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ABSTRACT

Interaction ripple is caused by the
non-linear relation between glottal flow
and trans-glottal pressure, the latter
containing components of vocal tract
oscillatory modes evoked during the past
history of the phonatory process.

This study deals with the non-linear
transformation from glottal area function
to glottal flow, with and without constant
leakage invoked by a glottal chink.
Earlier observations on a certain high
frequency boost associated with the
glottal chink {1], [2], have been verified.
A separate study of the audibility of
interaction ripple has been undertaken.

INTRODUCTION

Interaction ripple is the superposition
of quasi-random variations within a
voice cycle of the glottal flow which is
commonly observed in inverse filtering
of the speech signal. A number of
aerodynamic-acoustic model simulations
have revealed the general mechanism
causing interaction ripple, i.c. [2] [3]

The origin is a non-linear perturbation
of glottal flow caused by vocal tract
oscillatory modes superimposed on the
trans-glottal pressure.

The term interaction in a broader
sense involves all aspect of a complete
supra- and sub-glottal coupling and
associated departures from normal
phonation. In breathy phonation the
coupling causes shifts of formant
frequencies and bandwidths and the
appearance of sub-glottal formants and
noise. These can be studied in a com-
plete articulatory analog.

FLOW SIMULATIONS

The simulations have been performed
with our articulatory speech synthesiser,
TRACTTALK [2]. The synthesiser consists
of three parts, a sub-glottal system, a
model of the time varying glottal
opening area modulating the trans-glottal
impedance and a supra-glottal system.

The sub-glottal system incorporates
three resonance modes and the glottal

impedance contains the complete inven-
tory of inductance, kinetic resistance and
frictional resistance. The examples Fig.
1-3 pertains to a supra-glottal configu-
ration of a vowel [a:]. For computational
details see [4]. The LF-model was used
to control the glottal area function Agt).
The effects of adding a constant leak are
also demonstrated in the three examples,
Fig 1-3.

Results

In the zero glottal leak simulation,
curve 1 in both Fig 1 and Fig 2, there is
an apparent double peak in the positive
part of U,'(t) which is a typical instance
of interaction ripple as seen in true
speech, similar to what has been
discussed in [2]. The main cause of the
double peak is the F1 oscillatory com-
ponent of the trans-glottal pressure. The
spectral consequence of a valley and
peak around 800 Hz is rather weak. It
should be kept in mind that the specific
shape of the interaction ripple is highly
dependent on the duration of the voice
fundamental period which determines
the particular phase of the previously
excited component upon arrival in the
beginning of the next open phase.

Fig. 1 is an example of adding a
constant leak to a glottal area function,
with return time T,=0.1 ms. Three values
of glottal leak have been gimulaled: no
leak A =0, Ago= 0.03 cm’, A= 0.075
cm?. The glottal flow derivative U,'(t)
for zero leak displays the typical double
peak, which is smoothed out and
disappears with increasing constant leak.
This is to be expected because of the
increased damping and thus the low
carry-over of Fl oscillation from the
previous period. At the same time we
observe an irregularity in the return
phase of U,'(t), a phenomena which has
frequently "been observed in inverse
filtering of real speech and in the
simulations, [1], [S]. The mere presence
of the leak appears to be sufficient as an
explanation.
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Fig 1. From the top: Glottal area func-
tion A (t) with a small return time T, =
0.1 ms and three values of a constant
leak. Ty= 8.0, T,= 5.0, T,= 3.5 ms, the
resulting differentiated gfollal Sflow and
at the bottom the spectrum of the
differentiated glottal flow.
Curve 1: without constant leak,
2: constant leak = 0.03 cm” jncluded,
3: constant leak = 0.075 cm” included.
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Another typical effect is the increase
in the effective return time T, in the flow
compared to the T, of the underlying
area function. The T,=0.1 ms of A, ()
corresponds to a critical frequency F,=
1/2nT,)= 1600 Hz. For the no leak case
we observe a T, corresponding to
approximately F, = 850 Hz, with the
small leak F,=700 Hz and the larger leak
F;= 650 Hz. The corresponding increase
in spectral tilt associated with leakage is
apparent in the FFT spectrum.

With increasing T, of the glottal area
function and the presence of a constant
leak there is a non-uniform shift in the
source slope. This is demonstrated in
Fig. 2, where T, of A,(t) is 0.5 ms. The
corresponding T, of U,'(t) in Fig. 2is 0.6
ms with no leak, 1.2 ms for the small
leak of 0.03 cm® and 1.4 ms for the
larger leak of 0.075 cm® equivalent to
F.= 1/(2xT,) values of 256 Hz, 130 Hz
and 115 Hz respectively. The presence of
a leak thus causes approximately a
doubling of T, and an octave lowering of
F, Thus, with a leak present the spectral
tlt sets in at a lower frequency.
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Fig 2. Gloual area function with a
moderate return time T, = 0.5 ms, else
specifications identical as in Fig 1.

However, instead of a uniform slope
there is a recovery above 1000 Hz which
restores the spectrum level to nearly the
same as the no leak case at 3000 Hz. An
additional effect of the constant lcakage
is a reduction of the maximum negative
value of U/'(t), i.e. E, by about 3 dB.

These eflects are even more apparent
in Fig. 3 where T,=1 ms in the glottal
area function. Above 1700 Hz and with a
leak the spectral level is restored to
about the same or higher than without
leak in spite of the fact that the higher T,
(6 dB) and the lower E, (2 dB) together
would have produced a 8 dB lower level
in this range. Because of the higher T,
(lower F,) the presence of a leak causes a
steeper spectral slope up to 1000 Hz
followed by the restoration. The
magnitude is of order 10 dB here.

