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ABSTRACT
A hybrid acoustic-phonetic decoder was developed

to recognize intervocalic stop consonants. This recog-
nizer combines the advantages of both explicit acoustic-
phonetic knowledge and neural networks. It has been
trained and tested on three corpora of continuous speech
multispeakers. The statistical tests indicated that the rec-
ognition order was: %k (93%) > %t (87%) > %p (84%),
and that the three stops were better identified in back and
rounded front contexts.

To evaluate the efficiency of the acoustic-phonetic
knowledge, we compared the hybrid recognizer results
to those of a neural recognizer which uses cepstrum
coefficients (MFCC). The statistical tests indicated that
the former were generally better than the latter,

1. INTRODUCTION

Stop consonants are probably the most studied of all
the consonant classes. Several studies indicated that stop
identification is based on an evaluation of multiple
redundant cues which are essentially in the stop burst
and the formant transitions [1] [7]. Although the findings
which confirmed that the information contained in the
burst allows stops to be identified well above chance [1}
[6], the effectiveness of the burst for all contexts is not
yet clearly established, especially, for the palatovelars

/k, g/ in front vocalic contexts /i, e, €, v, ¢, €/ and of the

dentals in rounded contexts /u, 0, 3, @, y, @/. Though, the
correct recognition rates, in these contexts, are not satis-
factory yet and still far from human performance.

This paper is concentrated upon burst characteristics
(both temporal and spectral) which are first analyzed,
and then used by a hybrid recognizer to distinguish stop
place of articulation.

This study follows several perceptual experiments,
described in [2] [3] [5], with stop bursts. These experi-
ments allowed us to evaluate the burst discrimination
power for identifying stop articulation place, and
showed that prior vocalic information may help listeners
to improve their identification performance. Based on
these conclusions, we designed and evaluated a hybrid
recognizer which, in a first step, recognize the vocalic
context, and, then, takes the context into account in order
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to extract the burst cues and to exploit them for recog-
nizing stop place of articulation.

This paper is organized as follows: Section 2 summa-
rizes the acoustic experiments performed in order to
evaluate the discriminatory power of burst characteris-
tics for place of articulation. Section 3 describes the
architecture of our hybrid recognizer. Sections 4 and 5
discuss the results obtained and outline the efficiency of
acoustic-phonetic knowledge if exploited in an adequate
way.

2. ACOUSTIC ANALYSIS

In order to propose reliable cues for our hybrid rec-
ognizer, we analyzed the burst characteristics of French
voiceless stops in all vocalic contexts. This acoustic
study consisted of a description of the main acoustic
cues: VOT, burst frequency, burst frequency related to
vocalic formants, absolute intensity, relative intensity
and compactness. The corpus for this experiment was
extracted from BDSONS database and was composed of

750 French voiceless stop bursts : /p, t, k/ * /i, ¢, €, y, ¢,

a, &, @, u, 0,9, D, & produced n times (2 <n <4) by 6
adult male speakers.

Some acoustic cues, like burst frequency, and com-
pactness, were extracted from the average spectrum of
the burst release. Thus, before the cue extraction, we
decomposed automatically the burst in two parts: release
and friction noise. The burst decomposition relied on the
fact that the release and the friction noise have two dif-
ferent spectral shapes, each modeled by its own average
spectrum. More details on this automatic decomposition
can be found [3].

We will now briefly present the acoustic analysis of
the burst cues regarding stop place of articulation.

2.1.VOT

The Voice Onset Time (VOT) was calculated as the
duration of the interval between the stop release and the
onset of the following vowel (onset of the first formant).
Traditionally, the VOT has been associated with voicing
mode identification; however, VOT may also be utilized
for place of articulation discrimination. The mean VOT
for the three stops was found to be 28.7 ms (¢ =13.4 ms)
which is in agreement with the mean value given by
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Wajskop (29.33 ms) [9] and by Serniclaes (31 ms, s= 15
ms) [8]. Although the VOT appeared to distinguish
between the three stops: VOT(/k/: 38 ms) > VOT(/t/: 29
ms) > VOT({/p/: 19 ms), it varied as a function of both

place of articulation and degree of closure! of the fol-
lowing vowel. More precisely, in back context, we
obtained: VOT(/kK/) > [VOT{t/) = VOT({p/)], in front
context, [VOT{(/t/) = VOT(Uk/)] > VOT{/p/). Otherwise,
bursts followed by high vowels (34.2 ms) were longer
than bursts followed by low vowels (21 ms).

Finally, VOT seems to be a good cue to discriminate
between /k/ and /p, t/ in back context and between /p/
and /t, k/ in front context. Nevertheless, it should be used
carefully; our acoustic study [5] showed that VOT was
not only influenced by contextual variations but also,
and greatly, by speaker characteristics.

2.2. Burst intensity

In this study, two different intensity measures were
performed.

