Amplitude Modulation of Vowel Glottal Pulses Application to Sleep Inertia
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Human voice carries non-linguistic information about emotion, fatigue, stress, truth, psychological illnesses
etc. The proofs of this are well-established nowadays. In real-life situations, in laboratory conditions and from a
cross-FXOWXUDO SRLQW RI YLHZ WKH VSHDNHU¶V SV\FKR-physiological disorders induce vocal modifications. Many
acoustic parameters are measured. They belong to the dynamic and spectral planes. Phase space is also involved.
Amplitude modulation is one of them. Unlike prosody and vocal quality features, this has not been widely studied.
In this paper, a method for estimation vowel glottal pulses amplitude modulations is proposed. After pulse
detection, a sinusoidal fit is applied leading to an estimate of the amplitude modulation frequency. The method is
applied to experience sleep inertia effects on the voice. A pilot is suddenly awakened to undertake aeronautical
psychomotor tasks. Results show the existence of an amplitude modulation. Their validity is based on
determination coefficient measurements taking into account the number of pitch periods. Additionally, shimmer
measurements show an increase after awakening. It can thus be concluded that sleep inertia has an effect on
vowels uttered by the pilot.

Introduction

Many acoustic parameters are measured to study vocal
effects of psychophysiological disorders on vowel signals.
A lot of them are issued from the dynamic plane: pitch
periods, jitter, shimmer, duration and prosody features;
Other ones from the spectral plane (center of gravity and
various energy ratios for example) [1 to 5] and from the
phase space (maximal Lyapunov exponent) [6, 7, 13].
Original ones are also introduced [8, 10, 11, 12, 14, 15].
In this acoustic parameters large set, frequency and
amplitude local time variations are measured by jitter and
shimmer. But, these parameters do not provide information
about the existence of signal modulations.
Frequency modulation, has been widely studied,
especially for lying detection [9]. For amplitude modulation
few studies exist [16, 17]. The first one is a device patent
for measuring signal amplitude excursions. The second one
shows significant variations of the amplitude modulation
frequency for individuals with neurological diseases
comparing to subjects producing vibrato (and not tremolo).
Furthermore, they produce sustained vowel phonation and
not natural speech.

Their inverse ratio gives the fundamental frequency F 0
of each cycle to compute jitter (1,29 Hz) and mean F0 (153
Hz). From these successive amplitudes shimmer is also
obtained (3,76 dB).
But one can notice that their chronological variation
seems to have a sinusoidal aspect.
It is called amplitude modulation of glottal pulses. The
purpose is to estimate its frequency modulation.
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In this paper, a simple detection method is proposed for
segmented vowels. After pulses detection, a sinusoidal fit is
applied to consecutive amplitude values of peak signals.
Therefore, an estimation of amplitude modulation
frequency is possible. The method is then applied to the
study of sleep inertia effects on voice.
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Amplitude Modulation of Vowel
Glottal Pulses
Examination of vowel signals shows that peaks
amplitude at the beginning of each vibration cycle can
change during an utterance. These variations are not
necessarily linked to DVSHDNHU¶VGLVRUGHU. They occur in a
neutral state.
The aim of the study is to determine if the shape drawn
by their consecutive values can be a sine one, i.e if an
amplitude modulation exists.
Figure 1 is an example of a digital amplitude-time
display of a vowel uttered for the application experiment on
sleep inertia. Circles are the amplitude peaks of the glottal
pulses. A specific Matlab® program detects them to obtain
successive pith period lengths.
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Figure 1 : Amplitude-time display of a [a] (sampling
frequency 44,1 kHz). Circles are the amplitude peaks of the
glottal pulses.
Before fitting, the set of consecutive glottal pulses
amplitudes (circles of Figure 1) is replaced by the one of
the differences between each amplitude and the mean value
of the first set. Then, a sine fit is done on these normalized
values by Matlab® (curve fitting toolbox).
Figure 2 shows both the sine regression and the broken
line of consecutive normalized values. The amplitude
modulation frequency is 50,1 Hz. There is no relationship
with the frequency of the electricity power signal. In other
experiments different values are obtained.
Because a fit can always be made, it is important to
assess its validity to conclude the existence of an amplitude
modulation. This is done by computing the determination
coefficient R² between the set of fitted normalized
amplitude values and the set of raw ones.
A R² close to one indicates that the regression line
almost perfectly fits the data. If it is so, the amplitude

modulation exists. Its frequency is the one of the sine
function of the fit.

