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Abstract

When a narrow constriction is formed in the vocal tract,
there are substantial interactions between the vocal-tract
configurations and the sources of sound in the vocal tract.
In the case of liquids and glides, the interaction causes the
amplitude of the glottal source to decrease somewhat rel-
ative to its amplitude for vowels. When the constriction is
‘narrow enough to cause frication noise, there are stron in-
teractions between vocal-tract configuration and both the
noise source and the glottal source. A theoretical analysis
of some aspects of this interaction is presented, together
with some illustrative data.

1. Introduction

It is usually assumed that the acoustic source due to vocal-
fold vibration for vowelsis largely independent of the vocal-
tract configuration. That is, the shape and frequency of
the pulses of volume velocity passing through the glottis
are not significantly influenced by the vocal-tract configu-
ration, and the acoustic properties imposed on the sound
by the vocal tract are largely independent of the glottal
source. Recent analytic and experimental work has in-
dicated that there are some interactive effects, between
source and vocal tract [1, 2]. The interactive effects on
ﬁm_ source become strongest when the vocal tract is con-
st'rx.cted and also when the fundamental frequency is in the
Vlc.lnity of the first formant frequency (F1). The effect is
to ‘modify somewhat the waveform of the airflow pulses
emerging from the glottis, whereas the effect on the pat-
tern of mechanical vibration is relatively small.

‘The basic mechanism of the interaction is that, during
thf open phase of the glottal cycle, the airflow is deter-
mined not only by the impedance of the glottal opening,
which is largely resistive, but also by the impedance of
t?e sub- and supraglottal airways, which is largely reac-
tf"e in the frequency range of glottal vibration. This reac-
tive impedance, which is determined by the acoustic mass
of the airways, produces a skewing of the volume-velocity

waveform relative to the waveform of glottal area versus:
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time. There is also a small effect of the vocal-tract con-
figuration on the frequency of glottal vibration. This is
thought to be due to mechanical coupling between dis-
placement of the tongue root and rotation of the thyroid
cartilage, leading to a change in vocal-fold tension [3]

The approximation of independence between acoustic

sources and vocal-tract shapes is far from being valid when
the airways between the glottis and the vocal-tract output
contain a narrow constriction, as is the case for many con-
gonants. When there is vocal-fold vibration during the in-
terval in which the airways are constricted, the shape and
frequency of the pulses of glottal airflow can be strongly
dependent on the supraglottal configuration, including the
size of the constriction, the impedance of the vocal-tract
walls, and the way the walls are displaced during the con-
stricted interval. Under some circumstances, the ciiflow
through the constriction is sufficient to generate a source
of turbulence noise, and the characteristics of this noise
are clearly dependent on the shape of the vocal tract. The
aim of this paper is to explore the nature of the interaction
between acoustic sour ces and vocal-tract shapes for these
more constricted, consonantal configurations.

2. Glottal source for liquids and glides

The articulatory configuration for liquids and glides is gen-
erally characterized by a constriction or narrowing at some
point along the vocal tract such that the cross-sectional
area is smaller than that for vowels. Measurements have
been made to determine the effect of this type of con-
stricted configuration on the glottal source [4, 5].

In one type of measurement, the spectrum of the sound
was compared at two points within each of a number of
atterances containing liquids and glides: (1) when the vo-
cal tract was constricted during the liquid or glide and
(2) when the vocal tract was relatively unconstricted in a
vowel adjacent to the consonant. Measurements of the am-
plitude of the fundamental component were made in these
regions, and appropriate corrections were made for the in-
fluence of the first-formant frequency on the amplitude of
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this component in the glottal spectrum. A change in the
amplitude of this component in general indicates a change
in the amplitude of the glottal pulses. The results for six
speakers showed that when the vocal tract was maximally
constricted for a liquid or glide, there was a reduction of
about 3 dB in the amplitude of the glottal pulses, on the
average. This relatively modest change can presumably be
ascribed, at least in part, to an acoustic interaction be-
tween the glottal airflow and the increased impedance of
the airway for the constricted configuration.

In addition to the acoustic measurements, an electroglotto-
graph was used to obtain estimates of glottal opening and
closing times for a number of glottal cycles in the same lig-
uids and glides and in the adjacent vowels. The aim was

 to determine whether there was evidence for an influence

of the vocal-tract constriction for the consonant on the
mechanical aspects of vocal-fold vibration. The measure-
ments showed that there was an average increase of about
10 percent in the glottal open time within the vibratory
cycle during the constricted interval for liquids and glides
relative to that for a vowel.

