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Summary

During voiced speech, vocal folds interact with the
vocal tract acoustics. The resulting glottal source—
resonator coupling has been observed using mathe-
matical and physical models as well as in in wvivo
phonation. We propose a computational time-domain
model of the full speech apparatus that contains a
feedback mechanism from the vocal tract acoustics
to the vocal fold oscillations. It is based on nu-
merical solution of ordinary and partial differential
equations defined on vocal tract geometries that have
been obtained by magnetic resonance imaging. The
model is used to simulate rising and falling pitch glides
of [a, i] in the fundamental frequency (f,) interval
[145Hz,315Hz]. The interval contains the first vo-
cal tract resonance fr; and the first formant Fy of [
as well as the fractions of the first resonance fri/5,
fri/4, and fr1/3 of [a]. The glide simulations reveal
a locking pattern in the f, trajectory approximately
at fry of [i]. The resonance fractions of [a] produce
perturbations in the pressure signal at the lips but no
locking.

1 Introduction

The classical source—filter theory of vowel production
assumes that the source (i.e., the vocal fold vibra-
tion) operates independently of the filter (i.e., the vo-
cal tract, henceforth VT') whose resonances modulate
the resulting sound [1, 2|. Even though this approach
captures a wide range of phenomena in speech pro-
duction, some observations remain unexplained by the
source—filter model lacking feedback. The purpose of
this article is to address some of these observations
using computational modelling.

In this work, simulations where the fundamen-
tal frequency (f,) rises and falls over the range
(145 Hz, 315 Hz] are considered for vowels [a] and [i].
Similar glides recorded from eleven female test sub-
jects are treated in the companion article [3]. Such

glides are particularly interesting when the f, range
intersects an isolated acoustic resonance of the supra-
or subglottal cavity. Since the lowest formant F} usu-
ally lies high above f, in adult male phonation, this
situation is more typical in females and children when
they are producing vowels with low Fy such as [i].
As reported in Section 5, simulations reveal (in addi-
tion to other observations) a characteristic locking be-
haviour of f, at the VT acoustic resonance! fri ~ Fj.

This article has two equally important objectives.
Firstly, we pursue better understanding of the time-
domain dynamics of glottal pulse perturbations near
fr1 of [i]. An acoustic and flow-mechanical model
of the speech apparatus is a well-suited tool for this
purpose. Secondly, we introduce and validate a com-
putational model that meets these requirements. The
proposed model has been originally designed to be a
glottal source for a high-resolution 3D computational
acoustics model of the VT which is being developed
for medical purposes. There is also an emerging ap-
plication for such models as a development platform
of speech signal processing algorithms [5, 6, 7]. Since
perturbations of f, near F; are a widely researched,
yet quite multifaceted phenomenon, as discussed next,
it is a good candidate for model validation experi-
ments.

The simulations carried out in this article indicate
special kinds of perturbations in vocal folds vibrations
near a VT resonance. The mere existence of such per-
turbations is not surprising considering the wide range
of existing literature. Since the seminal work of [§],
a wide range of glottal source perturbation patterns
related to acoustic loading has been investigated. Ex-
periments were carried out in [9] on excised larynges
mounted on a resonator to determine how glottal am-
plitude ratio changes with the subglottal resonator
length. Physical models were used in [10] with a sub-
glottal resonator to study phonation onsets and off-
sets, and in [11] with sub- and supraglottal resonators
to study phonation onsets. The latter also considered

IThe notation of [4] is used to differentiate resonances and
formants though, of course, we expect fr; ~ Fj forj =1,2,....
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the dynamics of frequency jumps as the natural fre-
quency of their physical model was varied over time.
Similarly, a physical model of phonation with a tubu-
lar, variable length supraglottal resonator was studied
in [12, 13], and it was used to validate a flow-acoustic
model somewhat resembling the one proposed in this
article.

The sourcefilter interaction problem was ap-
proached in [14] using both reasoning based on
sub- and supraglottal impedances and a non-
computational flow model as well as computational
model comprising a multi-mass vocal fold model and
wave-reflection models of the subglottal and supra-
glottal systems. A two-mass model of vocal folds,
coupled with a variable-length resonator tube, was
used in [15], and pitch glides were simulated using a
four-mass model to analyse the interactions between
vocal register transitions and VT resonances in [16].

These works reveal a consistent picture of the ex-
istence of perturbations caused by resonant loads,
and this phenomenon has also been detected exper-
imentally in [17] using speech recordings, in [18] us-
ing simultaneous recordings of laryngeal endoscopy,
acoustics, aerodynamics, electroglottography, and ac-
celeration sensors, and in [19] using simultaneous
speech, electroglottography and accelerometer record-
ings combined with separate resonance estimation
measurements.

Although the existence of these perturbations has
been well reported, speech modelling studies have
given only limited attention to the time-domain dy-
namics of fundamental frequency glides where such
perturbations would be expected to occur. Of the
above mentioned studies, upward glides were simu-
lated in [11] by varying the natural frequency of their
physical model over time. Their small amplitude
oscillation model exhibited a frequency jump when
crossing the resonance of their downstream tube when
the acoustic coupling was sufficiently strong. Down-
ward glides were simulated in [14] followed by upward
glides by varying the parameters of a multi-mass vo-
cal fold model. Frequency jumps, subharmonics and
amplitude changes were observed in the regions where
load reactances were changing rapidly. Changes in the
rate of change of the fundamental frequency in these
regions can also be seen in their Figures 10-14. In [16]
upward glides were simulated followed by downward
glides by adjusting the tension parameter (i.e., de-
creasing masses and increasing stiffness parameters by
the same factor) in their four-mass vocal fold model.
They observed frequency jumps associated with reg-
ister changes, which in turn were shown to occur at
different frequencies depending on the VT load.

Some of the most popular approaches to modelling
phonation are based on the Kelly-Lochbaum VT [20]
or various transmission line analogues [21, 22, 23].
Contrary to these approaches, the proposed model
consists of (ordinary and partial) differential equa-
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tions, conservation laws, and coupling equations. In
this modelling paradigm, the temporal and spatial
discretisation is conceptually and practically sepa-
rated from the actual mathematical model of speech.
The computational model is simply a numerical solver
for the model equations, written in MATLAB environ-
ment. The modular design makes it easy to decou-
ple model components for assessing their significance
to simulated behaviour.? Since the generalised Web-
ster’s equation for the VT acoustics assumes intersec-
tional area functions as its geometric data, VT config-
urations from magnetic resonance imaging (MRI) can
be used without transcription to non-geometric model
parameters. Further advantages of speech modelling
with Webster’s equation have been explained in [25].

