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The subject and the aim of this work is the development of an articula-
tory model of the speech organ, adapted to computer simulation, for investi-
gation of the influence of nasalization due to cleft palate upon the formant
structure of originally non-nasal speech sounds, e.g. oral vowels, under realistic
operating conditions from the acoustical, physiologieal and clinical points of
view. This was achieved by reproducing the anatomy of the vocal tract under
different articulatory conditions including all the possible individual variants,
which depend on personal voice characteristics in both normal physiological
states and in various pathological conditions. An essential part of the model
was the taking into account of the losses in the vocal tract, the radiation impe-
dance of the mouth and/or nose orifice, and the introduction of an additional
parameter, which expresses in a quantitative manner the degree of nasalization,
depending on the extent of the cleft palate. The model is intended for eclinical
applications in computer-aided acoustic diagnostics in phoniatry.

1. Intreduction

The subject of an earlier work of the present author and his colleagues
[12] was a graphical analysis of the influence of cleft palate (med.: palatoschisis
molle) upon the transmission characteristics of the vocal tract, which determine
the spectral structure of the oral vowels. Experimental verification was per-
formed on an analogue model simulating, in an extremely simplified manner,
the geometrical configuration of the vocal tract during the articulation of the
nautral vowel M. The model had a scale of 5 : 1 dimensionally and, consequen-
tly, 1:5 in frequency. Good agreement was obtained between the analytical
and experimental results. These preliminary investigations confirmed the pos-
gibility of objective evaluating the influence of cleft palate, which results in
the forced nasalization of originally non-nasal speech sounds, upon the formant

*) This work was performed within the framework of the: nodal problem 10.4.3.
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structure of the oral vowels. This influence proved to be measurable and
amenable to analytical treatment. It establishes many possibilities for the
clinical application of acoustical methods in phoniatric diagnostics for the
objective evaluation of pathological and postoperative states in cleft palate
and for the objective control and documentation of the rehabilitation process.

The results of preliminary experiments, although encouraging from the
cognitive point of view, proved to have limited clinical usefulness because
of the simplifications introduced. The aim of the present work is to extend the
previous results and to increase their accuracy by elaborating a universal
articulatory model of the speech organ, which is adapted to computer simula-
tion. This aim may be achieved by:

— reproducing the anatomy of the vocal tract in the articulation of dif-
ferent oral vowels (firstly for the Polish basic vowels [i,y, e, a, 0, u]) under
steady state conditions with all the possible individual variants, determined
by the individual features of the patient’s voice in both normal physiological
states and pathological conditions;

— taking into account the losses existing in the vocal tract and the radia-
tion impedance of the mouth and/or nose orifice;

— introducing an additional parameter, which expresses in a quantita-
tive manner the degree of nasalization, which depends on the extent of cleft
palate or on its actual advance.

2. An acoustical model of the vocal tract in the articulation of voiced sounds with glottal
excitation

A simplified acoustical model of the supraglottal part of the speech organ
is shown in Fig. 1a. The vocal pharynx-mouth tract (¢ + U) may be approxima-
ted as a tube of irregular cross-sectional area given by the function A (xz),
where @ is the distance from the glottis. Under the normal anatomical conditions
of an adult male the length I, = 1,1, of the pharynx-mouth tract, ending
at the point # = I, by the mouth orifice, is of the order 16-19 cm, and its cross-
sectional area ranges from some fraction of a square centimetre to about 15 em?,
The pharynx tract is excited at the point # = 0 by the larynx generator with
an internal impedance Z,, which produces a volume velocity U, in the glottal ori-
fice. At the point # ~ 8 em the nasal tract N is attached to the pharynx-mouth
tract. The nasal tract has the form of an irregular tube of the length [, ~ 12.5 ecm
and total volume equal to about 50 em3. The movable soft palate (med.: epi-
glottis) acts as a valve which controls the degree of acoustic coupling between
the nasal and mouth tracts, i.e. the amount of nasalization of originally non-
nasal speech sounds.

The acoustic energy of the speech wave is emitted through the radiation
impedance Z,, of the mouth and/or Z,, of the nose. The corresponding volume
velocities are U, and U,. These volume velocities produce, at a distance r i
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on the axis of symmetry of the radiating system, an acoustic pressure p(r)
in the speech wave, which is a linear superposition of two waves radiated through
the mouth and nasal orificest). It may be expressed as

Jjwo
47y

p(r) = (U Uye 200 (1)
(for a spherical wave, 2z < 1), as is explained in [12].