These observations supporting the
earlier findings of [1] and [2], have
implication for the overall spectral
characteristics of the female voice.

To what extent are these phenomena
dependent on the sub-glottal system?

We repeated the experiment in Fig. 3
but with the sub-glottal system short-
circuited. The E, value is not substan-
tially reduced by the introduction of the
leakage. The higher E, without the sub-
glottal system is partially compensated
by a lower T, of U'(1) and the spectral
difference becomes small [4].



Vol. 2 Page 636

’ 7000
Fig 3. Glottal area function with a large
return time T, = 1.0 ms, else specifi-
cations identical as in Fig 1.

PERCEPTUAL TEST

When selecting stimuli for a
perceptual test we avoided glottal
configurations that produce more
complicated interactions. We thus
excluded the superimposed constant
glottal leak and choose parameters
typical for a well developed male voice
with normal time constants of the glottal
flow return phase. One of the test stimuli
was the sentence "Ja adj", ['ja:-a'jg:]. In
addition we produced isolated vowels
[a:] and [#:] of about 400 ms duration.
These were produced with two different
modes of temporal modulation, one with
varying F, and waveform parameters
approximating natural speech, the
second one with constant F, and a mode-
rately varying amplitude profile at onset
and offset which was expected to
enhance the perceptibility of the ripple.
Each of these three stimuli types,

(1) Vowels with time varying Fyand
waveshape parameters.

(2) Vowels with constant Fy and
waveshape parameters.

(3) The complete sentence, "Ja-adjs".

were compared to synthetic versions
produced with optimal LF-source in non-
Interactive formant synthesis.

Test procedure
The main part of the study was
devoted to discriminabilities in AB and
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ABX tests. The question posed in the
AB test was "which do you prefer, A or
B?". The ABX-test posed the standard
question: "Is X more like A than B?". In
addition we ran tests aiming at a cate-
gorical rating of perceived differences,
within contrasting stimulus pairs of full
representations and LF versions.

Results

The AB-tests, Fig 4, show that the
majority of the listeners preferred the
interactive source in all vowels and in
the sentence "Ja-adj6". For vowels the
average score was of the order of 70%,
ie. well above chance level, and not
significantly different for the time
varying and constant parameter settings.
In the sentence test the score was higher,
85% which was to be expected in view
of other shortcomings in the overall
matching to the human reference.

The ABX test, Fig 5, supported the
general findings from the AB test. Apart
from the low discriminability of the
vowel [a:] which could be explained by
its initial placement in the test sequence
without previous training, the tendencies
appear similar to those of the AB test
and with higher test scores.

The perceived difference test sup-
ported the view that the differences in
interactive and LF synthesis are small or
very small. Only 13% of the votes were
in the category of a large difference. In
the sentence test, on the other hand, as
much as 55% votes were in the large
difference category [4]. However the
“large" assignment is a relational rather
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Fig 4. The AB-test, (1) Vowels with time
varying Fy and waveshape parameters.
(2) Vowels with constant F, and wave-
shape parameters.
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Fig 5. The ABX-test, (1) Vowels with
time varying F, and waveshape para-
meters. (2) Vowels with constant Fy and
waveshape parameters.

than an absolute judgement. The syn-
thetic version is a rather good appro-
ximation to the human utterance. This
overall impression is supported by the no
difference votes of approximately 20%
in the ABX test.

CONCLUSIONS )

Interaction ripple is a non-linear per-
turbation superimposed on glottal flow.
It originates from residuals of vocal tract
oscillatory modes, largely those evoked
in the preceding fundamental period,
adding to the instaneous value of the
trans-glottal pressure drop which has a
second power relation to glottal flow.
The occurrence of ripple does not require
a glottal leak or the influence of the sub-
glottal system. On the contrary a con-
stant leak adds to the damping of for-
mant oscillations and thus smoothes out
the ripple as is encountered in phrase
final abduction. .

One recurrent observation is that the
return time T, of the glottal flow tends to
be larger than the T, of the glottal area
function and that it increases with in-
creasing glottal leakage. A glottal
leakage also reduced the excitation amp-
litude E, but only when the sub-glottal
network is retained.

We have verified the tendency obser-
ved in [1] and [2] that a combination of a
constant leakage as with a glottal chink,
and a finite T, of the glottal area function
causes a high frequency boost that
partially inhibits the spectral drop above
1000 Hz. This effect is of the order 6-12
dB at 2500 Hz. It is somewhat reduced
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when the sub-glottal impedance is short-
circuited. This phenomena has imp-
lications for the interpretation of female
voice source spectra. The presence of a
glottal chink may also induce an irregu-
larity in the closing phase as earlier
observed in [1] and [5].

Our ABX test provided data on the
detectability of interaction ripple while
the preference was judged by an AB test.
The main outcome is that the presence of
interaction ripple adds a weak but detec-
table quality which is prefered by a
majority of the listeners. This was found
in both stimulus category (1) and
category (2), as well as for the sentence
"Ja-adj6". Although the synthetic version
of the sentence was a fairly good replica
of the spoken version the perceived
difference was judged to be substantial.

Our perceptual studies have been
directed to one aspect of interactive
synthesis only, that of the ripple. A more
important object for future research will
be to gather experience of quality gains
associated with complete articulatory
synthesis and thus a more complex
source-filter interaction. For this purpose
we are now considering a more flexible
glottal area function than the LF-model
which initially was intended for glottal
flow only.
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