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During phonation, steady flow of air through the vocal tract is
converted into pulsed flow, thereby creating sound for a listener. The
conversion of the steady flow to pulsed flow, and the subsequent
transporl of the unsteady air motion in the vocal tract to the
atmosphere, determine all the characteristics of the sound: its
fundamental frequency and amplitude, its spectral composition,
including upper harmonic conlent and noise, and the way these
properlies change with time. The mechanical properties and dynamics
of the folds are imporlant in determining the quality of sound. Also
important are the mechanical properties and dynamics of the unsteady
air motion and interacling solid surfaces in the supralaryngeal Lract,
which determine the way that unsteady motion is transported through
the air from the folds to the mouth. This is the subject of sound
propagalion, or in the terminology of speech scientists, the character-
istics of the filter, as opposed to the source. In this paper we primarily
consider propagation, and present a realistic compuler model of the
acouslical characteristics of the vocal tract.
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THE ACOUSTIC APPROXIMATION

What are the properties of the air and its motion Lhat help determine
whether the motion is acouslic or not? There are the constiluent
properties, such as density, temperature, pressure, speed of sound, and
viscosity, to name some of them. The base values (determined while
the air is at rest) of these quantities are used to determine whether
perturbations are small or large. If the unsteady variation in pressure
is several percent of the pressure of the air at rest, then the pertur-
bation may not be considered to be small, and the acoustic approxi-
mation may nof apply, depending on the error that can be tolerated.
With the acoustic approximation, squares and products of fluctuating
quantities are assumed to be negligibly small compared to both the
mean and first order fluctuating quantities, and the motion remains
isentropic or homentropic!. This acouslic approximation then resulls in
linearization of the equations of motion with both time and space.

The acoustic approximation provides a realistic model of the physical
processes that exist when a loudspeaker drives the air in a cylindrical
tube at low amplitudes. This simple picture, in which all air motion is
also acoustic wave motion, can be made progressively more realistic
when one adds features thal are relevant to sound propagation in the
vocal tract. The shape of the tube can be altered; it is widely
understood that the complex geometric details of the vocal tract
modify the resonances. If the walls were made of a non-rigid material,
corresponding more closely to those of the vocal tract, they would
react to the presence of sound, producing both attenuation and
dispersion. If air flowed through the tube, sound would travel faster
downstream than upstream, and these convection effects of the mean
flow may shift lormant frequencies. Furthermore, the mean flow can
generate sound at various stations along the tract by the mechanisms
of vortex shedding and flow turbulence (Shadle, 1985, 1990). A further
possibility is that sound can be scattered and absorbed by turbulence
(Howe, 1984). Having considered the ways in which these phenomena
can be characterized in general, we shall then consider features in some
depth that directly modify sound propagation. Vortex shedding and flow
turbulence are also significant for a complete understanding of sound
generation mechanisms, which are briefly considered in the section “A
Survey of Phenomena not Accounted for by the Program VOAC”

1 Note that “isentropic” implies that entropy remains the same over a
particular volume of air, while “homentropic” means that entropy remains the
same over a particular mass of air.
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Fhe usual assumplions of classical acoustic theory applied to the
vocal tract are as follows:

1. that the acoustic medium is a frictionless, homogeneous (ideal)
fluid at rest on the average,

2. that processes associated with the wave motion are isentropic,

3. that the fluctvating pressure amplitudes remain sufficiently small
that the linearizing acoustic assumptions are valid,

4. that the wave propagation is wholly axial and directed along the
duct axis (x, say),

5. that the tract axis is not curved,

6. that the walls of the tract are acoustically rigid, and

7. that individual sections of the duct have constant cross-sectional
area, and thus

8. thal the wave fronts remain plane, and normal to the duct axis,
and finally

9. that abruptness in the area function is due to the approximate,
and not Lo the original, area function. Therefore transfer across
junctions can be treated the same regardless of degree of
abruptness, and effects due to abruplness can be neglected (as
noted by McGowan, 1987).

Many, though not all, of these assumplions have been relaxed for
the present study, as described below.

It is worlh mentioning at the outsel that the observed acoustic
behavior of air in the vocal tract is not that of an ideal fluid; this has
a number of consequences. Thus, for {1) above the air is treated as a
saturated viscous heat-conducting fluid, with a flow having time-
averaged velocity u, Towever, it is assumed that, essentially, u,
remains uniform over any cross seclion. The presence of waler vapor
means that the ratio of the specific heats, y, the density, p, the speed
of sound, ¢, and the characteristic impedance must all be assigned
appropriate values; those for salurated air at 37°C are assumed to
apply in the tract. .

Before considering the rest of the assumptions, we present
definitions of some nondimensional paramelers based on these
physical characteristics of the fluid and the flow which will aid us in.
describing the implications of keeping or relaxing each of the
assumplions.

The influence of viscosily can be characterized by the value of the

Reynolds number, Rep, where D
Rep, = Y% (3-1)
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where v is a characteristic time- and locally space-averaged velocity, D

is a characteristic length scale, and v is the kinematic viscosity (0.167
cm?/s). The Reynolds number represents the ratio of inertial to viscous
forces in the flow, and when D is set equal to the hydraulic diameter?
of the tract, ils value is one factor that characterizes the state of the
bulk motion, ie. whether il remains laminar or turbulent. Another
factor is the presence or absence of other inhomogeneities in the flow
or on the bounding surfaces. Meyer-Eppler (1953) related the sound
output of pinched plastic tubing to the fricatives /s, |, {/ and concluded
that Rep for the vocal tract is around 1700; this value has been used
since by Catford (1977) to describe speech production, and by Flanagan
and Ishizaka (1976) to synthesize fricatives. Pedley, Schroter, and
Sudlow (1970} regarded flow in the bronchial lube as lurbulent, with
Rep, greater than 2,000. For a stressed /h/ at a high mean flow of 1200
co/s and a phonated vowel at normal flow of 200 con¥s their critical
values correspond respectively o a tract diameler (or area, if tract
cross-section is assumed circular) of 6 em (28 cm?) and 1 cm (0.8 cm2),
These values for bulk flow turbulence seem surprising since it is
generally understood that transition to fully developed turbulent flow
only exists in relatively fong tubes (length/diameter greater than 40
say) when Re, > 2500 or more. Turbulence in the vocal tract wili
normally be associated with separating shear layers, which are
characterized by the form of the local geoinelry rather than the value
of the Reynolds number. It is possible that the problem lies in
comparing Reynolds numbers of significantly different geometries, that
is, of smooth tubing with a single elliptical constriction and the more
complex vocal tract.

When D is instead taken in the x direction {parallel to the tract axis)
ar‘ld set equal to a relevant length scale, such as the distance from area
discontinuities, Re, characterizes the properties of the boundary layer
flow adjacent to the walls. The boundary layer is the relatively thin
flow region where the streamwise velocity rises rapidly and continu-
ously from zero at the walls (no-slip condition) o the undisturbed
value in the main flow outside the layer. The transverse velocity
gradient is largest at the walls, decreasing outwards through the layer.
Associaled with this gradient are corresponding values of the local
shear stress. With steady flow along a smooth flat. plate the boundary
layer flow remains laminar up to values of Re, of around 5 x 105, This
value is reduced by adverse (rising) and increased by favorable (falling)

5 s .

The hydraulic diameter or radius equals the actual diameter or radius for a
tract of circular cross-section. For any cross-sectional shape, the hydraulic
'radlu's h, is quantified as 2A/P where A = cross sectional area, P = perimeter
ength.
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streamwise pressure gradients in the external flow. With laminar flow
in the boundary layer, as would normally exist in the vocal tract, the
boundary layer thickness is proportional to 1/JRe,.

Velocity fluctuations associated with the acoustic waves must also be
zero at the walls; the associated fluctuating viscous stresses produce
an acoustic boundary layer. The effective thickness of the acoustic
boundary layer is characterized by the value of the Stokes number, 5,

defined by
St % (3-2)

where w is lhe radian frequency of the sound and r, is the radius (or
hydraulic radius) of the tract. In this case it represents the width of
the acoustic boundary layer relative to that of the tracl. The small
temperature fluctuations associated with the acouslic pressure
fluctuations are also modified in the vicinily of the walls giving an
associated thermal boundary layer. The width of this thermal boundary
layer in relation to the viscous boundary fayer is characterized by the

value of the Prandtl number, Pr, where

Preg, (3-3)

which is the rativ of the kinemalic viscosily v (i.e. lhe viscous
diffusivity of momentum) to the thermal diffusivity of heat, x = kipc,,
where k = thermal conduclivity, p = density, and ¢, = specific heat at
constant pressure of the fluid. For air, the Prandtl number equals 0.7
over a wide temperature range.

Another feature of real fluid flows is that they cannot sustain tensile
stresses. Thus the flow separates at sharp corners and expansions,
forming vortex sheets, and also from bounding surfaces in the presence
of adverse (rising) lime-averaged or fluctuating pressure gradients.
With steady, unsteady, or pulsatile flow, lime-dependent flow sepa-
ration may occur. The frequency of vortex shedding associated with
these flow processes is then characterized by the value of the Strouhal

number, 5/, defined by
- 12 :
t (3-4)

where f is frequency, [ is a characteristic length scale, and v is a
characteristic time-averaged velocity. This quantity is relevant in
deciding whether a flow is unsteady and must be treated as such, or
can be analyzed using a quasi-steady approximation, as will be
discussed later. Flow separations are also important in relation to the
simplifying assumption (2) above, that the process is isentrapic, since
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the entropy fluctuations accompanying flow separation can be
acoustically significant.

Assumption (3) above, that the linearizing acoustic assumptions are
valid, effectively amounts to the requirement that the speed of sound
¢ in the medium should remain effectively invariant with space or time.
When this is not the case, wave propagation is no longer described by
linear, or acoustic, equations. Because the speed of sound is propor-
tional to the square root of the absolute temperature, assumption (3)
is also equivalent, through conservation of momentum, to the
requirement that the ratio of the maximum particle velocily U7 = u, +
iu} to the local sound speed remains small, where ini is the peak
amplitude of the velocity fluctuations k(). This is characterized by the
value of the instantaneous Mach number, M;, where

M,‘ =-{(_4 .
(3-5}
So long as the value of M; remains small in relation to unity, changes
in pressure, with the corresponding changes in temperature, will be
negligible and the sound speed ¢ can be regarded as constant with
space and time.
The value of the mean flow Mach number M, defined as

]
M=-2,
¢ (3-6)

also has significance, since its value quantifies the speed, defined as
c(1+M), at which acoustic disturbances propagate along the vocal
tract. Note that since u, changes as the cross-sectional area varies, M
must change, and therefore the phase speed varies along a nonuniform
tract. For example, with a high volume flow of 1200 cm?¥s and a highly
constricted area of 0.1 cm?, M attains a value of 1/3 and the ratio of
the downstream Lo upstream speed of propagation is two! At the other
extreme, with a volume flow of 200 cm¥/s and a tract area of 4 cm?
M = 00014 and its influence on the speed of propagation is corres-
pondingly small. Nevertheless, for consistency the mean flow is
included throughout the calculations reported here, while it is assumed
that the speed of sound, ¢, remains constant.