The acoustic model of the articulatory effectors shown in Fig. 1a may
be presented in the form of the equivalent electrical eircuit shown in Fig. 1b,
in which the continuous cross sectional area function A (x) of the pharynx-
mouth tract is approximated by a definite number ¢ of uniform elementary
segments, e.g. T-type four-poles, each of which represents a segment of the
tract of length 1 = I,/¢ in the form of a cylindrical tube of cross-section A;
(i = 1,2,...,q). The accuracy of the approximation increases as the length 1

,..ﬁ = S50 Nakol -———4-»1
tract |

I
|
I
|

,,///////////////////////
| /

[

1
i
s i i
% harynx
——d, Glottis fa— prach- 17

Mouth !
e tract

pn
Tns
U
Cids &5 WUU
4 g G Zpu
7‘; -‘?A'-f) 71-2

Fig. 1. Simplified acoustical model of the supraglottal part of the speech organ (a) and its
eleetrical equivalent ecircuit (b)
P, — subglottal pressure, (m,, $;,7:) and (my, 84, rs) — vocal folds, Ug, — volume velocity of the larynx source,
Z_ — acoustic impedance of the glottis (larynx source), & — pharynx tract, U — mouth tract, N — nasal tract,
U, — volume velocity through the mouth orifice, U, — volume veloecity through the nostrils, Z,,, — radiation
impedance of the mouth orifice, an — radiation impedance of the nose orifice, Z, — acoustic impedance of
the nose-to-mouth coupling

1) The component originating from the acoustic pressure wave, radiated by the ex-
ternal surface of the vibrating walls of the vocaltract, has been neglected.
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of each cylindrical elementary segment decreases. The limiting condition is
l = 2yin/8, Where A, is the wave-length at the highest frequency in the
considered range, i.e. f... ~ 5000 Hz. It follows that the representation of the
area function A(z) of the pharynx-mouth tract in terms of ¢ ~ 20 discrete
elementary uniform segments of length ! = 1 em is quite satisfactory for mo-
delling purposes, since the resulting «quantization noise» may be neglected.
The electrical equivalent circuit in Fig. 1b constitutes the theoretical basis
and starting point for the design and construction of many articulatory speech
synthesizers, both static [2, 3, 17] and dynamie, i.e. controlled by electrical
signals, initially analogue [6,16] and subsequently digital [1].

Fig. 2. Cylindrical tube of length ! and

cross-sectional area A representing an ele-

mentary segment of the vocal tract (a)and
its equivalent electrical circuits (b, ¢)

According to the general theory of acoustical circuits, adopted for vocal
tract modelling [3, 5, 11], the equivalent network of a homogeneous eylindrical
tube of length I and cross-sectional area 4 (Fig. 2a) may be represented as a
symmetrical T-type four‘pole (Fig. 2b), whose acoustic parameters L, C, R, @,
€, and G, are defined as follows:

L= B = gitA
— the acoustic mass of the air in the tube [kg m™*];
¢ = Ol = Aljge?

— the acoustic compliance of the air in the tube [kg™'m*s];

8
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— the acoustic viscous loss resistance at the tube walls [kg m™*s™'];

Aw
2ez0

n—1._
oc?

— the acoustic loss conductance due to heat conduction at the tube walls
[kg™' m*s];
my S

s SR e
Ce rs+ o'm,

87

— the negative acoustic compliance equivalent to the reciprocal acoustic
mass of the vibrating vocal tract walls [kg 'm*s*];

T,
—Gl =
rs+ " my
— the reciprocal loss resistance (i.e. acoustic conductance) of the vibrating
vocal tract walls [kg~' m*s].
The value of the corresponding four-pole parameters per unit length are

labelled with subseripts j (L;, 0;, R;, G4, C,; and G;).

The symbols used in the a.bove expressmns and subsequently in this pa.per
have the following physical definitions and numerical values:
I — the length of the tube [m],
A — the cross-sectional area of the tube [m?],
S8 — the tube circumference [m],
o = 2nf — the angular frequency [s'],
0 =114 [kg m™*] — the density of moist air at the temperature of the hu-

man body (¢ = 37°C),

¢ =360 [ms '] — the velocity of sound in moist air at. the temperature
of the human body (¢ = 37°C),
p =1.8610"° [N m?s] — the viscosity coefficient of air (¢ = 20 °C,
o = 076 mHg);
A =55-10"*[cal m~' s 1°0"'] — the thermal conductivity of air,
¢, = 0.24-10° [calkg™'°C~!] — the specific heat of air at constant pres-
: sure P, = 0.76 m Hg,
y =14 — the adiabatic constant of air,
Ty ~ 16-103 [kgm™?s71] — the loss resistance of the tissue of the vocal-
tract walls per unit area?),
my, ~ 15 [kgm™*] — the mass of the tissue of the vocal-tract walls per unit
area?).

