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The development of objective acoustic methods in the medical diagnostics
of several speech disorders and the resulting clinical applications in laryngolo-
gy and phoniatry call for a versatile physical model of the human larynx source.
Such a model should simulate the physiological strueture and the characteristics
of the natural, i.e. biological laryngeal system from both the phenomenologi-
cal and the quantitative points of view. In the present paper the performance and
the general characteristics of the human larynx source are briefly described and
its acoustic parameters are defined. Special attention is paid to the physical
meaning of these parameters and to the parallels which exist between them
and the anatomical structure of the biological system. On the basis of a few
rationally motivated simplifying assumptions the mechanical model of the
human larynx source and its equivalent electrical analogue ecircuit are des-
cribed and discussed. Special attention is paid to the two-mass model which

- is very convenient for diagnostic purposes. The physical interpretation of the
model’s acoustic parameters is given and its mathematical description is for-
mulated, the latter being expressed in the form of two sets of differential equa-
tions, deseribing air-flow and mass-movement, respectively. Finally, the con-
venience and the usefulness of the model in application to laryngological and
phoniatric diagnosties of larynx disorders is briefly discussed and validated.

1. Introduction

The biological larynx generator, which is the only source of energy in the
articulation of vowels and nasal consonants, and the main source of energy
in the articulation of all remaining voiced speech sounds, plays a fundamen-
tal réle in the process of conveying information by means of speech. It affects
both the linguistic information which is responsible for the phonemic and the
semantic content of the conveyed message, and the personal information which
describes the individual features of the speaker’s voice. Since the larynx source
not only enables the correct articulation of all voiced sounds, but also is res-
ponsible for several suprasegmental prosodic features of speech, such as in-
tonation, melody, accent and duration, it is evident that a knowledge of the
mechanism of its action as well as of the relations that exist between its acous-
tic parameters and the anatomical structure of the source itself is necessary
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both for programmed speech synthesis in technical systems, e.g. in compu-
ters, and in medical diagnosties and/or in rehabilitation of speech disorders.
The latter application is of particular importance since the pathology and
the anomalies of the larynx constitute a very high proportion of problems in
laryngology and phoniatry. It concerns both congenital and developmental
defects, defects caused by professional diseases and those arising from necessary
surgical intervention, viz. laryngotomy and tracheotomy.

Acoustic diagnostic methods in laryngology and phoniatry, which are based,
generally speaking, on an analysis of the information content of the speech
signal as the final and natural output from the speech —organs, have recently
become commonly used in clinical practice (cf.e.g. [14]). They not only assist,
but in some cases are even superior to the prior classical methods, e.g. laryngo-
scopy, stroboscopy, electromyography and radiography ete., since:

— they are used under normal conditions of phonation and articulation,

— they neither need any surgical tool or foreign substances to be intro-
duced into the speech organ, nor have to be aided by any dangerous and pain-
ful, intrusive procedures,

— they enable the real-time visualization of the acoustic parameters of
the speech signal, e.g. on TV monitor. They are thus especially convenient
during rehabilitation since the hearing disorders, usually associated with speech
disorders, may be compensated by the additional and auxiliary information
channel of the sight organ.

Acoustical methods consist, generally, in the measurement and analysis
of those acoustical parameters of the speech signal which describe the internal
structure of the respective sound source, in laryngeal diagnostics the larynx
generator [13]. The development and application of these methods in clinical
praectice must be supported by a versatile physical model of the human larynx
source, a model that can simulate the action and the characteristics of the
natural biological system not only in qualitative, but also in quantitative
terms.

2. The mechanism of action and the general characteristics of the larynx source

2.1. The principles of action and the physical parameters of the larynxz source.
Fig. 1 represents the anatomical strueture of the human larynx. The larynx
source may be considered from a physical point of view as an aerodynamic
oscillator whose behaviour is determined by some physical parameters (such
as subglottal pressure and mechano-acoustical or structural constants of the
vocal folds) and also to some extent depends on the acoustic load represented
by the input impedance of the vocal tract. In the general case this tract con-
sists of the pharynx, mouth and nasal cavities. The action of this oscillator
must be considered in close connection with that of the subglottal part of the
human respiratory system, which is shown in Fig. 2 in the form of a simplified
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Fig. 1. Anatomical structure of the human larynx [16]
a) profile cross-section: 1 — epiglottis, 2 — false vocal fold, 3 — ventricle of Morgagni, ¢ — vocal fold, 5 —
thyroid eartilage, 6 — cricoid cartilage, 7 — hyoid bone, 8 — trachea; b) frontal cross-section (notations as
above); ¢) horizontal cross-section: 1 — thyroid cartilage, 2 — arytenoid cartilages, 3 — glottis, 4 — vocalis
muscles, 5 — vocal ligaments, 6 — transverse arytenoid muscles

physical model and its two equivalent electrical circuits in the impedance-
-type system of analogy.