In the current version of the program it is assumed that the
linearized acoustic equations (assumption (3) in the list above) remain
valid throughout the duct, except when the processes cease to remain
isentropic, ie. when assumption (2) is also relaxed. Curvature of the
duct axis may be neglected, thus keeping assumption (5), at least as
a first approximation. Tract curvature can readily be included later if
this is deemed desirable; this is considered further in the section
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enlitled, “A Survey of Phenomena not Accounted for by the Program
VOAC”

Other assumptions in the list are also relaxed: assumption (7), that
sections of the duct have constant cross-sectional area, has been
relaxed to allow sections in which the area changes linearly and quad-
ralically with distance along the duct. For these additional sections,
asstunption (8) is relaxed: the wave fronts are plane for constant area,
cylindrical for linearly-changing area, and spherical for quadratically-
changing area. Assumption (4), that of axial propagation, applies
strictly only to seclions of constant area, but applies in essence to all
sections since cross-modes are not modelled. Assumplion (6} is relaxed;
the walls can be considered 1o be rigid or reacting. Finally, end cor-
reclions are computed al abrupt area changes, relaxing assumption (9).
Some specific analytical problems were solved so that these additional
features could be included, but the delails are not included here.

The authors are certainly aware that some of the assumptions of
classical theory are also relaxed in several existing useful models of the
acoustic behavior of the vocal tract during phonation that are in the
literature (e.g. Flanagan, 1972; Liljencrants, 1985; Scuily, 1990). However,
they all appear to be based on the well-documented analogy with
electrical networks, while a different and, perhaps, more realistic
approach has been followed in the studies reported here. Since, with
zero mean flow, the linearized equations describing the inviscid motion
of fluids in conduits are similar to those describing electric currents in
uniform conductors or waveguides, it is often convenient to use the
analogy that this similarity offers, at least as a first approximation. One
would expect, with similarly shaped boundaries, that the patterns of
motion of both would be similar, but those of fluid flow are often
observed lo differ profoundly. This is obvious, if one compares the
expanding flow of an electric current with the flow of fluid from a tube
as illustrated in Figure 3-1.

Helmholtz (1868) published a detailed discussion of the discrepancies
between predicted and observed fluid motion, and many further
examples have been published since then. He rightly concluded, “...
this followed because a fluid cannot withstand tension and remains
continuous only so long as the local pressure remains positive.”.
Alternatively, one might recall that inertial forces are insignificant for
the moving electrons constituting an electric current compared with
those arising from fluid motion. Thus, as in Figure 3-1, the flow
separates at the edge of the tube and the description of the motion
must include this discontinuity, where the surface of separation can be
treated mathematically as a sheet of vorticity. Such sheets are unstable
(Rayleigh, 1896, ch. xxi) and are observed to roll up to form vortices.
It is clear that, in realistic models of vocal tract acoustic behavior, due
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Comparison of a fluid jet with the flow of an electric current {from Davies, 1975).

Figure 3-1,
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account must be taken of such fluctuating fields of vorlicity, when their
contributions become significant. This turns out to be the case, for ex-
ample, at abrupt area discontinuities where the vortex motions modify
the wave propagation (Davies, 1988), though their existence might be
represented in an electrical analogy as, say, an added reactance. How-
ever, this does not appear to have been included in the classic model
of such area discontinuitics or by, for instance, Kelly and Lochbaum
(1962). It is worth repeating that the adoption of electro-acoustic
analogies has been avoided in the present algorithms as they are
somewhat inflexible in application. A thorough description of the novel
features of the program is included in a later section on simulation.

The general approach 1o our study of the fluid mechanics of the
vocal tract is to add complexity to the simple acoustic propagation
models, so that the effect of each addition is understood. We believe
that this is the most effective way lo build a model of propagation in
the vocal tract, The following section therefore explains our maodel of
propagation, VOAC, in detail, and the section “Shuulations” includes
thereafter resulls of simulations using VOAC. On the other hand, full
continumn siimulations, which are based on the differential forms of
the conservalion equations and mostly restricted Lo the glottal region
al present, have a place in studies of the {luid mechanics of the vocal
tracl (Fhennas, 1986; lijima, Miki, and Nagai, 1990; Liljencrants, 1991).
These are discussed further, along with phenomena not simulated by
VOACG, in the section titfed “A Survey of Phenomena not Accounted
for by the Program VOAC”

It is imperative when considering such aeroacoustic phenomena to
define what constilutes a sound, since not all of the pressure and
velocity fluctuations occurring within the vocal tract are necessarily
associated with acoustic wave motion. Such motion ‘has by definition
a characleristic phase velocity equal 1o the local speed of sound
relative to the medium in the tracl. Furthermore, though there is a net
transler of energy by a sound wave, there is no nel transler of mass
or momentum. lowever, when momentum f{luctuations being
transported by the mean flow reach any area discontinuity, e.g. the
lips, they can generate acoustic energy which is then radiated. Thus,
in the vocal tract, where there is a nel flow of air from the lungs, there -,
is an additional convection of unsteady motion by this flow with the
possibitity of further sound generation. Such turbulent convection is
not included in the simulations here. However, the analysis presented
here takes due account of the convective effects on acoustic propaga-
tion, so comparison is included in the subsection "Mean Flow Effects”
of the consequences of neglecting this factor in the resonances and
other acoustic phenomena associaled with speech. Generation of sound
by the flow is not considered.
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The application of non-acoustic aspects of fluid mechanics to speech
is already established in regards to vocal fold vibration. For instance,
the turbulence formed near the glottis is essential in describing the
vibration of the vocal folds (Titze, 1988). However, in the application
of fluid mechanics to propagation, only the simplest acoustic theory
has been applied. That is, any unsteady air motion near the glottis has
been assumed to be acoustic wave molion, and thal acoustic wave has
been assumed to travel along the tract exclusively by linear, isentropic,
one-dimensional, or plane wave propagation. Perhaps other aspects of
Aluid mechanics should be applied to describe unsteady momentum
transport in the vocal tract by the mean flow.

Thers are practicsl reasons why there may be concern for the details
of propagation when studying phonation, One is the stubject of source-
tract interaction, whether it is the supralaryngeal air motion affecting
the motion of the folds or the flow of air through the glottis. Also, to
obtain the source signal it is necessary to remove the elffect of the
propagation, as nuch as possible, from the total speech signal
Removing resonance peaks from the spectrum can be done in a
relatively straightforward manner. However, there are other aspects of
propagation that are more difficult to remove from the source and, in
fact, source characler can be determined to a large extent by the
environment into which it is radiating. For example, by using an
electro-acoustic analog of the tract, Rothenberg (198la) showed that
the vocal tract affects the glottal volume velocity pulse skewness, and
hence the overall spectral tilt. This source-tract interaction usually is
not factored out of the inverse filtered signal, but it could be done with
a model that calculated input impedance of the tract. Implications for
inverse filtering methods that arise from the model reported in this
paper will be discussed in the section titled, “Implications for Inverse
Filtering.”

It is conceivable that aspects of air motion not included in the
acoustic propagation model of the vocal tract can have effects on
propagation that need to be factored out, just as in the case of pulse
skewness. Thus, here we study the acoustic propagation theory with
a view to finding the range of parameters for which it is a valid
approximation and finding amendments to it when it is not.

THE VOCAL TRACT ACOUSTIC PREDICTION
PROGRAM (VOAC}
BASIC DESCRIPTION OF VOAC

The VOcal tract ACoustic prediction program, VOAC, first calculates
the distribution along the axis of the vocal tract of the complex
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amplitude spectra p*(f), p~ () of the respeclively positively and neg-
atively travelling component waves, where the direction from glottis to
lips is taken as positive. The calculations, however, start at the lips
where the amplitude of the incident wave is assigned Lhe value unity,
so that all other amplitudes are expressed relative Lo this. They then
proceed systematically along the tract terminating at the glottis.
Although a special program has been writlen for the vocal tract acous-
tic predictions, the general approach follows that originally set out in
Allredson and Davies (1971), but includes among others the devel-
opments described in Davies (1988) and Davies and Doak (1990a,b).

In the program the axially varying geomelry of the vocal teact is
represented by a sequence of elements that provide a simplified but
close approximation 1o the observed geometry during phonation. Some
individual elements consist of one or more short lengths of tract with
constant cross-sectional area in sequence (Types 1, 4, and 5). Of these,
Type | includes provision for abrapt area changes al the junctions
between cach of ils componenl units with constanl sectional area;
Type 4 includes an additional provision for the insertion of sinuses at
the junctions; Type 5 is a simple tube. Of the elements that incorporate
a changing cross-sectional area, the Type 2 element retains a constant
width bul has avea varying linearly with distance; the Type 3 element
has a quadralic change in area with distance. The elements are
designed lo include within them every lype of area discontinuity or
change; thus adjacent elements have identical areas and hydraulic radi
at their adjoining faces. This then allows transmission through each
element type to be handled by a separate algorithm, a fact that is used
to advantage.

Wave propagation is assumed to be always directed along the axis
of the tract, with wave fronts that are plane in the elements with
constant area, cylindrical in Type 2 elements, and spherical in Type 3.
The radius of curvature of the vocal tract axis remains sufficiently large
comparcd with the transverse dimensions for ds influence on wave
propagation to remain small, so this has been neglected. (But see the
section titted “Curvature of the Duct Axis” for further discussion.) As
an initial approximation made in order to speed development of the
current program, the wave fronts in Type 2 elements have been
assumed (o remain plane, but this assumption will be eliminated in
due course. Wave propagation along, each element is then calculated
witle the appropriale form of the convected wave equation (Davies,
1988; Davies and Doak, 1990a), which maltches the conditions imposed
by the local geometry of the wtract boundaries. For example, with
isentropic plane waves and a sleady axial uniform flow with time-
averaged velocity u, in a tract of constant area, the convected wave
equation becomes
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where p is the fluctuating pressure, ¢ the speed of sound, and the
operator D¥DF represents the material derivative. In this case D/Dp
factors to

:’ +aVy =0, (3-7)

(0 8] (50 8)

It is further assumed that squares and products of fluctuating
quantities are negligibly small compared to products of mean quantities
with both the respective mean and first order {lucluating quantities
(the acoustic approximation).