%) The numerical values of 7¢ and mg were determined by direct measurements of the
surface impedance of the vocal-tract wall tissue [9], and then experimentally verified
in model investigations [15].
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The physical meaning of the parameters C, and @, calls for a brief expla-
nation. The vocal-tract walls are not infinitely stiff, as was assumed in simplified
considerations (see e.g. [12]), but have a finite acoustic impedance per unit
area z,. When exposed to local acoustic pressure in the voeal tract, they are
forced to vibrate. The reactive component of the impedance z, at frequencies
above the resonance frequency of the walls, i.e. when f > 100 Hz, has an inertial
character. The impedance 2z, may thus be represented by a series connection
of the loss resistance 7, and the mass m,,

2y = 1y +Jomg, (2)

where 2,, 7, and m, are quantities per unit area. The impedance z,, which
corresponds to the energy dissipated by the wall vibrations, ought (on formal
grounds) to be included in the transverse branch of the four-pole T in Fig. 2b.
It is thus convenient to present z, as the parallel connection of a real (resistive)
and an imaginary (reactive) component in the form of an admittance per unit
area y, = 2, :
T : Mg

ntotml Yot

Ys = (3)
Multiplying y, by the tube circumference S, we obtain the acoustic admit-
tance per unit length of the walls,

s s
e el

s+ o'm;

7y ' m, =S kinly, e
where G; is the acoustic conductance per unit length of the walls, and C,; is
the negative acoustic compliance, equivalent to the reciprocal mass, per unit
length of the tube walls.

If the walls of the tube are infinitely hard, m, = co and r, = oo;
thus Y; — 0 and the transverse admittance of the four-pole T in Fig. 2b is
simply ¥ = @ -+joC.

Using the general transmission line theory, we can transmute the equivalent
circuit of a tube of length I, shown in Fig. 2b as a T-type four-pole, to the form
presented in Fig. 2¢. Expressing the acoustic impedance per unit length of
the longitudinal branches of the four-pole as

Z; = By+joly = — Vooul? +3w% (5)

and the acoustic admittance per unit length of the transverse branch of the
four-pole as

Yj = (Gj ‘E‘st) +jCO(OJ "I“ 08_1')

n—1 l/ A r,8 S mg S )
P " A 6
( oc? 2¢,0 * r§+w2m§ e oc® i+ o'm? ; (6)
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we obtain the following expressions for the characteristic impedance Z, and
the propagation constant y of the tube?):

Zy = V2|Y; = V(B; + joLy) [[(G;+Gy) +jo (C;+ Cy)], (7)
¥ = a+jB = VZ;Y; = V(B +joL) (G +6y) +jo(C;+Cy)]. (8)

From expressions (7) and (8) for the impedance parameters z, and z,
of the four-pole T in Fig. le we get

l 2 l P 3 1
ta=Zo tgh (ML2)~ Zol2 = Z; 5 = (Bjtjoly) o = 5 (R+jol) = o Z, (9)
Z, z, 1
R e e B e 3 Ty
sinh (1) pl [(GJ-—I—GSJ-) +jo(C;+ Cy) 11
=[(G+G) +jo(C+C,)] " =Y,

where Z = Z;l and Y = Y,l (ef. (5) and (6)).

The approximations applied in expressions (9) and (10), which consist
in replacing the hyperbolic functions tgh # and sinh # by the values of the
argument @, that is by the first term of their series expansions, are valid for
small values of the argument ». This condition is fulfilled in the case considered
of a short section of tube, where [ < {2

(10)

min *
3. The pharynx-mouth tract including the shunting effect of the nasal tract

According to the earlier assumptions, the pharynx-mouth tract can be
approximated by a cascade connection (or chain) of ¢ T-type four-poles (cf.
Fig. 1b) each of which represents an elementary segment of the vocal tract
in the form of a cylindrical tube of length I = 1 em and cross-sectional area
A; (i =1,2,..., q). The quantities ¢ and A; are considered as variable para-
meters which deseribe the actual geometric configuration of the vocal tract
depending on the personal physio-pathological features of the patient’s speech
organ and on the temporary articulation conditions expressed in terms of the
vocal-tract cross-sectional area function A (z).

Using the scarce data which may be found in the literature (see e.g. [3,
" 15,17] and adapting it to the articulatory conditions of Polish vowels, we
have shown in Table 1 the discrete values of the A (#) area function of the basic
vowels [i, y, e, a, 0, u] for different values of x in Ax = 1 cm steps. The data
should be treated as preliminary information which corresponds to the average
normal physiological conditions of an adult male and which calls for individual
verification. The eventual correction should be based on an experimental
comparison of the pole frequencies of the vocal-tract transfer function H (w)

3) Depending on the relative values of the parameters R;, Lj, Gy, Gy, O and Cyy,
some of them may be neglected in numerical caleulations. In the particular case of a lossless
tube, the parameters R;, Gj, Gy and Ug are equal to zero, whence

Zy = VL;/C; = ge|4, y =juVL;j0; =joje =jf, a=0.
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Table 1. Discrete values of the cross-sectional area funetion A () of the vocal tract in the
articulation of Polish oral vowels [i,y, e, a, 0, u] (approximate data).