The vocal folds, having a definite mass m, stiffness s and loss-resistance r,
are set in forced vibrations by the local pressure variations in the glottis. This
pressure variations are caused by the flow of air which is expelled from the
lungs through the bronchi and trachea by the muscle forces of the rib-cage
(thorax), acting on the lung tanks. The flow of air out of the lungs is — at
constant voice effort — an isobaric process since the lungs volume V = V+
V" (Fig. 2a), represented in Fig. 2b by the condenser Uy, decreases as the
quantity of air in the lungs diminishes, so that the relation of the charge @
to the capacity O, (i.e. the voltage U, = @/Cy on the equivalent condenser
(';) remains constant. It follows that the air pressure P, in the lungs corres-
ponding to the voltage U, also remains constant, i.e. P; = const. The larynx
generator may thus be considered in future discussions and equivalent elec-
tric circuits as a system which is driven by voltage source of constant elec-
tromotive force P, = const. with zero internal impedance. This has been shown
in Fig. 2¢, where the conductance G, of the condenser (', representing the
negligible acoustic loss resistance of the spongy and vesicular walls of the lung
tanks has been disregarded.

The quasi-periodic vibrations of the vocal folds change the acoustic impe-
dance Z, = R,+joL, of the glottis modulating the air flow. At the entrance
to the vocal tract the air flow has the form of recurrent discrete pulses. The
latter play the rdle of an impulse source function, which excites vibrations
of the air in the vocal tract at frequencies corresponding to the resonances
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Fig. 2. Simplified physical model of the subglottal part of the human respiratory system
(a) and its eguivalent electrical circuits (b) (c)

Vocal tract

of the vocal tract cavities. This resonances depend on the momentary geome-
trical configuration of the tract described by the tract’s shape function Ay ().

In view of the relatively large cross-sectional areas (ca. 400 mm?) and small
lengths (12 = 15 cm) of the bronchial and tracheal tubes, represented in Fig.
2b in the form of the cascade connection of the four-poles 7, and T,, their
longitudinal acoustic impedances are small and the corresponding pressure
drops may be disregarded. Consequently, the subglottal pressure P, is equal
to the pressure P, in the lungs, i.e. Py~ P, = const. The total pressure drop
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P, appears across the glottis impedance Z, and is transformed into the kinetic
energy of the air flow, which is expressed in terms of the volume velocity U,
of the larynx pulses U,(t). This motivates the final simplification of the equi-
valent circuit in Fig. 2b to the form shown in Fig. 2c.

2.2 Acoustic impedance of the glottis. In Fig. 3 the glottis orifice is repre-
sented in the form of a parallelepiped slit whose geometrical dimensions corres-
pond to the average anatomical glottis dimensions of an adult male. The effec-
tive glottis area A,(t) =lw(f) is a function of the width w(f) which varies
quasi-periodically as the vocal folds vibrate. In spite of such an extreme simpli-
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Fig. 3. Simplified physical model of the glottis

fication for the glottis’ model, its acoustic impedance Z, = R,+jwL, cannot
be expressed analytically by the well known formula valid for a narrow slit,
as has been done in the general theory of acoustic elements and circuits (cf.
e.g. [17]). The pioneers of the larynx source theory, WEGEL [15] and van den
BERG et al. [1], proved that the real component E, of the glottis impedance
is the sum of two components,

R, = R,+R, = 12udI2A,(t)"*+0.4404 (1) |U,(t)], (1)

where R, = A, (1) is the classical viscous loss resistance of the medium with
dynamical viscosity coefficient 4, flowing through a slit of effective area A4 ,(t),
length 1 and depth d, R, = A, (t)7* |U,t)| is the Kkinetic resistance referred
to the process of transforming the pressure drop P, in the glottis into kinetic
energy of medium flow, according to the formula

P, = }ou* = }o(U,/4,)*

in which u denotes the particle velocity, U the volume flow velocity and o
is the density of the medium.

The previous model investigations have proved that formula (1) is valid
for a broad range of flow parameters: P, < 64 cm H,0, 0.1 < w(f) <2 mm,
|U,l <2000 cm?/s.
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The reactance joL, is the classical inertia of the air vibrating in the glottis
and, ignoring edge-effects at the inlet and outlet of the orifice, may be expres-
sed by the formula

joL, = ijdAg(t)_l, (2)

where p is the air density, d the depth of the slit, and A (#) is its effective area
perpendicular to the direction of flow.

Having calculated the numerical values of the components E,, E, and
oL, of the glottis impedance Z, = (R,+R;) +joL, according to formulae (1)
and (2), one can draw the following conclusions which are of use in the design
of the larynx-source model: /

(a) The reactance wL, is equal to the resistance R, = R,+ R, at a frequency
f = 700 Hz for P, = 4 em H,O and at a frequency f = 1300 Hz for P, = 16 em
H,0. Thus over a broad frequency range of the larynx tone oL, € R, and the
glottis impedance Z, ~ R, may be considered to have a real value. It follows
that the equivalent electric circuits of the glottis in Figs. 2b, ¢ may be further
simplified according to the theorems of THEVENIN and NORTON.

(b) When the glottis area is small, i.e. when the vocal folds are near one
another, R, > R,, while for large glottis areas R, > R,. Since, however, E, ~
~ R, at A, ~} 4, ..., it may be assumed that over the major part of the
vibration cycle the glottis resistance is determined by its kinetic component
and, consequently, R, ~ R;.

(¢) The time constant v = L,/R, is always smaller than both L,/R, and
L,/R; and does not exceed the value 7., = 0.25 ms (Fig. 4). The time cons-
tant v = L,/R, is thus one order of magnitude smaller than the shortest period
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Tig. 4. Time constant Lg/RE, and Ly/R; of the larynx oscillator as functions of
the area A, of the glottis orifice [4]

of voeal fold vibration T,;, = 2.5 ms, which corresponds to the highest la-
rynx tone frequency of male voices Fy ~ 400 Hz. It follows that the flow of
air through the glottis, i.e. the volume velocity function U, (), may be deter-
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mined from the formula
Ug(t) it P.sl"Rg‘(t) ~ Ps/Rk(t)a (3)

which is valid for steady flow only.