With an ideal inviscid acoustic medium and rigid walls, equation 3-
7 is satisfied by

Yt -xf) = p T (Wexp ifwt- k),
Y-xi) =ut Oexpifwl -kt y), (3-9)

pritrxic)=p T (DNexpifwt+k ™ x),
-+l =u (Oexp ifwt + k™ x), (3-1m

where pH0), 11(0} correspond respectively to the values of fluctualing
component pressure and velocily at x = 0, and k' = M(1 + M), k= K/
(1 - M) where k = w/c and M is the Mach number u, /. 'The local values
of the fluctuating particle velocily and pressure are given respectively
by '

u(rl)( L )t xio) - praxio ), (3-11)

plxl) = pri-xfc) + p(t + xic). (3-12)

In practice, viscous and thermal influences at the walls, which are
a function both of the Stokes number 5, and of the thermal properties
of the medium, modify the wave propagalion constant. The thermal
properties of the mediun are represented by the ratio of the specific
heats, y, and the Prandtl number Pr. The wave number k = w/c implicit
in equations 3-9 and 3-10 is replaced by 8 for the acoustic caleulations
by the program, where

B =2 +a(l-i). : (3-13)
For 5, > 10 and plane wave propagation, the visco-thermal coefficient
a can be expressed as
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S,  ¥1 (3-14)

where ¢ = V(1/Pr). With the thermal properties relevant to the moist
:m in the vocal tracl, a/k = /5, {within 4 percent). Recall that
S5, = n(,\/(wlu) where 1, is the radius and v is the kinemalic viscosity.
Ihus the relative influence on wave propagation ol this a/k factor
diminishes directly with the square root of the frequency. For
excitalion at 25 Hz in a tract of radius 3 mam, 5, equals 10. Appropriate
expressions for the propagation constant with S, < 10 are available
(Tijdemann, 1975), but have not been included at present.

Since the walls of Lhe vocal tract are not rigid, the influence of wall
vibration on wave propagation has also been included in the program
by making a further appropriate modification to the wave propagation
constant. For a cylindrical tube with reacting walls, yielding a time-
varying duct cross-sectional area At = w(r()?, the linearized equations
for conservation of mass amd momentum, with mean {low neglected,

become
Qgﬂ 1 on _
ot Do A, 3 ), (3-15)
ou - o¢
o B ' BN ¢, (3-16)

where p, and A, are respectively the unperturbed or time-averaged
values of p and A. The wave equation derived from these expressions
(Lighthill, 1978} becomes

1y dp_ op
(o) af 57 -0 3-17)

where the phase speed, ¢, is now defined by

oo L)

Ag dp

ror.
_ idp 4 Po ! dA
dp . A, dp

:(“’—? -+ (‘w'z N (3'18)

where ¢, is the adiabalic speed of sound and ¢, is the perturbation to
the phase speed caused by the wall vibration. Variation with entropy

is neglected.
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In the linear approximation,
dA ~2 7y _ﬂl\ (3.-19)
dp ° dp .
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x in Rayleigh (1896) and other contributions to acoustics in the classical
X literature. Since the acoustic analysis in the program begins at the lips,
one needs to determine both the magnitude and phase of the
corresponding pressure reflection coefficient, p~(H/p* (), which is based
on the geometry of the opening and the surrounding region. These
spectra are functions of the mean flow and of the Helmhaoltz number,
kr, where r, is the radius of the opening. Experimental results (for
example, Sugiyama and Irii, 199]), supported by analytical considera-
tions, suggest thal during speech the lips radiale sound effectively as
an unflanged opening, at least as far as the near field is concerned, and
this will have the dominant influence on wave reflection. The modulus
of the reflection coefficient for an unflanged tube with outflow has
been determined analytically by Munt (199(), while the phase with
zero outflow, expressed as an end correction, has been determined
analytically by Levine and Schwinger (1948). Extensive measurements
at Southampton with steady outflow up to M = 0.3 (Davies, 1988;
Davies, Bento Coelho, and Bhattacharya, 1980} are in close agreement
with both analytical predictions. These are incorporated in the program
by using a sequence of simplified expressions that match the analytic
predictions to better than 0.1 percent.

Wave transfer across the other discontinuities includes abrupt area
changes with the optional inclusion of sidebranches (sinuses) at
junctions, where the wave motion remains wholly axial. They also
include transfers between spherical, cylindrical, and plane wave fronts,
where some adjustment to the wave front is necessary. The approach
adopted is in many respects similar to that for the open termination
at the lips. The modulus of the component waves either side of area
changes was determined by solving the integral form .of the linearized
conservation relations for mass, energy, and momentum over the
surfaces of a control volume. This was effectively a plane surface for
plane waves and an appropriate volume for the others, as set out in
Davies (1988} and Davies and Doak (1990b). In the former case, the
: control volume (transfer plane) was set at an appropriate distance from
the discontinuity to make allowance for the generation of evanescent
: waves that are required to match the boundary condition of zero
B velocity over tract surfaces normal to the axis. As before, analytical
expressions were derived for such end corrections which were
experimentally confirmed and empirically generalized by matching the
| results with simplified expressions incorporated in the program. The
special case of an expanding outflow required appropriate considera-
tion of the accompanying flow separation and entropy generation.
e:Thus the relation between fluctuating pressure and density was
modified to p = (p+ 6)/c2 and § was then eliminated between the
three conservation equations, to derive the modulus of the transfer.
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Having established the component wave amplitude spectra, one can
then readily calculate the corresponding fluctuating pressure and
particle velocity spectra, reflection coefficient spectra, impedance
spectra, acceleration or force speclra, intensity spectra, and so on at
any desired position along the tract. Similarly one can calculate Lhe
corresponding transfer function spectra relaling lo any two locations
along the duct and in particular between the glottis and lips.

DISCUSSION OF NEW FEATURES

The addition of mean flow terms that mulliply perturbation quanlities,
and the possibility for nonisentropic relations between perturbation
pressure and density, other than for visco-thermal altenuation, are
novel additions in the speech synthesis field. Also, the inclusion of
three conservation equations when appropriate, instead of two, is a
novel feature. In the absence of mean flow, conservation of mass and
conservation of energy yield the familiar continuity of volume velocity
or mass and pressure across junctions. The addition of conservation of
axial momentum in the presence of mean flow provides an independ-
ent relation between perturbalion pressure and flow. This does not
lead to an over-determined system of equations, because a nonisen-
tropic relation between pressure and densily is allowed.

Another major feature of the program is the description of some
physical relationships. This includes the reflection coefficient at the
open end as a function of mean flow Mach number (Davies, 1988),
Also, at abrupt area changes, as appear in Type 1 and Type 4 elements,
due allowance is made for the existence of the evanescent waves
necessary to satisfy the boundary conditions at the wall perpendicular
to the flow. Evanescent waves are composed of higher order modes
that do not propagate and decay exponentially with distance from the
discontinuity; they appear only locally in the region of the junction.
The net effect on the propagating wave is to produce a phase change
in the wave, which has been modelled historically as an end-
correction,

The results of running this program with parameters derived from
a real vocal tract will be discussed in the next section, but it is possible
to mention some of the effects of the novel aspects of this program
without recourse to simulation. The net outflow of air can affect the
propagation of sound in several ways. Acoustic waves are convected
by the flow so that waves lravelling toward the mouth have their
speed increased by a factor of the mean flow Mach number, M, and
waves travelling toward the glottis have their speed decreased by the
same factor. One of the results of this is to reduce the distance
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between the nodes of a standing wave by a factor of {1 - M2), where
M is the mean flow Mach number. However, the mean flow Mach
number for voiced speech is usually very small. At a mean volume
flow rate of 200 cmd/sec and a cross-sectional area of 2.0 cm? the mean
flow Mach number is about 0.003, which is too small 1o have an effect
on formant frequencies.

Another consequence of non-zere mean flow is enhanced loss of
acoustic energy at abrupt expansions through vortex shedding
(Bechert, 1980; Howe, 1980). Because the mean flow is of the same
order of magnitude as the peak flow during phonation, this loss is
actually a camponent of the nonlinear resistance that occurs at high
acoustic amplitudes {Ingard and lIsing, 1967). Liljencrants (1985)
discussed the implementation of such nonlinear losses in a reflection-
type analog. To account for vortex shedding, a non-isentropic relation
is allowed in VOAC between pressure and density, as discussed
above,

The new facility provided for including the influence of wall vi-
bration on acoustic wave number, if so desired, is yet another novel
feature. The consequences of its implementation are discussed among
the results described in the next section. Further new features concern
the calculation of wave propagation along elements of the vocal tract
whose area varies continuously either linearly or quadratically with
axial displacement. Wave propagation is calculated throughout the
tract with the solutions to the appropriate form of the convected wave
equalion, avoiding the approximations involved when the algorithims
are based on electro-acoustic analogs. This has the advantage that the
calculated distributions of complex component pressure amplitudes
remain continuous between area discontinuities. Thus they can be
evaluated at any desired posilion along the tract, since their values are
automatically provided at the junclions between each element which
may be inserted at any desired location, excepling conical elements.
Furthermore, sinuses can be conveniently included at any appropriate
location and are represented by an equivalent sidebranch added at the
corresponding discontinuity.

The basic computational output of the program is a transfer function,
wlere the transferred variables are the relative values of the positive-
going and negalive-going pressure amplitudes. Alternatively, the total
transler function can be calculated as the product of a sequence of
scattering transfer matrices, provided that their component elements
have been evaluated realistically. This may require a somewhat
complex procedure because, unlike eleclrical networks, acoustic
elements do not normally possess reciprocal transfer properties

(Davies, 1991).
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SIMULATIONS

CONSTRUCTION OF TWO VOCAL TRACTS

It is obviously desirable to compare sound spectra predicted by VOAC
with those measured from speech spectra for living subjects. Thus two
vocal tract models have been constructed for this purpose. However,
a significant parameter required by the program is the hydraulic
radius, /1,, used in the program to define the influence of viscosity and
heat conduction, among other factors, on sound propagation along the
tract. Therefore, it was necessary to find articulatory data that included
the shapes of the tract cross-sections from which to compute or at
least estimate the distribution of hydraulic radius to accompany the
observed area distribution of the lract during phonation. Both were
then supplied to the program with the corresponding element lengths
to describe the tract geometry.