The proposed model is of low order: it aims at qual-
itatively realistic functionality, tunability by a low
number of parameters, and tractability of model com-
ponents, equations, and their relation to biophysics.
Similar functionality in higher precision can be ob-
tained using computational fluid dynamics with elas-
tic tissue boundaries. Such approaches aim to model
the speech apparatus as undivided whole [26], but the
computational cost is much higher compared to our
model or the models proposed in, e.g., [25] and [27].
Numerical efficiency is a key issue because some pa-
rameter values or their feasible ranges (in particular,
for hard-to-get physiological parameters) can only be
determined by trial and error, leading to a high num-
ber of required simulations as discussed in [30, Chap-
ter 4]. The proposed model is hence suitable for in-
vestigating speech phenomena where realistic model
output is only produced with a narrow range of con-
trol parameter values.

2 Phonation Model

2.1 Vocal Fold Mechanics

Voiced speech sounds originate from self-sustained
quasi-periodic oscillations of the vocal folds where the
closure of the aperture between the vocal folds, i.e.
the glottis, cuts off the airflow from lungs in a process
called phonation. A single period of the glottal flow
produced by phonation is known as a glottal pulse.

The main mechanism controlling the f, of voiced
speech is contraction of the cricothyroid muscles
which leads to stretching the vocal folds and hence
increased stress. Secondary mechanisms of f, control
include the vertical movement of larynx and changes
in the subglottal pressure through the control of res-
piratory muscles.

2Some economy of modelled features is desirable to prevent
“overfitting” while explaining experimental facts. Good mod-
elling practices in mathematical acoustics have been discussed
in [24, Chapter 8|.
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Figure 1: Top: The geometry of the glottis model
with the trachea to the left and the vocal tract to the
right. Bottom: Lumped-element representation of the
lower vocal fold (j = 1) with two degrees of freedom.

2.1.1 Equations of motion

The anatomic vocal fold configuration is idealised as a
low-order mass-spring system with aerodynamic sur-
faces as shown in Figure 1. For previous uses and
more detailes on this model, see [28, 29, 30] and
[31]. Such lumped-element models have been used
frequently (see, e.g., [13, 32, 33, 34, 35, 36| and the
reviews [37, 38|) since the introduction of the classic
two-mass model [8].

The radically simplified glottis geometry in Figure 1
(top) corresponds to the coronal section through the
center of the vocal folds. Both f, and the phonation
type can be changed by adjusting parameter values
[30, Section 4]. However, register shifts are not within
the scope of this model.

The vocal fold model consists of two wedge-shaped
moving elements whose distributed mass is reduced to
three mass points which, for the j*" fold, j = 1,2, are
located so that mj; is at © = L, mj2 at x = 0, and
mj3 at @ = L/2. Here L denotes the thickness of the
vocal fold structures. The masses are calculated so
that the reduced system retains the mass, and static
and inertial moments of a parabolic vocal fold shape
(for details, see [31, p. 14]). Each vocal fold has two
degrees of freedom: mj; and mj2 can move in the
y-direction. Although this causes some distortion to
the shape of the wedges, the displacements in the x-
direction are small enough that the effect is negligible.
The elastic support of the vocal ligament is approxi-
mated by two springs at points x = [y L and x =[5,
and losses caused by internal resistance of the tissues
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to movement and deformation is represented by two
dampers at points x =0 and x = L.
The equations of motion for the vocal folds are

= Fl(t)7

= Fy(t),

MW, (t) + BiWi(t) + K1 Wi (t)
MyWs(t) + BoWa(t) + Ko Wal(t)

(1)
where W;(t) = [wj(t) wjg(t)]T are the displace-
ments of m;; and mjs in the y-direction as shown
in Figure 1 (bottom). The load force pair Fj;(t) =

[Fj1(t) Fjg(t)]T comprises acoustic pressure forces as
well as aerodynamic pressure forces when the glottis
is open (equation (9)) and collision forces when the
glottis is closed (equation (5)). The mass, damping,
and stiffness matrices M;, B;, and K, respectively,
in (1) are

M; =

mjg
4

and sziékﬁ[ (1l2—l) (11( H

The entries of these matrices have been computed us-
ing Lagrangian mechanics. The damping matrices B;
are diagonal since the dampers are located at the end-
points of the vocal folds. The model supports asym-
metric vocal fold vibrations but for this work, sym-
metry of left and right vocal folds is imposed by using
parameters M = M;, K = K;, and B = Bj, j = 1,2,
and by setting F(t) = Fy(t) = —Fi(t). As a fur-
ther simplification, tissue damping is assumed to be
uniform everywhere, i.e., b; = 8 for i = 1,2. The pa-
rameters in (2) as well as the load force components
in (1) are illustrated in Figure 1.

The gap between the vocal folds is denoted by
H(x,t), and in the model geometry (Figure 1 (top))

L (HL(1)

H(z,t) 7

= Ho(t)—l— _HO(t))v € [OaLL (3)
where inferior glottal gap Hy(t) = H(0,t) and supe-
rior glottal gap Hp(t) = H(L,t) are related to (1)

through

Hp(t) gL
= Wa(t) — Wi(t) + . 4
] mmo-wmer %) @
The rest gap parameters gy and g;, correspond to the
points x = 0 and = = L, respectively.

2.1.2 Vocal fold collision

When the glottis is closed (i.e., Hr(t) < 0), there is
no airflow between the vocal folds and hence no force
arising from it affecting the vocal folds. There are,
however, nonlinear spring forces with parameter kg,
accounting for the contact force of the vocal folds.
They are accompanied by the acoustic counter pres-
sure from the VT and subglottal tract (SGT), denoted

teR,
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by pe. = pe(t) in (15). Thus, the force pair for equation
(1) during glottal closed phase is given by

]<3H|I{L|3/2 - Apcpc

F=Fy= Ao
pclc

H; <0,
()

where the area A,. = A,.(t) is the nominal area on
which p. acts corrected with relative moment arms
(see equation (16)).

This approach is related to the Hertz impact model
that has been used similarly in [32] and [39]. When
the glottis is open (i.e., Hy(¢) > 0), the spring force
in (5) is not enabled. Then the load terms in equa-
tion (1) are given by F'(t) = F4(t) as introduced in
equation (9) in terms of the aerodynamic forces from
the glottal flow.