Under average anatomical conditions of an adult male (4,,, ~ 5 mm?),
at medium voice effort (P, ~ 10 em H,0) and over the frequency range f
< 5000 Hz, the acoustic impedance of the glottis Z, ~ [90 +joT x 10-2]10° MKS
acoustic ohms, and its modulus |Z,| ~ 100 -10° MKS acoustic ohms.

2.3. Acoustic input impedance of the vocal tract. Formula (3), which deter-
mines the volume velocity U,(t) of the glottal source, was a priori based on
the assumption that the load impedance of the source, i.e. the input impe-
dance Z, of the vocal tract, is negligible in comparison with the internal im-
pedance Z, of the source, i.e. Z; < Z,. This assumption should now be justi-
fied for the frequency range under consideration f < 1000 Hz.

The input impedance Z, of the vocal tract represented in the form of a loss-
less eylindrical tube of cross-section A; = 5 em? and length {; = 17 em, loaded
by the radiation impedance Z, of the mouth orifice, approximated by a ecir-
cular piston of area 4, in an infinite plane bafflel, is given by the formula

L, +Ztan(pl)
~ 7 Zy+Z,tan(pl,)

Zy (4)
in which Z, = o¢/A, is the characteristic impedance of the tube, f = wle
— 27/ is the propagation constant, Z, is the radiation impedance of a circu-
lar piston of radius » and 4, = =r? is the area.

Hence

2 _gc_[(ﬁ?‘)z

£330

-8
+J ?m(ﬁr)] : (5)

In model investigations the radiation impedance Z, (5) may be represented
in the form of the parallel connection of the radiation resistance Rp,

ec =
Ry = 128/9x? (——), (Ha)
Ay
and the inductance Ly,
00 "
Ly = 8r,’3-r:c(A‘), (5b)

which simulates the mass of the co-vibrating medium (cf. e.g. [4], p. 33).
It may be proved [10] that, according to the general theory of acoustic
wave-guides, the function Z,(f) (4) depends strongly on frequency, and its

I This is the commonly accepted physical simulation of articulation conditions in
the case of the neutral mouth vowel .
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maximum values Z;, .., Which correspond to /4 — resonances of the vocal
tract, that is to odd multiples of 500 Hz, decrease asymptotically with increas-
ing frequency. The decreasing Z,,., values are comparable with the acous-
tic impedance Z, of the glottis only in the vicinity of the first formant F,
~ 500 Hz (Z;paxm ~ 86 x10° x 777" MKS acoustic ohms) and of the second
formant 'y ~ 1500 Hz (Z; 0y s ~ 24 x10% x 77" MKS acoustic ohms), approa-
ching a limiting value equal to the characteristic impedance of the wvocal
tract itself Z, = 8.5 x10® MKS acoustic ohms.

It thus follows that the a priori condition Z; < Z, is fulfilled over the whole
of the frequency range under consideration. The larynx source may thus be
treated as a constant current source since it delivers a constant volume velo-
city, independent of the momentary configuration of the vocal tract which
affects the value and ahape of the flow function in the vicinity of the first
and second formants only. This influence may, in fact, be observed in experi-
mental investigations.

2.4. Time and frequency characteristics of the larynx source. Typical exam-
ples of the laryngeal pulses are shown in Fig. 5. Each pulse is represented by
a single period of the glottis area function A ,(t) during phonation (continuous
line) and by a period of the flow function, i.e. the volume velocity U,(t) in
the glottis (broken line) [2]. Both functions correspond to the articulation of
the neutral vowel H in various conditions of phonation (P, = 4 + 24 em H,0,
F, =111 = 250 Hz). In view of the previously discussed independence of the
source characteristics and the vocal tract configuration, the laryngeal pulses
in Fig. 5 can also be considered to be representative for all other voiced sounds.
The comparison of the functions U,(t) and A,(t) suggests the following con-
clusions:

(a) Both functions are triangular — a general and common feature of
laryngeal pulses. The slopes of the flow pulses U,(f) are, however, somewhat
steeper than those of the area pulses A, (t). This fact might be indirectly dedu-
ced from formula (3) in which the resistance R, (f), determined by the expres-
sion (1), is inversely proportional to the second or third power of A,t). The
steepness of the flow function pulses U,(t) results in somewhat higher levels
of spectral components in the upper frequency range, as compared with those
of the area function A(f).

(b) An increase of the vocal effort or phonation intensity, which corres-
pouds to higher values of the subglottal pressure P,, results in a shortening of
the open period 7, of the glottis. This effect may be expressed analytically by
the decrease in the duty factor ¢ = 7,/T,, from ¥ ~ 1 at P, = 4 em H,O to
# = 0.5 = 0.6 at P, = 24 em H,0, provided that the fundamental frequency
F, of the larynx tone is kept constant.