Two such sources of data were found, namely: Fant (1960}, which
included the cross-sectional shapes for vowel /i/, and Baer, Gore,
Gracco, and Nye (1991), for which the vowel /a/ for subject TB was
used. Two different vowel sounds were thus predicted. Both references
included acoustic data on the vowels in the form of tabulated formant
frequencies. Furthermore, the data for subject TH also included areas
of the pyriform sinuses, whose presence may affect the impedance
seen from the glottis profoundly.

Fant's data included the area function for a number of vowels,
acquired by a “variety of methods,” but cross-sectional shapes at dif-
ferent stations along the tract were shown only for the vowel /i/. It
was possible from the pictorial information he provided, after enlarging
this to “life size” based on the reported tract length and area function,
to measure the corresponding perimeters and thus have a sequence of
seven estimates of Ir,. The distribution of this quantity elsewhere along
the tract was then eqtlmated by appropriate interpolation.

With the subject TB, magnetic resonance data were acquired whlle
the vowels fa/, /2l fil, /u/ were sustained. In their article Baer et al.
{1991) report area functions and show some of the cross-sectional
outlines. Data files were acquired for tract outlines of the axial and
coronal sections spaced at 0.5-cin intervals. A program was then
written that computed the perimeter length and area enclosed by each
section. In the upper pharyngeal region the tract areas were derived
along equally spaced radial lines of a circle fit to the radius of cur-
vature of the tract. The resulting projected sections were not easily
available, however, and could not be easily recreated since tha

involved careful location of the axial and coronal sections relative

each other, cross-checking with the original images, and so on, to re-
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create the precise shapes. Therefore, a quick approximation was made
in this upper pharyngeal region: the areas reported in the article were
used, and in the absence of a perimeter the hydraulic radius was
compulted assuming circular cross-sections throughout.

Having arrived at an area function and a corresponding hydraulic
radius function for each vowel, the next step was to divide these into
the elements used by VOAC. The area functions that resulted are
shown in Figure 3-2, contrasted with, respectively, the area function
quoled by Fant, and the areas derived directly from the MRI outlines.
The differences are due mainly to the relatively small number of
elements used: 7 for Fant /i/, 10 for I8 fa/. For VFanl fi/, note that in
the region of the greatest mismalch, between v = 1 and 3 em, the
volume of the front cavity is identical although the area functions
differ significantly; the same holds for TB /a/ between x = 3 and 3.5 cm.

g o ek e g

RESULTS

In this section the results of simulations are considered, with an
emphasis on showing the effects that can be modefled by the present
program, but not by previous programs based on, for example, the
Kelly-Lochbaum method. The results will mostly be reported in terms
of magnitude or modulus of the dimensionless input impedance of the
tract at the glottal plane as a function of frequency. The peaks of these
plots correspond to resonance, or formaal, frequencies of the vocal
tract for the glottal volume velocity source. The dimensionless input
impedance is defined by:

0
pe

o p)
rrp -

where p*(f) and p(f) are the transforms of the fluctuating pressures at
the glottis (x = 0}. The dimensions of Z(f} are the same as for a lransfer
impedance, that is, pressure divided by velocity, and indeed resonan-
ces will be the same for both transfer and input impedances. Iowever,
anti-resonances will not be the same, and this should be kept in mind
when sinuses are included in TB /a/ or when any other tract with side
branches is specified.

(3-23)

Length Corrections

Length corrections were normally applied to tube sections by VOAC

to account for phase changes at abrupf area changes. which are caused
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Figure 3-2.  Area functions for Fant /i/ {top) and TB /a/ (bottom). Solid lines
show area functions given by sources (Fant, 1960; Baer et al, 1991); dashed
lines show area functions used by VOAC. In TB /fa/ diagram, “L"” and “R”
indicate left and right pyriform sinus areas respectively.
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example occurs for Fant /i/ in the tube section at the glottis, The glottal
section had a physical length of 2,10 ¢cm and a corrected length of 2.39
cm, and the section just above the glottis had a physical length of 3.10
cmand a correcled length of 281 cm. The length corrections, which
are a function of the area ralio between the sections (1:4 here), are on
the order of 20% of the physical lenglhs and so can be considered to
be subslantial. Note that the inclusion of such corrections does not
alter the overall fength of the vocal tract, but merely defines the
appropriate axial position of each transfer plane for discontinuities.

Comparison of Formant Frequencies;
Effects of Wall bnpedance, Sinuses

Inpul impedance spectra were computed for both vocal tracts under
different conditions Lo allow an assessment of the acoustic significance
of cach condition independently. For each spectrum, formant
frequencies were identified by locating the maximum values of the
magnitude. These formants were useful for comparison with Lhe
acouslic data supplied by Fant and Baer et al, and are presented in
Tables 3-1 and 3-2,

Figure 3-3 contrasts rigid and reacting walls for Fanl /i/. Inclusion of
the reacting walls raises the first formant and increases its bandwidth
substantiaily. Reacting walls also raise the second formant slightly (see
Table 3-1). The first formant predicted by VOAC matches the first
formant measured by Fant better when the walls are reacting; the
predicted second formant is significantly too high in both cases. The
BESK and LEA synthesis results reported by Fant were more closely
malched to the subject’s values than are the VOAC results.

Figures 3-4 and 3-5 show four different cases for TB /al: rigid and
reacting walls are contrasted in each plot, with the vocal tract
respectively including, and omitling, the sinuses. In both cases formant
frequencies are higher for reacting walls, and this effect is more
pronounced for the lower frequency formants. When the sinuses are
included, an anli-resonance of high frequency appears as expected,
though it is not visible on these plots. Removing the sinuses removes
this anli-resonance and also increases the formant frequencies, which
malches the divection-of-change  predictions made by the 1laskins
articulatury synthesizer (Mermelstein, 1973; Rubin, Baer and Mermel-
stein, 1981). Note however that VOAC predictions match formants
measured for the subject betler than the askins synthesizer, which
is based on a Kelly-Lochbaum model, and that the most realistic case
simulated on VOAC — with sinuses, reacting walls, and flow —
matched the subject the best. This raises the possibility that, if data
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Table 3-1. Comparison of formant frequencies (Hzj for Fant /s /

— ____'—_'_“_"'—“—'———*——-——'“—“*"_-——-—-——-_._.__
VOAC Simulations Fant Results
Flow '
0 200em3/s 1200¢m3/s Subject BESK LEA
Rigid Fl= 265 265 265 296 285
Walls F2=1620 1620 1620 1517 1480
Reacring Fi= 310 320 307 300
Walls F2=1630 1630 1630 1480
Beiibbahdl e

RBofoishiy g plog poop

F
Table 3-2.  Comparison of formant frequencies (Hz) for TB /a/! VOAC simulations. 2
=3
=
=
Rigid Walls Reacting Walls N
Flow Flow %’
0 200 cm®/s 0 200 em¥/s =
With sinuses Fl = 543 545 590 600 :'?
F2 = 980 980 1010 1012 £
F3 = 2470 2470 2480 2480 =
Without sinuses Fi= 570 570 615 625 7
F2 = 1020 1020 1053 1055 £
F3 = 2485 2485 2495 2495 =
5
Haskins Synthesis Subjecr
With sinuses "F1 = 535 595
F2 = 1057 1006
F3 = 2430 2400
Without sinuses F1 = 579
F2 = 1091
F3 = 2461
&
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Figure 3-3. Driving-point impedance of Fant/i/, as seen from glottis. Flowrate
=200 cm¥s. Solid line: rigid wails. Dashed line: reacling walls.

were available on the shape of the pyriform sinuses in Fant’s subject,
the VOAC predictions would be a closer match for that subject as well.

The contrast with and without flow evident in Table 3-2 shows that
flow may modify predicted formant frequencies when. thLT walls are
reacting. This interaction was tested systematically and is discussed in

the next section.

Mean Flow Effects

Direct comparisons of the effect of mean flow could be lesl(.ed using
VOAC. Comparisons between low flow (200 cm?¥sec) and high flow
conditions (1200 cm¥sec) were made with three different vocal tract
configurations. One condition was that of the Fant /_i/ vowel described
above, and the other three were based on modificalions (3E that vm?rel:
tight constrictions with an area of 0.1 cm? were placed in succession
at the lips, behind the leeth, and at the uvula. The effect of the mean
flow in this program is through the Mach number parameter, and for

o
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Figure 3-4.  Driving-point impedance of TB /a/, as seen from glottis. Flowrate
= 200 cons. Solid fine: rigid walls. Dashed line: reacting walls, Sinuses are
included,

a given volume flow, this is maximized by decreasing the area. Thus,
at 1200 cmifsec, the Mach number for flow through. the constriction
was 033, and at 200 cm¥sec the Mach number was one-sixth this
amount, or 0.055. In the unconstricted vocal tract for the Fant vowel
fi/ the minimum area was 1.0 cm? so that the maximum Mach number
attained in the 1200 cm¥sec case is less than 0.033 and in the 200 cm?
sec case it is less than 0.0055. The results are shown in Figures 3-6 to
3-9.

As expected, a six-fold increase in volume velocity had little effect
on the formant frequencies, for the relatively unconstricted vocal tract
of /i/ (see Table 3-1). Wiile the frequency range from 0 to 2000 Tz is
shown in these figures, the range from 2000 1o 4000 iiz was also
checked to be cerlain there was no effect on the higher formants.
However, for the constricted vocal tracts, a change in volume flow did
sometimes have a substantial effect, depending on the location of the
constriction. When the constriction is located at the lips or uvula (see
Figures 3-7 and 3-9), there is an effect, but not when it is located just
behind the {eeth (Figure 3-8). The maxima of the inpl impedance for
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Figure 3-5. Driving-point impedance of TB /a/, as seen from glotlis. Flowrate
= 200 cm¥s. Solid line: rigid walls. Dashed line: reacting walls. Sinuses are

omitted.

the lip constriction shifted from 120 Hz and 680 Hz in the low-flow
condition to 110 Hz and 650 Hz respectively in the high flow
condition. In the vvular constriction configuration, the maximum at 150
Hz in the low-flow condition shifted to 100 Hz in the high-flow
condition?. Furthermore, Figures 3-6 to 3-9 show a change in the shape
of the input impedance magnitude spectra.