Models of vocal-fold vibration predict effects in the same
direction, i.e., a decreased amplitude of the glottal pulses
and an increased duration of the glottal opening, but cur-
rent models are not sufficiently refined to predict accu-
rately the magnitude of the effects. In any event, it seems
clear that when the vocal tract is constricted to form a
liquid or a glide, there is a modest influence on the glot-
tal volume-velocity source. This influence is in a direction
that tends to reduce the overall amplitude of the sound
during the consonant, and thus can be considered to en-
hance the contrast between the syllabic peaks for vowels
and the intensity minima for nonsyllabic segments.

3. Turbulence noise source for fricatives

The generation of turbulence noise in the vocal tract for a
fricative consonant is accomplished by forming a constric-
tion in some region along the supraglottal airways and di-
recting the airstream against an obstacle or surface in ‘the
vocal tract. In a sense, then, the properties of the source
are a direct result of interaction of the vocal-tract shape
and the airflow in the vocal tract. '

A typical configuration of the vocal tract for a fricative
consonant is shown in Fig. 1a. The factors influencing
the properties of the source of turbulence noise can be ex-
plored by examining the properties of the sound that is
generated when air flows through a mechanical model like
that in Fig. 1b. The rapici airflow through the downstream
constriction generates turbulence noise, and if an obstacle
like that shown in the figure is present in the airstream,
this sound source is concentrated in the vicinity of the ob-
stacle. The constriction at the left of the model represents

the glottal opening. A number of measurements have been.
made of the sound generated by airflow in a model of the
type shown in Fig. 1b [6].
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Fig. 1{a) Midsagittal configuration of vocal tract for a fricative con-
sonant. (b) Mechanical model of fricative noise generation with an
obstacle downstream from the constriction.

Figure 2 shows the spectrum of the sound pressure mea-
sured some distance from the model with and without the
obstacle downstream from the constriction. The difference
in level is as great as 30 dB in some frequency regions.
Turbulence noise in the vocal tract is never entirely free
of some obstacle or surface, but clearly large differences in
source strength are obtained for different configurations of
obstacles in the airstream. This fact is evidently exploited
in the selection of articulatory gestures for producing fea-
ture combinations and contrasts for use in language.

o L B A S R St S S Emn o S s aun G G SmD Bt S SRR RN
£ 60 Yy =32cm,U=370 cc/sec -
N 1. =tem, A=008 cm
T Obstacle, 1;=30cm
g ------ No obstacle

- c 40t .
S i ]
5[ MW\
S 20- A . :
w SN~ - "1\,...-‘,..‘.'\.'.-_»."'%"' "\\-\-.j"‘w"‘- b
fa - —~— ety =
2 Room Noise ~ ™=~ o ___ _
=z OF T T
¢
q —
= PURS W N NS AR T UV U SHU T WA ST WD TR VU N U S E T

o | 2 3 4 5 6 ¢ 8 9 10

FREQUENCY (kHz)

Fig. 2 The solid curve shows the spectrum of the sound radiated from
a model like that in Fig. 1(b}. Front-cavity length and distance from
constriction to obstacle are both about 3 cm. The dotted curve is the
spectrum for the same configuration, but with the obstacle removed.
{From Shadle, 1985).
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The results of a series of experiments with models of the
type shown in Fig. 1b, together with theoretical studies of
turbulence noise generation, have led to procedures for cal-
culating the amplitude and spectrum of the sound-pressure
source p, for different values of airflow and constriction
size. The relation that has been developed is

3
po= K U4~} = K, (2—Ap£)’ Al 0

where U = volume velocity through the constriction, AP =
pressure drop across the constriction, p = density of air,
A = cross-sectional area of the constriction, and K, is a

constant that depends on the configuration of obstacles
and surfaces against which the airflow impinges.