The spectral characteristics of the larynx source function U,(t) or A1)
are normally considered in the complex frequency plane s = o-+jw using the
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Fig. 5. Typical examples of the larynx pulses at various fundamental frequencies
F, and different vocal efforts P [2]. The glottis area function Ay(f) — continuous line.
The flow funection Upy(t) — broken line

Laplace transformation. In Fig. 6 an approximation of the larynx pulse is
shown in the form of a triangle of amplitude a, rise time 7,, decay time 7, = kr,,
length 7, = 7,+7, = (k+1)r, and duty factor & = 7v,/Ty, where T, = 1/F, is
the larynx tone period. The Laplace transformation of such a pulse may be ex-
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Fig. 6. Approximation of the larynx pulse in the form of a triangle
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pressed by the general formula

] e § i 1 1
2if} = Fo) = 5| — (5 e o] (6)
$*Ln T, Ty Ty
The zeros of the function F(s) are determined by the complex values of
8, which are the roots of the exponential equation

e—(k+l)srl _(k_i_l)egsrl_]_k L) (7)

Equation (7) may be solved algebraically only for integral values of k in
the range 1 < k < 5. In all other cases numerical methods must be used. De-
tailed consideration of the distribution of the zeros of function (6) in the com-
plex frequency plane s = ¢-jo for different shapes of larynx pulses may be
found in chapter 6.24 of reference [4]. In the particular though frequently-

-oceurring case of a symmetrical larynx pulse, when 7, = 7, and k = 1, equa-
tion (7) reduces to the quadratic form [10]
e _2¢71 11 =0, (8)
whose roots are given by
R Rl e :
83 = i]n"ﬁz :l:Jzﬂ— (n s 1’ ?‘7 37"')' (9)
(31 To

In this particular case the minima of the spectral envelope oceur at the
frequencies fa, = 2n/ty = 2/1,; 4/14; 6/7, ete., and the average level of the
envelope, expressed by a function of the type [(sin nx)/nz]? is inversely pro-
portional to the square of the frequency and decreases at a rate of 12 dB per
octave, see Fig. 7.
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Fig. 7. Example of the spectral characteristic of the triangle-shaped larynx pulse

Since the Laplace transformation is a reversible operation, the spectral
characteristic F(s) of a voiced segment of the speech signal, previously submit-
ted to the inverse filtering process [12], may be used for the analytical evalua-
tion of the shape of the larynx pulses U,(t) = £ '{U(s)}. This fact is very im-
portant in computer-aided phoniatric diagnosties.
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3. Mechanical model of the larynx source and its equivalent electrical circuit

3.1. Preliminary assumptions. The larynx source is, from a physical point
of view, a generating system whose output, in the form of a glottis area func-
tion A,(f) and a flow or volume velocity function U,(t), is a fully determined
function of a few exterior physical parameters (the most important of which
is the subglottal pressure P,) and of several internal factors such as the struc-
tural parameters and material constants of the vocal folds. The system as a whole
is subjected to feed-back in the form of the glottal area function A1) and the
flow function U,(f), which — being the output of the oscillator — influence
its internal parameters, i.e. those which determine the glottis impedance Z,.
These relations are illustrated by the block diagram shown in Fig. 8.

Ay (), Ug (1)
] /Z’;[fm,s,r),/ﬂgq] g() g( -

—

Fig. 8. Block diagram of the larynx generator as a feed —back system

A versatile physical model of the larynx source, adapted to acoustical
diagnostic investigations, should enable us to determine the quantitative re-
lations between the internal parameters of the source itself and its output
U,(1) expressed in terms of directly measurable acoustic quantities, such as
the acoustic pressure p(t) of the sound wave in front of the patient’s mouth.

3.2. Mechanical model of the larynx source. In the majority of papers con-
cerning the larynx source, the vocal folds are presented in the form of a simple
mechanieal vibrating system with lumped constants, which consists of two
indeformable masses m’, m’’, springs of stiffness s’, 8" and viscous loss resis-
tances ', #'". As a rule, both vibrating systems (m’, s, r') and-(mi; 85 )
which simulate the left and the right voeal fold, respectively, are considered
to be mutually symmetrical. Both systems are submitted to the action of the
subglottal pressure P, and of local pressure differences in the glottis. As a result
they perform quasi-harmonic vibrations moving in phase, towards and away
from one another, thus varying the effective area of the glottis orifice A1)
and consequently its acoustic flow impedance Z,. In view of the above symmetry
of the vibrating systems, they may be simplified to the form of a,ms}ingle vibra-
ting system with one mass, one degree of freedom, and equivalent parameters
m —=m'+m'’, s =& +8", r =r'+r"” equal to the sums of the respective par-
tial constants. The detailed analysis of such a single-mass model may be found
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in [4, 5]. The simplified scheme of the single-mass model of the larynx source
is shown in Fig. 9, according to [4].

This model, though relatively simple and thus convenient for analytical
interpretation, proved, however, to be unsatisfactory in phoniatric diagnos-
tics. The reason for this was that it did not take into account an essential phy-
siological factor connected with the anatomical structure and the cinematics
of the vocal folds. This feature is the deformability of the vocal folds resulting
in an asymmetry of vibration and in phase shifts between the displacements
of their lower and upper parts or edges in quasi-harmonic motion.

Tracheq

ot {x(t)

Fig. 9. Simplified schematic diagram of the single-mass model of the larynx source [4]

In order to eliminate this problem, some authors tried to represent the
vocal folds as mechanical systems with continuously distributed constants,
that is consisting of an infinite number of elementary masses, springs and
loss resistances. Such a proposition [6], although theoretically based and
quite possible in practice, due to the almost unlimited facilities offered by
computing techniques, is neither necessary nor convenient in medical diag-
nostics, since the fundamental physiological and pathological features of the
human larynx source may be simulated with sufficient accuracy in the two-
-mass model with lumped constants, proposed by IsHizAxA and MATSUIDARA
[7], presented by FLANAGAN [3] to the 7th ICA in Budapest and described
in [9].

