A reconsideration of acoustic invariance for place of articulation in
diffuse'stop consonants: Evidence from a cross-language study
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This study explored the claim that invariant acoustic properties corresponding to phonetic
features generalize across languages. Experiment I examined whether the same invariant
properties can characterize diffuse stop consonants in Malayalam, French, and English. Results
showed that, contrary to theoretical predictions, we could not distinguish labials from dentals,
nor could we classify dentals and alveolars together in terms of the same invariant properties, We
developed an alternative metric based on the change in the distribution of spectral energy from the
burst onset to the onset of voicing. This metric classified over 91 % of the stops in Malayalam,
French, and English. In experiment I, we investigated whether the invariant properties defined
by the metric are used by English-speaking listeners in making phonetic decisions for place of
articulation. Prototype CV syllables—[b d] in the context of [i & a 0 u]l—were synthesized. The
gross shape of the spectrum was manipulated first at the burst onset, then at the onset of voicing,
such that the stimulus configuration had the spectral properties prescribed by our metric for labial
and dental consonants, while the formant frequencies and transitions were appropriate to the
contrasting place of articulation. Results of identification tests showed that listeners were able to
perceive place of articulation as a function of the relative distribution of spectral energy specified

by the metric.
PACS numbers: 43.70.Dn, 43.70.Gr, 43.70.Ve

INTRODUCTION

In recent years, a theory of acoustic invariance has been
elaborated which makes two principal claims. The first is
that there are invariant acoustic patterns in the speech signal
which correspond to phonetic features and which remain
invariant across speakers, phonetic contexts, and languages.
The second claim is that human perceivers vse these proper-
ties to provide the phonetic framework for natural language
and to process the sounds of speech in ongoing perception.

A number of studies have examined the invariance hy-
pothesis for place of articulation in English stop consonants.
While there has been some disagreement about the particu-
lar form of invariance, acoustic patterns have been defined
which have remained invariant in the sense that the same
acoustic pattern corresponds to a particular place of articu-
lation across vowel contexts and speakers {Searleeral., 1979,
Blumstein and Stevens, 1979; Kewley-Port, 1983), manner
of articulation (Searle ez al., 1979; Blumstein and Stevens,
1979}, and syllable position (Blumstein and Stevens, 1979).

The theory of acoustic invariance claims that a particu-
lar phonetic dimension should be realized by the same invar-
iant property across all languages (Stevens and Blumstein,
1978). For example, the phonetic feature corresponding to
the labial place of articulation should show the same invar-
iant property irrespective of the language in which this pho-
netic feature occurs. The present investigation explored this

“claim by focusing on invariant properties for diffuse stop
consonants—including the labial, dental, and alveolar
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places of articulation—in Malayalam, French, and English.
Experiment T examines whether the same invariant acoustic
properties can characterize place of articulation in these dif-
ferent languages. Experiment II investigates whether these
invariant properties are used by the listener in making pho-
netic decisions about place of articulation.

. EXPERIMENT.|

Fant’s acoustic theory of speech production predicts
that different vocal tract configurations for place of articula-
tion will result in distinct spectral patterns [Fant, 1956,
1960}. Based on Fant’s theory, Stevens and Blumstein (1978)
described three distinct patterns corresponding to labial, al-
veolar, and velar stop consonants in terms of the shape of the
spectrum in the vicinity of the stop release. For labial con-
sonants, there were a number of peaks in the spectrum which
were fairly spread out or diffuse, and the amplitudes of the
peaks either had more energy in the low frequencies than the
high frequencies (diffuse-falling pattern) or they were evenly
distributed throughout the spectrum (diffuse-flat pattern).
For alveolar consonants, there was also a diffuse spread of
peaks of energy, but the amplitudes of these peaks were
greater in the high frequencies (diffuse-rising pattern). Final-
ly, for velar consonants, there was one prominent spectral
peak, usuaily occurring in the midfrequency region, which
dominated the entire spectrum (compact pattern).

