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ABSTRACT

With the goal of synthesizing natural-sounding speech
based on higher-level parameters, sources of vowel ampli-
tude variation were studied for sentences having different
prosodic patterns. Previous theoretical and experimental
work has shown that sound pressure level (SPL) is pro-
portional to subglottal pressure (P;) on a log scale during
production of sustained vowels. The current work is based
on acoustic sound pressure signals and estimated P, signals
recorded during the production of reiterant speech, which
is closer to natural speech production and includes prosodic
effects. The results show individual, and perhaps gender,
differences in the relationship between SPL and P,, and in
the degree of vowel amplitude contrast between full and re-
duced vowels. However, a general trend among speakers is
to use subglottal pressure to control vowel amplitude at sen-
tence level and main prominences, and to use adjustments
of glottal configuration to control vowel amplitude varia-
tions for reduced and non-nuclear full vowels. These results
have implications not only for articulatory speech synthesis,
but also for automatic speech recognition systems.

1. INTRODUCTION

During the production of a sentence, there are significant
changes in the amplitudes of the vowels and in the spectrum
of the glottal source, depending on the degree of prominence
that is placed on each syllable. Examples of the amplitude
variations are given in Fig. 1, which shows a speech wave-
form for the utterance “Lisa’s boy walked to school.” The
fourth syllable is emphasized, thus having a full vowel and
phrasal stress, and it has the greatest vowel amplitude. The
first and third syllables also have full vowels, but do not
have phrasal stress, and their vowel amplitude is less than
that of the fourth syllable. The second and fifth syllables
have reduced vowels and even less amplitude. The sources
of such amplitude variations (as well as corresponding spec-
trum variations) are of interest for the development of mod-
els of speech production, for articulatory speech synthesis,
and for the design of methods for accounting for variability
in speech recognition systems.

In particular, we are developing rules for HLsyn, a speech
synthesis system in which the Klatt formant synthesizer [1]
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is controlled by a small set of higher level articulatory and
formant parameters [2]. Although the quality of individ-
ual words is usually quite good, the synthesized speech is
often unsatisfactory for utterances of more than a few syl-
lables, because vowel amplitude does not vary in a natural
way from one word to another. Therefore, we have an in-
terest in developing synthesis rules that result in appropri-
ate variation of vowel amplitude throughout an utterance.
Currently, two HLsyn parameters affect vowel amplitude:
subglottal pressure, Ps, and average glottal area, Ay, the
latter controlling source spectral tilt, open quotient, and
first-formant bandwidth. At this time, P, is held constant
throughout an utterance (although its value can be changed
for a given utterance), while Ay, and thus the parameters
it controls, can vary. Our goal, then, is to determine how
these two parameters should be controlled in order to obtain
natural vowel amplitude variation in an utterance.

Through a study of both the acoustic sound pressure sig-
nal and estimates of subglottal pressure from oral pressure
signals, we have examined some of the sources of variation
in vowel amplitude and spectrum during sentence produc-
tion. In the next section we briefly review possible sources
of vowel amplitude variation and some previous experimen-
tal results. Following that, we describe a speech production
experiment in which we studied P, and glottal configura-
tion as sources of vowel amplitude variation in reiterant
speech. Although previous work has concentrated on sub-
glottal pressure as the source of vowel amplitude variation,
our results suggest that glottal configuration also plays an
important role in varying the amplitude between the three
types of vowel described above. Some tentative rules for
controlling vowel amplitude variation in synthesized utter-
ances are suggested in the conclusion.

2. BACKGROUND

There are several possible sources of vowel amplitude vari-
ation. It has been shown theoretically {3] and experimen-
tally (e.g., [4]) that sound pressure level (SPL) is propor-
tional to 20log,, P for speech. The experimental studies
have mainly relied on sustained vowels or repeated sylla-
bles. However, such utterances lack the natural variations
in fundamental frequency, P,, and glottal configuration that
occur in normal sentence production. Another source of
vowel amplitude variation is changes in the fundamental fre-
quency (F0). If only FO varies, then SPL ~ 20log,, £0'/2.
A third source is variation in vocal-tract losses: if the first-
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Figure 1. Sound pressure signal for the sentence “Lisa’s boy walked to school,” spoken by a female talker. Syllable 4 was emphasized
and has the greatest amplitude, and syllables 2 and 5 have reduced vowels and the least amplitude. The other syllables fall somewhere

in between.

formant bandwidth (B1) increases, the amplitude of the F1
peak is reduced, and SPL is reduced as 20log,, B1. Finally,
if the spectral tilt of the voicing source extends down to the
first-formant region, SPL will be significantly reduced. The
parameters B1 and source spectral tilt may be influenced by
degree of glottal abduction, and thus glottal configuration
can affect vowel amplitude.