A SURVEY OF PHENOMENA NOT ACCOUNTED FOR
IN THE PROGRAM VOAC

The program VOAC just described includes elements of duct air flow
and acoustics not normally included in reflection-type or other electro-
acoustical analogs. The program’s algorithms do include some of the
familiar simplifying assumptions, such as linearity of the equations of
motion, but attempts a more realistic simulation by giving up others,
such as isentropic propagation. However, VOAC is necessarily based

3 All these values are determined in 10 Hz intervals.
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Figure 3-6. Driving-point impedance of Fant/i/, as seen from glottis. Walls are
rigid. Solid line: flowrate = 200 con¥s. Dashed line: flowrate = 1200 ems.

on an approximate simulation of the complete Aow field in the vocal
tract. Alternative simulations based on the differential forms of the
conservation laws are being pursued (Thomas, 1986; lijima et al, 1990;
Alipour and Patel, 1991; Liljencrants, 1921). While these approaches are -
useful, especially when studying tle oscillation of the vocal folds, the
approach of going from simple to more complex models also has
advantages in studying propagation. Thus, starting with the simplest
acoustic models, relevant aspects of the fluid mechanics can be added
one at a lime to test their influence on the acoustic behavior. More
realistic simulations can be used as a tool to develop further
understanding, but it is easier to judge their relative importance and
uvnderstand the effect of various additions to a model if the model is
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- Figure 3-7. Driving-point impedance of Fant/i/, modified to have constriction
of 0.1 cm? located at the lips. Walls are rigid. Solid line: Howrale = 200 em?/
s. Dashed line: flowrate = 1200 cm¥/s.

relatively simple to begin with. A discussion is presented below of
various phenomena that might be included in a program that could
yield predictions that are more realistic than the current VOAC.

CURVATURE OF DUCT AXIS

The axis of the vocal tract is in reality curved, while the acouslic
calculations reported here assumed that it was straight. The influence
of such curvature on acoustic propagation with rectangular tubes
depends on the relative sharpness of the bends defined by the ratio,
a, of its outer to inner radius. Thus, one finds that the tract reported
for Fant /i/ follows an arc of some 120 degrees above the tongue with
the value of a varying from 1.1 to 1.5, The corresponding decrease in
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Figure 3-8, Driving-point impedance of Fant/i/, muodified to have constriction
of 0.1 cm? located behind the teeth. Walls are rigid. Solid line: flowrate = 200
cm¥s. Dashed line: flowrate = 1200 cm?¥/s.

phase velocity for the formant frequencies in a curved hard-walled
tube compared with a straight one is about 05% for a = 1.1 to over
5% for a = 1.5. This result applies to lrequencies below about 20 kHz
for thre geometry appropriate to the vocal tract, where the value stated
is around the lower limit for higher order mode propagation in curved
ducls (Rostafinski, 1991; El-Raheb, 1980). Thus tract curvature may go
some way towards explaining the relatively high estimates of formant
frequency recorded in Table 3-1, compared with observation. However,
a realistic inclusion of axis curvature that takes account of the complex
changes in area function and shape of cross-section mav not be worth
the significant effort it would require. particularly considering the
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Figure 3-9. Driving-point impedance of Fant/i/, modified to have constriction
of 0.1 cm? located at the uvula. Walls are rigid. Solid line: flowrate = 200 cm?¥/
5. Dashed line: flowrate = 1200 cm¥s.

uncertainties that must exist in defining the geomelry of a given tract.
Uncertainties also exist with the measurement of corresponding
formant frequencies.

SOUND ABSORPTION BY TURBULENCE

Turbulence is known to produce sound in the vocal tract, but since
this is not strictly to do with propagation, we consider it briefly in the
next section under “Future Developments.” There are, however, other
effects of turbulence on sound that need to be examined. There can
be scattering of sound by turbulence when the time scales of the
turbulent fluctuations and sound are not comparable {Lighthill, 1953).
On the other hand, for comparable turbulence and sound time scales,
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turbulence can absorb sound as the sound acts irreversibly to stretch
the associated vortex lines (Noir and George, 1978). Because the
velocity associated with turbulence is of the order of the flow velocity
and the velocity associated with sound is the speed of sound, then
with flow speeds much less than sonic the wavelength of sound must
be much larger than the turbulence scales, if the turbulence and
acouslic time scales are to be comparable. This implies that this
absorption mechanism will then pertain to sounds below the normal
fundamental frequency of voicing.

However, if solid boundaries are present, the absorption of sound by
turbulence can be greatly enhanced in a higher frequency range
(Ronnenberger and Ahrens, 1977, Howe, 1979, 1984). The important
parameter for determining the interaction in the presence of boundar-
ies is the ratio of the acoustic boundary-layer thickness to the viscous
sublayer thickness of the turbulent flow. This ratio needs to be large
so that the acoustic boundary layer can interact with the turbulence,
and this ratio is an increasing function of mean flow velocity and
decreasing function of acoustic frequency. The effect can be quantified
as a percent increase in the exponential damping coefficient above that
observed for visco-thermal boundary-layer damping without mean
flow (see equation 3-14). For instance, lhe exponential damping
coefficients are predicted to change about 20% for a 630 1z excitation
from their value at zero flow when the mean flow Mach number is 0.1,
in a smooth circular pipe (Ronnenberger and Ahrens, 1977). The effect
becomes more pronounced as the frequency decreases, so that the
damping coefficient could be as much as 80% more than it would be
with zero mean flow at 150 Hz. However, to obtain the necessary
relatively high mean flow Mach number in the vocal tract with
turbulent flow it must be highly constricted, as well as having a high
volume flow rate. Thus, these conditions can only be expected to be
attained at restricted locations within the vocal tract. Normally mean
flow Mach numbers of less than 001 are more likely, where the effect
just described would hardly be noticeable, even at 150 Hz It is
probably safe fo ignore extra attenuation of the acoustic wave caused
by sound-turbulence interaction in the vocal tract and at its
boundaries. '

OTHER ATTENUATION AND MODAL PROPAGATION

Other atlenuation mechanisms have been studied in regard to wind
instruments (Keele, 1983; Keefe and Benade, 1983). These include bulk
viscous losses in highly curved sections and acoustic streaming off of
sharp edges. These are difficult to quantify and will be left for future
comsideralion,
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A necessary component of turbulence is the accompanying rota-
tional, or vortex, motion. To model vorticity explicitly requires
fluctuations in all three spatial dimensions. A further limifation of the
essentially one-dimensional modelling adopted for the current program
is that propagating modes of higher order cannot be included in the
predictions. The fact that such higher-order modes cannol thus be
included explicitly means that high frequency propagation may not be
modelled correctly above about 8kHz.

VORTICITY WAVES

There are other phenomena related to the vorticity generated at
junctions and elsewhere that can contribute to the overall acoustic
behavior of the vocal tract. Davies (1983} reports that the shear layer
associated with a steady jet flow exiting into an expansion where an
acoustic standing wave is present can also exhibit wave-like behavior.
That is, along with the acoustic standing wave, convecting vortical
disturbances in the shear layer also contribute Lo the ovbserved
pressure field at the same [requency as the sound. However, their
phase velocity is the mean speed of the shear layer and thus an order
of magnitude or so less than the local speed of sound. A situation
corresponding to this may occur during voiced frication. While this
type of interaction may transfer energy both to and from the acoustic
wave within the vocal tract, the net effect could be an increased
fluctuating volume velocity at the mouth. Teager and Teager (1983a,
1983b) discussed the glottal jet, which is necessarily a region of high
vorticity, and the possibility of its interaction with other modes of fluid
 movement.

There is also literature reporting the existence of waves of vorticity
within tubes in the presence of an oscillating boundary (Stephanoff,
Pedley, Lawrence, and Secomb, 1983; Pedley and Stephanoff, 1985%
Sobey, 1985; Shadle, Barney, and Thomas, 1991; Barney, Shadle, and
Thomas, 1991). Observations cited in the two studies SP” were made in
a channel with a rectangular cross-section (10 cm x 1 cm) while a
piston drove a thick rubber membrane sinusoidally at the side of a
channel as fluid flowed through the channel The relevant parameters
were a Reynolds number, a Strouhal number, both based on channel
width (I cm) and mean flow velocity, and the ratio of piston amplitude
to channel width as an amplitude parameter. The Reynolds numbers
were between 360 and 1260, the Strouhal numbers ranged up to 0.077,
and the amplitude parameter was on the order of 0.5 (Pedley and
Stephanoff, 1985). By way of comparison, in a circular duct having a

4 These two papers are snbsequently referred to as SP.

Practical Flme Puct Acoustics Applied to the Vocal Trael 125

typical vacal tract diameter of 2 cm, a mean particle velocity of 60 cm/
s {typical for phonation), and a frequency of oscillation of 150 Hz, the
Reynolds number would be 800 and the Strouhal number would be 5.
Since Re is in the range studied by SP and St is much higher, this
means that any unsteady behavior found in SP's studies may possibly
be present in the vocal tract and thus should be considered.

SP reported that for 51 > 0.005 the flow was not quasi-steady, but
a wave of vorticity was seen travelling down the channel. The wave
consisted of vorlicity of alternating orientation bending the streamlines
of the main flow into a wavy pattern, first toward one wall and then
toward the other. Theoretically, this phenomenon is described by a
linearized Korteweg-de-Vries equation, and could conceivably account
for the Coanda effect ciled by Teager and Teager (1983a).

Similar experiments using models of vocal-tract dimensions support
the view that vortices are formed and do persist downstream of an
oscillating boundary. Shadle et al. (1991) observed vortex formation
downstream of a single moving shutter oscillating against a fixed
shutter. This could possibly have been ascribed to the cross-channel
asymmelry, which was a feature of the SP studies as well. However,
a later model wilh iwo moving shutters using hot-wire measurements
(Barney et al, 1991) also showed evidence of vortex formation near the
glottis. Just how these vortices are affected by structures such as the
pyriform sinuses and the false folds remains to be investigated. It is,
however, clear from Barney et al. that flow is not at all uniform across
the tract near the glottis (1 cm and 4 cm downstream), and only
gradually becomes uniform.