Itisimportant to note that there are two invariant prop-

“erties that characterize the class of labial and alveolar con-

sonants. Both places of articulation share the acoustic prop-
erty of diffuseness (cf. also Jakobson et af., 1963), and they
aredistinguished by the shape of the spectral energy distribu-
tion, with labials showing a flat or falling spectrum and al-
veolar consonants showing a rising spectrum. The first ques-
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tion we wantéd to address was whether the invariant
acoustic property for labial stop consonants, i.e., diffuse-flat
or diffuse-fatling, will uniquely distinguish the class of labial
stops from the class of nonlabial diffuse stops in other lan-
guages.

The second question focuses on nonlabial diffuse stop
consonants. These consonants include at least two different
places of articulation—alveolar and dental. The work of
both Stevens and Blumstein (1978) and Kewley-Port {1983)
indicated that alveolar consonants in English exhibited the
diffuse-rising property. Fant investigated the spectral char-
acteristics of dental consonants in Swedish. Results from
both theoretical considerations and analyses of measured
spectra indicated that dental consonants are also diffuse with
a predominance of high-frequency energy (Fant, 1960).
‘While dental and alveolar consonants do not share the exact
same place of articulation, it has been suggested that the
spectral characteristics of dental and alveolar stop conson-
ants should be similar, characterized by a diffuse spread of
energy with a predominance of high-frequency energy
(Blumstein and Stevens, 1979; Halie and Stevens, 1979). In
fact, phonological theory classifies both dental and alveolar
consonants in terms of the same phonetic feature-—[coronal]
(Chomsky and Halle, 1968; Halle and Stevens, 1979). There-
fore, we wanted to explore whether alveolar and dental stop
consonants doin fact share the same invariant acoustic prop-
erty, i.e., diffuse-rising, when the same measurement proce-
dures are applied across a number of languages.

Tothis end, we focused on three languages: Malayalam,
French, and English. Malayalam uses labial, dental, and al-
veolar stop consonants contrastively. However, these con-
trasts occur only intervocalically in voiceless geminate stop
consonants.! We also studied French and English where la-
bial consonants contrast with either dental (French) or al-
veolar (English) stop consonants in similar phonetic environ-
ments.

A. Pilot studies

Two pilot studies were conducted. In the first (Lahiri,
1980), three subjects {two males and one female) were asked
to read a list of five repetitions of five real words in Malaya-
lam containing the stops [t t] followed by the vowels
[i e a 2 u]. The 150 utterances were analyzed using the tem-
plate-fitting procedures of Blumstein and Stevens (1979). In
particular, LPC spectra’ were derived at the burst release
using a 25.6-ms half-Hamming window, and the obtained
spectra were individuaily tested against the Blumstein and
Stevens diffuse-rising template. We also analyzed a total of
25 labial stops spoken by one of the male speakers in the
same phonetic context. The obtained spectra for the labial
stops were individually tested against the Blumstein and Ste-
vens diffuse-falling template. (The diffuse-falling template
and the criteria used to fit it accept both diffuse-falling and
diffuse-flat onset spectra.)

Results showed that the labial consonants were correct-
ly accepted by the diffuse-falling template 889 of the time.
The remaining 12% of the spectra for labial stops had a
~ diffuse-rising shape. With regard to the alveolar and dental
stop conscnants, 71% of the alveolar stops and only 57% of
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FIG. 1. Exampies of spectra sampled at the burst release (sampled at 10
kHz} of dental and alveolar intervocalic stop consonants in Malavalam.
LPC spectra (with pre-emphasis) were derived using a 25.6-ms haif-Ham-
ming window. The initials to the right of the utterance indicate the speaker
and the number indicates the particular utterance measured.

the dental stops were correctly accepted by the diffuse-rising
template. Although the dental consonants were diffuse, their
spectral shape was similar to labials in that the distribution
of energy was predominantly flat. Thus the shape of the
spectrum could not distinguish labial from dental conson-
ants in Malayalam. Figure 1 shows the onset spectra of a
typical dental and a typical alveolar stop consonrant in Ma-
layalam. In both cases, the overall spectrum has a diffuse-fiat
shape, rather than the predicted diffuse-rising shape.