, for

2.2 Glottal Flow Aerodynamics

The main component of the airflow within the speech
apparatus, to which the acoustic component acts as
a perturbation, is assumed to be incompressible and
one-dimensional, and to satisfy mass conservation and
Newton’s second law. The flow is also assumed to
be lossless everywhere except at the glottal opening.
This main glottal flow (volume velocity) component
is described by

1

(ps(t) = Ry(U (1)), (6)

where p,(t) is the driving stagnation pressure at the
lungs whose time variation is assumed to be slow, Iy,
regulates the inertia of the load air column, and R, (t)
represents non-recoverable losses in the glottis.
Equation (6) is related to Newton’s second law for
the air column in motion, and it can be derived (fol-
lowing [31, Section 2.2]) from the pressure balance
Ps = Dg + Pa, Where the pressure change from the
lungs to the outside space is the sum of the glottal
pressure loss p, and the accelerating pressure p, of
the fluid column in the airways. To obtain an expres-
sion for p,, the power of accelerating an (incompress-
ible) fluid column is considered. This power is equal
to the derivative of the kinetic energy of the fluid col-
umn, yielding p, (£)U(t) = pU(t)U(t) A?C)% where
the integration is extended over the VT and SGT vol-
umes. Here, A(7) denotes the area of the fluid column
cross-section that contains the position vector 7, and
incompressibility A(7)v(7,t) = U(t) was used. By de—
noting the nominal value of inertance I, = p f A(T)Q,
these equations yield p, = IpU(t). In the context
of the airways, the nominal inertance can be split
into VT and SGT contributions Iy = p fLVT ds

A(s)
= pf yp (S , respectively, so that Iy, = Iy + Ig;
see Sections 2.3 and 2.4.

Unfortunately, the integration over the volume of

airways (even if the SGT geometry was available) does

and
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not necessarily yield the correct total inertance. The
flow outside of mouth as well as the masses of the
lungs, diaphragm, etc., are coupled to the flow. For
the same reason, the inertial effect for VT and SGT,
observed in the low frequency limit of the acoustic
equations (10) and (14), does not give a sufficient ac-
count of the total intertance since not all of it is due to
acoustics. Thus, the inertance parameter I;, must, in
general, be used as a tuning parameter. The high fre-
quency feedback from the VT acoustics to the glottal
flow, a particularly notable effect in phonations where
the glottis does not fully close, is not included in (6).

The glottal pressure loss consists of two components
following [40]

12uL,U(t)
hH(t)?

kU (1)?
2h2H (1)

pg = Ry()U(t) = (7)
The first term represents the viscous pressure loss,
and it is motivated by the Hagen—Poiseuille law in a
narrow aperture. It approximates the pressure loss in
the glottis using a rectangular tube of width h, height
Hp, and length L,. The parameter u is the kinematic
viscosity of air. The second term takes into account
the pressure losses not attributable to viscosity in the
same sense as the first. The coefficient k; represents
the difference between pressure drop at the glottal
inlet and recovery at the outlet. This coefficient de-
pends not only on the glottal geometry but also on the
glottal opening, driving pressure, and flow through
the glottis [41]. Equations (6)—(7) bear resemblance
to the description of airflow in [12, 13] where the pres-
sure drop, loss, and recovery effects, however, are ac-
counted for by flow separation in a diverging channel.

The pressure p(x,t) in the glottis is given in terms
of U = U(t) by making use of the Bernoulli theo-
rem p(z,t) + %pV(m,t)2 = ps for the Venturi effect,
where V' (z, t) is the velocity within the glottis, and the
mass conservation law hH (z,t)V(x,t) = U(t). Since
each vocal fold has two degrees of freedom, p(x,t) and
the VT /SGT counter pressure p. can be reduced to
an aerodynamic force pair Fq = [F a1 F A,Q:IT where
Fa1 acts at ¢ = L and Fa2 at x = 0 in Figure 1
(bottom). This reduction can be carried out by using
the total force and moment balance equations

L
.&J+Ru=h/(ﬂ%ﬂ—mﬂwwd
0
— Pr ) dr — LApcpu

Hhas= co%s/
(¥

where ¢ = ¢(t) is the angle of the inclined vocal fold
surface as shown in Figure 1 (top), A,. accounts for
the moment arms and areas on which p. acts (see
equation (16)), and p, is the reference pressure cor-
responding to the equilibrium position w;; = 0 for
i,7 = 1,2. Since the displacements w;; are in the y-
direction only, the aerodynamic forces have been as-
sumed to act in this direction as well. The moment is



evaluated with respect to point (z,y) = (0,0) for the
lower fold and (x,y) = (0, Hp) for the upper fold.
The force calculations are done using the pressure
difference p(z,t) — p,r so that Fa; and F4 2 vanish
when p(x,t) = p, and p. = 0. The reference pressure
is associated with the hydrostatic pressure reference
level in vibrating tissues, and it is expected to satisfy
pr < ps. If p. = ps is used, the aerodynamic force al-
ways tries to close the glottis. For small flow velocities
V(z,t), using p, < ps results in the driving pressure
ps pushing the vocal folds open more strongly than
the aerodynamic force pulls them close. There is no
obvious way to determine the true magnitude of p,
as it is an outcome of dynamic pressure equalisation
processes related to ps and the additional partial pres-
sure due to haemodynamics in tissues. For this work,
it is assumed that p, = 0.5p2, where p? = p4(0), and
the equilibrium gap parameter g, > 0 so that starting
simulations with a closed glottis is not necessary.
Evaluation of the integrals in (8) yields, for Hy, > 0,

hL pU?
Fai= 2 12
2 cos qb h,HL(Ho—HL)
pU? Hy
—1 e s — Pr
= (1) + 00 )
— Apepe, and
PO pU? (Hosin? ¢ + H, cos? ¢)
A2 Do ¢ h2H; Ho(Ho — Hy)
pU? Hy
Y v PO (el 0 _
+ Apcpc-

(9)
During the glottal closed phase (i.e., when Hp(t) <
0), the aerodynamic force (9) is not enabled, and the
vocal fold load force is instead given by equation (5).

