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ABSTRACT
This paper explores the claim that the shape of the

onset spectrum provides invariant acoustic properties for
stop place of articulation, but for French stop conso-
nants. To this end, we carried out an acoustic analysis of
750 burst stimuli extracted from natural speech. Results
showed that, contrary to the invariance theory, the global
form of the spectrum is not invariant (i.e. context-inde-
pendent). The acoustic properties residing in this gross
shape must be extracted and exploited according to the
vowel nature.

In order to distinguish the palatovelars from the labi-
als and the dentals, we implemented a contextual method
which extracts the compactness property. In 94% of the
time, our method appropriately discriminated between
the two stop categories.

1. INTRODUCTION

Several acoustic and perceptual experiments have
supported the theory of acoustic invariance [1] [12]. The
principal claim that has been drawn from these investi-
gations is that the invariant property for stop place of
articulation is the gross shape of the spectrum of the
burst onset.

In order to identify stop place of articulation, Blums-
tein and Stevens [1] [2] have proposed a specific acous-
tic pattern for each place: diffuse-falling or diffuse-flat
for labial stops, diffuse-rising for alveolar stops and
compact for palatovelar stops. Since, these templates
correctly accepted and rejected approximately 85% of
the consonants, the autors concluded that the gross shape
of the burst onset is independent of the vowel context in
which the utterance occurs. Nevertheless, the discrimi-
nation power of these invariant properties varied accord-
ing to the vowel: the templates were particulary less
performant for palatovelars followed by high front
vowels (for exemple: 30% of palatovelars followed by
/e/ were uncorrectly accepted by the diffuse-rising tem-
plate), and for alveolars followed by rounded back
vowels (30% of alveolars followed by /u/ were uncor-
rectly accepted by the compact template).

In [13], Lahiri et al. tested these invariant templates
for other languages (Malayalam and French). Their
results showed that 12% of the labials were uncorrectly
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accepted by the diffuse-rising template and 40% of the
dentals were uncorrectly accepted by the diffuse-flat
template. The autors noted that the spectra of the dental
consonants in French and Malayalem were more diffuse-
flat than rising. Kewley-Port [12] state that the relevant
spectral cues for place of articulation are dynamic rather
than static. Although the author observed some vowel
context effects, she claimed that these cues are invariant.
On the other hand, Suomi [16] argued that the vowel
exerts a reliable influence on the stop-vowel waveform.

In front of this desagreement, we carried out both
perceptual and acoustic experiments [4] [5] [6] in order
to clarify the role of the gross spectral shape as a percep-
tual and an acoustic cue to stop place of articulation in
initial French stop consonants. Our perceptual experi-
ments showed that the burst onset, containing neither
temporal properties nor vocalic segment, provided very
reliable information about the place of articulation of the
voiceless stops, since the listeners were able to correctly
identify 87% of the stops, independently of the explicit
knowledge of the identity of the subsequent vowel. Nev-
ertheless, the performances varied significantly depend-
ing on both the subsequent vowel and on the syllable.
The scores ranged from 72% for /k/ followed by front
vowels and /t/ followed by /y/, to 99% for /k/ followed
by back vowels [6]. In order to interpret these results, we
analyzed the first part of the burst, i.e. the transient part
which had been automatically separated from the fric-
tion noise (automatic decomposition is described in [6]).
As might be expected, the most palatovelar spectra were
compact and the most dental and labial spectre were dif-
fuse. Neverthless, in some vocalic contexts, the shape of
the spectrum bursts did not always correspond to the
forms expected.

This paper is organized as follows: section 2 presents
the results of an acoustic analysis of French burst stim-
uli. Section 3 discuss some related works concerning the
definition of the compact property. Section 4 proposes a
contextual method for extracting and exploiting this

property.
2. ACOUSTIC ANALYSIS

2.1. Corpus and stimuli
The stimuli (750 bursts) were extracted from CVC and
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CV syllables (BDSONS database), in which each of /p, t,
k/ appeared in combination with each of the 13 vowels /i,
e, £,%, 8,4 &, ®,u,0,9,3, & and was produced n times
(2 £n £4) by 6 adult male speakers. The stimuli consist-
ed of burst portions of the same duration (25 ms) with no
remaining vocalic segment. Some (273) of these stimuli
were used for our perceptual experiments [4] {5]. We will
now briefly describe them!:

2.2. Palatovelar stimuli

As expected, palatovelar stimuli have two maxima: a
prominent peak which varies as a function of both place
of articulation and degree of rounding of the subsequent
vowel, and a high maximum which seems to be inde-
pendent of the vowel. More precisely, in back context,
the first maximum is situated in low frequencies
(between 500 Hz and 1700 Hz) and varies with the sec-
ond formant of the subsequent vowel, and the second
maximum is situated in high frequencies (4000 Hz).
These two maxima are very compact and well separated
by a region without energy. Before central and rounded
front vowels, the frequency is intermediate: 2500 Hz
before central vowels and 2100 Hz before rounded front
vowels. In unrounded front context, there is an energy
concentration between 3000 Hz and 3800 Hz; because of
its large bandwidth, we suspect the presence of two
maxima very close to each other and so not clearly sepa-
rated. These properties were also reported by Fisher-Jgr-
gensen [9] and Zue [18]. On the other hand, the form of
the spectrum is not always compact, particulary in cen-
tral and unrounded front contexts.