In the second pilot study (Lahiri and Blumstein, 1981),
100 utterances of a male French speaker were analyzed.
These included 50 voiced and 50 voiceless labial and dental
stops produced in initial position in the environment of the
vowels [i e a o u]. The spectra of these utterances were ana-
lyzed again following the procedure of Blumstein and Ste-
vens {1979). The spectra of the labial consonants in French
were found to be either diffuse-flat or -falling, similar to the
labial stops in English and Malayalam. However, on exam-
ining the spectra for the French dentals, it was clear that they
were very similar to the Malayalam dentals, in that they
were more diffuse-flat than rising. To quantify these obser-
vations, we tested the obtained spectra for the dental stops
against the Blumstein and Stevens diffuse-rising template.
Only 409% were correctly accepted by the template. Figure 2
shows examples of the onset spectra for a typical French
labial and dental stop consonant. The gross shape of the
spectra for both consonants is diffuse-flat.

Thus the results of the two pilot studies indicated that,
contrary to predictions from phonological and acoustic the-
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FIG. 2. Examples of spectra sampled at burst onset of labial and dental stop
consonants in French. A 25.6-ms half-Hamming window was used to derive
the spectra. The number to the right of the utterance indicutes the particular
utterance measured.
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ory (Stevens :gnd Blumstein, 1978; Blumstein and Stevens,
1979; Halle and Stevens, 1979), the gross shape of the spec-
trum {1] fails to distinguish the labial from the denta] stop
consonants, and (2) fails to group the dental with the alveolar
stop consonants.

B. Reanalysis

Given these results, it was necessary to reconsider the
question of acoustic invariance for place of articulation in
diffuse stop consonants. The main issues of concern were
whether the acoustic invariance theory was incorrect in its
claims that invariant properties corresponding 1o phonetic
features would indeed generalize across languages, and
whether invariant properties could be found that uniquely
characterize labial versus nonlabial diffuse stop consonants.

Since the gross shape of the onset spectrum failed to
appropriately classify stop consonants, we considered
whether other properties inherent in the burst could be in-
voked. One possible property is that of the amplitude of the
burst. It has been shown that the amplitude of the burst in
alveolar stop consonants in English is generally higher than
that of labials, In the case of aiveolar stops, the amplitude of
spectral peaks in the burst may be somewhat greater than the
amplitude of the formants at the onset of voicing, particular-
ly at the higher frequencies (Zue, 1976). We explored
whether the amplitude of the burst was greater for dental
and alveolar consonants compared to labial consonants by
analyzing the stimuli of the pilot experiments, as well as 100
English voiced and voiceless Iabial and alveolar stops pro-
duced by a male speaker in the environment fieaou]. LPC
spectra were made of each utterance at the burst using a 10-
ms full-Hamming window and at the onset of voicing, We
determined by inspection whether the amplitude of the burst
was higher than the onset of voicing throughout the spec-
trum, only at high frequencies, or only at low frequencies.
Results showed that, as expected, labial stops have weak
bursts. None of the Malayalam labial stops and only 4% of
the English and 149 of the French labial stops showed
greater energy in the burst compared to voicing onset. This
greater energy occurred in the low-frequency region. Al-
though 87% of the alveolar stops in English and 75% of the
Malayalam alveolar stops had bursts with greater energy
than the vowel onset, only 54% of the Malayalam and
French dental stops showed greater energy in the burst. For
those alveolar and dental stops with greater energy in the
burst, this energy occurred primarily in the high frequencies,
with 939% of English alveolar stops, 87% of French dental
stops, 75% of Malayalam alveolar stops, and 949% of Ma-
layalam dental stops showing this pattern. The remaining
stimuli with greater energy in the burst than in voicing onset
had greater energy in both low and high frequencies. Never-
theless, since approximately one-half of the Malayalam and
French dental stops {i.e., 46%) had relatively weak bursts
similar to those of labials, and these bursts showed no pre-
dominance of energy in any particular frequency region, this
measure of the burst amnplitude could not distinguish dental
stops from labiai stops, nor could it reliably group dental
stops with alveciar stops.