3.1 Experimental Conditions
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Figure 2: Broken line of the differences between each
amplitude glottal pulse (circles of Figure 1) and the mean
value ± Sine fit.
It is the case for the vowel of Figure 1: R² = 0,93 (from
Figure 2).
Goodness of the fit is the indicator of an amplitude
modulation. Only values very close to 1 can allow to
conclude (or values near 0).
Quality of the measurement is linked to the signal
duration. Greater is the number of pith periods, better is the
result. For short vowel signals, (4 cycles or less), an
amplitude modulation frequency can be measured but the
confidence degree is lower than with longer signals (for the
same R²). Indeed, it is easier to find a good sine fit on 4
values than on 20.
For that reason, the number of periodic patterns or
cycles is always associated to the R² and frequency values
of the fit.
When a set of vowels is analyzed, it is recommended to
study the relationship between the amplitude modulation
frequency (or R²) and the number of cycles. This can be
done by the drawing of the two quantities in a twodimensional figure (possibly with the calculation of the
corresponding correlation coefficient) (Figures 5 and 6).
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the non-invasive nature of acoustic measurements for pilots
who are always recorded, such research can be of a great
interest.

Sleep Inertia Experiment

No assumption is suggested on the existence of an
amplitude modulation in a neutral or in an upset state of the
speaker or in both.
The topic of sleep inertia is important in aeronautics.
During long flights, pilots sometimes decide to sleep
alternately. They can also succumb to short periods of
drowsiness. If a technical problem occurs, like an alarm in
the cockpit, they have to react as rapidly as possible not
only to evaluate the issue but also to solve it. The question
that arises is whether ability to concentrate and work
efficiency are always at an optimum level.
The purpose of the experiment was to create such a
situation in the laboratory in order to record speech before
and after a sudden awakening.
Some physiological variations are known (like heart
rhythm). Voice modifications are also possible. Because of

The experiment is conducted in a French hospital (sleep
disorders department). The speaker is a pilot. It is asked to
read the same five sentences:
- upon its arrival at the lab (11 AM) (recording 1),
- after lunch (2 PM) (recording 2) and,
- after beiing suddenly awakened by a very
powerful light (3 PM) (recording 3). Indeed, he has been
beforehand taken to a quiet room where his sleep was
monitored and was awakened a few minutes after falling
asleep. Therefore, he performs various tasks on a computer,
similar to flight ones, and reads the five sentences.
They are from aeronautical terminology and all contain
DQ DLUSODQH UHJLVWUDWLRQ ³%UDYR 9LFWRU &KDUOLH´ IRr
example). For example, one sentence iV ³Bravo, Victor,
Charlie montez au niveau deux cinq zero´ ZKLFK PHDQV
³Bravo Victor Charlie climb level two five zero´ The other
four are the same type.
Sound recordings are made with a headset proximity
microphone to maintain constant distance between the lips
and the transducer for all head movements (AKG C555L).
The recorder is a Sony Pro D.A.T with a sampling
frequency of 44,1 kHz and a 16 bit resolution.
Vowels are segmented with an audio editing software so
as to only keep quasi-stationary part of the signal. The
attack, the decay and the transition with adjacent phonemes
are suppressed. The monophtongs are analyzed during their
stable period to measure the possible glottal pulses
amplitude modulations.
The phoneme corpus counts 108 vowels: 37 in
recording 1, 30 in recording 2 and 41 in recording 3.

3.2 Results
Amplitude modulation frequency fmod is measured
without any assumption and constraint about values of R²
and number of cycles. Results are presented for all the
vowels segmented in the five sentences uttered during the
three recordings.
Figure 3 shows fmof values. Most of them are close to 50
Hz. For the two neutral periods (recordings 1 and 2) about
half of them are less than 50 Hz. But only 9 are in that case
after the awakening (22% of the total number in recording 3
instead of 46% in the two first recordings).
The greater values of R² all belong to recording 3
(Figure 4). Most of them are very close to 1 which means
that an amplitude modulation is present in the vowel signal.
For recordings 1 and 2, amplitude modulation is not so
obviously detected (excepting for three or four vowels). R²
is not very close to one. So, amplitude modulation is not
clearly present.
Sleep inertia seems to have an effect on vowels.