2.3 Vocal Tract Acoustics

A generalised version of Webster’s horn model res-
onator is used as acoustic loads to represent both the
VT and the SGT. It is given by

A(s) 0%y oY 0

o\
S SERES + QWQW(S)E ~ % (A(s)as> =0,
(10)

where ¢ denotes the speed of sound, the parame-
ter a > 0 regulates the energy dissipation through
air/tissue interface, and the solution ¢ = (s, ) is the
velocity potential of the acoustic field; i.e., v = f%—f.
Then the sound pressure is given by p = p%—lé’, where
p denotes the density of air. The generalised Web-
ster’s model for acoustic waveguides has been derived
from the wave equation in a tubular domain in [42],
its solvability and energy notions have been treated
in [43], and the approximation properties in [44].
The generalised Webster’s equation (10) is ap-
plicable if the VT is approximated as a curved
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tube of varying cross-sectional area and length Ly .
The three-dimensional centreline v(s) of the tube is
parametrised using distance s € [0, Lyr| from the
superior end of the glottis. At every s, the cross-
sectional area of the tube perpendicular to the cen-
treline is given by the area function A(s), and the
(hydrodynamic) radius of the tube, denoted by R(s),
is defined by A(s) = mR(s)?2. The curvature of
the tube is k(s) = ||7/(s)]|, and the curvature ratio
n(s) = R(s)k(s) < 1.

The final parameters appearing in (10) are the
stretching factor W(s) and the sound speed correc-
tion factor X(s) for curvature, defined by

W (s) = R(s)v/R'(5)2 + ((s) = 1), and

—1/2 (11>
8(s) = (1+ tn(s)?) "%

2.3.1 Boundary conditions

The VT resonator is coupled to the glottal flow given
by equation (6) with

oy B
g (07 t) -

~Uac(t)
A(0)

(12)

where the DC component has been removed from the
glottal flow, i.e., Uac(t) = U(t)— % [, U(r) dr with
T = 2/f,. The effect of this removal is negligible
when phonation has become stable, but it is more pro-
nounced at the beginning of simulations when a stable
waveform has not yet developed. Equations (10)—(12)
characterise a variant of the source—filter model in the
sense that the acoustics of the VT is only excited at
the glottis.

At the lips, the reactive acoustic response of the
exterior space is modelled by the differential equation

0
- RmLm% (LVTa t)
P oY
= Rm L 7t Lmi L ’t I
A(LVT)< Y (Lyr,t) + 85( VT ))
(13)
which corresponds to the impedance Z(§) = %

of the same form as the “first-order high pass model”
for termination of an acoustic horn in [45, Section 4.1].
The circuit topology of this model is the parallel cou-
pling of a resistor and an inductor.

2.4  Subglottal acoustics

Anatomically, the SGT consists of the airways be-
low the larynx: trachea, bronchi, bronchioles, alve-
olar ducts, alveolar sacs, and alveoli. This system
has been modelled either as a tree-like structure [27]
or, more simply, as an acoustic horn whose area in-
creases towards the lungs [34, 46]. We take the latter
approach and denote the cross-sectional area and the
horn radius by Ag(s) and Rg(s) (see equation (17)),



respectively, where s € [0, Lg] and Lg is the nominal
length of the SGT.

Since the subglottal horn is assumed to be
straight, we have n = 0, ¥ = 1 and Ws(s) =
Rgs(s)y/RY(s)? + 1. Then equations (10)-(12) trans-

late to
A8 4 omaW, ()5 — & (As()5E) = 0,
%(Ls, t) + 950%(}5, t) =0,
200 = Gt
(14)

where the solution {E is the velocity potential for the
SGT acoustics. Instead of using the reactive bound-
ary dynamics (13), the termination loss at lungs is
characterised by normalised acoustic resistance 65 > 0
in equation (14). SGT acoustics is a important factor
in phonation in general but its contribution to changes
occurring during glide simulations is negligible as long
as f, is far from the subglottal resonances.

2.5 Acoustic counter pressure

The feedback coupling from VT /SGT acoustics back
to vocal fold surfaces is realised as the product of the
acoustic counter pressure p. = p.(t) and the moment
corrected area Ay, = Ap.(t) as already shown in equa-
tions (5) and (9) above.

The counter pressure is the resultant of VT and
SGT pressure components, and it is given in terms of
velocity potentials from equations (10) and (14) by

Pe(t) = Qpep (1(0,6) = u(0,1)) .

where tuning parameter Q,. € [0,1] enables scaling
the magnitude of the feedback. The parameter Q. is
necessary because the wedge geometry tends to over-
estimate the area of the vocal fold surface on which
pe can do work, and further, it is difficult to directly
estimate the proportions of the underlying flow and
the superimposed acoustics. In simulations, overesti-
mation of the acoustic feedback forces leads to perma-
nently non-stationary, even chaotic vibrations of the
vocal folds, which are outside the scope of this work.

The area A, is best understood in reference to the
moment balance in equation (8), although it appears
in the same way in both equations (5) and (9). For
each vocal fold, p. acts on the area 1 (Hy — Hy)h and
produces a moment arm of %(2H0 — Hy — Hp) around
points (z,y) = (0,0) and (z,y) = (0, Hp) for the lower
and upper folds, respectively. Hence

(15)

Ape = &-(Hy — H)(2Ho — Hy — Hy). (16)

Equations (15) and (16) assume that both the VT
and SGT pressure components act in the z-direction
only (i.e., horizontally in Figure 1 (top)). This as-
sumption minimises the tendency of the wedge geom-
etry to overestimate the effect of the SGT compared
to the effect of the VT.
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Figure 2: Top: The VT intersections extracted during
phonation of [a] and [i]. Bottom: The resulting area
functions for equation (10) as a function of distance
from the glottis.
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Figure 3: The magnitude responses of the VT acoustic
loads obtained by simulating output for an impulse
input for [a] (dashed gray) and [i] (solid black). The
response of [a] has been raised by 50 dB for clarity.

3 Parameters

3.1 Vocal tract

Table 1: VT parameter values.

Parameter [a] [i]

Inertance, Iy 2540 !1;—% 2820 %
Length, Ly 132 mm 136 mm

1% resonance, fr1 742 Hz 198 Hz

27d yesonance, fro 1846 Hz 2791 Hz
Area at mouth 299 mm? 66 mm?

R, 1.98- 1058, 8.96 - 10 X8,
L, 33.2 k8 70.6 25
Re(Z(40071)) 879 4.44 - 10*
Tm(Z(4007i)) 417104 4.48 - 104

Solving Webster’s equation requires that the VT is
represented with an area function and a centreline,
from which curvature information can be computed.
Two different VT geometries corresponding to vow-
els from a healthy 26 years old female are used: A
prolonged [a] produced at f, = 168 Hz and similarly
produced [i] at f, = 210 Hz. These geometries have
been obtained by MRI using the experimental setting
described in [47]; see also [48, 49, 50| for earlier ap-
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proaches. The extraction of the computational geom-
etry from raw MRI data has been carried out by the
custom software described in [51, 52]. The VT geome-
tries and their area functions are shown in Figure 2,
their simulated frequency responses in Figure 3, and
and the VT geometry dependent parameter values are
given in Table 1.