Equation (1), together with standard equations relating
pressure and airflow in constricted tubes, can be used to
calculate the levels of the noise sources at the glottal con-
striction and at the supraglottal constriction in the model
of Fig. "1b as the cross-sectional area of the supraglottal
constriction is manipulated. Figure 3a shows the results
of this type of calculation when the cross-sectional area of
the glottis is fixed at 0.2 cm?. The amplitude of the source
at the downstream constriction has a broad maximum for
constriction sizes in the range 0.05 to 0.15 cm?®. Over this
range, the amplitude of the turbulence noise source is rel-
atively insensitive to the size of the supraglottal constric-
tion. This result suggests that, in producing a fricative
consonant, a speaker is not required to adjust the size <?f
the constriction precisely in order to obtain a fixed maxi-
mum amplitude for the noise source. The figure also shows
that as the supraglottal constriction becomes larger, the
amplitude of the noise generated at that constriction de-
creases, and the noise source at the glottis becomes dom-
inant. This glottal source in the model corresponds to
aspiration noise in the vocal tract.

One other type of interaction has been ignored in estimat-

ing the source levels in Fig. 3a. Since the walls of the vocal
tract are not rigid, an increase in pressure behind the con-
striction will cause the walls of the vocal tract to displace
outwards in response to the pressure. This displacement
of the walls can have an influence on the size of the con-
striction. In the configuration of Fig. 1a, for example, the
beightened pressure behind the alveolar constriction exerts
aforce that causes a downward displacement of the tongue
blade that is sufficient to cause an increase in the size of
the constriction. If the constriction is adjusted to hav.e a
“resting” cross-sectional area in the absence of an applied
subglottal pressure, then the cross-sectional area when the
Pressure is applied will become larger. It is possible to cal-
culate approximately this displacement, since some dat‘a\
are available on which to make estimates of the mechani-
cal compliance of the vocal-tract walls [7]. Based on these
C5"1Cllla.tioms, we have recomputed the curves in Fig. 3a, ex-

cept now we have plotted on the abscissa the resting area
of the constriction, rather than the actual area after the
subglottal pressure is applied. The new curves are given in
Fig. 3b. We again observe a maximum in the amplitude
of the noise generated near the downstream constriction,
except that now the maximum is much broader. That is,
the level of the noise is even more stable in response to per-
turbations in the area of the constriction. This example,
as well as others not discussed here, illustrate that prop-
erties of the vocal-tract walls can play a significant role
in determining the characteristics of sound sources in the
vocal tract.
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Fig. 3(a) Calculated levels of the turbulence poise sources at the
supraglottal and glottal constrictions as a function of tlfe area of the
supraglottal coustriction. The area of the glotté'xl constn‘ctmn ls.ﬁ:feq
at 0.2 cm?. (b) Same as (a), except that the size of thé constriction
is modified by the presence of the intraoral pressure. The abscissa is
the area that the supraglottal constriction would assume before appli-

cation of the subglottal pressure.

4. Source characteristics for voiced fricatives

A voiced fricative consonant is produced with a sup.rag}ot-
tal configuration similar to that for 3 voiceless fricative,
described above. The difference, however, is that the vocal
folds continue to vibrate overat least part of the time in.ter-
val when the vocal tract is in the constricted conﬁgur?tlf)n.
If noise is to be generated at the supraglottal constriction
and if glottal vibration is to continue, then tl.le 'pressure
in the space between the glottis and the constriction must

be intermediate between the subglottal pressure a{xd atmo-
o achieve this condition , the

ther careful balance between
s and the cross-sectional area

spheric pressure. In order t
speaker must maintain a ra
the configuration of the glotti
of the supraglottal constriction.

If the average pressure in the vocal-tract volume between
the glottis and the supraglottal constriction is P and the
subglottal pressure is Prut then the transglottal pressure
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is Pirons = Pous — Pm, and the pressure across the constric-
tion is P,.. This pressure drop P,, is the value of AP that
is used to esimate the amplitude of the turbulence noise
source at the constriction, in equation (1). When the vocal
folds are in a configuration appropriate for voicing, exper-
imental observations and theoretical analysis have shown
that the amplitude of the volume-velocity pulses at the

glottis is roughly proportional to Pé,,,,, i.e., proportional
to (Pous — P.)? in this case [8]. However, when the trans-
glottal pressure becomes less than a particular threshold
value, usually considered to be about 2-3 cm H0, vocal-
fold vibration is no longer maintained.