Figure 6 shows that the R² values which are very close
to one can be found from 2 to 14 pitch periods.
These points are those of vowels belonging to the third
recording.
The greatest numbers of cycles do not necessarily lead
to a good sine fit. The scatter of points indicates that there
is no relationship between R² and the number N of pitch
periods.
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Figure 3: Amplitude modulation frequency f mod for the
vowels analyzed during the three recordings.
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Figure 6: Coefficient of determination R² and number of
cycles for each vowel.
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Figure 4: Coefficient of determination R² for the vowels
analyzed during the three recordings.
To conclude on the existence or not of the modulation,
the question that arises is whether there is a link between
total cycle number N of the vowel and fmod or R². For
example, are lower values of R² due to a small number of
pitch periods? Are higher fmod values obtained for the
greatest number of cycles?
In Figures 5 and 6, fmod and R² are plotted for each
vowel to answer these questions.

Finally, it seems that an effect of sleep inertia on vowels
is the appearance of an amplitude modulation. Its frequency
is here 50 Hz and does not depend on the number of pitch
periods.
Additional results follow.
The mean fundamental frequency is 132 Hz (standard
GHYLDWLRQı +] +]IRUUHFRUGLQJDQG ı 
+]   +] IRU UHFRUGLQJ  ı   +]  A greater
dispersion of pitch values could also be a result of sleep
inertia.
Shimmer S (in dB) which explores amplitude variations
of the glottal pulses peak amplitude is measured.
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Figure 7 shows the variations of S for all the vowels
analyzed in the three recordings.
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Figure 5: Amplitude modulation frequency and number
of cycles for each vowel analyzed.
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Examination of Figure 5 shows that the 50 Hz values of
fmod are obtained for numbers of pitch periods N varying
from 7 to 30. But when the number of cycles is too small
(less than 7), fmod values of 50 Hz are not reached. It is the
opposite when N is important (greater than 17).
It is recommended to have enough periods to guarantee
measurement validity. Below four or five periods only a
beginning of modulation can be found. Indeed, the vowel
signal amplitude is modulated at low frequency.
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Figure 7: Shimmer for all vowels analyzed.
A statistically nonsignificant trend of S exists in
recording 3: S = G%IRUUHFRUGLQJVDQG ı G% 
and S = G%IRUUHFRUGLQJ ı G% 

For this speaker, sleep inertia seems to introduce a
shimmer increase, an amplitude modulation of the glottal
pulses, an increase of the fundamental frequency F0
dispersion but no F0 variation.
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Conclusion

Amplitude modulation of glottal peaks is not audible. It
is different from an audible tremolo for sustained vowels.
With tremolo, the periodic increasing and decreasing of
amplitude is observed on signal frames of several pitch
periods. Here, the modulation only concerns glottal peaks
(Figure 1) on short durations.
The problem is then to have a sufficient number of pitch
periods in the segmented vowel. Measurements of this
amplitude modulation with high speaking rate can become
difficult. Even if the application to sleep inertia has shown
that only a few periods (4 or 5) are necessary to compute
fmod, it is suitable to work with longer vowels. Indeed it is
relatively easy to fit 4 or 5 values with a sine if they have
quasi regular different amplitudes. More complicated is to
obtain a good fit with more values. The quality of the
measurement is closely related to the speaking rate even
with high values of R².
The value of the amplitude modulation frequency is 50
Hz in this application to sleep inertia. This value, without
any relationship with the frequency of the electricity power
signal, is indicative and cannot be generalized: only one
speaker has done the experiment.
The purpose was to test the measurement method. It is
not sure that amplitude modulation exists for other speakers
after awakening, and that the 50 Hz value remains the
same. Complementary investigations are needed to study
this amplitude modulation for neutral utterances and to
confirm its presence in an unusual psychophysiological
state of the speaker.
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