3.3. The two-mass model of the larynx source. Figure 10 presents a simpli-
fied scheme of the two-mass model in two cross-sectional planes: the vertical
X-Y (a) and the horizontal X-Z (b), and its situation in the X-¥-Z axis system
(c). The essential characteristic features of the two-mass model are the follow-
ing: ) '

(a) The depth d of the glottis slit is divided into two segments d, and d,
(d = d,-+d,), which correspond to the masses m, and m, representing the lo-
wer and the upper parts of the vocal fold, respectively. The areas of the glottis
orifice in the segments d, and d, are given by the expressions

Aal T Agﬂl +2w1(t)lg’ : (10a)
Agy = Ao +2m5(t)ly, (10Db)
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Fig. 10. Simplified schematic diagram of the two-mass model of the larynx source [9]

a}']'mrizontal cross-section X-¥, (b) vertical cross-section X-Z, (e) approximate situation of the model in the
- orthogonal system of space coordinates X-¥-Z

Ag1=Agos+2lg X4(t)

Trachea Agz =A902 " lg X2 (t)

where A, A, are the neutral or rest areas of the glottis orifice of the seg-
ments d, and d, corresponding to the glottis inlet and outlet, respectively;
a,(t), @,(t) are the momentary displacements of the masses m,; and m,, respecti-
vely, from the neutral or rest positions.

~+(b) The masses m, and m, are mutually coupled by the spring s, which

represents the bending stiffness of the vocal folds in the vertical plane X-Y
parallel to the direction of vibration. The coupling stiffness s, is, in fact, a non-
-linear parameter which, however, may be linearized without any essential
influence on the accuracy of the model. The restoring force f, originating from
the coupling stiffness s, is given by the expression

fo = 28w, —2,)*(d, +d,) 2, : : (11a)

which, provided the system is linear, may be rewritten in the following gim-
plified form: :
fo ~ 8,(,—s). N, (11b)
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Under normal physiological conditions the value of the coupling stiffness
8. is of the order 25 kdyn/cm, although its individual values may vary over
a broad range®. At very large values of s, (lims, = oo), the two-mass model
behaves like the single-mass model.

3.4. The physical meaning of the model’s parameters m, s, r.

(a) The mass m = m’-+m" in the single-mass model represents the equi-
valent total mass of both vocal folds: the left and the right, and is given by
the empirical expression [5]

m = lalgd, (12)
Pl
where ¢ ~ 1 g/em?® represents the density of the vocal fold material (museu-
lar and connective tissue). Under normal physiological conditions m is of the
order 0.150 - 0.250 g.

In the two-mass model, the ratio in which the total mass m is divided into
its partial components m, and m, may vary widely, from m,: m, = d,:d =
1:1to5:1, depending on the anatomical structure and the physiological cons-
tants of the biological system.

(b) The springs s, and s, represent the non-lindar stiffnesses of both parts
of the vocal folds, the lower (m,) and the upper (m,) ones, which oppose:

— the momentary displacements z,(t), #,() of the masses m,, m, from
their neutral or rest positions z,, #g;

— the viscoelastic deformations of the vocal folds in the closing phase,
when the opposite folds contact with one another, but their motion does not
stop suddenly; the corresponding masses m' and m'' move slightly towards
one another, being submitted to an instantaneous and reversible deformation.

The restoring force f; which originates from the stiffness s; (j = 1, 2) is thus
the sum of two components

fi=luth (G=1,2) (13)

The first component f;; denotes the restoring force due to the displacement
stiffness k; and may be expressed by the formula

T = k(1 i) - (§ =1, 2), et

where 7,; is the non-linear coefficient of the displacement stiffness ;.
The second component f,; denotes the restoring force due to the deforma-
tion stiffness h; and may by expressed by the formula

Ty = hilz; —zq;)[1 +anle; —2e5)2] (=1, 2; Ty = Xyj) (15)

? The numerical values of the equivalent mechanical constants of the biological la-
rynx source system are quoted from [8].
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where 7,, is the nonlinear coefficient of the deformation stiffness h;, @,
— —A,;/2l, is the distance between the neutral or rest plane of the vocal
folds and the plane of their mutual contact, and 4, is the neutral or rest
area of the glottis orifice of the segment d; corresponding to the mass m; (j =
— 1, 2). It should be noted that the effect of the deformation stiffness appears
only for large displacements x;, i.e. larger than the threshold values x,;, when
the condition
@ =y = — AT;% (16)
S
is fulfilled. Graphs of the restoring forces originating from the displacement
stiffness k; and from the deformation stiffness h; versus the momentary dis-
placement «; of the vocal folds from their neutral positions are shown in Fig. 11.
The average values of the stiffness parameters of the vocal folds under
normal physiological conditions are the following:

k, = 50 - 100 kdyn /cm, h, ~ 3k,,

ks =5 — 50 kdyn/em, hy =~ 3k,,
N1y N2 = DO + 100, Nus Mae = 260 < 500.
f.s:'/.
ki xj
Hisplamem":_
'/
o .
77 2
Plane of contact Plane of
neutral position

Tig. 11. Restoring forces originating from the displacement stiffness k; and deformation
stiffness h; as funetions of the momentary displacements x; of the vocal folds from their
rest positions

(e) The loss resistance r is attributed to:
_ the viscous losses in the material, i.e. the muscular and connective tis-

sue of the vocal folds, :
_ the mutnal adhesion of the vocal folds contacting one another in the

closing phase, when they move together and away from one another.
The influence of the loss resistance is an increase in the attenuation or
damping coefficients &, and &, expressed by the formulae

£y o= 2Vmiky, £y = 1a/2Vmgky, (17a, b)
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in which %,, %, are the linear coefficients of the displacement stiffness, cf. equa-
tion (14).