1) Absolute intensity which was calculated as the
sum the spectrum coefficients (FFT) of the entire burst.

2) Relative intensity which was calculated as the
ratio of the absolute intensity of the burst to the vocalic
intensity (this latter was measured on a 5 ms steady-state
vocalic portion).

In average, the strongest bursts occurred for dental
stops and the weakest for labial stops. In back context,
the dentals could be separated from the palato-velars and
the labials. In the others contexts, this cue can be utilized
to separate the labials from the dentals and palato-velars.

2.3. Burst frequency

Burst frequency was defined at the two major energy
concentrations localized in the spectrum release of the
burst (named as BF1: associated to the most important
energy concentration, and BF2: associated to the second
energy concentration). The results, for each place of
articulation, were as follows:

» Palato-velars. As might be expected, the frequency of
the most prominent peak varies as a function of both the
place of articulation and the degree of rounding of the
following vowel. More precisely, the mean values are

1020 Hz in the back context /u, o, 9, 3, &/, 2500 Hz in
the central context /a, €, @/ and 2800 Hz in the front
context 'y, ¢, 1, e, €/.

» Dentals. In the rounded context, they have a prominent
peak at a relatively low frequency, at approximately

2500 Hz. In the central context, the spectra of our dental
stimuli are either flat or prominent at 1800 Hz (Locus).

* Labials. The maximum is not situated in a well defined
region, even for the same vocalic context. Nevertheless,
the energy is stronger in low frequencies for the back

1.The degree of closure classify vowels in high
and low vowels.
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context, and in mid frequencies for central and front con-
texts.

2.4. Burst frequency related to formants

To provide stop place of articulation information,
burst frequency has been shown to be related to the sub-
sequent vowel formant onset frequencies [6]. In this
study, we used the same measurement as performed by
Edwards [6], i.e., the log of the ratio of the vowe] onset
frequency of a selected formant (Fi) to the burst fre-
quency (BF1). The Fi/BF1 ratio for each of the formants
F2, F3 and F4 was calculated. The data obtained showed
that:

«in back context, F2/BF1 is reliable to discriminate
between /t/ and /k/; however, the BF1 of /p/ might be sit-
nated in the vicinity of F2, F3 or F4.

« in central context, none of Fi/BF1 is stable for place of
articulation discrimination.

« in rounded front context, F2/BF1 can be used to dis-
criminate between /p/ and /t, k/, F3/BF1 between /p, k/
and /t/, and F4/BF1 to distinguish between /p, t/ and /k/.
« in unrounded front context, we can use both F2/BF1
and F3/BF1 to separate between /p/ and /t, k/, and
F4/BF1 to separate between /k/ and /p, /.

2.5. Compactness

The global form of the spectrum did not always fit
the templates proposed by Blumstein and Stevens [1]. In
fact, the spectra of our dental stimuli followed by
rounded vowels were not diffuse and those of our pala-
tovelar stimuli followed by centrals and unrounded front
vowels were not always compact., This cue must be
extracted according to the place of articulation and the
degree of rounding of the following vowel. In this case,
it might be used to discriminate between /p/ and /t, k/.
For more details see the paper [4].

2.6. Conclusion

This acoustic study confirmed that acoustic cues
(especially burst frequency and compactness) cannot be
extracted and exploited without taking into account the
following vowel nature (articulation place, degree of
rounding).

3. HYBRID RECOGNIZER
ARCHITECTURE

The acoustic analysis revealed that is necessary to distin-
guish between four classes of vowels (back vowels: /u, o,
a, 3, &/, central vowels: /a, €, e/, rounded front vowels:
ly, ¢/ and unrounded front vowels /i, e, €/) in order to ex-
tract and exploit efficiently stop place of articulation
cues. Thus we performed a hybrid recognizer which, as a
first step, recognize the vocalic context, and then, accord-
ing to the context features, extracts and uses burst cues to
recognize stop place of articulation. The architecture of
the recognizer is divided into five stages (see fig. 1).
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« The first stage separates the release burst from the fric-
tion noise (because we extract the burst frequency and
the compactness solely from the average spectrum of the
burst release).

« The second stage extracts the acoustic cues regarding
the articulation place and the degree of rounding of the
following vowel (formant frequencies in the middle of
the vowel, and at the onset and offset of the vowel).

» The third stage contains a specialized neural network
(MLP-V) for classifying the vowels according to the
articulation place and to the degree of rounding (back
vowels, central vowels, front rounded vowels front
unrounded vowels).

» The fourth stage computes the main acoustic cues of
the burst (VOT, absolute intensity, relative intensity,
burst frequency, Fi/BF1, and the compactness).