3. EXPERIMENT

We collected data from four speakers (two females and two
males), all adult native speakers of American English. The
utterances recorded were reiterant versions of “Lisa’s boy
walked to school.” In reiterant speech, a sequence of CV
syllables is spoken with the same prosodic pattern as the
intended sentence. This method allows one to study effects
of prosody on speech production, while keeping parameters
such as vowel quality constant. Thus, phonetic sources of
variation are removed, making it easier to analyze data. For
our experiment, syllables having full vowels were replaced
by the syllable /pa/ and syllables having reduced vowels
were replaced by the syllable /p9/. The subjects were asked
to speak as naturally as possible, and to place emphasis on
either the first, third, fourth, or sixth syllable. Five tokens
of each stress pattern were recorded.

Data were collected during two sessions. In the first ses-
sion, the acoustic sound pressure was recorded in a sound-
treated room. In the second session, oral pressure signals
were recorded with a pneumotachographic mask, modified
to include a pressure transducer {for details, see [5]). Sound
pressure level was recorded simultaneously. Both the acous-
tic and aerodynamic signals were digitized and stored on a
computer for further analysis.

Several parameters were extracted from the acoustic
sound pressure signals. The amplitude of the first harmonic,
H1, relative to those of the second and third formants (A2
and A3), was measured for each syllable. These measure-
ments were made on spectra calculated using a 25.6 ms
Hamming window for female speakers and a 30 ms window
for males. Increases in H1-A2 and H1-A3 indicate increases
in source spectral tilt, possibly due to increased A4 [6]. The
other parameter extracted for each syllable was fundamen-
tal frequency, FO.

Figure 2 shows an example of the oral pressure signal
and the corresponding speech and SPL signals that were
collected. Subglottal pressure during vowel production was
estimated from the oral pressure during the following /p/
closure [7]. SPL for each syllable was estimated as the max-
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Figure 2. An ezample of the data collected during the aerody-
namic data recording session.

imum value during the syllable. All parameter values were
averaged across tokens to obtain 2 mean value of each stress
pattern for each syllable.

4. RESULTS

We present results for the stress patterns in which either
the third or fourth syllable has phrasal stress, and we fur-
ther restrict analysis to syllables two through five of those
sentences. The purpose of these constraints is to remove
any end effects that might occur. These effects will be con-
sidered in future work.

Figure 3 shows graphs of SPL as a function of P, for the
two female speakers, F1 and F2. SPL has been corrected for
changes in F0.! P, is shown to the 3/2 power on a log scale.
The solid points represent data from full vowels and the
open points represent reduced vowels. The full vowel data
are further labeled to indicate position in the stress pattern:
because a syllable with phrasal stress carries a nuclear pitch
accent, these syllables are labeled nuclear, while full vowels
that occur before and after those with nuclear accent are
labeled prenuclear® and post-nuclear, respectively.

INote that SPL and FO were measured from signals recorded
in separate recording sessions, so the corrections are only
estimates.

2This nomenclature does not mean that such syllables carry
a prenuclear pitch accent; we only use it to indicate position of
the syllable in a phrase.
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Figure 3. Data for the female speakers, F1 and F2. Filled data points represent full vowels and open symbols represent reduced

vowels.