The average values of the damping coefficients &, and &, under normal
physiological conditions are as follows:

— in the closing phase of the glottis: &, ~ 0.1, &, ~ 0.6;

— in the opening phase of the glottis: &, ~ 1.1, &, ~ 1.6.

(d) The tension coefficient @ of the vocal folds. The mass and stiffness
parameters of the vocal folds determine the natural frequency f, of their oscil-
lations, expressed by the formula

1 s
=—8 —. 18a
=5V = (18a)
Under real conditions of phonation and articulation, due to the contrac-
tion of the vocalis muscles the vocal folds are shortened or elongated and
their tension varies to a limited extent. Their mass m and stiffness s also vary
and the frequency of oscillations changes from the value f, (18a) to the value

f, given by the expression

o1/ 8./
fo i 97 -I/W 2 E foo: (18b)

where @ is the tension coefficient of the vocal folds, commonly used in model
investigations as an additional parameter which determines the real physical
constants of the larynx source. Under normal conditions of phonation and
articulation @ varies from 0.5 to 2.0.

3.5. Pressure distribution in the glottis. Since the dimensions of the glottal
orifice, approximated in Fig. 3 by a rectangular slit of length I, width w and
depth d, are much smaller than the wave length A and the linear flow velocity
u, is much smaller than the velocity of vibration v = da/dt of the vocal fo ds,
the distribution of pressure drops in the glottis may be determined according
to the general rules for steady-state unidimensional flow of air along the Y
axis, (see Fig. 10). The scheme of the longitudinal cross-section of the glottis
model and the corresponding pressure drops AP along the flow axis are shown
in Fig. 12a and 12b, respectively. The pressure drops are determined by the

expressions (19) — (23):
A

P,—Py; = 0.699(U24;;

a, (19)

0

od, aU,

Py, —Pyy = 12ud,BAT,+ £ iy

(20)

[ i o
-P12 _Pn B _2‘ Uﬁ(Agf _Amz); (21)
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£ ody, AU
Py —Pyy = 12pd,02A U, + A—ﬂ iy (22)
g2
A A
Py, —P, = —gng;fT"*‘(l— A”z). (23)
t t

Formulae (19) - (23) are based on the following assumptions (see Fig.
12):

a)

— — R =R Fa—PogPor——F—-—

- EaT lc- d —»
Trache Contrac-< 16'/0#(‘.5‘

tion
b)
Psl
g
2 ]
L 9 o /1
D~ e c--\%z‘m
o ‘K_Z
1A
<—Trachease- L, »« d; == dy » (g =< Vocal tract>
(my) (m3)
= Glottis >

Fig. 12. Schematic diagram of the longitudinal cross-section of the glottis model (a) and
the diagram of pressure drops in the glottis (b)

(a) The pressure drop 4P, = P,—P,, (19) along the constriction [, of
the trachea at the glottis inlet is equal to the Bernoulli pressure increased by
an empirical coefficient & ~ 0.37 which expresses the effect of the constric-
tion [1], so that, finally,

AP, 1.37%(%)2.

(b) The pressure drops AP;, = P,, —P,,(20)and APy, = P,,—P,, (22) along
the segments d, and d,, respectively, originate from the viscous loss resistan-
ces R, and R,, determined by the general formula (1).

(¢) The pressure drop AP ;. = P, —P,, (21) at the abrupt change of the
glottis cross-sectional area is equivalent to the difference of the kinetic energy
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s Har e _._—/«

densities in the cross-sections A, and 4,, provided that the air flow in the
glottis is continuous: U, = const. Hence !

9
Pyy—Ps = 9 QUﬁ(AJf _Ag;lz)r
since ul, = U3A? and uj, = Uz4,}.
(d) The pressure drop AP, = P, —P, ~ P,;—P,,;, has a negative value;
according to [1]

- 2

However, when calculated on the basis of Newton’s flow laws, it has the
value given by formula (23) [9].

Assumptions (a) - (d) concern the peculiar case of the static flow of air
through the glottis orifice, when the vocal folds do not vibrate. In dynamic
states of vibration to the static pressure drops imaginary components must
be added. The imaginary components of the type (¢d/A)(dU,/dt) , which are
referred to the inertia of air vibrating in the respective cross-sections of the
glottis, appear in equations.(19), (20) and (22) only.

