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Abstract!

This work is devoted to the study of the prop-
erties of the sound spectrum at the release of
Italian stop consonants in vocalic contexts.
The aim is to check if the amplitudes of the
peaks in the spectrum can be used as acous-
tic attributes of the place of articulation of
the consonants. This information is useful for
defining an automatic algorithm which can
discriminate among different place of articu-
lation using simple data such as the values,
in dB, of the maximum peaks in different
frequency ranges. Moreover, different mea-
surements have been performed (the spectra
are computed at the release, averaged over 10
msec after the release, and using a smoothed
spectrum) in order to define which measure
retains more information about peak ampli-
tudes.

Materials and procedures

The recording and measurements were
made at the Research Laboratory of Elec-
tronics, Speech Communication Group, MIT,
Cambridge, USA. The materials consisted in
VCVC utterances produced by seven adult
Italian speakers (three females and four
males) in a sound-treated room and recorded
on a high-quality magnetic tape recording
system. The utterances were embedded in
a carrier phrase. The measurements were
made for the intervocalic consonant. Data
were collected for all Italian vowels embed-
ded in stop contexts. However, the results re-
ported in the present paper are derived from
the analysis of the stop consonants in the [a]
context. The spectral representations used
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include a DFT spectrum, a smoothed DFT,
a spectral averaging. The analysis window
(Hamming window) was set to 3.1 msec. The
spectrum at the consonant release, the av-
eraged spectrum over the first 4 msec (for
[b, d, g]) and over 10 msec (for [p, t, k]) af-
ter the release and, the k-averaged? spectrum
were computed using a software program de-
veloped by Klatt (1984). All spectra were
preemphasized, and the spectral amplitudes
were enhanced by modifying an overall spec-
tral gain control parameter. The amplitudes
of the maximum peaks in different frequency
ranges were measured by visual examination.

The amplitude attributes

The peaks amplitudes measured in the dif-
ferent frequency ranges described above were
compared in order to identify properties that
can be useful to discriminate the place of ar-
ticulation of each consonant. Initially av-
erages of the maximum peak amplitudes in
different frequency ranges were computed.
However, even though some of these averages
differ significantly from one consonant to an-
other, the standard deviations were high and
they overlapped. This effect is mostly due to
the variability of the peak amplitudes among
the speakers. For this reason we decided to
exclude these measures and we start to look
to the amplitudes of the maximum peaks in
specified frequency ranges compared to the
amplitudes of the maximum peaks in other

2The k-averaged spectrum was computed by mea-
suring the VOT length of the voiceless consonant.
The cursor was then placed on the waveform at the
temporal sampling point corresponding to half the
VOT length, and the spectrum was averaged over 5
msec to the left and 5 msec to the right of this sam-
pling point.



Table 1: Amplitude feature-matching results
for labial consonants. The entries give the
mean percentage of consonants (based on 21
utterances of each consonant, occurring in [a]
context, and obtained from seven speakers)
that were correctly accepted or rejected by the
set of acoustic features defined above.

Spectrum at release

Correct Correct
Acceptance Rejection
[p] 19 [k] 100 [t] 100
[b] 100 [g] 100 [d] 61.9
Averaged Spectrum
Correct Correct
Acceptance Rejection
[p] 90.5 [k] 100 [t] 95.2
[b] 95.2 [g] 76.9 [d] 5
k-Averaged Spectrum
Correct Correct
Acceptance Rejection
[p] 95.2 [k] 100 [t] 85.7

frequency ranges. This comparison seemed
more reasonable to us because it is possi-
ble to reduce the amplitude variability among
speakers and repetitions. We carried out sev-
eral attempts, comparing the maximum peak
amplitudes in some frequency ranges with the
maximum peak amplitudes in some other fre-
quency ranges or comparing the differences
between the maximum peak amplitudes in
the different frequency ranges examined. In
each attempt we defined a set of acoustic fea-
tures based on these comparisons. We tested
this set of features on the consonants in order
to verify if it accepts the consonant under ex-
amination and rejects the others. The final
results of this trial and error process are the
following set of acoustic attributes for each
place of articulation:

Labial amplitude attributes:

al) The differences between the maximum
peak in the 0-1kHz and the maximum peak in
the 2-3kHz frequency ranges must be greater
than 2dB;

b1) The differences between the maximum
peak in the 0-1.2kHz and the maximum
peak in the 5-7TkHz frequency ranges must be
greater than 6dB;

c1) The differences between the maximum
peak in the 0-2kHz and the maximum peak in
the 5-7TkHz frequency ranges must be greater

Table 2: Amplitude feature-matching results
for alveolar consonants.