If only subglottal pressure was changing with SPL, we
might expect the data to cluster along a line of slope 1
[3),{4]), the reduced vowels being produced with low P, and
the full vowels with higher P,. However, we see that both
reduced and full vowels are produced with the same range
of P,, although full vowels have higher SPLs than reduced
vowels produced with the same P,; the average difference
in SPL for a given value of P, is about 8 dB for subject F1
and 11 dB for F2. Within the category of full vowel, subject
F1 produces vowels in nuclear position with higher P, and
SPL than the other full vowels. A straight line fit to her
full vowel data has a slope of 1.3, indicating that parameters
other than P, are changing as SPL increases. For example,
the glottis may become more adducted, leading to reduced
losses and thus increased SPL. The other female speaker,
F2, also produces vowels in nuclear position with greater
SPL than the other full vowels, but separation along the
P, dimension is not as great. A straight line fit to her full
vowel data has a slope of 0.54.

Figure 4 shows the same type of graph for the male speak-
ers, M1 and M2. Unlike the data for the female speakers,
SPL does not increase with P,. Thus, if earlier production
data on sustained vowels or repeated syllables {e.g. [4])
is accurate, it is possible that the male speakers are ac-
tively making adjustments during production of more nat-
ural speech in order to prevent increases in SPL due to
increasing P,. The difference in average SPL for full and
reduced vowels is only 3—4 dB for M1. His vowels in prenu-
clear and nuclear position are well separated along the SPL
dimension from both reduced vowels and those in post-
nuclear position along the SPL dimension. The difference
in average SPL for full and reduced vowels is about 4 dB
for subject M2, and his reduced vowels and those in both
prenuclear and post-nuclear position are produced with less
SPL than those in nuclear position.

In general, the subjects produced reduced vowels with
the same range of P, that they used to produce full vowels
in nuclear-stress position, but with less SPL. The behav-
ior for the other full vowels (prenuclear and post-nuclear)
varies somewhat from speaker to speaker, but for the most
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part these vowels are also produced with the same range
of P, as are reduced vowels, but with greater SPL. How
is it that speakers produce this vowel amplitude contrast
without reducing P,?

One possibility is that reduced vowels are produced with
greater giottal abduction than full vowels, resulting in wider
F1 bandwidths and greater source spectral tilt, and thus
leading to reduced SPL for a given P,. To explore this pos-
sibility we turned to the acoustic parameters H1-A2 and
H1-A3, which can indicate changes in source spectral tilt,
and thus are possible measures of the degree of glottal ab-
duction. Values of the two acoustic parameters were aver-
aged across stress patterns to obtain a mean value for each
syllable type.

The results are shown in Fig. 5. Both H1-A2 and H1-
A3 are significantly higher for reduced vowels than for full
vowels, suggesting that glottal abduction is increased during
the production of reduced vowels, relative to the abduction
typical for full vowels. Averaged across the four speakers,
H1-A2 is about 4 db for full vowels and about 13 dB for
reduced vowels, a difference of 9 dB. Hi-A3 is about 14 dB
for full vowels and about 23 dB for reduced vowels, again a
difference of about 9 dB. We also note that for three speak-
ers the acoustic measures are higher for vowels in prenuclear
and post-nuclear position than they are for those in nuclear
position. Thus, glottal configuration may also play a role
in the vowel amplitude contrast between these syllables. In
general, then, our results indicate a tendency for glottal ab-
duction to increase during production of vowels that are not
in nuclear-stress position.

5. CONCLUSION

In summary, we have found that there are individual differ-
ences, and perhaps gender differences, in the relationship
between SPL and P,, and in the degree of vowel ampli-
tude contrast between the four types of syllables examined
(nuclear, prenuclear, post-nuclear, and reduced). Such dif-
ferences may contribute to the perception of a speaker’s
individuality or gender. However, an overall trend can also
be noted and may be useful for articulatory synthesis: P,
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Figure 4. Data for the male speakers, M! and M2. Filled data points represent full vowels and open symbols represent reduced

vowels.

can be used to control vowel amplitude at sentence level
and at main prominences (i.e. phrasal stress) [8], but vowel
amplitude of reduced and non-nuclear full vowels may be
manipulated by adjustment of the synthesizer parameters
representing glottal configuration. More precise details of
these adjustments remain to be studied. Finally, the varia-
tion of source spectral tilt between nuclear and non-nuclear
full vowels has implications not only for speech synthesis,
but also for speech recognition that is based on features
such as cepstral coefficients, since some of these coefficients

are sensitive to spectral tilt.
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each subject.
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