There is a further imporlant aspect to this work, not directly
pertinent to propagation in the vocal tract. Even at small Strouhal
numbers it was found in the SP studies thal the quasi-steady approx-
imation is not valid. Flow separation can be very sensitive to acceler-
ation effects, even at low Strouhal numbers, so that the flow is not
normally quasi-steady when separation is involved (Sobey, 1980, 1983).
This has important consequences in determining the stresses on the
surfaces of vibrating objects in the vocal tract, and could provide a
mechanism for single-degree-of-freedom vibration, as in falsetto mode.

ONE-DIMENSIONAL NONLINEAR PROPAGATION

A further assumption that has been incorporated in the program is
that the one-dimensional propagation is linear, and it is not known
how important this assumption may be with respect to the sound that

the listener hears. The effect of nonlinearity in one-dimensional
propagation is expected to be greatest when the fundamental fre-
quency is close o the first formant and the amplitude of voicing is
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large (McGowan, 1991). In the case of nonlinearity, energy is trans-
ferred from the lower harmonics of the voice o the higher harmonics,
while the formant frequencies should show only small perturbations.
Thus, nonlinear propagation should affect the overall spectral tiit of the
speech signal, and an inverse filtering procedure which removes only
spectral peaks will attribute all the spectral tilt to the voice source. A
way to test the importance of noniinearity in one-dimensional
propagation is by numerical simulation. The appropriate equations
have been derived for a straight tube with circular cross-section by
Chester {1964). These equations contain both the effects of nonlinearity
and visco-thermal boundary-layer losses and computational solutions
of these equations in an infinite tube have been discussed recently by
Sugimoto (1991). It is an easy task to extend Chester's equations to
one-dimensional propagation in variable area tubes.

The next step in the computational study of the mechanics of air
motion in the vocal tract might be to write wave propagation
algorithms based on the equations derived for one-dimensional, non-
linear propagation with losses. These algorithms would be based on
time-marching techniques, rather than the frequency-domain tech-
niques used in the present program. The question then arises whether
reflection coefficients at abrupt area changes used in the present
program are still valid, or need new development. Based on the short
review here, this approach may return new information on the actual
filtering function of the vocal tract without resorting to a full numerical
simulation of the fluid mechanics in the vocal tract.

IMPLICATIONS FOR INVERSE FILTERING

Inverse filtering has been used for some time now as a way of
gathering information about glottal behavior from externally measura-
ble signals. Inverse filtering with a version of VOAC could produce
even more accurate glottal waveforms because of the aspects of flow
that have been included in its algorithms. However, at this point, in
light of the above discussions, it is worth taking a closer look at the

basic theory underlying inverse fillering.

In any of the inverse filtering methods used to date, an externally-
measured signal (or signals} is filtered to derive an equivalent plane-
wave glottal source. The hypothesized form of the source is clearly
simplified; studies cited in the earlier section, “Vorticity Waves,” show
clearly that flow near the glottis that is unsteady because of the action
of the vocal folds is neither uniform across the tract nor localized at
the exit plane of the glottis. But whether these simplifications matter

might depend on the particular application,
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In some studies the inverse-filtered waveform is used for resynthesis
{e.g. Karlsson, 1989), or as a point of comparison across subjects or
phonation types {e.g. Sundberg and Gauffin, 1979; Holmberg, Hiliman,
and Perkell, 1988; Gobl and Karlsson, 1991). As long as the parameters
of the inverse filter are retained, that filter can be used io reconstruct
the original measured waveform from the inverse-filtered waveform.
No information has been lost, and thus, in a sense, if does not matter
how realistic the hypothelical source function is.

However, if one wishes to use the mverse-filtered waveform to
deduce the mechanism that produced the external signal, several
difficulties arise. First, the same external signal and filter function will
always produce the same inverse-fillered waveform, and yet it is
possible that different mechanical systems, such as a siren, a piston in
a tube, and vocal folds, each of which would produce different local
flow palterns, could produce the same inverse-filtered waveform. Such
non-unique source mechanisms pose one problem. In addition, any
ntechanism affecting the radiated sound and not explicitly modeled in
the inverse filter will be effectively lumped with the source. Thus any
sound generation downstream of the glottis due to vorticity waves or
turbulence will not be identified separately; similarly, any nonlinearities
in propagation or losses due to convection will be attributed to the
“glottal” source mechanism.

These problems have in a sense already been recognized. Some
studies have therefore focussed on deriving the necessarily complex
relationship between the simplified inverse-filtered waveform and the
complicated vocal fold and air maotion by empirical means, for instance,
by comparing the inverse-filtered waveform with simultaneously
recorded electroglottograph (Fant and Sonesson, 1962), laryngograph
(Rothenberg, 1981b), or photoglottograph waveforms (Ananthapadma-
nabha and Gauffin, 1983). Unless, and until, we can model the pro-
duction mechanism more realistically, lthese empirical studies remain
the only way of bridging the mechanics-to-sound gap at the gloltis.

A final problem for even these empirical studies, however, concerns
the role of convection and DC flow. The Rothenberg mask is used to
derive volume velocity at the mouth from the measured trans-mask
pressure drop, over a range of ( to 1000 Hz or more. It is referred to
as the glottal volume velocity, and since the Rothenberg mask was
introduced (Rothenberg, 1973), the DC value has been presumed Lo be
the mean airflow emerging [rom the glottis, giving information
regarding whether the glottis closed completely or not. However, note
that if a pulse of air at the glottis generates sound, the sound will
travel to the lips at the speed of sound (actually slightly faster since
the sound is travelling downstream), while the air itself will flow at the
average convection speed. The difference in these two velocities results
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in a significant dilference in travel time through the tract: su_und tra\."e[-
ling at 35900 cm/s takes 0.5 ms to travel 17 cm, whereas air lravelh_ng
at a particle velocity of 100 cm/s (based on an average volume velocity
of 200 ecm3s and average cross-sectional area of 2 cin?) takes 1?0 ms
to travel 17 cm. This means in practice that the DC and higher-
frequency components of the flow measured si_mu[tm}eot!sly at a Roth-
enberg mask were generated at the glottis at times differing by 170 ms
or more’. For a vowel steady-state, this difference may not matter; for
onset, offset, and other transient phenomena, it is clearly crucial. -

It may seem a simple matter to apply delays to all acoustic .fre-
quencies, but the amount of the delay needed wquld de}mnd on a time
history of flow velocities throughout the tract, including that (?f the
desired output, the glottal velocity. Further, if the mean flow of air has
led to generation of sound downstream of the glotlis, that component
of the propagated sound will have taken longer to trn.vei from l.he
glottis than a component that was generated al the glottis. It remains
to be established how significant such intermediate soumd generation
is for vowels. o

In summary, a consideration of inverse filtering in light of the flow
mechanisms discussed in this chapler has revealed several um:esulved
issues concerning the technique and the interpretation n.f tl.](._‘ inverse-
filtered waveform. Many of these issues may not be significant, fie-
pending on the parlicular application; however, fhe role of convection
in DC flow measurement seems likely to be crucial to all studies using

the Rothenberg mask. A more thorough analysis is planned.

CONCLUSION

This paper has considered the aeroacoustics of !he vocal_lrz’u:t in some
detail to develop a realistic model of propagation, Predictions of for-
mant frequencies were compared with measureme.n.ls for two cases.
Future suggested developments including both additional features and

new areas of study conclude the chapter.

CONCERNING THE PROGRAM

The program VOAC includes features of real fluid behavior that are
necessarily omitted when electro-acoustic analogues are adopted for
modelling the acoustic behavior of the vocal tract (Kelly and

5 These predictions are borne out by experimental results, to be presented in
a forthcoming Ph.D. thesis by A.M. Barney, Department of Electronics and

Computer Science, University of Southamptom.
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Lochbaum, 1962; Flanagan, 1972; Liljencrants, 1985; Scully, 1990). These
additions include mean flow, non-isentropic processes associated with
vortex generation, and, when appropriate, axial mean velocity
gradients. Other additions include more realistic boundary conditions
such as generation of evanescent waves at axial area discontinuities,
flow-dependent wave reflections at the lips, and the inclusion of
sinuses. The program has been written so that the influence on wave
propagation of mean flow, wall vibration, and viscothermal losses may
each be evaluated independently.

The calculation of the continuous axial distribution of the complex
compounent wave amplitude spectra predicts the acoustic conditions
existing throughout the vocal tract. The program has been written to
provide other optional outputs, such as attenuation spectra, pressure
and particle velocity modulus and phase spectra, similar reflection
coefficient and impedance spectra, and also particle acceleration or
pressure gradient spectra al any desired and specified location along
the tract. It is also possible (o add other additional outpuls if required,
such as transmission coefficients or Lransmission matrix spectra. Thus
the program is very flexible, :

FURTIHER DEVELOPMENTS OF VOAC

There are two immediate improvements that can be made to the
algorithms in VOAC, More realistic modelling of cylindrical wavefront
propagation with the accompanying transfers at junctions between
elements is currently in hand. The influence of axial curvature of the
vocal tract could also be incorporated {Rostafinski, 1991), at least to a
first approximation. Although its influence . on acoustic propagation
may remain insignificant in many instances, its relative importance
should be demonstrated by appropriate adjustment to the wave
number,

There are some other aspects of the flow of real fluids that have not
been included in VOAC. However, examination of the literature
suggests that only a few will have any effect on the sound heard by
a listener. One-dimensional nonlinear propagation, in particular, can be
attacked in the same general spirit as in the program exhibited here:
that is, make judicious additions to the existing approximations to
discover the significance of the relevant aspects of the dynamics of real
fluid motion thal have been neglected. Nonlinearities should be
examined because it has been observed that the time-varying particle
velocity can be of the same order as the mean particle velocity, which
did show some effect on the propagation. In such cases, if products of
mean-flow terms and time-varying terms are relained, then the
products of time-varying lerms should also be retained for consistency.
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There are others, such as the influence of vorticity on propagation, that
may respond to a full three-dimensional, high Reynolds number
numerical study of the fluid mechanics of the vocal tract and that
remain to be fully investigated. ‘

CONCERNING THE SIMULATIONS

Acoustic input impedance spectra were calculated for two vocal tracts
for which appropriate geometric information was available. The results
and comparisons of the derived formant frequencies are summarized
in Tables 3-1 and 3-2, which demonstrate in general a successful match,
particularly for the vowel /a/ of subject TB. Reactive walls, non-zero
flow, and omission of sinuses all independently act to raise formant
frequencies. [t was seen, however, that flow has a greater effect when
the walls are reacting; other interactions remain to be investigated.