Vowel R T o s o e
Distance from glottis » Cross-sectional area of the vocal tract A (z)
[em] [em?]
1 3.0 3.0 ! 2.3 2.0 2.5 2.6
2 2.0 3.0 1.4 1.0 1.5 2.0
3 10.0 12.0 6.5 2.3 6.0 8.0
Pharynx tract w4 13.0 12.0 | 6.5 3.0 5.0 10.0
5 13.0 11.0 ‘ 8.0 4.3 3.2 5.3
6 12.8 885 FF-10.8 5.0 1.4 2.5
4 12.8 b s 10:5 vy 0.7 3.5
Bifurcation 8 117 2.0 9.5 2.0 1.4 2.5
9 7.3 1.0 7.3 3.0 2.3 2.5
10 3.6 1.0 5.7 5.0 2.6 2.2
11 2.2 2.0 4.5 6.5 4.0 2.2
12 0.6 6.0 4.0 8.0 5.7 2.5
13 0.6 8.0 3.3 9.0 8.0 4.0
Mouth tract 14 : 0.5 6.0 3.3 9.5 10.3 7.5
16 0.6 3.0 3.3 9.0 10.3 13.0
16 1.6 5.0 5.0 8.8 10.3 13.0
17 4.0 8.0 70 |. 8.0 80 | 4.0
18 - - - — 48 | 03
19 ASER el A - - — N 0T

‘ i : Uy
- -7 48 -
3 .‘?!'j:(g hv SR ?P“
: i
' [
i Mouth

™ orifice

Four-pole: T,

Fig. 3. Acoustical model of the vocal pharynx-mouth tract including the shunting effect
of the nasal tract (a) and its equivalent electrical cireuit (b)

e



SIMULATIVE MODEL OF THE VOCAL TRACT 243

with the formant frequencies of the different natural isolated vowels spoken by
the subject under examination. The average values of the formant frequencies
of Polish basic vowels measured by JAssEM may be found in [10].

An accustic model of the vocal pharynx-mouth tract (including the shunt-
ing effect of the nasal tract) and the corresponding electrical equivalent circuit
are shown in Fig. 3. The k-th*) segment of the model and the corresponding
equivalent T).-section represent the bifurcation of the vocal tract (med.: naso-
pharyna), i.e. the space in which the input impedance Z, of the nasal tract
shunts the pharynx-mouth traet constituting the only path of energy flow
in purely oral articulation. The section T, differs with regard to its structure

from other sections of the vocal tract and may be represented in the form shown_ -

in Fig. 4 which may be used to determine the longitudinal impendances z,

Nasal
1 tract |
1 1
a) Zn
! .
\_l_/ il
U, i ! U
P £ I _______ PR e A e i S
P : 1] A
g | A 2
il ! T e D g 7
> z : z
Uy = U,
Z
pr 1 7 - pz
d . b X
Fig. 4. Acoustical model of the & e
vocal-tract’s bifurcation (a) and its £ 2 ! g
equivalent eleetrical circuits in the
form of a transmission line shunted 4, )
: by the impedance Z, (b) and in the —=—mb 1 — o2 :
© . form of a ca,sca.d.e connection .of thr(.!c ) PJ Ay Ap || A tpz .
four-poles deseribed by their chain 5] | | ]
matrices 4,, A,, A, (¢)
Ak=A1'An-A2

and the transverse impedance z,, of the T four-pole, depending on the actual
value of the shunting impedance Z,. For this reason the k-th segment of |

length 1 and cross-sectional area 4, were replaced by two identical subsegments,
each of length /2, between which the shunting impedance Z,, representing
the input impedance of the nasal tract, is located (see Fig. 4b). In this way
the equivalent electrical circuit of the bifurcation has been shown in the form
of a cascade connection of three four-poles described by their chain matrices A.

%) Provided that under normal physiological conditions the vocal tract bifurcates
~into the mouth and nasal tract at a distance # ~ 8 em from the glottis, k = 8.
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Two extreme four-poles represent the left and the right halves of the bifureation
segment, and their matrices 4; and 4, are equal,

l l
cosh ('y 5) Z,sinh (y 5)

A4, =4, = ’ l . (11)
h -t
81N (y 2) . ( 1
P i Ry c e
Z, s 15
while the middle four-pole, which represents the shunting impedance Z,, is
described by a matrix 4, of the form £
1 0
A, [1 7 1]- (12)

The resulting matrix A4,, describing the k-th segment, may be expressed
by the product A, = A, A, A, of the three matrices as
4= o] a
where
Z,
Z

l l l
sinh (yu) cosh (‘yg) + sinh? (yg),

; !
A== h2{y—
L = CO8 ('y 2) =} 2

n
l l & l
B, = 27, 8inh ('y —2—) cosh (y ;) -+ ZO ginh? (;v —2-):

g l ! 1 il
Ckzzsm_h y*2- cosh y; +Z—ﬂGOSh ?’E?

- S ! l . b
sinh (y 5—)00&.11(;} 5) = Sﬂlhz(?’ 73‘) .

Z

l
7 coshz(y—) +
2 n
If Z, = oo (i.e. the nasal tract is disconnected and there is no nasalization),
the matrix A, (13) may be reduced to the simple form

cosh (1) Zy sinh (1)

4 = (14)

?

L% sinh (1) cosh (1)
Zy
which describes the four-pole network of a homogeneous tube segment of length .
This may have been expected and confirms the theoretical assumptions and
the correctness of mathematical manipulations.