The reactive acoustic loading (13) at the lips re-
quires values for R,, and L.,,,. The values in Table 1
were obtained by interpolation at 200 Hz from the
piston model given in [53, Chapter 7, Eq. (7.4.31)]
and tuning of R,, to remove excessive fluctuations in
simulated waveforms. The low order rational model
Z(¢) = % approximates the irrational piston
model impedance very well for frequencies within
100Hz...2kHz, and the frequency responses in Fig-
ure 3 are reasonable as well.

3.2

Full SGT geometry cannot be constructed from the
MRI data that is used for the VT. Instead, an ex-
ponential horn is used as the SGT area function for
equation (14)

Subglottal tract

As(s) = As(0)e®®, where € = i In (Ajs(élos))) (17)

following [46]. The values for Ag(0) = 2cm? and
Ag(Lg) = 10cm? are taken from [46, Figure 1]. The
horn length Lg is selected so that the lowest subglot-
tal resonance is fr,; = 500Hz which results in the
second lowest resonance at fr, = 1.0kHz. This is a
reasonable value for fg; based on [9, Table 1]; see also
[39, 54, 55] and [27, Figure 1]. The SGT lung termi-
nation resistance in equation (14) is given the value
0 = 1 which corresponds to an absorbing boundary
condition. The air column in this SGT model has a
inertia parameter value Ig = 1040kg/ m*.

3.3 Static parameter values

Table 2 lists the numerical values of physiological and
physical constants used in all simulations. Note that
the vocal fold springs are, for this study, placed sym-
metrically about the midpoint of the vocal folds.

The masses in M are calculated by combining the
vocal fold shape function used in [32] with female vo-
cal fold length reported in [56], yielding a total vi-
brating mass my +mso+m3 = 0.27g. A first estimate
for the spring coefficients in K is calculated by as-
suming that the first eigenfrequency of the vocal folds
matches the starting frequency for the simulations.
The spring coefficients are then adjusted until simu-
lations produce f, ~ 145 Hz, giving the initial K°
for equations (18)—(19) with total spring coefficients
k1 + ko = 248N /m. For details of these calculations,
see [31] and [30].

The vocal fold damping parameter 5 plays an im-
portant but problematic role in vocal fold models.

Murtola et al., p. 7

Table 2: Physical and physiological constants.

Parameter Value
speed of sound in air, ¢ 343 =
density of air, p 1.2 Z—%
kinematic viscosity of air, p 18.27 “m—]\gs
VT/SGT loss coeff., « 76L2
glottal gap at rest at z = 0, go 10.9 mm
glottal gap at rest at z = L, gr 0.4 mm
control gap above glottis, Hy 2 mm
vocal fold length [56], h 10 mm
vocal fold thickness [32], L 6.8 mm
1%t vocal fold spring location, I;  0.85

25 vocal fold spring location, Io  0.15
contact spring constant [32], ki 730 %
viscous thickness, L, 1.5 mm
SGT length, Lg 350 mm
resistance at lungs, 6, 1
entrance/exit coeff., k, 0.6
initial driving pressure, p? 650 Pa,

If there is too much damping, sustained oscillations
do not occur. Conversely, too low damping causes
instability in simulated vocal fold oscillations. The
magnitude of physically realistic damping in vibrat-
ing tissues is not available, and, due to its simpli-
fications, the present model could fail to produce
quasi-stationary phonation even if realistic experi-
mental damping values were used. For this article,
B =0.009kg/s is used as it produces slowly changing
glottal pulse amplitudes when simulations are carried
out with constants parameters as well as in feedback
free glides. This damping is small enough that the
resonances of the mass-spring-damper system (1) are
defined approximately by M and K alone.

In this work, the nominal values of Iy, and Ig, given
in Table 1 and Section 3.2, are used without tuning.

4 Computational Aspects

4.1 Production of pitch glides

The f,-glides are simulated by controlling two param-
eter values dynamically. First, the matrix K is scaled
while keeping the matrix M constant as the relative
magnitudes of M and K essentially determine the res-
onance frequencies of vocal fold model (1). This ap-
proach is based on the assumption that the vibrating
mass and the length of the vocal folds are not signif-
icantly changed when the speaker’s pitch increases; a
reasonable simplification as far as the frequency range
is small and register changes are excluded.

The driving pressure ps is the second parameter
used to control the glide. The dependence of f, on
ps has been observed in simulations [8, 57], physical
experiments using upscaled replicas [12], as well as in
humans [58] and excised canine larynges [59]. The
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Figure 4: Simulated pulse shapes for [i] with feedback
(Qpe = 0.1) before the glide begins: glottal flow U,
glottal gap Hy,, and sound pressure at the lips p,,.

impact of ps on f, is, however, secondary in these
glides (the f, trajectories with and without ps control
differ by at most 10%). Instead, p; is scaled in order
to maintain phonation and to prevent large changes
in phonation type as the stiffness of the vocal folds
changes. It was found by trial and error, that equal
scaling of ps and K best maintained the glottal open
quotient OQ (proportion of glottal cycle during which
the glottis is open, see [60, Figure 4]), the closing
quotient ClQ (proportion of the glottal cycle during
which the flow is decreasing), and the maximum of
Hj, approximately steady over the upward glide when
acoustic feedback was disabled.

The parameters are scaled exponentially with time

K(t) =2.22/TKO  py(t) = 2.24/Tp° (18)
for rising glides, and
K(t) =222 2/TKO - p(t) =227 Tp0  (19)

for falling glides. The duration of the glide is T' = 3,
and t is the time from the beginning of the glide. Note
that the temporal scale of the glides is long compared
to glottal cycles, and hence the control parameters K
and ps can be regarded as static from the point of view
of the vocal fold dynamics. Other starting conditions
(particularly, vocal fold displacements and velocities,
and pressure and velocity distributions in the res-
onators) are taken from stabilised simulations. These
parameters produce glides with f, approximately in
the range [145 Hz, 315 Hz|, although the exact range
depends on the VT geometry and feedback level.