* The last stage contains four neural networks (MLP-Si
@ ={1, 2, 3, 4}) for discriminating the three voiceless
stops. For each of the four vocalic classes (back vowels,
central vowels, rounded front vowels and unrounded
front vowels), there is one specialized MLP.

temporal signal of

the syllabic segment

Vocalic acoustic cues

Vocalic feature recognition

Burst acoustic cues

p t k
Fig. 1: Architecture of the hybrid stop recognizer

Selection of cues for each vocalic context

The selection of cues is an essential part of a cue-
based strategy for stop recognition. Thus, we performed
an experimental task to evaluate burst cues, assess them

EUROSPEECH ’95, Madrid, Spain, September 1995

for their discriminatory power regarding place of articu-
lation, and appreciate their realization according to the
context. The most reliable cues, for each context, were
as indicated in table 1;

Back Central Front rounded |Front unrounded
context context context context

VOT Intensity |VOT BF1

Intensity |BF1, BF2 [Intensity F2/BF1
BF1,BF2 |F2/BF1 BF1 F4/BF11
F2/BF1 F3/BF1 compact compact

compact |F4/BF1
compact

Table 1: burst cues selected for each vocalic context.

4. TESTS AND RESULTS

Our hybrid recognizer has been trained and tested on
three corpora of multi-speaker continuous speech. For
the vowel context recognition, the MLP-V reached 90%

as a global recognition rate: back vowels /u, o, 9, 3, &
were perfectly recognized (100%), central vowels /a, ce,

€/ with 80% accuracy, rounded front vowels /y, ¢/ with

90% and unrounded front vowels /i, e, £/ with 89%. The
most common confusions occured between central
vowels and front vowels especially when they were pre-
ceded by /t/.

Concerning stop recognition task, the MLP-Si
yielded, as a global recognition rate, approximately
88%. Table 2 shows the results obtained for this task.
Statistical tests indicated that, whatever the corpus was,
the best recognized stop was /k/ (93%), then /t/ (87%)
and then /p/ (84%). These recognition rates are in
accordance with the identification rates in our perceptual
experiments (/k/: 94% > /t/: 91% > /p/: 62%) [2], [3].

Another significant result was that the three stops
were better identified in back and unrounded front con-
texts. More precisely, in back context, the stops /t/ and
/k/ were better recognized than /p/, whereas in front
unrounded context, /p/ and /k/ were better recognized
than /t/. For each vocalic context, the most important
confusions were:

* Back context: 11% of /p/ stimuli were confused with
/k/. This is due to their relatively long VOT, large inten-
sity, and especially to their compact spectral form which
was expected diffuse.

» Central context: 20% of /p/ stimuli were misclassified
as /t/. This confusion can be explained by the intensity of
these stimuli which was as important as that of /t/. 16%
of /t/ were confused with /k/, this is perhaps due to the
burst frequencies which were relatively low.

» Rounded front context: 21% of /p/ stimuli were con-
fused with /t/, due probably to the important intensity
and the relatively high frequencies of these stimuli.
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Back  vowels Central vowels Front rounded vowels Front  unrounded vowels
number recognition rate number recognition rate number recognition rate number recognition rate
/p/ |79 90% 58 75% 28 75% 79 92%
/t/ 1103 95% 61 80% 33 85% 86 85%
/198 97% 63 90% 24 95% 74 92%

Table 2: Correct recognition rates for /p, t, k/ according to vowel context.

» Unrounded front context: 12% of /t/ were misclassified
as /k/, due to their low burst frequencies.

Moreover, in order to evaluate the efficiency of
acoustic-phonetic knowledge, we have compared the
performance of our hybrid recognizer (HR) to those of a
neural recognizer (NR). Instead of using acoustic cues,
the NR uses cepstrum coefficients (MFCC) to recognize
both vocalic features and stops. The statistical tests used
for the comparison indicated that:

» HR performances were generally better than those of
the NR (o= 1%0)

« the vocalic context was better recognized by the HR
(o=1%)

« /t/ was better recognized by the HR (o =2%)

* /k/ was better identified by the HR (o = 1%.)

* /p/ was identified with the same accuracy by the two
recognizers (HR and NR).

5. CONCLUDING REMARKS

Finally, acoustic-phonetic knowledge is efficient and
reliable if incorporated and exploited in an adequate
computational framework (like neural networks). The
results obtained have encouraged us to continue the
development of our hybrid recognizer which needs more
training and more evaluation (especially the vowel fea-
ture recognizer) to achieve better performance.

The use of phonetic knowledge (vocalic features)
was essential because 1) it reduced the volume of train-
ing corpus to a manageable size, and ii) our perceptual
experiments showed that the prior knowledge improves
significantly human performance in identifying stop
place of articulation.

Besides, to achieve better performance, we think that
knowledge must be exploited in a parallel distributed
architecture, in which vocalic knoweldge contributes to
stop identification, and vice versa stop knowledge con-
tributes to vowel identification.
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