Using equations (19) - (23) one can draw an equivalent electrical circuit
of the glottis, expressed in terms of R, L, C parameters (Fig. 13), whose values
are given by the following formulae:

TFL
Py,,—P, = = "9(“92)2 .

ke Lo Ryr Lgr R Rn lga e

5 P Pz Py A

‘ A
i | by
— & e (my) — > Step ot () —=t+- L -

le—— Glottis—*1

Fig. 13. Equivalent electrical circuit of the glottis

. = 0.69042|U,|, (24)
IG
dx
- B [ s it (25)
i s A () :
R, = 12#l§d1A;;13: (26)
Lgl =t le‘Anglf (27)
R,, = 12uBd. A}, (28)
L,y ='od, Az}, (29)
1 9 —
Ry = 5 e(Agn —A,0) Uy, (30)
|T,| ' o A
R= —p—* (1w "). (31)
. A4, A,
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The acoustic impedance Z, of the glottis in the two-mass model, determi-
ned on the basis of the equivalent circuit in Fig. 13, may be expressed as

on B

0.37 i A _
Z, = 210, | = + S L ETE o B RV TY S /O A
2 Aﬂ‘l AOZ
= (R +Ria)| Uyl +(Ryy +Rys) +j( Ly +Lys + L), (32)
where
A,
D — — A A
0.190 0.5 1, (1—A4,/4,)
Ry, = R, =9 (33a,b)

A4

gl Agﬂ
Since as a rule L, € L, +L,,, the inductance representing the inertia L,
may be neglected, L, ~ 0. In the single-mass model the coupling stiffness
s, = 00, 4, = A, = A, and expression (32), provided 4, > 4,, may be re-

written in the form
Z, = R, +R; +joL,, (34)

where R, — 12ud24;° is the viscous loss resistance, R; = 0.6904,° U, —
the kinetic flow resistance, L, = odA,' — the acoustic mass of the air in
the glottis orifice. ;

Expression (34) agrees well with the previously given formulae (1) and
(2). The only difference — in the numerical value of the constant factor in
R, — results from the slightly different simplifying assumptions in the case
considered.

3.6. The driving forces in the vocal fold system. The driving forces, denoted
as F, and F,, originate from the pressures P,,, and P,,; which act on the effec-
tive side areas of the vocal folds equal to (I,d,) and (I,d;), respectively. It is
assumed that P,,, and P,,, are equal to the arithmetic means of the pressures
(P, Py2) and (P,,, P,,) respectively, thus

:

Pml - ’2_(P11 +P1z)’ (35)
1

sz — E (P21+P22}- (36)

Using equations (19)-(23), one can write

1 av,
Boy— E(Pn +Py) = P,—R,U,—— (RngJrLgl o ) (35a)
1 1 dl
P = 9 — (Pgy+P3g) = Py — By U,— E[(Rm + R o) U, +(Lyy +Lys) _at—g]’ (36a)

5 — Archives of Acoustics 1/T7
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and finally obtain
: Fy = P, (l4d,), (37a)

F, = P,s(ld,). (37b)
4. Electrical model of the larynx source and its mathematical description

4.1. Electrical equivalent circuit of the model. Having introduced the simpli-
fying assumptions previously discussed which consist in:

(a) disregarding the acoustic impedances of the bronchi and trachea,

(b) representing the energy source, that is the lungs, by a d.c. voltage
source with electromotive force P, ~ P; and zero internal impedance,

(c) expressing the glottis impedance Z, in the form given by equation (32),
one may draw the electric equivalent circuit of the speech organ in vowel
artieulation as shown in Fig. 14. The pharynx-mouth voecal tract is simula-
ted by the cascade connection of n symmetrical 7-type four-poles, each of which
represents an elementary section of the vocal tract approximated in the form
of a cylindrical tube with hard walls, of cross-sectional area A; and length I,
(¢ =1, 2,..., n). The acoustic parameters of the i-th four-pole T, are as fol-
lows [10]: : 5

L; = ol;/A; — acoustic mass,

0; = Al;/pe* — acoustic compliance,

R, — (81;/43)V ouw /2 — acoustic i‘esistance of the viscous losses at the
tube walls, where g is the density of air, 4 — the coetficient of viscosity, 8; —
the tube circumference and o = 2xf — the angular frequency. The neglected
losses, caused by energy absorption at the walls of the tube and by heat con-
duction at the walls, may be taken into account by multiplying the acoustic

- loss resistance R;, calculated at the frequency f = F,, by the correction factor
k.=.20-28, . - _

In the equivalent circuit given in Fig. 14, the radiation impedance Z, is
represented in the form of the 'para_llel connection of the inductance L, and
radiation resistance Ry, according to the expressions (5), (ba) and (5b) in sec-
tion 2.3.

Riy Ror Lgr RhaBalos Ry Ly Lo Ry Ry Ly Lp K

| Agatt [-Agz(z‘) )

model U.‘] |

F

i
=5 |
=H : R~ Glottis 'U.? Cr
|
Q' Agg. il A

Glottis—*—lVbcal tract

Fig. 14. Equivalent electrical circuit of the speech organ in vowel articulation
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4.2. Mathematical description of the model. The behaviour of the electric
circuit in Fig. 14 may be easily discussed by the classical methods of network
analysis, e.g. by the loop-current method for n+2 loops, where n is the ar-
bitrary number of elementary segments of the vocal tract. Let us for example
put #» = 4, thus simulating the vocal tract by four cylindrical segments only.
In this case we obtain the set of six differential equations of motion (38)-(43):