Using the well-known formulae of matrix algebra applied in the theory
of electrical four-poles (see e.g. [14]), we can determine the impedances 2,
of the longitudinal branches and the impedance z,, of the transverse branch of the
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four-pole T, by formulae:

ey
= =5 (15a)
k
1
Bpr = 0.’ (15b)

k

where 4, and O, are elements of the matrix 4, (formula (13)).

Using the previously justified approximations: sinh (pl/2) ~ yI/2 and
cosh (y1/2) ~ 1 which are valid provided I < 1/8, we can reduce the matrix A,
(formula (13)) to a simpler form,

PO 1\ 7 I}
1-}—(?5 7\ 3) 27, 2 pn 2

= Z 2 iid
b dogurif L1 1+( z)2+zo(z ¢ )
Zﬂy‘? Zn, y2 Znyz
from which, according to formulae (15), we obtain
Zoy+Z ( :
Toenrii e :
e 1 TS e (17a)
Zy+2Z —
0+ n(y 2)
and
Z Z
2 2 (17b)

Zpp = — o+
" T W Tyt Zaltl

As before, if Z, oo , the impedances z,, and z,, of the equivalent four-pole
representing the bifurcation of the tract reduce to the forms

yl
Zax = Ly (18a)
2
and
Z
By = - (18b)
pl

which express the longitudinal impedances z, and the transverse impedance z,
of a symmetrical T-type four-pole replacing a homogeneous cylindrical tube
of length 1 (cf. formulae (9) and (10)).

Without jeopardizing the accuracy of the numerical calculations, the k-th
segment and the corresponding four-pole T, which represent the bifurcation
of the vocal tract, may be considered as lossless circuits with Z, = pe/A4,; and
¢ = jo/e. This implies further simplification of the structure of the four-pole
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T, whose impedance elements z,, (17a) and 2, (17b) reduce to

IR wlp pclA,+iZ, wl[2¢
o A eolds+ 1B aljo

(19a)

and
oty 008 Z,
s e T e

(19b)

where ¢ is the velocity of sound in moist air at 37 °C (the temperature of the
human bedy) and o = 2=f is the angular frequency.

The larynx tone generator is shown in Fig. 3b as a voltage (pressure)
source of electromotive force (acoustic pressure) p, = R, U, and internal resis-
tance R,. The source parameters U, and R, may be determined using the equi-
valent (a.c.) circuit of the larynx generator after FLANAGAN [4]. This takes
into account only the a.c. components U, (t), 4,(t) and P,(t), of the flow (volume
velocity) function

Ug(t) = Ug0+ U;(t)?
of the glottis area function
Ag(t) = Ago +A;](t)

and of the subglottal pressure
Py(t) = Py +Py(t)

for small signal amplitudes (Uy(t) < Uy, A,(t) < A,, and P,(1) < P,).
Urider these conditions

2P , 1/2 3
U, -v( “) A (1) (20)
e
and
By ~ (B, +2Ry)p,, a,,- > (35
In equation (21)
12 pdl?
R”:__l%mﬁ
Ayﬂ

is the classical viscous loss resistance in the glottal slit of depth d, length [
and rest area A4, ,, whereas

U 2P,
R, — 0875200 _ 875 20Fw)
245 24,
is the kinetic loss resistance due to the transformation of the pressure drop
Py, in the glottis into the kinetic energy of the air flow (cf. [13]).
Under the normal anatomical conditions of an adult male (d ~ 3 mm,
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l ~18mm, A4, ~5mm? and at average voice effort (Pg ~ 10 cm H,0)
the source resistance R, (21) is of the order 100-10° MKS acoustic ohms and
is much greater than the vocal-tract input impedance Z, ®).

4. The transmission function ¢f the pharynx-mouth tract

The electrical equivalent circnit of the vocal pharynx-mouth fraet in
Fig. 3b may be described by Kirchhoff’s equations for (g-+1) independent
loops of the circuit:

Loop No. 1:" Z,,U,+Z,,U, = R,U,, (22a)
Loop No. 2: Zy Uy +Z3Uy+2Zy Uy =0, (22b)
Loop No. 3:- ng U2 +Za3 U3 -|—Z:,4I U., = [ (22¢)
LQOP No. i: 1(1 1) U@ 1)+‘Zn U£+Zz(i+1) U(i+l) =0, (22d)
Loop No. (fH'l) Z(q+1)qu+Z(q+1)(q+1) Ugrny = 0, (22e)
where ,
Zyi = (Zagi-1) _+ Zpi—1) T (20 T 20i) = a1+ %a (23)
Zagi—1) di
is the self impedance of the i-th loop, while
iy _‘Z(E—I) =T p(g=1) ; (24a)
and ¥
Zi(t'+l) = Zgr1i = — i (24b)

are the mutual impedances of the adjacent loops (i—1)i (formula (24a)) or
i(i+1) (formula (24b)), respectively. The defining equations (23) and (24)
are valid for loops numbered from 2 to ¢ inclusively, i.e. for 2 < 7 < ¢. On account
of the assymetry of loops No 1 and (¢ +1), the following notation was introduced
for their self and mutual impedances:

Zy =2u+zm+R, =25+ R,, (2ba)
Big—Z oy =~ (25b)
and
Zigr 1@+ = Pagt % Tpu = Zag T %pus : (262)
Zgary = Zigrng = —%gr (26b)

where Z,,, is the radiation impedance of the mouth orifice.