Spectrum at release
Correct Correct
Acceptance Rejection
[t] 90.4 (k] 95.2 [p] 19
[d] 80.9 [g] 100 [b] 90.4
Averaged Spectrum
Correct Correct
Acceptance Rejection
[t] 100 [k] 100 [p] 90.4
[d] 33.3 [g] 100 [b] 100
k-Averaged Spectrum
Correct Correct
Acceptance Rejection
[t] 90.4 [k] 85.7 [p] 85.7

Table 3: Amplitude feature-matching results
for velar consonants.

Spectrum at release

Correct Correct
Acceptance Rejection
[k] 100 [p] 85.7 [t] 85.7
[g] 90.5 [b] 100 [d] 95.2
Averaged Spectrum
Correct Correct
Acceptance Rejection
(k] 95.2 [p] 100 [¢] 90.5
[g] 57 [b] 100 [d] 95.2
k-Averaged Spectrum
Correct Correct
Acceptance Rejection
(k] 80.9 [p] 100 [¢] 95.2
than 6dB.

Alveolar amplitude attributes:

a2) The differences between the maximum
peak in the 2-3kHz and the maximum peak
in the 3-4kHz frequency ranges must be lower
than 8dB;

b2) The differences between the maximum
peak in the 0-1kHz and the maximum peak in
the 1-3kHz frequency ranges must be greater
than —10dB;

c2) The differences between the maximum
peak in the 0-1.2kHz and the maximum peak
in the 4-6kHz frequency ranges must be lower
than 13dB;

d2) The differences between the maximum
peak in the 0-1kHz and the maximum peak
in the 2-3kHz frequency ranges must be lower
than 8dB;



Table 4: New amplitude feature results to dis-
tinguish [b] from [d, g]

Spectrum at release

Correct Correct
Acceptance Rejection
[b] 80.9 [g] 100 [d] 85.7
Averaged Spectrum
Correct Correct
Acceptance Rejection
[b] 95.2 [g] 100 [d] 38

e2) The differences between the maximum
peak in the 0-1.2kHz and the maximum peak
in the 1.5-3.5kHz frequency ranges must be
lower than 6dB.

Velar amplitude attributes:

a3) The differences between the maximum
peak in the 0-1.2kHz and the maximum peak
in the 1.5-3kHz frequency ranges must be
lower than —1dB;

b3) The differences between the maximum
peak in the 1-2kHz and the maximum peak in
the 0-1kHz frequency ranges must be greater
than 1dB;

¢3) The differences between the maximum
peak in the 2-3kHz and the maximum peak in
the 3-4kHz frequency ranges must be greater
than 1dB;

d3) The differences between the maximum
peak in the 1-2kHz and the maximum peak in
the 6-TkHz frequency ranges must be greater
than 11dB.

The set of amplitude attributes defined
above are the same both for voiced and voice-
less consonants. However, for voiced con-
sonants the discrimination performances are
less good in most of the cases (see tables 1,
2, 3). The voicing, which is always present
in Italian, causes pressure fluctuations that
leads to variability in the peak amplitudes
and causes shifts in the vocal tract reso-
nances. In order to improve the discrimina-
tion performances among [b, d, g] we tried to
identify, for such consonants, a different set
of amplitude attributes. The final result of
this process was the following set of ampli-
tude attributes for [b, d, g]. The discrimina-
tion performances using this set of amplitude
attributes are reported in tables 4, 5, 6.

[b] amplitude attributes:
al1) The differences between the maximum
peak in the 0-1kHz and the maximum peak in

Table 5: New amplitude feature results to dis-
tinguish [d] from [b, g].

Spectrum at release

Correct Correct
Acceptance Rejection
[d] 100 [g] 100 [b] 52.3
Averaged Spectrum
Correct Correct
Acceptance Rejection
[d] 85.7 [g] 100 [b] 85.7

Table 6: New amplitude feature results to dis-
tinguish [g] from [b, d].