In Fig. 4 we estimate the level of the turbulence noise
source at the constriction and the level of the glottal source
as a function of the cross-sectional area of the supraglottal

constriction. The average area of the glottis is assumed
to be fixed (at 0.13 cm? in this case). The noise level is
plotted relative to the maximum level that would be ob-
tained for a voiceless fricative consonant produced with
a glottal opening as indicated in Fig. 3. The amplitude
of the glottal source is plotted relative to the amplitude
that is obtained with the same glottal configuration but
with no supraglottal constriction. When the constriction
size decreases to about 0.07 cm?, the transglottal pressure
drops to about 2 cm H,0, and vocal-fold vibration can be
assumed to cease for smaller constrictions.

o . .
S VOICING
-~ AMPLITUDE
|
l;l
o> 1o+ i
|
w
z | AMPLITUDE
g
|
w
© -20}- / .
!
1 ]
0 ol 0.2 0.3

CONSTRICTION AREA (cm?)

Fig. 4 Calculated amplitudes of noise source and glottal source for
a model of a voiced fricative consonant, as a function of the cross-
sectional area of the supraglottal constriction. The average glottal
area is assumed to be fixed at about 0.13 cm?. Calculated voicing
amplitude is given relative to the amplitude when the vocal tract is
unconstricted, as it might be for a vowel. Noise amplitude is given rel-
ative to the amplitude for a model of a typical voiceless fricative. The
vertical line at about 0.07 cm? indicates.the constriction area below
which vocal-fold vibration cannot be sustained. :

Figure 4 indicates that there is some instability in ad-
justing the supraglottal constriction size. If strong voic-
ing is to be maintained (say around a constriction size of
0.2 cm?), then the amplitude of the noise source becomes
small, whereas a strong noise source can only be achieved
at the expense of weakened or even cessation of voicing. It
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often happens that voicing is maintained only over some
part of the interval when the vocal tract is constricted for
a voiced fricative.

Examples of measurements of the voicing amplitude and
the noise amplitude are shown in Fig. 5 for the intervo-
calic voiceless and voiced fricatives [s] and [z]. In the case
of the voiceless fricative, the amplitude of the noise re-
mains rather stable throughout the interval, and the glot-
tal source turns off and on rather abruptly. There is a
brief reduction in noise amplitude just before voicing on-
set, as the constriction is released before the vocal folds
have adducted to a position appropriate for voicing. For
the voiced fricative, there js considerable variation in both
noise amplitude and glottal source amplitude. The noise
amplitude tends to be 5-10 dB less than that for the voice-
less cognate, over much of the constricted interval.
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Fig. 5 Measurements of noise amplitude (peak spectrum amplitude
above 3.5 kHz) and voicing amplitude (peak spectrum amplitude at
F1) s a function of time for an intervocalic voiceless fricative [s] {top
panel) and voiced fricative [z] (bottom panel). The voicing curves are
plotted with 0 dB as the maximum level, and the noise amplitude
curves are plotted with the reference of 0 dB being the peak level for
the voiceless cognate.

The reduced amplitude of the glottal source for the voiced
fricatives [v] and [5] has been observed for a variety of
utterances by Bickley and Stevens [5]. They report an av-
erage reduction in amplitude (relative to that for a vowel)
of about 10 dB for these fricatives.

5. Concluding remarks

When a constriction in the vocal tract becomes narrower
than the minimum cross-sectional area for a vowel, there is
a substantial increase in the interaction between the vocal-
tract shape and the characteristics of the source. For liq-
uids and glides, the contriction is not sufficiently narrow to
produce turbulence noise, but the impedance of the con-

Sy 3.4.4

v,

striction is sufficient to cause a decreased amplitude of the
glottal source. When the constriction is made narrower,

-turbulence noise is generated in the vicinity of the con-

giriction. For a fixed glottal opening, the amplitude of
this noise is reasonably stable over a substantial range of
supraglottal constriction gizes. Simultaneous generation
of both glottal vibration and turbulence noise at a supra-
glottal constriction requires a rather careful adjustment of
the supraglottal and glottal constrictions. 1t is to be ex-
pected, therefore, that one or other of the sources may not
continue throughout the entire consonantal interval for a
voiced fricative.

This analysis has indicated that the interaction between
acoustic sources and vocal-tract shapes tends to be much
greater for constricted or consonantal configurations than
it is for more open vocalic configurations. We still have
much to learn about the characteristics of the glottal and
turbulence noise sources for different types of consonants,
particularly for obstruent consonants for which there is an
increased pressure in the intraoral space.
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