5) Except in the neighbourhood of the first (F1) and the second (F2) formant range
of vowels (see e.g. [13]).
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The loop equations (22) may be represented in the form of the matrix
equation Z;,U = P, in which

Zoiy g g 0
| %u Zy Zy 0,0 0
e PV ey e R DA (27)

0 0 0 0 l Z(!Hl)q Z(q+1)(q+1)

is the loop-impedance matrix of the (¢+1)-th order. The elements lying on
the main diagonal are the self impedances of the particular loops, and elements
beyond the main diagonal are the mutual impedances of adjacent loops. The
characteristic feature of this matrix is that in each i-th row (1<i< g+1),
only the elements Z,; ., Z; and Z;, differ from zero.

From equations (22) the volume velocity U; in an arbitrary i-th loop
of the equivalent circuit in Fig. 3b may be directly determined and calculated
according to the general formula

U, = %RQU,, (28)

p b

where A — det Zg, is the characteristic determinant of the impedence matrix
(27), and 4,; is the cofactor of the element Z,,. The transmission function
H, (w) of the pharynx-mouth tract (including nasalization due to the shunting
effect of the nasal tract), expressed as the ratio of the volume velocity U,y
through the radiation impedance Z,,, of the mouth orifice to the volume velocity
U, ~ U, through the glottis, is thus equal to

Hu(w) . LT(Q"']-) ot AI(Q+1). (29)
Ul All

Similarly, the transmission function H,(w), expressed as the ratio of the
acoustic pressure p, = Z,, Uy, in the mouth orifice to the volu_me velocity
U, ~ U, through the glottis, is equal to

Pu o Z;pu U{q+1) i Az‘(q“i‘i) VA
U U1 All pu?

where Z,, is the radiation impedance of the mouth orifice, simulated by a circu-
lar piston of area A, vibrating in a infinitely large flat baffle. The impedance

Z,, is given by the approximate expression [5,12]

H, (o) = (30)

g

w?o 80 .
+Jw e
3aV = Aq,

Z

pur"‘\"/’

p o
where ¢ is the density of air, ¢ — the velocity of sound, and o = 2nf — the
angular frequency. find e shiniants ‘ o ‘

i
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The use of formulae (29) and (30) in numerical calculations and in computer
simulation must be based on a knowledge of the numerical data for both the
cross-sectional area function A (z) of the vocal tract under definite articulation
conditions (ef. Table 1) and the input impedance Z, of the nasal tract shunting
the voecal tract at the point of bifurcation.

5. The input impedance of the nasal tract

In view of the scarcity of sufficiently representative data for determining
the anatomical structure of the nasal tract, e.g. from X-ray pictures of the
human head (cf. [3], Fig. 2.4-2), its cross-sectional area function A4, (x), as
simulated in most analogue speech synthesizers, is usually extremely simpli-
fied (see [6,7,8,17]). The simplification is reasonable since the shape of the
area function 4, (x) does not depend on the articulatory conditions and is constant
except for differences between individuals.

Using data from the medical and phonetic literature, we approximated
the nasal tract for the present work in the form of a cascade connection of five
homogeneous cylindrical tubes of lengths I, and cross-sectional areas A,;,
wherei =1,2,...,5 (Fig. 5). In Table 2 the numerical values of the parameters

a) An;
vy oy < ! Ml ! o
..._[1 —~h4[2b4—-—-— (3 TR s ¢
{y=12.5cm ]
Cmb é;)
4 6t ' Ap=1(x)
V.2 ) TR 1
e
2 oy 1_|_'
L | L L L I I 1 L L e

Tk MiBE e AR SR i, T A

Pharynx Distance from inlet Nostrils
tract o

Fig. 5. Acoustical model of the nasal tract (a) and the area funection A, (x)
of its eross-section (b)

l;-and A,; are presented and deséribe the geometric configuration of the model
which corresponds to the average anatomical conditions of an adult male.
The only variable parameter is the cross-sectional area A4, of the first cylindrical
segment, whose vaiue determines the actual degree of nasalization of the vowel
considered, which depends on the extent of cleft palate. In this way, the input
impedance Z, of the nasal channel, shunting the pharynx-mouth tract, is de-
termined — ceteris paribus — by the value of 4,,.

v
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Table 2. Numerical values of the parameters I;, 4,; (¢ =1, 2, ..., 5)
determining the geometrical configuration of the nasal tract in Fig. 5