It is important to note the following: 1) the tract geomelry has been
simplified. 1t is possible that using more elements, or tailoring the
elements for a more perfect fit, will change the predictions significantly.
2) Wall parameters for the case of reacting walls are ounly poorly
known. We need more data on mass, stiffness, and damping. 3)
Termination at the lips might be more accurately modelled, particularly
at the higher elmholtz numbers. 4} Duct curvature could be included
in future.

Experience indicates that more valid data oi vocal tract geometry
are necessary in order to provide reliable acoustic predictions. MRI
gives good resolution in three dimensions, but the associated
experimental environment raises further difficulties. These include the
unnatural nature of the speaking task, the hostile environment for the
acoustic measurements, and the limitation to static configurations of
the vocal tract.

Confidence in the comparisons between measurements in vivo and
predictions of the model needs strengthening. Ideally, geometric,
acoustic, and volume velocity data should be determined simultane-
ously, and presented with error bounds. Failing this, it would be
helpful if the acoustic data included formant bandwidths as well as
frequencies, and similar data defining spectral shape. A time history of
volume velocity at the mouth for the subject would also be helpful.

FUTURE DEVELOPMENTS

The program described in this paper is very flexible and represents a
different approach to modelling vocal tract acoustics, and thus offers
a range of possibilities for future studies. Obviously, it is important to
extend our comparisons to other phonemes and subjects for which
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appropriate data are available. It would also be possible lo investigate
the acoustic consequences of vocal tract movements under more
realistic flow conditions. The facility for calculating forces can be
applied to investigations of forced motions of the tract boundaries, viz.
the vocal folds. This could then lead to the study of new aspecis of
source-tract interaction.

A useful addition to the program would be sound generation by the
flow. This would include periodically shed vortex motions, and
turbulence, both of which are concerned in voiced fricatives. This
opens new possibilities for a unified approach to source and
propagation modelling, rather than an ad hoc separation of the two.
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DISCUSSION

Dr. Scherer: Could the turbulence created at glottal exit during breathy
phonation act to attenuate the AC component of voicing?

Dr. McGowan: No, 1 do not believe that this is possible because of
the Mach number of the mean flow. This is explained in the subsection
titled, “Sound Absorption by Turbulence.”

Dr. Herzel: Can you estimate the effect of vorticity generation and jet
instabilities on vocal fold vibration? This feedback might be of interest
to understand normal phonation as well as irregularities.

Dr. McGowai: In the current models of vocal fold vibration (Titze,
Ishizaka, etc.), the nonlinear resistance caused by the formation of
vorlicity just upstream and downstream of the glottis is an essential
part of the feedback mechanism allowing energy flow from the air to
the folds. {This is for modal vibration). However, it is unknown how
the modulation of tract vorticity by supralaryngeal wave motion affects
the vibration of the folds.

Dr. Titze: A few years ago Dr. Teager tried to convince us that the
acoustic waves in the vocal tract are confined to the boundaries of the
emerging jet rather than the actual physical boundaries of the tract.
Would you care to comment on that?
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Dr. Davies: The waves always occupy the whole cross Sectlf)l;l u-f thef
tract. The portion of the wave front where mean flow Iex;sls ~,l§1:e
course influenced by the mean flow and Wtil have E; oca tivte_l
velocity of c(1+M) for the positively :{nd c(t-M) fa([)r«t;-le'-neg?e ‘;UZ
travelling waves, while the correspond:-ng ‘phase W.;;Ul y l‘ll [,]Uwéver
rounding region where the mean V('aiuc.ﬂy is zero wi lni c Inweve!
the difference between 1M z;nd unity is so small (for the vocal tract),

remain effectively plane. .
th?)rag;snum: Regarding tI):epsinging l'f)rman.t: is it crealed by a pz:ss;::g
resonance, or by an active amplifier involving an energy source ¢

ices i arynx? ,
: B?m[)caiﬁsu’l':] :hcear l):nly speculate for this pariic‘ulalr case Si:lC(‘ 1 don’t
have all the relevant paramelric data at my fmgert:ps. [-Itl)“lre’:rcell)'
experience in analogous siluations (nut..relaied to 'tl_lu‘voca iiﬁr;r )
would suggest that it is almost Cerlmnlx an “aclive .anIl’pb “;e
particularly when it represents the result (‘)f c.hll'ecl.ed.‘lmmmg ] gdm]
singer who learns how to exiract li.lt‘ required f‘l!l‘el fli‘]\llflt,cy ‘.'(;’)rtice‘s
energy from the mean ﬂUW, illV{)lVH?g I'ESUIIHII(’(:‘& excited yt Iex
Both the resonators and their excitation by vortices represent comp
parts of the acoustic “amplifier” which are bul?1 physn.caily lnecessary
for the phenomena to exist. Thus the vortex lrain‘pl.'uw‘(lf_;s ‘t ;e‘ en?rgy
transfer from mean flow while ther resonator determines the ‘qu:;an};
and amplitude of the oscillations. I’h_erefure, I come down strongly

the side of an active amplifier mechanism, not a pass:v.e.resonance. _

Dr. Berke: We have had much difficulty in empirically meazuftm_g
volume velocity. lnverse filtering is a far field measuremenc; and i nl(s;
difficult to understand its relationshlps-tu the.t.rue. flow aIn gives
information on turbulence and its acoustic amph.ﬁcahon or ¢ am}pmg.

Dr. Shadle: 1t is unfortunately a basic fact of life that |f_|y0u 1aveI:Lr:i
signal that you wish to decompose in.lo source(s) and fi ter,F yo;:n ; st
either have or estimate other inl’orn.lahon about t!le‘sylsten;._ 0: verse
filtering of normal phonation, the flltef chare.lctenstlc xs1 e:;l ima eurce ,
the vowel quality (and from the signal itself), and the ;stc.) e o
assumed to be localized at the other end of that filter, ‘resI;J ;ngce 2
unique decomposition. If anothfar source such as tur lql f?"r:d s
operating, one must also know/estimate whc;rg that l;qlourc? 1.0 f( d the
degree of coherence of the two sources. This pn; em is 0 ﬁ"erh.]g
compounded by the fact that the transducers used or m.ve;ls( Meering
are not sensitive above 3 kHz, where most of the noise is like yd . i“.

To do an accurate decomposition, n.mre measturements are netle e "
different places along the tract. This is one reason | do so much wo

i anical models. .
mg:'.“;??;il:uum: We are discussing aspects of speech sq.;nai;; tthat Cznr;l(zf
be captured by standard theory, which we all are biased toward.
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verse filtering and spectrographic displays can mislead us in these

specific aspects of signal characteristics. We certainly need physical

experiments.

Dr. Berke: Can you suggest means of visualizing turbulence in the
vocal tract?

Dr. Shadle: There are many ways of visualizing turbulence, but few
of these can be used in the vocal tract. One of the simpler visualization
methods involves seeding the flow with particles — e.g. smoke — and
photographing the flow downsiream of the seeding point. This could
be done in the vocal tract provided that illumination and a viewpoint
for the camera could be supplied by optical fiber. l.aser anemometry
detects particle motion by using the particle’s Doppler shift, and thus
provides more information than simply particle position. However, it
involves much more elaborate technology and is expensive. For both
these methods, it must be noted that the streaklines followed by
particles in the flow do not necessarily equal streamlines of the flow
itself when the flow rate is high or the flow is unsteady.

Laser interferomelry visualizes density fluctuations. The equipment
must be very precisely positioned for resulls to be meaningful; also, in
the vocal tract it appears unlikely that density changes would be large
enough to be visible,

Dr. Scherer: As the vocal folds vibrate duting phonation, is there
sufficient time for vortices lo be created at glottal exit, and is the
supraglottal geometry sufficient to allow signilicant acoustic generation
from the vortices?

Dr. Davies: If the shear layer is thin enough then there is no reason
why vortices spaced a cm or so apart {corresponding to a fundamental
frequency range of 100-300 Hz) should not form. With regard to your
second question, it seems possible (hat the supragloltal geometry
could result in significant acoustic generafion, but this should be tested
experimentally.

Dr. Scherer: How would you now interpret the glottal volume
velocity from inverse filtering? Does it have connection to reality?
Does the three-dimensional particle velocity sufficiently integrate
downstream close to the glottis to give validity to the concept of the
volume velocily waveform?

Dr. Shadle: Since the inverse-filtered waveform s a linear transforma-
tion of the signal recorded at the mouth, and that recorded signal
includes the part that constitutes radiated sound, the inverse-filtered
waveform is definitely “connected to reality”: it has a close and
reversible relationship to the sound pressure near the lips, which is
measurable. However, it does not closely correspond to any parameter
measurable near the glottis. The velocity profile is highly nonuniform
not only at the glottis but for more than one-quarter the length of the
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entire vocal tract, based on hot-wire measurements in a model of the
folds and tract (see Barney et al, 1991). All of the studies done relating
the inverse-filtered waveform to vocal fold motion and other
measurable glottal parameters are in fact teasing out what the
relationship is between the hypothesized, idealized source parameters
and measurable glottal parameters by the only method currently
available: experiment. However, a more realistic inverse filter should
lead to a more realistic predicted source, and could mean that the
relationship to measurable glottal parameters is simpler. This is
obviously an important direction to pursue.

PRACTICAL FLOW DUCT ACOUSTICS APPLIED
TO THE VOCAL TRACT: RESPONSE

RONALD C. SCHERER, Ph.D.

The paper and presentations by Drs. Davies, McGowan, and Shadle
emphasized the application of Dr. Davies” computer model to speech
synthesis by the incorporation of the effects of mean (low rate,
evanescent modes at abrupt area changes, non-isentropic relations
between pressure and density (which account for certain aspecls of
flow separation), and wall displacement. Mean flows, wall vibration,
and visco-thermal damping have been shown to affect formant
frequencies. The approach and discussions reinforf:e the concept of
acoustic propagation as a subset of fluid mechanics for vocal tract
effects. The model may be the most physically based articulatory-type
speech synthesis model to date.