On the basis of this pilot work, it was clear that static
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properties as measured by the gross shape of the onset spec-
trum or by the amplitude of the burst failed to adequately
classify labial, dental, and alveolar stops. Kewley-Port
(1983) examined invariant acoustic properties for place of
articulation in English stop consonants by focusing on time-
varying properties of stop consonants from the release burst
into the vowel portions of CV syllables. One of the properties
of her metric was the spectral tilt of the burst. Since our pilot
work showed that the gross shape (i.e., tift) of the spectrum at
stimulus onset could not appropriately classify dentals and
alveolars, it was clear that her metric would not work either.
However, an advantage of Kewley-Port’s analysis over that
of Blumstein and Stevens (1979) was that it explored spectral
changes over time. Consequently, we attempted to deter-
mine whether the sought-for invariant might lie in dynamic
spectral changes over time, rather than in the gross shape of
the spectrum at a static point in time (corresponding to the
burst release). We focused on changes in both the spectral
and amplitude characteristics of the waveform over time,
since these characteristics were critical in earlier investiga-
tions of the acoustic properties for place of articulation in
stop consonants (Fant, 1960; Stevens and Bilumstein, 1979;
Zue, 1976).

Three-dimensional plots of a series of LPC Spectra were
made of a large number of utterances using a fuil-Hamming
window of 10 ms with a window movement of 5 ms (Mertus,
1979). We were thus able to observe changes in spectral char-
acteristics from burst onset well into the vowel (cf. Searle er
al., 1979, 1980; Kewley-Port, 1983). Rather than looking at
the absolute shape or tilt of the spectrum, as Kewley-Port
(1983) did, we focused on the relative changes in the distribu-
tion of energy from the burst release to the onset of voicing.
The top half of Fig 3 shows an example of two three-dimen-
sional displays, one for the syllable [do] (left panel) and the
other for the syllable [bo] (right panel) spoken by a French
speaker. Inspection of these three-dimensional plots re-
vealed that the changes in distribution of energy from burst
release to the onset of voicing were distinctively different for
these two classes of stops.

For labial stop consonants, either the difference in ener-
gY between the burst release and the onset of voicing was less
at low frequencies than at high frequencies, or the difference
in energy was about the same at low and high frequencies.
These patterns were obtained whether the shape of the spec-
trum at stimulus onset was diffuse-falling (as in Fig. 3) or
diffuse-flat. This smaller difference in energy change in the
low as compared to the high frequencies could be interpreted
as indicating greater low-frequency energy in the spectrum,
since there was less acoustic change over time in this fre-
quency region. An equal difference in energy at low and high
frequencies could be interpreted as a flat distribution of ener-
gy in the spectrum, since similar changes occurred in both
the low and high frequencies.

For dental and alveolar consonants, the differences in
energy between the stimulus onset and onset of voicing was
less at high frequencies than at low frequencies, whether the
gross shape of the onset spectrum was diffuse-flat (as in Fig.
3) or diffuse-rising. This smaller difference in energy change
in the high as compared to low frequencies could be inter-
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FIG. 3. The top half of the figure
shows examples of two three-di-
mensional plots of LPC spectra
of French voiced labial and den-
tal stop consonants in the envi-
ronment of the vowel [o]. The
spectra were derived using a fudl-
Hamming window of 10 ms with
a window movement of 5 ms.
The bottom half of the figure
shows the changes in the spectral
characteristics of the same sylla-
bles. The spectrum at the burst is