Segment =
1 2 3 4

No 1

Length I; [em] 3.0 1.5 6.0 ! 1.0 1.0

Cross-sectional area

Ay [em?] variable 6.0 2.0 Y2 S Re0:8

As for the pharynx-mouth tract considered above, the electrical equivalent
circuit of the nasal tract, shown in Fig. 5, may be presented in the form of a
cascade connection of five four-poles 7,; (4 =1, 2, ..., 5) which simulate the
successive segments of the acoustical model, as is shown in Fig. 6. The four-
pole T, is supplied from a voltage source which represents the acoustic pressure

Zan? Zan1 Zan? Zan? Zan3d Zand Zand Zand Zans Zans

® |©

Loop No: @ ]l
Four-pole: T4

F) 7o)

Fig. 6. Electrical equivalent eircuit of the nasal tract correspohding to the acoustical model
in Fig. 5

p,, at the inlet of the nasal tract, whereas the four-pole 7, is loaded by the
radiation impedance Z,, of the nasal orifice, expressed by the approximate
formula (31) in which A4, is replaced by A4,; = 0.5 em? according to the data
shown in Table 2.

The input impedance Z, of the nasal tract, as seen from the bifurcation
point of the voeal tract, may be directly calculated using the formula

P _ 4

Z, — =
e et e

in which 4 is the characteristic determinant, and 4,, is the cofactor of the
element 7, of the loop-impedance matrix Z,,

(32)

iy P 0 0 0 0

Zy  Zy  Zyy 0 0 0

S 2 Zyy gy Ay 0 0
e T T A R (33)

0 0 0 Zsa Zgs  Zss

B G e R g
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which describes the model of the nasal tract in Fig. 6. The elements Z,; (i =
1,2,...,6), lying on the main diagonal of the matrix Zy, are, by analogy
with matrix Z,, (27), the self-impedances of the respective loops of the equi-
valent network in Fig. 6, whereas the elements Z; (i,j = 1,2,...,6; ¢ #j),
beyond the main diagonal, are the mutual impedances of the adjacent loops,
according to definitions (23) and (24). The physical meaning of the impedances
Zun; Of the longitudinal branches and the impedances z,,; of the transverse
branches of the four-poles T, (i =1,2,...,5) is determined by the general
formulae (9) and (10) derived earlier for the pharynx-mouth tract. The only
difference is that in the case of the nasal tract the effect of energy dissipation due
to vibration of the tract wall may be disregarded by putting G,; — C,; =0
in equation (10).

The input impedance Z, of the nasal tract, given by equation (32) for
different values of the inlet area A,; depending on the degree of nasalization,
is a variable parameter occurring in equations (12), (13), (16), (17), (19) and
subsequent ones. It is used for the computation of the transmission functions
H, (o) (formula (29)) and H,(®) (formula (30)) of the pharynx-mouth tract
including nasalization.

6. The transmission function of the pharynx-nasal tract

As a result of the nasalization effect due to cleft palate, the sound wave
is radiated through both the mouth and the noéstrils. The contribution of the
sound energy emitted through the nostrils to the total energy of the speech
wave depends on the input impedance Z, (formula (32)) of the mnasal tract,
and decreases to zero as Z, — oo. In most pathological cases and in postopera-
tive states this contribution is significant. In this connection, the application
of the superposition theorem to acoustic pressure, p(r) = p, -+ p,, according
to the general formula (1), must be based on a knowledge of the transmission
function H,(w) of the pharynx-nasal tract (G + N), including the parallel impe-
dance of the mouth-tract input impedance Z, (see Fig. 1). The methodology
and procedure of computation are analogous to those ones used in sections 3
and 4 for the pharynx-mouth tract.

The equivalent electrical circuit for the pharynx-nasal tract including the
shunting effect of the mouth fract is shown in Fig. 7. The four-poles T, T,, ...,
viry Lye_yy, where & = 8°%), represent, as in Fig. 3, the pharynx tract, whose
cross-sectional area function A (x) is determined — depending on the condi-
tions of articulation — by the numerical values in the upper (k — 1) rows of
Table 1. The four-pole T} simulates the bifurcation of the vocal tract, i.e.

6) Provided that the bifurcation of the vocal tract is located at a distance @ = 8 em
from the glottis.
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a1 Zg7 Zgp-1) Zom—r)i 2ok Zok ]-Zan1 Zan1  Zans5 Zans

Tn1

7 Th-7 | 7 ! ‘ ‘
Pharynx tract —+— Bifurcation _+___ Nasal tract |

Fig. 7. Electrical equivalent circuit of the pharynx-nasal vocal tract including the shunting
effect of the mouth tract

the place where the input impedance Z, of the mouth tract shunts the
pharynx-nasal tract. The configuration of the four-pole T is identical with
that of the four-pole T, previously shown in Fig. 4, the only difference con-
sisting in the shunting impedance whose role is now fulfilled by Z, instead
of 7Z,. In full analogy to formulae (17) and (19), the longitudinal impedances
#, and the transverse impedance z,, of the four-pole T}, may be expressed as