This work, and subsequent discussions with Drs. Davies, McGowan,
and Shadle, on aeroacoustic aspecls, prompt several practical questions
and comments that might be worthwhile Lo discuss.

VORTICES IN THE LARYNX

Questions have arisen concerning the involvement of jets and v'u.rtice's
in creating sound in the vocal tract, especially near the larynx. This is
a worthy area of concern. The idea of additional sources of acouslic
energy that may help improve intelligibility or voice quality and
intensity of voice is of keen interest in both the clinic and performance
settings.

A review article by 1. Namer and M. Otugen (1988} may have some
application -here, although it is mentioned primarily to provoke dis-
cussion rather than to prove anything. A glottal (let us say) turbulent
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plane jet (of Reynolds numbers expected for phonation) would be a
free shear flow driven by the momentum introduced at the glottal exit.
At exit the jet begins to entrain the ambient air. Momentum is
exchanged with more entrainment as the jet propagales. The length of
the potential core, wherein the centerline velocity equals the exit
velocity, is approximately 5 glottal widths, which would be on the
order of 1 em. Beyond the potential core, the centerline velocity decays
while turbulence intensity grows. Regarding initial jet growth,
immediately downstream of the glottal exit the unstable laminar shear
layers break down to form vortices. These induce mixing by enwrap-
ping the ambient air. Vortex formation occurs on both sides of the
plane jet.

At the end of the polential core, there is found a dominant
frequency which corresponds to a Strouhal number ({D/1) between 0.15
and 042, which appears to be independent of Reynolds number.
Extending this fo the glottis, it is noted that taking a characteristic
volume velocity of 300 cc/s, and a characteristic glottal diameter of 0.15
cm, the corresponding vortex frequency is 2000 Hz for St = 0.15, 5600
Hz for St = 042, and the intermediate frequency of 3000 Iz for St =
0.225. 'That is, the voice enhancement feature so desired by perfor-
mance (as well as dinically) appears well within these calculations
from experiments made with plane jets. These frequencies would be
present in the flow at a location essentially above the false vocal folds
within the laryngeal vestibule. This discussion assumes that the false
folds are sufficiently placed laterally that the jet is undisturbed, and
that the laryngeal confinement in the larynx tube (the tissue
boundaries of the laryngeal airway) allows the jet process to happen
in the way described. There also appears evidence that externally
produced sound near the dominant vortex frequency may force the
vortices to grow.

Given that the discussion so far is accurate and there may be the
possibility of dominant frequency formation in the velocity fluctuations
at the end of the potential core, we might ook to the laryngeal region
for resonance of similar frequency. A quick estimate of the resonance
frequency of the bilateral sinus of Morgagni between the true and false .
folds suggests that this region has a high resonance over 15,000 Hz. -
Thus, a jet-edge-resonator oscillalion is unlikely here (it is noted that
the sinus of Morgagni may qualify for self-sustained oscillation due to
inherent instability of the finite thickness shear layer, resulting in a
calculaled frequency of 4000-6000 Hz; ref. D. Rockwell, 1977). However,
if the larynx region, including the vestibule, which opens quickly to
the larger pharyngeal region, is modeled as a closed-open tube of
about 3 em, a resonance frequency is obtained between 2500 and 3000
Hz, the frequency area described as the singer’s formant region. Thus,
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there may be a match of a vortex source, even though weak, with an
intimate resonance. This reasoning appears in line with Sundberg’s
earlier discussions.

It is noted that the pulsatile nature of giottal flow means that the
jet flow from the glottis varies constantly, even to no flow conditions
during glottal closure. That is, the glottal airffow is pulsed with the
creation of variable jet bursts. This means that the jet flow is never
sustained, and if acoustically helpful vortices can be created quickly
enough, they are trains modulated by the fundamental frequency with
intra-train aspect variations. The pulsatile nature makes the problem of
vorticity contributions more complicated.

GLOTTAL SOUND SOURCE

There has been some question about the plotlal sound source in
relation to the inverse filtered airflow exiting the mouth as is
performed with a Glottal Enterprises system. Thal is, inverse liltering
the output oral flow results in a volume velocity signal attributed to
the glottal end of the vocal tract, assuming the inverse filtering deals
wilh the vocal tract resonances. [Inverse filtering a microphone signal
at the mouth oulput essentially results in the glottal volume flow
derivative.] The question is whether the volume velocity signal
obtained with inverse filtering is a valid representation of the flow at
the larynx.

At any instant the glottal flow is an air jet made up of a distribution
over the glottal opening of particle air velocities that vary widely in
value. The sum (integral) of the particle velocities at glottal exit (ie,
over the glottal exit area) most likely sufficiently equals the instantane-
ous volume velocity obtained by inverse filtering. At glottal exit it
certainly is not the case that at any instant there is a uniform velocity
profile across the tract as would be assumed under some linear
acoustic concept. One might ask if the glottal jet spreads quickly so
that the velocity profile does appear somewhat uniform after, say, 0.5
cm distance. This is most likely impossible at the Reynolds numbers
expected in phonation. The jet probably travels at least one cin prior
to any significant spreading. The upper surfaces of the false vocal folds
slope up to perhaps encourage reattachment of the flow in the
vestibule, however.

The shape of the glottal volume velocity signal has been of interest
because of the amplitude, skewing, and open quotient characteristics.
The amplitude of the signal would refer to the maximum volume flow
for the cycle, and the inverse filtered waveform most likely accurately
depicts this. The open quotient refers more to a kinematic aspect, that
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is, minimal (or zero) flow points rather than to the volume velocity per
se, so to the extent that flow “corners” are sharp and resonance
elimination is adequate, the inverse filtered signal should be helpful in
this measure. Wavelorm skewing has been related to reaclance of the
vocal tract by Rothenberg, Titze, and others, and the question 1
presume is whether this aspect should have been part of the inverse
filtering (vocal tract rendering) or retained in the glottal volume flow.
This issue of what characterizes the vocal tract and what would
characterize the glottal flow was well emphasized by Drs. Davies,
McGowan, and Shadle. it is central to the problem of how to separate
the influences of glottal, vocal tracl acoustic, and aervacoustic sound
sources, a primary issue of the paper by Davies, McGowan, and Shadle.

Acoustically, the glottis is considered monopole source-like, for
which the derivative of the volume flow (or particle flow) is the sound.
That is, acoustic disturbances are created and travel at the speed of
sound according to the time derivative of the flow. Naively, 1 would
assume that the particle velocity distribution across the glottis varies
with time, and therefore there must be a distribution of the time deriv-
atives of velocity across the glottis creating a distribution of sound
intensities. Apparently the acoustic disturbances within a very short
distance sum togethier to creale elfectively a single acoustic wave front,
and the intensity of this wave front would strongly correspond to the
differentiated flow at the corresponding time in the phonatory cycle.

From a practical viewpoint, I would want to have the glottis function
so that it can create, with little respiratory effort, a glottal particle
velocity distribution with large velocity values near the time of peak
volume flow {and near the time of peak glottal area), followed by a
moment just before glottal closure of very large glottal resistance and
almost no flow, so that the greatest particle velocity change over a
short period of time could take place, generating the largest possible
sound intensity. From a strictly glottal resistance point of view, this
would be achieved by having the glottal flow peak occur with an
optimum diffuser condition as the shape of the glottis, whereby there
is greatest pressure recovery through the glottis, and relatively least
resistance and greatest flow. And then near glottal closure, there
should be a highly resistive siluation of nearly parallel and very close
vocal folds. THow aeroacoustic interactions might facilitate this
optimization of flow and glottal function needs to be seen.

Although the glottal flow may be considered a monopole source, if
the glottal flow jet impinges onto the underside of the false vocal folds,
a dipole source of sound may be created due to Lhis interaction, its
intensity depending upon the velocity of the flow. Again, this would
be a source of sound that would be difficult to relate by measurement
to that location in the vocal tract, rather than to the glottal flow itself.
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Other potential dipole sources such as a jet impinging onto the epi-
gloitis would suffer the same fate, most likely.

PATHOLOGY AND PERFORMANCE

Models of voice and speech need to account for anatomical abnormal-
ities, normal and abnormal innervation conditions, variable structural
instabilities and unsteadiness, and resonance enhancements that are
special to pathology and performance. Many abnormal conditions
might appear merely as perturbations of normal condilions, except, for
purposes here, at high levels of pressure or flow, when special
aeroacoustic considerations may be needed. Also, the vortex and non-
linearity issues are obviously of great importance for the creation of
intense sounds, and perhaps for the creation of resonance enhance-
ment in both the studio and the clinic. They certainly should be issues
in “efficiency” concepts. From a vocal tract modelling point of view,
the issue of “voice placement” and its acoustic and aeroacoustic
concomitants are important and worthy of immediate attention.

SUMMARY

The synthesis model discussed by Drs. Davies, McGowan, and Shadle
is highly promising, and its flexibility and physical orientation is reas-
suring for future development. Their discussions of the aeroacoustic
aspects of phonation and the vocal tract are highly enlightening. It
would be fortuitous if their modelling could be used to enhance the
accurate deduction of sound sources and their locations within the
vocal tract with the intent of helping the diagnosis, rehabilitation, and
training of those with voice concerns, for it is an area virtually
untouched empirically or theoreticaliy.

For the future, we need computer models that are physiologically
and physically complete, including the effects of aeroacoustics. This
may require new unsteady numerical techniques to handle the
complexity from basic principles, including three-dimensionality and a
variety of flow regimes and types of sound sources that are simultane-
ously present. Accompanying this development, we need empirical
modeling that also looks at the subtle aspects of physiology and
physics of voice and speech, in order to understand, for example, the
aeroacoustic aspects. Consideralion should be given to an important
point made by Dr. Davies, that it is important to model as complete
a systemn as possible, in order to differentiate the salient aspects and
not waste time studying parts that turn out to be of negligible import.
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DISCUSSION OF RESPONSE

Dr. Davies: One should be careful when applying the observalions of
vortex shedding with a steady flow to a time varying flow.

As an extreme example consider the vortex generation at an open
tube when a steady flow is suddenly switched on. The result is the
development of one large starting vortex over a significant time
followed by the gradual development towards the steady flow
situation. This generally ignores the influence of developing image
vortices resulting from the presence of the tract boundaries. These

further complicate and reinforce the developing rotational motions.

Dr. Scherer: Thank you for this caution. We need to examine examples
such as the one you give, including those which are even closer
mechanically Lo the variable orifice — variable flow glottis.
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