4.2 Numerical realisation

The model equations are solved numerically using
MATLAB software and custom-made code. The vo-
cal fold equations of motion (1) are solved by the
fourth order Runge-Kutta time discretisation scheme.
The flow equation (6) is solved by the backward Eu-
ler method. The VT and SGT are discretised by
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Figure 5: Simulated pulse shapes for [a] with feedback
(Qpe = 0.1) before glide: glottal flow U, glottal gap
H;, and sound pressure at the lips py,.
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Figure 6: Spectrogram of pressure at lips during glide
for [i]. Top: without feedback (Q,. = 0). Bottom:
with feedback (Qp. = 0.1). Dashed gray line is fg;.

FEM using piecewise linear elements (N = 29 for
VT and N = 10 for SGT) and the physical en-
ergy norm of Webster’s equation. Energy preserv-
ing Crank—Nicolson time discretisation (i.e., Tustin’s
method [61]) is used for the resonators. The time
step is generally 10 pus which is small enough to keep
the frequency warping in Tustin’s method under one
semitone for frequencies under 13kHz. Reduced time
step, however, is used near glottal closure. This is
due to the discontinuity in the aerodynamic force (9)
at the closure which requires numerical treatment by
interpolation and time step reduction as explained in
[31, Section 2.4.1].

Solving the equations of motion of the vocal folds
is the computationally most expensive part of the
model, taking approximately 55% of the running time
in simulations of steady phonation with constant pa-
rameter values. In comparison, solving the Web-
ster’s equations with precomputed mass, stiffness, and
damping matrices takes approximately 10% of the
simulation time, and the flow equation solver less than
2%. Simulation of 1 s takes approximately 20 s on a
standard professional desktop computer.
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Figure 7: Glide for [i] with feedback (Qp. = 0.1) (solid
black) and without feedback (Q,. = 0) (dashed gray).
Shown are fundamental frequency f, (horizontal gray
line is fr1), open quotient OQ, closing quotient Cl@Q),
envelopes of glottal flow U and gap Hp, and phase
difference 6 between m;; and mjs.

5 Simulation Results

The glottal flow U and gap Hy (or more generally
the glottal area hHp) pulses produced by the model
(Figures 4-5) appear realistic when compared to the
experimental data presented in [54, Figures 4-7], the
signals produced by different numerical models (see [8,
Figures 14a—14c|, [27, Figures 10-11], [39, Figures 8
and 10], [62, Figure 6], [63, Figure 5]), and the glottal
pulse waveforms obtained by inverse filtering in, e.g.,
[64, Figures 10-13], [60, Figures 3 and 6], and [65,
Figures 5.3, 5.4, and 5.17]. Quantitative comparison
of the model to the LF model can be found in [66].
The skewing of U relative to Hy — an effect that has
been observed in natural speech, e.g., with the help
of inverse filtering in [67, 68] — is mainly produced by
the inertial term in (6).

The results of upward glide simulations for [i] are
shown in Figures 6-7. Figure 6 displays spectrograms
of the sound pressure signal at the lips with and with-
out feedback. For Figure 7, the f, trajectory, OQ,
and CI@) have been extracted from U pulse by pulse.
Envelopes of U, and Hj, are also displayed, and the
phase difference 6 between m;; and mj2 has been es-
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Figure 8: Sound pressures at the lips during upward
glides. Top: [i] without feedback (Qp. = 0). Mid-
dle: [i] with feedback (Qp. = 0.1). Bottom: [a| with
feedback (Qpc. = 0.1).

timated based on how much peaks in Hy are delayed
compared to Hy,.

The simulations indicate a consistent locking pat-
tern in f, trajectories at fri[i] which vanishes if the
VT feedback is decoupled by setting @, = 0. This
locking pattern for rising glides can be seen in Figure 6
as a discontinuity in the f, contour near fz; followed
by an interval where f, appears to be approximately
constant. More details are visible in the f, trajectory
in Figure 7: a rapid rise in f, (hereafter referred to as
a jump), a locking to a plateau at approximately fr1,
and a smooth release. The height of the jump, degree
of overshoot and oscillations about the plateau level,
as well as the duration of the locking event depend
on parameter choices (see, e.g., Figure 11). In the
glide displayed in Figure 7, the f, trajectories devi-
ate by over 1% in the range 178-215 Hz as measured
from feedback free trajectory, and the overshoot at
the frequency jump reaches 205 Hz. The flattest part
of the locking, which follows the overshoot, occurs at
195-197 Hz.

The frequency jump in the simulations is preceded
by a decrease in vocal fold oscillation and glottal flow
amplitudes (Figure 7), and a decrease in the phase
difference between upper and lower vocal fold masses.
This is accompanied by increased breathiness in the
phonation, as characterised by increasing OQ and
ClQ values, which reduces the effect of the feedback
from the acoustics to the vocal folds. The locking
plateau coincides with a nearly constant rate of de-
creasing OQ and CIQ, and increasing amplitude of,
in particular, Hy. At the same time, there are large
but smooth changes in . After the release of f, the
glottal pulse characteristics return gradually to the
feedback free trajectories, except for 8. The sudden
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Figure 9: Normalised envelope of energy in VT acous-
tics (solid black) and in the glottal flow U (dashed
gray), and energy in vocal fold vibrations (solid gray)
in upward glide for [i] with Q. = 0.1.

changes in 6 seen at 1.9 s with feedback and at 2.8 s
without feedback are caused by the method of esti-
mating 6. Near these instants Hy pulses have shallow
double peaks, and the sudden change occurs when
the dominant peak shifts from one to the other. Note,
however, that changes in pulse shapes are smooth near
these instants. Further, Hy and Hy, have well defined
single peaks at and near the locking event, so changes
in 6 there are not caused by this same phenomenon.

This locking behaviour of f, or the related wave-
form changes are not observed for glides of [a] where
frila] is not inside the simulated frequency range
[145Hz,315Hz]. The differences in the f, trajecto-
ries and glottal pulse characteristics between feedback
(Qpe = 0.1) and feedback free (Q,. = 0) configura-
tions are negligible for [a].

The VT resonance fri[i] and the resonance frac-
tions fgrila]/5 = 148Hz, fri[a]/4 = 186Hz and
frila]/3 = 247Hz are within the frequency range,
and the corresponding events are visible in the sound
pressure signal at the lips (Figure 8). Note that de-
spite this visibility, corresponding events can be seen
in the glottis only for the event in the middle panel,
i.e. fri[i] with feedback. For [a], the pressure signals
with and without feedback are nearly identical (only
glide with feedback is shown in Figure 8). For [i], the
largest difference in the pressures is the timing of the
resonance event.