l
l Zo+zu (7" —2_)
Zar = Zy (7/ 3) SRR (34a)
ZU+2ZL¢(V?)
and
r ZO Zu

g L. M, (34b)
% T Yl Z, A+ Z N

Disregarding the losses of the four-pole 7T, they may be written as

, . o0l 00| Ay+iZ, olf20

= 3ba
“ak =94 g0l AytjZyalfo e

and
0c? A

35D
A, 0t Z,—jpotAzon Lo

r -
Rt

where Z, and y denote, as before, the characteristic impedance (7) and the
equivalent propagation constant (8) of the four-pole. Z, is the input impedance
of the mouth tract, measured or calculated at the input terminals of the four-
pole T 441y, provided the four-pole T, is loaded with the radiation impedance
Zyy (formula (31)) of the mouth orifice (c¢f. Fig. 3). As for the input impedance

pU

Z,, of the nasal-tract (32), the impedance Z, may be computed from the formula

: A
Sraee e (36)
Uierr A1) e+1)
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where 4, is the characteristic determinant of the loop-impedance matrix Z,
of the mouth tract, which is presented in Fig. 3 as a cascade connection of the
four-poles Ty.ins Tiioyy -y Ty under definite articulation conditions, and
A 1)k 18 the cofactor of the element Zg ., ., of this matrix.

Finally, the transmission function H, (w) of the pharynx-nasal tract (mclud-
ing the shunting effect of the mouth tract), defined as the ratio of the volume
velocity U, through the radiation impedance Z,, of the nostrils to the volume
velocity U, through the glottis, is given by the expression

H,(0) 2
) = — =
s U, 4

in

(37)

where 4,; and 4,, are the cofactors of the elements Z,, and Z,, of the loop-
impedance matrix Z,, of order n = k- 6, which corresponds to the Kirchhoff
equations for k46 independent loops of the network, shown in Fig. 7, which
represents the pharynx-nasal tract. Similarly, the transmission function H, (o)
of the tract, defined as the ratio of the acoustic pressure p, = Z,, U, in the
nose outlet orifice to the volume velocity U, through the glottis, is equal to

Pn ijn Un Aln
H, = = . 3
G e et 3 i (38)

7. Conclusions

The resulting transmission function H(w) of the complex, i.e. pharynx-
mouth-nasal vocal tract, defined as the ratio of the volume velocity or acoustic
pressure at the measuring point on the axis of symmetry of the system, which
radiates the sound wave through the mouth and nose orifices, to the volume
velocity of the larynx generator, is given, in accordance with the superposition
theorem (1), by the expressions

H (o) = [H,(0)|+ H,(o)] (39)
or
|H' (0)] = [Hy(o)|+ |Hy (o), (40)

where H,(w), H,(w), and H,(w), H,(») describe radiation from the mouth
(29), (30), and the nose (37), (38), respectively.

The pole-zero distribution in the frequency domain of the model trans-
mission function [H(w)| describes the”formant-antiformant structure of the
particular speech sound, e.g. an oral vowel, whose phonetic features are uni-
quely determined by the cross-sectional area function A (x) of the voeal tract,
and the degree of nasalization Z,. In this way, using the model and its mathe-
matical description, one can compute the spectral characteristic of an arbitrary
speech sound under definite articulatory conditions (which depends on the
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vocal-tract geometry), thus simulating the anatomy of the real (i.e. biological)
system.

The simulative model of the vocal tract presented iz both universal and
versatile. It can simulate the articulatory conditions of arbitrary speech sounds
with glottal excitation, taking into account any personal differences which
result from either the individual anatomical features of the speech organ or
the pathological anomalies, including the forced nasalization of oral vowels
due to cleft palate. :

The superiority of the simulative model, over analogue models, arises
from its high accuracy in reproducing the real physio-pathological conditions
of the biological system. This is a consequence of taking into account both
the losses in the vocal tract and the radiation impedances of the mouth and
nose orifices, which cannot be taken into consideration in analogue systems [12].
An additional advantage of the model is the variable parameter Z, which cor-
responds to the mnasal-tract input impedance, constituting & quantitative
measure of the nasalization effect which depends on the extent of the cleft
palate. It enables us to determine the quantitative relations between the spee-
tral structure of the directly measured diagnostic signal (i.e. the acoustic pressure
of the speech wave) and the physio-pathology of the vocal tract. These rela-
tions not only facilitate and make phoniatric diagnosis objective, but also
are useful in the control and documentation of thé rehabilitation process.

The elinical verification of the simulative model presented constitutes the

subject of active research being conducted at the Department of Cybernetic’ =

Acoustics, Institue of Fundamental Technological Research, Polish Academy
of Sciences, in close cooperation with the Otolaryngological Clinic of the Insti-
tute of Surgery of the Medical Academy in Warsaw. This will be preceded
by the elaboration of the model in a form convenient to digital presentation
and computer simulation, in order to obtain a rational compromise between
the aceuracy of reproducing the physio-pathological features of the biological
system and the operative capabilities of moderately-sized computers currently
available (e.g. the ODRA 1300).
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