressure is then a periodic function, which is at its mini-
mum when the tongue tip is close to the hard palate (or
even is in contact with), and at its maximum when the
tongue tip is far from the hard palate. Simulations also
reveal that the tongue tip oscillations may disturb the
motion of the vocal folds. Indeed, the amplitude of the
oscillation of the vocal folds increases when the tongue
tip is close to, or in contact with, the hard palate. More
interestingly, the downstream part of the vocal folds are
more impacted, since it exhibits much larger oscillation
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amplitude than the upstream part in the closing phase
of the lingual constriction. Both the single-mass and the
two-mass models simulate this phenomenon.

Simulations also reveal significant differences in their
behavior. Firstly, the tongue oscillation frequency f; of
the single-mass model appears to be much greater than
the one of the two-mass model (45 Hz versus 29 Hz). Sec-
ondly, the tongue tip displacement waveform computed
with the single-mass model is much less smooth than the
waveform given by the two-mass model. Indeed, high-
order harmonics seem to significantly contribute to the
displacement waveform. The main acoustic consequence
is a more erratic time envelope of the acoustic waveform.
One possible explanation of the presence of these high-
order harmonics could be an excessively high coupling
between the tongue tip and the vocal folds. Indeed, since
the oscillations of the tongue tip are driven by the acous-
tic pressure upstream of the lingual constriction, it is very
likely that the oscillations of the vocal folds disturb the
oscillations of the tongue tip. This hypothesis is investi-
gated in the next section.

Table I. Parameters of the two-mass model of the tongue tip

Parameter Unit Value
Subglottal pressure Pgyp Pa 1000
Rest position of the tongue tip ho mm 0.7
Length of the lingual constriction I; mm 4.4
Width of the lingual constriction w; mm 10.5
Mass m = m1 = ma g 0.26
Stiffness k = k1 = ko N/m 228
Nominal damping coefficient r;  kg.rad.s™ 0.0QW
Coupling spring k. N/m k/2

B. Coupling between the glottis and the tongue tip
oscillations

1. Contributions of the vocal folds oscillations in the tongue
tip displacement

Fig. 6 shows the spectra of the waveform correspond-
ing to the lingual constriction opening, computed from
the simulations presented in the previous section, namely
using the single-mass and the two-mass models. Results
evidence the hypothesis of a stronger acoustic coupling
between the tongue tip and the vocal folds in the case
of the single-mass model. Indeed, in that case, peaks at
the oscillation frequency of the glottal opening (fy = 137
Hz) and the following harmonics are clearly visible in the
spectra of the lingual constriction opening. The spectrum
for the single-mass also exhibits heterodyne peaks: con-
sidering the tongue oscillation frequency f; = 45 Hz and
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Figure 6. Magnitude spectrum of the lingual constriction
opening. Top is the single-mass model, bottom is the two-
mass model. The oscillation frequency of the glottal opening
and its harmonics are denoted by circles.

the fundamental frequency of the vocal folds fy = 137 Hz,
the heterodyne frequency, at the frequency fo — f; = 91
Hz, and the corresponding harmonic peaks are promi-
nent. The spectrum of the lingual opening obtained with
the two-mass model does exhibit additional contributions
of the oscillation frequencies of the vocal folds, but peaks
are much smaller than in the case of the single-mass
model.

2. Impact of the vocal folds on the characteristics of the
tongue tip oscillations

Y00 200 300 400 500

f() (HZ)

Figure 7. Trill frequency (denoted f:) as a function of the
fundamental frequency of the vocal folds (denoted fo) of the
single-mass (solid line) and the two-mass model (dashed line).

To investigate the impact of the acoustic coupling be-
tween the vocal folds and the tongue tip, simulations are
carried out at various oscillation frequencies of the vocal
folds, ranging from 100 to 500 Hz. Values of the mechani-
cal parameters of the tongue tip models are still the same
as in the previous sections, and they are still such that the
resonance frequency of the mechanical system is 25 Hz.
Fig. 7 shows the variation of the oscillation frequency of
the tongue tip as a function of the fundamental frequency
of the glottal opening. The trill frequency f; corresponds
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to the inverse of the mean value of the individual oscil-
lating cycle periods of the simulated trills. Again, the
strong coupling between the vocal folds and the tongue
tip is highlighted by the simulations. Indeed, whereas
the trill frequency f;, obtained with the two-mass model
barely varies with the oscillation frequency of the vocal
folds fo (f: remains in the range 25-30 Hz), f; obtained
with the single-mass model significantly varies with fj,
between 25 and 55 Hz. Note that this effect vanishes for
high values of fj.