indicated by the dotted line and
the spectra of the first three
pulses at the onset of voicing are
indicated by the solid lines. The
window was placed at the begin-
ning of the burst, and then pitch
synchronously at the first three
glottal pulses at the onset of voic-
ing. Line ab shows the derived
slope of the burst joining the £2
and F 4 peaks. Line cd indicates
the derived slope of the onset of
voicing taking the average values
ofthe F2 and F 4 peaks. The verti-
cal lines at 1500 and 3500 Hz

preted as greater high-frequency energy in the spectrum,
since there was less acoustic change in this frequency region
over the time domain.

The bottom panel of Fig. 3 shows an example of the
changes in the spectral characteristics for a labial and dental
consonant from the burst release compared to the onset of
voicing. The dotted line corresponds to the burst release and
the solid lines correspond to the energy of the first three
pulses of voicing. Note that for the labial, despite the diffuse-
falling onset spectrum, there was little change in the relative
distribution of energy at high and low frequencies from the
burst release to the onset of voicing. In contrast, for the den-
tal consonant, with a diffuse-flat onset spectrum, there was a
small change of energy at the high frequencies but a large
change at low frequencies.

These observations suggested that the hypothesis of
acoustic invariance for place of articulation might still be
maintained if a measure based on the changes in energy dis-
tribution were used instead of a measure based on the shape
of the spectrum in the vicinity of the stop release. It was cur
goal to define measurement procedures that would appro-
priately classify labial versus dental and alveolar stop con-
sonants across French, Malayalam, and English.

C. The metric

Since it was the change in energy from the release burst
to the onset of voicing which seemed critical in characteriz-
ing these diffuse consonants, we focused on these two por-
tions of the waveform in establishing the metric. As a result,
the segmentation boundaries for the analysis of both voiced
and voiceless stop consonants were very straightforward and
casily determined by visual inspection of the waveform.
However, by choosing these segmentation procedures, the
measurements of the burst and the onset of voicing encom-

3g4 J. Acoust. Soc. Am., Vol. 76, No. 2, August 1984

represent the low- and high-fre-
quency markers.

pass somewhat different portions of the waveform for voiced
and voiceless consonants. Nevertheless, on the basis of the
original inspection of the three-dimensional spectra, the por-
tions of the waveform defined in relation to the emergence of
an F'1 peak (i.e., the onset of voicing) seemed to provide a
consistent pattern within each place of articulation, regard-
less of the voicing characteristics of the consonant.

Using a 10-ms full-Hamming window, we took spectral
samples at the burst and a pitch-synchronous sample at each
of the first three glottal pulses at the onset of voicing. We
found that sampling the first three glottal pulses at the onset
of voicing, rather than only the first glottal pulse, provided a
more consistent measure of the location of the spectral peaks
corresponding to the individual formant frequencies (see be-
low). For the voiced consonants which contained prevoicing,
the window was placed at the burst release, excluding the
prevoicing portions of the waveform. The onset of voicing
measure was made at the first three glottal pulses starting
after the burst. For the voiceless consonants, the burst por-
tion of the stimulus was often longer than 10 ms. In that case, -
we took multiple spectra of the burst, sampling at every 10
ms from the burst onset up to (but not including) the onset of
voicing. By sampling the full burst, we avoided the problems
of segmenting the burst into separable components includ-
ing the burst, aspiration, and frication.