Spectrum at release
Correct Correct
Acceptance Rejection
[g] 95.2 [b] 100 [d] 100
Averaged Spectrum
Correct Correct
Acceptance Rejection
lg] 952 | [6] 100 [d] 95.2

the 2-3kHz frequency ranges must be greater
than 5dB;

b11) The differences between the maximum
peak in the 0-1.2kHz and the maximum peak
in the 1.5-3kHz frequency ranges must be
greater than 0dB;

c11) The differences between the maximum
peak in the .8-1.5kHz and the maximum
peak in the 2-3kHz frequency ranges must be
greater than 1dB.

[d] amplitude attributes:

a22) The differences between the maximum
peak in the 0-2kHz and the maximum peak
in the 5-7TkHz frequency ranges must be lower
than 22dB;

b22) The differences between the maximum
peak in the .8-1.5kHz and the maximum
peak in the 2-3kHz frequency ranges must be
greater than —7dB;

c22) The differences between the maximum
peak in the 0-1.2kHz and the maximum peak
in the 1.5-3.5kHz frequency ranges must be
lower than 12dB;

d22) The differences between the maximum
peak in the 2-3kHz and the maximum peak
in the 3-4kHz frequency ranges must be lower
than 8dB;

[g] amplitude attributes:

a33) The differences between the maximum
peak in the 2-3kHz and the maximum peak in



the 3-4kHz frequency ranges must be greater
than 7dB;
b33) The differences between the maximum
peak in the .8-1.5kHz and the maximum peak
in the 2-3kHz frequency ranges must be lower
than 3dB;

Conclusions

An attempt, even with a different approach,
to ceck if the shape of the spectrum can retain
information about the place of articulation
of the consonants, was made by Blumstein
and Stevens (1979). These authors based
their considerations on the general shape of
the spectrum and defined a set of templates.
Overall, about 85% of the utterances are cor-
rectly accepted by these templates and about
the same percentage of utterances are cor-
rectly rejected. They used a fixed time win-
dow (26 msec). However, they suggested that
it may not be desiderable to postulate a sin-
gle, fixed time window, and that the gross
spectrum shape may be assesed examining,
successive spectral samples extending over
10-20 msec, each computed using a relatively
short time window.

The preliminary results we reported in
this work for the consonants in [a] context,
and in a previous work (Esposito 1995) for
the consonants in [i] context show that the
amplitudes of the peaks in the spectrum ex-
amining successive spectral samples over 10
msec (averaged burst and k-averaged burst)
and computed using a short time window (3
msec) give useful information to discriminate
among the voiceless consonants [p, t, k]. (see
tables 1, 2, 3). Overall, about 95% of the
utterances are correctly accepted by these
set of amplitude attributes and about the
same percentage of utterances are correctly
rejected. This information can also be used
to define an automatic algorithm that dis-
criminates successfully among [p, t, k] and
it is simpler than the templates defined by
Blumstein and Stevens (1979) that are more
general and hard to translate in an automatic
algorithm. Moreover, the set of amplitude
attributes improve the discrimination perfor-
mances with respect to the templates. Fur-
thermore, the set of amplitude attributes we
defined takes into account the vowel contexts.
In fact, a similar, but different set of acoustic

attributes was defined in a previous work (Es-
posito 1995) for the same consonants in the [i]
environment. The amplitude attributes de-
fined for the consonants in [i] context gave
good discrimination performances. However,
when applied to the same consonants in [a]
context they give very poor discrimination.
Then, we modified the sets of amplitude at-
tributes in order to improve the discrimina-
tion. Our hypothesis is that it will be neces-
sary to define a set of amplitude attributes for
each vowel or for specific vowel classes that
share the same distinctive features. We could
justify the above consideration on the basis of
the conjecture that since articulatory param-
eters change from one vowel class to another,
and there is some anticipatory coarticulation
effect which modifies the spectrum shape of
the consonant under examination.

In the case of voiced consonants, we ob-
tained some improvements with the new set
of amplitude attributes. We can discriminate
successfully [g] (95% of correct acceptance
both for the spectrum at the release and the
spectrum averaged over 4 msec) from [b, d]
(about 100% of correct rejection). However,
for [b, d] similar information does not work
very well: information about formant transi-
tions is required.

With regard to the particular spectra com-
puted it is possible to say that the spectrum
during the first 10 msec after the release and
the k averaged spectrum seem more useful
to retain information about amplitude fea-
tures when the consonants are voiceless. The
spectra at the release retain more informa-
tion about the amplitude attributes of voiced
consonants.
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