When feedback is disabled, energy cannot be trans-
ferred from the resonating vocal tract to the oscillat-
ing vocal folds or to the glottal flow. Figure 9 shows
how energy, normalised to one, in each of the subsys-
tems develops when feedback is on. As the resonance
nears, p. does work on the vocal folds increasing the
energy in the vocal fold oscillations which in turn feeds
energy into U. Since p, has an increasingly strong pe-
riodic component at fr1[i], all three subsystems get
locked to this frequency. Unlocking occurs when the
first vocal fold eigenfrequency has been raised suffi-
ciently for the energy in the oscillations to win out
over the frequency of p,.

Rising and falling glides show different perturba-
tion patterns as shown in Figure 10. The z-axis in
this figure is the relative vocal fold stiffness, which for
rising glides is 2.2/T and for falling glides 2.21~t/T
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Figure 10: Upward (dashed gray) and downward
(solid black) glides for vowel [i] with Q,. = 0.04.
Shown are fundamental frequency f, (fr1 indicated
by horizontal gray line), open quotient OQ), closing
quotient CIQ), and the envelopes of glottal flow U and
gap Hy. On the z-axis, relative vocal fold stiffness
refers to the coefficient of the K° matrix in equations
(18) and (19).

220 i

%
B S
e A

Time(s)

Hz)

o180

Figure 11: Left: f, trajectories for [i] with different
values of Qp.: gray dashed 0.0, gray dotted 0.05, gray
solid 0.1, black dotted 0.15, and black dashed 0.2.
Right: f, trajectories for [i] qualitatively as @, and
[ increase in the direction of the arrow. Light gray
background indicates that small parameter changes
can lead to loss of quasi-stable glides.

as given in equations (18) and (19). For given model
parameter values, falling glides exhibit more fluctua-
tions in glottal pulse parameters at the locking event
and the perturbation lasts longer. The fluctuations in
fo in the falling glides during the locking and at fre-
quencies below this are qualitatively similar to what
occurs at extreme values of Q). and f3 for rising glides.

The feedback parameter @), plays, unsurprisingly,
a key role in the f, jump and locking in glides for
[i] as shown in Figure 11 (left). With no acoustic
feedback to the vocal folds, there are no perturbations
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in f,, whereas with a high @Q,., starting a glide with
f, below fri is not possible without decreasing K°.
If a starting f, below fr; is obtainable, a high Q.
value results in a large overshoot at the jump, and
fluctuations in f, both before the jump and at the
beginning of the plateau.

Besides @y, the locking pattern is also sensitive to
other model parameters, in particular the vocal fold
damping 5. In fact, § and Q. affect the locking
behaviour in complementary ways, as qualitatively
shown in Figure 11 (right). The full frequency range
[145Hz,315Hz] for f, can be obtained with modal
locking if Qp. € [0.05,0.12] and S € [0.005,0.015].
Beyond these ranges, an increase in one parameter
needs to be compensated for with a decrease in the
other. Otherwise, the locking pattern disappears or
the simulated f, range is reduced to above fgli].

The stability of glide simulations (understood as
slowly changing amplitude envelope of glottal flow U)
becomes a serious issue at high values of one or both
of the parameters @, and 5. The driving pressure
ps in glide simulations is dynamically controlled as
given in equations (18)—(19). If ps were instead kept
constant, we would observe an increasing O and
decreasing amplitudes of glottal flow and vocal fold
oscillations throughout the glide but the qualitative
behaviour of modal locking events, including the be-
haviour of phonation type parameters around these
events, would remain very similar.

6 Discussion

We have reported observations on the locking of f, at
a resonance of the VT in simulated pitch glides. The
locking behaviour shows a consistent time-dependent
behaviour that is similar for rising and falling glides.
The f, jump at the beginning of the locking in rising
glides and end of the locking in falling glides occurs to-
gether with and increased breathiness of phonation as
characterised by open quotient O@ and closing quo-
tient ClQ. During the locking plateau, these param-
eters indicated an approximately steady decrease in
breathiness.

The locking takes place only at frequencies deter-
mined by supraglottal resonances. Use of ps as a sec-
ondary control parameter for the glides ensure that
the main cause for changes in OQ and CIQ is the
acoustic loading. By modifying the strength of the
acoustic feedback (i.e., the parameter @, in equa-
tion (15)) and vocal fold tissue losses (i.e., the pa-
rameter ), the locking tendency at fgi[i] may be
modulated from non-existent (where both @, and f
have low values) to extreme locking at fgili] with-
out release (where @, and/or 8 have large values);
see Figure 11. Small changes to the model (as dis-
cussed below) leave the locking behaviour at fg1li]
unchanged, even though the model parameter values
required for the desired glottal waveform change (cf.
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[28, 29]). We conclude that the simulation results on
vowel glides reported in Section 5 reflect the model
behaviour in a consistent and robust manner.

To what extent do the simulation results validate
the proposed model? The model produces perturba-
tions of the glottal pulses at VT resonances and, addi-
tionally, sound pressure perturbations at some of the
VT resonance fractions. Of the former, a wide exist-
ing literature was reviewed in Section 1. Observations
on perturbations in speech at formant fractions have
not been reported, to our knowledge, in experimental
literature. There is a particular temporal pattern of
locking in simulated perturbations at fg1[i] as shown
in Figures 6 and 7 (topmost panel). A similar pattern
can be seen in the speech spectrograms given in [17,
Figure 5], [16, Figure 4], as well as in the vowel glide
samples in the data set of [3]. The pitch trajectory
and speech spectrogram in [19, Figure 4] also show
locking but no release. A similar locking behaviour
can also be interpreted to lie behind the experimen-
tal results shown in [12, Figures 10b and 13b], and it
also tends to emerge in model simulations even if the
acoustic feedback is realised in different manner; see,
e.g., [14, Figures 13 and 14| and [69, Figure 6].

6.1 Acoustics

The effect of physically realistic values of parame-
ter a in model simulations is negligible; see [25, Sec-
tion 5] and [30, Section 3.3.2]. These losses move the
VT resonance positions computed from equations (10)
slightly. On the other hand, the VT resonances are
quite sensitive to the parameters of the parallel RL
model in equation (13), similar to the simplified model
proposed in [45, Eq. (28)]. In its most general form,
the model in [45, Eq. (39)] is an integro-differential
delay equation with nine parameters and a single de-
lay lag. Unfortunately, it cannot be introduced to
Webster’s model as a boundary condition: this is the
salient feature of equation (13) that simplifies the im-
plementation of the FEM solver.