2.3. Dental stimuli

Before front unrounded vowels, the prominent peak
of the dental transient is situated between 2700 Hz and
4000 Hz. Dentals followed by rounded vowels have a
prominent peak (clear and compact) at a relatively low
frequency, at approximately 2500 Hz before /w/, 3300 Hz
before /o/, 3200 Hz before /g/ and 3400 Hz before /y/.

Before central vowels, the spectra of our stimuli are
flat rather than rising. In the most cases, there is no
prominent frequency region; however, 36% of them
have a maximum in the F2-locus region (1800 Hz).

2.4. Labial stimuli

For the relatively flat labial spectra, the maximum is
not situated in a well defined frequency region, even for
the same vocalic context. Generally, the maximum is sit-
uated between 1000 Hz and 3000 Hz, but 16% of the
labial stimuli have their maximum at approximately 500
Hz and 13% of them at approximately 4000 Hz. This
happened whatever the context is.

1. The speech signal was lowpass filtred at 8000 Hz, digi-

tized (to 12 bits) at 16 000 samples per second, pre-em- -

phased (+6 dB/octave), and then processed utilizing FFT
analysis (using a 16 ms Hamming window with a 8 ms
overlay).
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3. COMPACT VS. DIFFUSE STOPS
3.1. Related works

The acoustic feature of compactness was defined, for
the first time, by Jakobson and Lotz. The authors have
proposed a definition, for both vowels and consonnes,
which relies essentially on the notion of enery concen-
tration. In "Preliminaries to speech analysis" [11], com-
pact phonemes are characterized by a relative
predominent formant region centrally located in the
spectrum. Since this time until recently, in a investiga-
tion carried out by Blumstein and Stevens [1], the acous-
tic feature of compactness for stops was defined as a
conjunction of two constraints:

1) energetic constraint: existence of a prominent peak

Based on amplitude*frequence spectrum bursts,
Halle et al. [10] tried to determine two binary features
for classifying burst stops: acute/grave and compact/dif-
fus. The authors measured the latter, by comparing the
average level of the spectrum between 300 Hz and 10
000 Hz with the average level of the spectrum between
2000 Hz and 4000 Hz. Since, the authors observed that
the palatovelars had an energy concentration in the cen-
tral frequencies.

Blumstein and Stevens [1] have characterized this
peak as a peak sufficiently separated from the others
peaks and relatively more intense. Moreover, if two
peaks are separated by less than 500 Hz, they were con-
sidered as a single large peak.

2) frequency constraint:

The definition, which is given in the Preliminaries, is

based on the center spectrum. As Rossi has remarked
[14], this definition is inadequate if appliqued to the con-
sonants. In fact, velar stop energy, in contact with back
rounded vowels /u,0/, is situated in low frequencies
[600 Hz, 1000 Hz}, and thus, if the "mid-spectrum" con-
straint is applied, velar stops must be classified as dif-
fuse!
Fant [8] has proposed a definition for the compact prop-
erty which seems (at least to us) the most adequate: "the
common denominator of the acoustic cues for /g, k/ plus
vowel can be described as a concentration of energy in
the region of the F,, of the following vowel". The author
has defined F,, as a perceptive substitute for the second
and higher formants of front vowels and corresponding to
F2 alone in back vowels. In this manner, the frequency
location of the energy concentration varies according to
the vocalic context: in the vicinity of F2 in back context
and near F2, F3 or F4 in front context.

According to Blumstein and Stevens [1], the major
peak must be localized in the mid frequencies [1200 Hz,
3600 Hz]. Nevertheless, this definition presents us with
two problems:

* the bottom limit is fairly high for velar stops in back
context, at least, for French velar stops.

« the dental stimuli, in a rounded context, can be mis-
classified as compact.
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In summary, Fant’s definition appeared to be the
most adequate for separating the compact stops from the
diffuse ones. In the next section, we propose a contextual
method, which relies on Fant’s assumption.

4. AUTOMATIC EXTRACTION OF THE
COMPACTNESS FEATURE

Based on Fant’s definition and on our own observations
(section 2), we implemented an automatic detector of the
compactness. We consider a spectrum compact if it satis-
fies the following conditions:

1) the presence of an energy concentration in a narrow
region (as a single peak or several close peaks).

2) the frequency region of this energy concentration,
written as [limitl, limit2], varies as a function of both
the place of articulation and the degree of rounding of
the subsequent vowel.

« in back context, the frequency region is situated near
the second formant F2 [500 Hz, 1600 Hz}

*in central context, the frequency region is situated
between F2 and F3 [1800 Hz, 2900 Hz]

* in rounded front context, the frequency region is situ-
ated between F2 and F3 [1600 Hz, 2400 Hz]

« in unrounded front context, the frequency region is
situated between F3 and F4 [2500 Hz, 3800 Hz].