‘ au,

(Rkl +Rk2)] Ug] Ug +(‘Rv1 +Rv2) Ug +(Lg1 +Lg2) _dT' s

t

1
- fU U)dt'=P,, (38)
1

t
av,
e > o —U,)dt =0 9
(Ry+ Bo) UL+ L) +02f(U1 U2)dt+ Clof(Ul Uit =0, (39)
y ) i
- hofvi JRTERI TE O B 71 —U)dt =0, (40
Byt Ba) U I+ Iy) =5 +030f(U2 Ui+ CZJ(UZ Udt =0, (40)
S t i
av 1 1
(By+ R Uy +(Ly+ L) > + f (Uy—~Upit+—— [ (T3~ Upit = 0, (41)
RN A i
[
vy U, | 1
et U,)dt = 0, 42
R+ Ty +Lg) o ~ =g + 6{ (42)
d
BplUptIp o (Up=Up) = 0. (43)

From these equations the currents (or volume velocities U) and voltages
(or acoustic pressures p) in any loop and node of the network corresponding
to a particular acoustic cross-section. of the vocal tract may be determined.
In acoustic diagnostics of the larynx source the following quantities and the
mutual relationships are the most interesting:

(a) The volume velocity U, in the glottis orifice as the output of the la-
rynx source in the form of the flow function U (t).

(b) The volume velocity U, through the radiation resistance Ry of the
mouth orifice, since this quantity is funetionally connected to a directly mea-
surable diagnostic parameter of the speech signal, viz. the acoustic pressure
p(r) at a distance » from the mouth orifice

P(T) — j_.a)gﬁ e“iinr/j-

44
4nr (44)

Relation (44) is valid in the near field of a spherical wave, when 2zr < A
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The coefficients Ry,, R;., E,,, R,, L,, L, in equation (38), which also
appear in expression (32) for the acoustic impedance Z, of the glottis, are
functions of the glottis areas A4,(f) (10a) and A,(t) (10b). This fact is attri-
buted to the feed-back in the larynx generator, previously described in section
3.1. In this connection the flow equations (38)-(43) must be complemented
by the differential equations of motion of the vocal folds, simulated by the
masses m,; and m,. The equations of motion may be written in the form

d%r dx 2
F, =m, dt21 ‘H'l‘dTl +8,1y +8(0, —,), (45a)
dza‘:‘ da,
Fy=my—— +1, o + 8%y +8,(@y —2y), (45b)

where F; and F, are the driving forces given by formulae (35), (36) and (37).

For the purposes of numerical calculations and computer modelling of the
speech organ in various conditions of phonation and articulation, the dif-
ferential equations of flow (38)-(43) and motion (45a, b) should be made dis-
crete by substituting for the differentiation [df(t)/d¢] and integration [f f(t)dt|
operators the corresponding incremental approximations according to the ru-
les

df(t) = JO)—ft_y)  fi—Ffia

P TR i RS S

[rwat ~ (t;—t;_,) 2,«.4 Zf“ (46D)

1=0.

(46a)

where 7 is the step of time quantization, and ¢ is the number of the successive
time segments.

The flow and motion equations must be solved by an iterative method.
The volume velocities U in the different cross —sections of the vocal tract, the
driving forces F,, F, and the resulting displacements x,, x, of the vocal folds
m,, m, in suecessive i-th time segments are determined from the values of x,
and «,, calculated or assumed for the preceeding, that is (i-1)-th, time segment.

5. Conclusions

The preceeding theoretical considerations indicate the applicability and
usefulness of a physical model of the human larynx source in diagnostic in-
vestigations of the speech organ in both normal and pathological cases. Any
anomaly of the anatomical structure of the larynx and restriction of its motive
capability, resulting either from laryngeal nerve palsy or from necessary sur-
gical intervention, may be expressed in terms of the physical parameters of
the model, which at the same time result in measurable variations of the acous-



PHYSICAL MODELS OF THE LARYNX SOURCE 69

tic structure of the speech signal being analysed in the time and/or frequency
domains. These relations are mutual and reversible: the analysis of the acous-
tic parameters of the speech signal under definite phonation and articulation
conditions makes it possible to determine, when using the model and its mathe-
matical description, the equivalent values of the physical parameters of the
larynx model and hence to define and localize any anomaly of the anatomical
structure or reason for a restricted motive capability of the biological system.
This in turn facilitates and makes objective the process of diagnosis.

The directly measurable acoustical diagnostic signal usually used in laryn-
gology and phoniatry is the acoustic pressure p(f) of the speech wave at a par-
ticular point on the axis of symmetry of the patient’s mouth, or the spectral
presentation of this function obtained by a Fourier or Laplace transformation.
The acoustic pressure is connected with the volume velocity Uy in the mouth
orifice by the simple relation (44). The time and frequency parameters of the
Ug(t) function contain essential information concerning the physical and
material constants of the larynx source, as well as the spectral (e.g. formant-
-antiformant) structure of the speech signal-which depends on the momentary
geometrical configuration of the vocal tract. The latter information may, if
necessary, be eliminated by the process of inverse filtering. In this way the
information content of the speech signal may be limited to the larynx source
characteristics only. The essential diagnostic information is contained in the
volume velocity function U,t) through the glottis, since this function is
related by the flow equations (38)-(43) and the motion equations (45) with
the most important physical and physiological parameters of the vocal folds
and with the subglottal pressure P,.

The physical interpretation of the larynx pathology and the description
of anatomical anomalies in terms of the physical parameters of the diagnostic
speech signal is the subject of further research work which is being carried out
in the Speech Acoustics Laboratory, Department of Cybernetic Acoustics,
IFTR?) — Polish Academy of Sciences, in close co-operation with the Phonia-
tric Centret) of the Otolaryngological Clinie, Central Clinical Hospital, Medical
Academy in Warsaw.
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