It is expected that the otherwise small subglottal
effect in simulations will get more pronounced when
fo = fRy, and similarly VT impact for [a] will in-
crease when f, — fgi[a]. These resonance frequen-
cies, as well as the fractions fr1[i]/n, n =2,3, ..., are
not included in the glides because the two glide con-
trols appear to be insufficient to maintain phonation
through such a large frequency range. Such glides
would likely require dynamic control of vocal fold
length and mass as well. The similarity of the VT and
SGT resonators is visible near the resonances fractions
in the presented glides, however: The first subglot-
tal resonance fraction fg,/2 shows up in the counter
pressure (15) in the same way as fr1[a]/n.

The SGT acoustics model proposed in [27] is likely
to produce the correct resonance distribution and
frequency-dependent energy dissipation rate at the
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lung end without tuning. The horn model requires
tuning of the horn geometry in order to get the low-
est subglottal resonance realistic f; = 500 Hz. Doing
so freezes all the higher subglottal resonances at fixed
positions, e.g., fry, = 1.0kHz. The branching sub-
glottal models given in [27, Figure 8] have the second
subglottal resonance between 1.3kHz and 1.5 kHz. It
was observed in [70] that the soft tissues introduce
an additional nonacoustic resonance to the subglottal
system that is lower than the first subglottal formant
[ attributed to air column dynamics. There is no
obvious way how a horn model could be used to ac-
commodate such a resonance at ca. 350 Hz due to the
yielding wall dynamics.

6.2 Vocal folds and glottal flow

The vocal fold geometry shown in Figure 1 (top) leads
to a simple expression for the aerodynamic force in
equation (9). The further simplification of keeping the
direction of p(x,t) constant (i.e., considering changes
in ¢ negligible) is possible without affecting the quali-
tative behaviour of the model. The difference between
the driving pressure p, and the reference pressure p,
can be included in the force balance when the glot-
tis is closed (equation (5)) although the wedge-shaped
vocal folds, their point-like collision, and the assump-
tion of incompressible glottal flow lead to overestima-
tion of the effect. This addition causes an increase in
the open quotient throughout simulations, but if the
model parameters are adjusted to achieve a phonation
similar to Figures 4-5 before the glides, the locking
behaviour remains qualitatively unchanged.

Replacing the sharp peaks by flat tops in Figure 1
results in phonation that has typically lower open quo-
tient (OQ) compared to the original wedge-like ge-
ometry. This change makes it easier to adjust the
parametrisation of the model to obtain some phona-
tion targets. In particular, the value of the glottal
loss parameter k, can then be based on experimen-
tal values (e.g., [41]) since the model geometry be-
comes more similar to the experimental model geom-
etry (M5).

The importance of entrance and exit effects rep-
resented by %k, can be seen, for example, by com-
paring simulated volume velocities and glottal areas
with the experimental curves in [40, Figure 3|, ob-
tained from a physical model of the glottis. In model
simulations, leaving out this transglottal pressure loss
term changes the glottal pulse waveform significantly
if other model parameters are kept the same, as shown
in [30, Figure 3.7]. About half of the total pressure
loss in simulations is due to entrance and exit effects
at the peak of opening of the glottis; see [30, Fig-
ure 3.6]. However, the behaviour of the simulated
fo trajectories over fgi[i] does not change if k, = 0.
Then, however, the vowel glide must be produced by
different model parameter values.
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The glottal flow has been studied extensively since
1950’s. Compared to the flow model used here, phys-
iologically more faithful glottal flow solvers have been
proposed in, e.g., [35, 46, 62, 71, 72| and [73]. As
pointed out in [72], more sophisticated flow models
are challenging to couple to acoustic resonators since
the interface between the flow-mechanical (in partic-
ular, the turbulent) and the acoustic components is
no longer clearly defined.

Direct feedback from VT acoustics to the glottal
flow can be added to the model although it has been
left outside the scope of this work. In implementing
this feedback mode, particular care must be taken to
remove the additional acoustic contribution in the in-
ertial effect, which is already accounted for by (6).
The impact of this feedback mechanism is expected
to be notable around the f, jump, when the glottal
closure is short or non-existent.

Turbulence in supraglottal space is a spatially dis-
tributed acoustic source, and it does not provide a
spatially localised acoustic signal for the resonator in
equation (12). Much of the turbulence noise energy
lies above 4 kHz where Webster’s model equation (10)
is not an accurate description [74, 75]. The unmod-
elled supraglottal jet may even exert an additional
aerodynamic force to vocal folds that would not be
part of the acoustic counter pressure p..

7 Conclusions

We have presented a model for vowel production,
based on (partial) differential equations, that con-
sists of submodels for glottal flow, vocal folds oscil-
lations, and acoustic responses of the VT and SGT
cavities. The model was used for simulations of rising
and falling vowel glides of [a, i| in frequencies that
span one octave [145Hz,315Hz]. This interval con-
tains the lowest VT resonance fry of [i] but not that
of [a]. Perturbation events in simulated vowel glides
were observed at VT acoustic resonances, or at some
of their fractions but nowhere else.

The fundamental frequency f, of the simulated
vowel was observed to lock to fg1[i] but similar lock-
ing was not seen at any of the resonance fractions of
[a]. The locking events were accompanied by changes
in the phonation: increased breathiness below and
partially at the locking frequency and steady change
in breathiness during most of the lock. If these
changes can also be detected in glides produced by hu-
man speakers, e.g., by using electroglottography, they
may provide an indirect means of identifying locking
events when coincidence of f, and fr; makes it chal-
lenging to track them both.

The locking event takes place only when the acous-
tic feedback from VT to vocal folds is present, and
then it has a characteristic time-dependent behaviour.
A large number of simulation experiments were car-
ried out with different parameter settings of the model
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to verify the robustness and consistency of all observa-
tions. The similarity between simulated pitch pattern
and experimental results in literature was achieved
by using feedback from acoustics to vocal fold tis-
sues, indicating that this feedback mode can be strong
enough to affect speech outcomes.

The simulation model does not include the neural
control actions on the vocal fold structures or dy-
namic modifications of the VT geometry. There is
also a significant control action affecting the driving
stagnation pressure and it has been used as a control
variable in equations (18)—(19) for glide productions.
In humans, neural control actions are part of feedback
loops, of which some are auditive, and some others op-
erate directly through tissue innervation and the cen-
tral nervous system. So little is known about these
feedback mechanisms that their explicit mathemat-
ical modelling seems infeasible. Instead, the model
parameters for simulations are tuned so that the sim-
ulated glottal pulse waveform corresponds to experi-
mental speech data. Despite these simplifications the
model appears to be sufficiently detailed to replicate
the observations found in literature.
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