4.1. Implementation

Compactness cue is evaluated from the average spec-
trum (amplitude*frequency) of the onset of the burst.
Only the region situated between 500 Hz and 5000 Hz is
considered, because we think that below 500 Hz and
above 5000 Hz, there is not an useful information. Using
this spectrum region, the following steps are performed:

* In order to normalize the compact cue regarding con-
textual and individual variations, we modify the spec-
trum scale in a such way that the maximum energy
concentration of the spectrum does not exceed 30 dB.

« Then, we calculate the standard deviation of the mod-
ified spectrum between 500 Hz and 5000 Hz. This
parameter serves to initialize the compactness cue
value.

* According to the place of articulation and the degree
of rounding of the succeding vowel, we adjuste the
parameters limit1 and limit2, as explained above.

* Then ,two cases are taken into account:

1) if the spectrum contains only one energy concen-
tration, and if its bandwidth exceeds a certain threshold
(the bandwidth varies in function of both place of articu-
lation and degree of rounding of the succeding vowel),
or if the energy concentration is not situated in [limitl,
1imit2], then the cue value is dimimuated of 3 (the value
3 was chosen on the base of experimental tests).

2) if the spectrum contains several peaks, we try to
find a promiment one in the region [limitl, limit2].
According to us, a peak is prominent if i) its maximal
energy exceeds, at least, an energy thershold, written as
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diffEnerg, and ii) it is sufficiantly separated from the

others peaks (at least of diffFreq). If this peak is found,

then the cue value is augmented of 3.
* As a last step, we apply to the cue value a fuzzy filter.
This later may have, as data, a value in the interval [0,
14] (above the value 8, the spetrum is considered as
compact, below the value 6, it is considered as diffuse
and between 6 and 8, the information is uncertain), and
gives, as a result, a fuzzy value varying in the interval
{o, 11.

Parameters  |back central and unrounded
context  jrounded front context
front context
limit! (Hz) 500 1500 2000
limit2 (Hz) 1600 2500 3800
diffEner (dB) {10 8 5
diffFreq (Hz) {1500 1000 500
. 1000 1500 2000
Bandwidth (Hz) (-5 dB) (-10 dB) (-10 dB)

Table 1: parameter values according to vowel context

4.2. Results and discussion

In general, the compactness cue, as we implemented
it, allowed to separate /p, t/ from /k/ (see table 2). Never-
theless, among 750 spectra tested, 45 of them were mis-
classified: 24 stimuli /p, t/ (fig: 1, fig. 2, fig. 3) were
classified as compact, and 21 stimuli /k/ as diffuse (fig.
4). Thus, the implemented cue separated the labials and
the dentals from the palatovelars in 94% of the time.
Among the misclassified spectra some were predictable,
because in our perceptual experiments [6], listeners also
misclassified them. They confused /p/ with /k/ in back

context and /k/ with /t/ in unrounded front context.

stops X c max min
/ol 3 3 13 0
1 35 2.5 10 0
/k/ 10.6 3 14 3

Table 2 : Compactness cue values obtained for the 3 stops
across vowels.

/p/ stimuli classified as compact

Several /p/ spectra in back context were classified as
compact. They appeared to us compact also (see fig. 1).
This is probably due to the second and third formants
which are , in this context, close, and then, enhance the
energy in low frequencies.
/t/ stimuli classified as compact

[t/ spectra, in rounded context (back or front), have a
prominent peak at approximately 2500 Hz. The rela-
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tively low frequency peak (expected higher), is perhaps
due to the labialisation anticipation of the subsequent
rounded vowel.
/k/ stimuli classified as diffuse

It is well known that the bandwidth of palatovelar
stops increases as a function of the frequency [1]. This
phenomena explains, perhaps, the relatively diffuse form
of palatovelar stimuli in front unrouded context (fig. 4).

In summary, the global form of the spectrum did not
always correspond to the description given by Blumstein
and Stevens [1]. In fact, it seems to us that some labials
in back context and some dentals in rounded context
were not diffuse (fig. 1, fig. 2 and fig. 3) and some pala-
tovelars followed by unrounded front vowels were dif-
fuse rather than compact (see fig. 4).

Fig. 1: /p/ in back context

4000 - E0%0 8600 7000

frequency (Hz
Fig. 2: /t/ in rounded context
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Fig. 3: /t/ in unrounded front context
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Fig. 4: /k/ in unrounded front context
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5. CONCLUSION

In conclusion, the stop spectral form cannot be con-
sidered as invariant (i.c. independent-context) because it
must be adjusted (at least) as a function of both place of
articulation and degree of rounding of the subsequent
vowel. Moreover, the labials and the dentals are not
always diffuse and the palatovelars are not always com-
pact; we think that this property depends on the speaker
characteristics, which can varies for the same stop place
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of articulation and for the same vocalic context. Acous-
tic and perceptual experiments must be carried out to
clarify the effect of speaker characteristics on the spec-
tral form of stop burts.
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