When dealing with the simulation of tongue tip os-
cillations during the production of voiced alveolar trills,
it seems that the two-mass model should be considered
instead of the single-mass. Indeed, it guarantees better
stability in regards with the fundamental frequency of the
glottal source. The acoustic characteristics of the simu-
lated speech signal are also less erratic, which is more
in agreements with the observed speech signals of real
speakers.

V. SIMULATIONS OF THE INCOMPLETE CLOSURE OF
THE VOCAL TRACT AT THE TONGUE PALATE
CONTACT INSTANTS

As discussed in Sec. II, there is no evidence of com-
plete closure of the vocal tract during contacts of the
tongue tip with the hard palate. Indeed, the air flow at
the mouth and the acoustic pressure waveform are not
null. In order to simulate the incomplete closure of the
vocal tract during linguopalatal contacts, we suggest to
add a lateral acoustic branch to simulate the air path
going along the side of the tongue. The ESMF paradigm
that is used in this paper enables such situations'¢ to be
taken into account in the acoustic simulations. Due to
the lack of data (cineMRI films provide only midsagittal
views of the vocal tract), the area function of the lat-
eral branch is estimated according to these assumptions:
i) connections at the upstream and at the downstream
parts are located respectively at 14.0 cm and 16.2 cm
from the glottis, ii) the cross-sectional area of the lateral
branch is taken at a certain ratio r; of the vocal tract
area function located between the connections, iii) the
length of the lateral branch is the same as the length
of the main air path. The presented simulation uses the
two-mass model of the tongue tip with the same mechan-
ical parameters as in Tab. I, integrated into a vocal tract
modeled with a lateral branch that is connected to the
main path with an area ratio r; of 50%.

The simulation with a ratio r; = 50%, displayed in
Fig. 8, shows that this vocal tract configuration enables
linguopalatal contact without complete closure of the vo-
cal tract to be simulated. When the tongue tip and the
hard palate are in contact (hy < 0), the air flow U, is
not null, nor is the acoustic signal pressure. This can
be compared with Fig. 5 (b), which shows the results of
a simulation with similar parameters, but without the
lateral waveguide. The acoustic waveform obtained with

hy (cm) U, (cm3/s) hy (cm) Poy (aau.)
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Figure 8. Results of the simulation of a sustained alveolar trill
with a lateral configuration, using the two-mass model, and
1 = 50%. From top to bottom: acoustic pressure radiated at
the lips Pout (solid line) and time envelope (dash-dotted line),
lingual constriction height h; at the upstream (solid line) and
at the downstream (dashed line) parts, and air flow U, at the
mouth. The bottom plot represents the displacement hy of the
vocal folds at the upstream (solid line) and at the downstream
(dashed line) sections.

the incomplete closure configuration is more in agree-
ment with the acoustic waveform observed in real trills
(see Fig. 1, for instance).

VI. CONDITIONS OF PRODUCTION OF ALVEOLAR
TRILLS

This section investigates the influence of various pa-
rameters of the presented model on the simulation of
alveolar trills. Studied parameters include the subglottal
pressure, the mass of the tongue tip, the height of the
lingual constriction at rest, the glottal opening, and the
lateralization of the air flow.

The computed trill characteristics are the trill fre-
quency f;, the trill amplitude, denoted h;, and the trill
contact ratio, denoted C,. For each simulation of sus-
tained trills, a group of 10 successive periods are consid-
ered. The trill amplitude hy is then the mean value of
the difference between the maximal and the next min-
imal lingual constriction height in the group of the 10
successive oscillating cycles. The trill contact ratio C.
is the percentage of oscillating cycles where there is a
linguopalatal contact among 10 successive periods.

A. Effect of the mass and the subglottal pressure

For these simulations, the glottal chink is entirely
closed, i.e. I, = 0%, and there is no lateralization, i.e.
r; = 0%. The other parameters, namely the rest position
ho, the length and the width of the lingual constriction
are set to the values shown in Tab. I. The masses m; and
my vary from 10 mg to 1 g, and the subglottal pressure
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from 500 to 2000 Pa.
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Figure 9. (a) Trill amplitude and (b) trill contact ratio, as
a function of the mass mi; = mz and the subglottal pressure
Psyup. Contour lines are displayed.