To compare the changes in energy distribution from the
burst onset to the onset of voicing, we took the values of the
F2and F 4 peaks of the spectra for the burst onset. In the case
where multiple spectra were sampled at the burst, we took
the average value of these spectra. We also took the average
values of the F2 and F 4 peaks for the three glottal pulses at
the onset of voicing. The slopes of the spectra for the burst
and the omset of voicing were determined by drawing
straight lines through the two points marking these average
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FIG. 4. Examples of spectra of
French labial voiceless and voiced
consonants. The dotted lines corre-
spond to the burst release and the
solid line indicates the spectra of the
first three glottal puises at the onset
of voicing. For the voiceless conso-
nant [po], multiple spectra taken ev-
ery 10 ms were required o sample
the burst. Line ab shows the derived
slope of the onset taking the average
values of the 2 and F4 peaks. Line
cd indicates the derived siope of the

values. In the case of the voiced consonants, where only one
burst spectrum was obtained, a straight line was drawn
between the 72 and F4 peaks. The bottom panel of Fig. 3
shows the derived slopes of the burst (line ab) and of the onset
of voicing (line cd) for the syllables {do} and [bo]. Figure 4
shows the derived slopes for the burst (line ab) and the onset
of voicing {line cd) for a voiceless and a voiced labial conso-
nant.

We next compared the differences in energy at hi ghand
low frequencies between the burst and the onset of voicing.
Comparing the difference in energy at the £2 and F4 peaks
was not appropriate, as the frequency values would differ not
only between the burst and onset of voicing within a given
utterance, but also across different utterances. Consequent-
ly, we arbitrarily defined 1500 and 3500 Hz as representative
of low- and high-frequency energy, respectively, for afl the
spectra, and computed the ratio of the differences in energy
between the burst and the onset of voicing at high frequen-
cies in relation to low frequencies. In this way, changes in
energy were computed at exactly the same frequencies in all
spectra. We computed the rario of the difference in energy at
high and low frequencies, i.e., {d — b)/(c — a), rather than
the absolute difference between the differences at high and
low frequencies, i.e., ({d —b) — {c — a}, because computing
the ratios provided a measure of relative change which abso-
lute differences did not. For example, if (d — b) = 20 and
(c — a) = 22, the absolute difference would be 2. The same
value would be obtained if (d — b) = 2 and ({c — a) = 4. No-
tice, however, that in the first case, the ratio of change is
0.91, indicating very little change in energy at the high rela-
tive to low frequencies. However, in the second example, the
ratio value is 0.5 indicating that there is half as much energy
change at high relative to low frequencies.

The bottom panels of Figs. 3 and 4 show the procedure
involved in establishing the metric. Line ab corresponds to
the slope of the burst, line cd corresponds to the slope of the
onset of voicing, and the vertical lines at 1500 {ca) and 3500
Hz {db) represent the low- and high-frequency markers, re-
spectively. The metric computed the ratio of the differences
of energy between the onset of voicing and the burst at high
frequencies (d —b) and at low frequencies (c — a), ie,
{d —b)/Ac — a}.

The different ratio values were used to classify dentals
and alveolars versus labial consonants. The particular criti-
cal values chosen were derived from analysis of a set of pilot
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onset of voicing taking the average
values of the F2 and F4 peaks. See
also legend for Fig. 3.

data, in which we determined what values and criteria pro-
vided the best means of dividing the data into the appropri-
ate categories. A positive ratio of <0.5 or a negative ratio
with the numerator being negative characterized dental and
alveolar consonants. For labial consonants, the ratio was
either > 0.5 or it was negative, with the denominator having
anegative value. Because the ratio values are arbitrary inso-
far as they were determined by our choice of 1500 and 3500
Hz as the defined low and high frequencies, and the ratio
values were chosen because they divided the pilot data 8ys-
tematically into two classes, we ate not making any particu-
lar theoretical claim about the particular ratio value used as
the cutoff between dental and alveolar versus labial conson-
ants.

The value of <0.5 for dentals and alveolars indicates
that there is at most half as much energy change from the
burst to the onset of voicing at high frequencies compared to
low frequencies. In this sense, there is less energy change at
high frequencies relative to low frequencies. The top panel of
Fig. 5 shows an example of a dental consonant with a ratio of
<0.5. The actual computed ratio for this consonant (d—b)/
(c — a) was 0.14.