Fig. 9 shows the trill contact ratio and the trill ampli-
tude as a function of the mass of the tongue tip and the
subglottal pressure. Not surprisingly, the trill amplitude
is the largest for small values of the tongue mass and
for large values of the subglottal pressure Ps,;. For mass
values smaller than 0.1 g, the amplitude of the tongue tip
oscillation may be larger than 1 cm, which seems unre-
alistically high, since it is out of the range of reported
data!'®1935  This leads to area variations of approxi-
mately 1.4 cm?, according to Eq. (1), and is much larger
than data provided by McGowan®, who reported maxi-
mal constriction area between 0.27 and 0.67 cm?. There
areas correspond to maximal constriction heights of 0.44
cm and 0.21 cm, respectively. In the range of subglottal
pressure values usually observed in natural speechS, i.e.
under 1000 Pa, the trill amplitude values between 0.21
cm and 0.44 cm are reached for mass values between 0.2
g and 0.4 g. In this range, linguopalatal contacts occur
almost systematically (C, > 80%). Note that the con-
tact ratio C, follows the same evolution than the trill
amplitude. For the rest of the paper, the mass of the
tongue will be set to 0.26 g, as in Sec. IV, since it both
roughly corresponds to anatomical data, and lies in the
range of mass values that simulates realistic oscillations
of the tongue tip.

B. Effect of the tongue initial position

For these simulations, the glottal chink is entirely
closed, i.e. l., = 0%, and there is no lateralization, i.e.
r; = 0%. The length and the width of the lingual con-
striction are set to the values shown in Tab. I. The masses
m1 and mg are set to 0.26 g. The rest position varies from
0 to 0.4 cm and the subglottal pressure from 500 to 2000
Pa.

2000,

= 1500]

Poyy, (P

1000]

“ho (em)

(a)

1.0

Py (Pa)

0.15 0.2 0.25 0.3
ho (cm)

(c)

Figure 10. (a) Trill frequency f;, (b) trill amplitude h;, and
(c) trill contact ratio Cy, as a function of the subglottal pres-
sure P, and the rest position of the tongue ho. Contour
lines are displayed.

The tongue initial position hg is set to different values
to study its impact on the self-oscillating motion of the
tongue tip. Fig. 10 shows the trill frequency f;, the trill
amplitude ﬁt, and the trill contact ratio C,. as a function
of the subglottal pressure Pg,;, and the initial tongue po-
sition hg. It clearly shows that the inital tongue position
has a significant influence on the production of alveolar
trills. For instance, for a given Pg,;, the trill amplitude as
a function of hg exhibits a local maximum, i.e. for hg be-
tween 0.5 and 1 mm. This implies that the tongue should
not be in contact with the hard palate at the beginning
of the trill. Results also show that when hg is larger
than approximately 1.25 mm, linguopalatal contacts oc-
cur only when Ps,; is larger than a certain threshold.
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This threshold value increases as hg increases. It is also
worth noting that larger rest positions of the tongue tend
to increase the trill frequency. The trill frequency is the
most sensitive to the rest position when hg is smaller
than the local maximum, i.e. when hg < 0.5 mm. This
confirms the fact that alveolar trills is difficult to realize
since it requires a very fine adjustment of the tongue tip
position.

C. Effect of the incomplete closure of the vocal tract

For these simulations, the glottal chink is entirely
closed, i.e. I, = 0%, the rest position, the length and
the width of the lingual constriction are set to the values
shown in Tab. I. The masses m; and my are set to 0.26
g. The lateral area ratio r; varies from 0 to 0.5, and the
subglottal pressure from 500 to 2000 Pa.
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Figure 11. (a) Trill frequency f;, (b) trill amplitude A, and
(c) trill contact ratio Cy, as a function of the subglottal pres-
sure Py, and the lateralization ratio r;. Contour lines are
displayed.

The incomplete closure of the vocal tract is studied via
the lateralization ratio r;. Fig. 11 shows that this has no
significant effect on the trill characteristics: the trill fre-
quency is barely lowered by 1 Hz when there is an incom-
plete closure of the vocal tract, and, for a given Pjy, the
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trill amplitude and the trill contact ratio exhibit a slight
tendency to decrease as the incomplete closure increases
(smaller 7;). However, although the incomplete closure of
the vocal tract during linguopalatal contacts has a very
small impact on the mechanical behavior of the tongue
tip, it has been shown in Sec. V that the acoustic im-
pact is not negligible. Consequently, when dealing with
acoustic synthesis of alveolar trills using physical models,
such as this one, one should consider the lateralization of
the airflow.

D. Effect of the glottal chink

For these simulations, there is no lateralization, i.e.
r; = 0%, the rest position, the length and the width of
the lingual constriction are set to the values shown in
Tab. I. The masses m; and msy are set to 0.26 g. The
glottal chink opening varies from 0 to 100 %, and the
subglottal pressure from 500 to 2000 Pa.
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Figure 12. (a) Trill frequency f;, (b) trill amplitude h;, and
(c) trill contact ratio C», as a function of the subglottal pres-
sure Ps,p» and the glottal chink opening I.;,. Contour lines are
displayed.

Fig. 12 shows that the presence of the glottal chink
has a significant impact on the trill characteristics. In-
deed, it has for main effect, for a given Pjy,, to lower
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the trill frequency, the trill amplitude, and also the trill
contact ratio. Indeed, when the chink opening is greater
than approximately 30%, the trill amplitude is smaller
than 2 mm, and the trill contact ratio shows that there
is almost no linguopalatal contacts. There is a transi-
tion zone, when [, is between 25 and 35%, where the
trill contact ratio is very sensitive to chink length per-
turbations. Before this transition, for ., < 25%, the
trill contact ratio is 100%, and it vanishes for I.;, > 40%,
except when Pk, is larger than 1700 pa, approximately.

Note that the decrease of the trill frequency for voice-
less trills is in contradiction with the experimental ob-
servations by Solé®. However, since the trill frequency
may also be increased with the subglottal pressure, the
fact that voiceless trills exhibit a higher mean frequency
in natural speech may also be due to an increase of the
subglottal pressure in comparison with their voiced coun-
terpart.

VIl. CONCLUSION AND FURTHER WORKS

This paper has discussed the possibility to model the
self-oscillations of the tongue tip in alveolar trills via clas-
sic lumped mass-spring systems. Based on models similar
to those used for vocal folds, it has been shown that pe-
riodic oscillations of the tongue tip could be reproduced
to simulate the production alveolar trills. In compari-
son with previous works®, the acoustic model presented
in this paper can support physiologically realistic area
functions of the vocal tract, and also the connection with
a self-oscillating model of the vocal folds with a glottal
chink to simulate voiced and voiceless alveolar trills. It
can also reproduce an incomplete closure of the vocal
tract during linguopalatal contacts due to lateral leakage
of the airflow around the tongue.

Thus, it allows the potential acoustic interactions be-
tween the vocal folds oscillations and the tongue tip to
be investigated. Our simulations show that the single-
mass model is subject to extremely strong interactions
with the vocal folds oscillations. It is also shown that, in
this case, the trill oscillation frequency is out of range of
the experimentally observed trill frequency on real sub-
jects (around 40 Hz, while it is in the range 25-30 Hz
in natural speech®®). The two-mass system exhibits less
interactions with the periodic oscillations of the vocal
folds and can oscillate at frequencies similar to the trill
frequency observed in natural speech. In our simulations,
the two masses do not show significant phase shifts, which
suggests that, unlike the vocal folds, the main oscillation
mode is the transverse mode.

The simulation framework presented in this paper also
deals with the case of an incomplete closure of the vocal
tract during linguopalatal contacts to be modeled thanks
to the connection of lateral branches around the tongue.
Although our simulations show that the connection of lat-
eral branches does not significantly modify the oscillation
characteristics of the tongue tip, it has a strong acoustic
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impact: the intraoral airflow and the acoustic pressure
waveforms are not completely null in the closed phase of
the trill, as it has been observed in natural speech in all
of the previous studies®®. Consequently, the incomplete
closure of the vocal tract should be taken into account
when dealing with the acoustic synthesis of alveolar trills
using physical models.

Additionally, our simulations have revealed the fact
that there is an initial position of the tongue tip that fa-
vors the production of alveolar trills. Indeed, for a given
subglottal pressure, the trill amplitude as a function of
the rest position of the tongue admits a local maximum,
located between 0.5 and 1 mm. When the rest position
of the tongue tip is greater than 1 mm out of the hard
palate, the trill amplitude significantly decreases, mak-
ing the production of alveolar trills more difficult. This
might be one of the reason why consonant trills are hard-
to-produce sounds in human spoken languages.

Finally, it has been shown that the amplitude of the
tongue oscillation is significantly reduced in voiceless con-
figurations, i.e. when the vocal folds is partially, or com-
pletely abducted. This is especially true when the length
of the glottal chink exceeds a critical value, between 30
and 40% of the total length of the glottis, depending on
the value of the subglottal pressure. This confirms the
fact that voiceless trills are more difficult to pronounce
than voiced trills, and also this explains why voiceless
trills are rare among human language,

This first attempt to model the tongue tip oscillations
with classic lumped mass-spring systems opens new ways
of investigations of the production of trills. Indeed, one
could imagine similar models applied to other trills, such
at the lips for the bilabial trills, or at the uvula for the
uvular trills. The possibility to support realistic geome-
tries of the vocal tract derived form cineMRI acquisi-
tions of real speakers is a useful tool to study the impact
of various articulatory configurations on the production
of trills, and consequently to investigate the reasons of
the difficulty encountered by numerous speakers to pro-
duce trills. Additional data, considering phonological
contexts, are planned to be acquired in the next future
to complete this investigation.
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