In the second pattern for dental and alveolar conson-
ants, there was greater energy at the burst than at the onset of
voicing. In most cases, this held only at high frequencies,
such that the numerator (d — b) was negative, giving a nega-
tive ratio. There were some dental and alveolar consonants,
however, where the energy at the burst was greater in all
frequency regions compared to the energy at the onset of
voicing. In this case, both numerator (d — b} and denomina-
tor {c — a) were negative. However, the ratio of two negative
numbers was not taken to be a positive number. Instead, a
negative numerator was automatically interpreted as a den-
tal or alveolar stop consonant, regardless of the positive or
negative value of the denominator. The middle and bottom
pancls of Fig. 5 show these two types of patterns. In the
middle panel, the slope of the burst (ab) shows ETeater energy
only at the high frequencies relative to the slope at the onset
of voicing (line cd), whereas in the bottom panel, the slope of
the burst (ab) shows greater energy at both high and low
frequencies relative to the onset of voicing (line cd).

All of the patterns described by the metric for dental
and alveolar stop consonants are consistent with earlier
views of the acoustic properties for dental and alveolar stop
consonants. In particular, both places of articulation display
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FIG. 5. Examples of spectra of French dental consonants at the burst re-
lease {indicated by the dotted line) and onset of voicing {indicated by the
solid lines). The lines ab and cd correspond to the derived slopes of the burst
onset and onset of voicing as described in Fig. 3. The formula for computing
the ratio was d — b/c — a. The top panel is an example of a dental conso-
nant with a ratio of 0.14. In the middle panel, the ratio is negative, the slope
of the burst having greater energy at higher frequencies. The actual comput-
edratio is — 0.27. The computed matio of the bottom panel is 3 (—9/—13)
indicating greater energy at both high and low frequencies for the burst
release (note: the ratio of two negative numbers was nor taken tobea positive
number).

greater spectral energy in the high frequencies compared to
low frequencies or a burst amplitude which is larger than the
amplitude of the formants at the onset of voicing.

The patterns obtained for labial consonants either
showed a smaller change in energy at low frequencies com-
pared to high frequencies or no real change in energy distri-
bution at high and low frequencies. These patterns are also
consistent with earlier claims that labial consonants are
characterized by greater energy in the low frequencies or by
a relatively flat distribution of energy throughout the spec-
trum. As mentioned earlier, if the ratio were = 0.5, the con-
sonant was classified as a labial. The various patterns sub-
sumed under the metric value of > 0.5 are shown in Fig. 6.
The top right panel of Fig. 6 shows the spectra of the syllable
[pa] containing a ratio of > 0.5 [the actual computed ratio
{d — b)/(c — a)is 0.69]. The top left panel of Fig. 6 shows the
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FIG. 6. Examples of spectra of French labial consonants at burst release
(shown by the dotted lines) and at the onset of voicing (indicated by the solid
lines). The lines ab and cd and the vertical markers at 1500 and 3500 Hz
correspond to the description given in Fig. 3. The top ieft panel shows an
example of a voiceless labial stop consonant with a ratio of 1.02 indicating
almost no change in the distribution of energy from the burst onset to the
onset of voicing. The top right panel gives an example of a labial consonant
with a ratio of 0.69. The computed ratio of the bottom left panel is [.38
indicating sustained low-frequency energy. The bottom right panel pro-
vides an example of a labial stop with a negative ratio of — 1.9 showing a
predominance of energy at low frequencies.

spectra for [po] with a ratio of close to 1, indicating that there
was no change in the distribution of energy at high and low
frequencies. The bottom left panel of Fig. 6 shows an exam-
ple of a labial consonant displaying a ratio of > 1, where
there is less energy change at low frequencies compared to
high frequencies. The actual computed ratio for this conso-
nant (d — b)/(c — a) was 1.88. The bottom right panel of Fig.
6 shows an example of the labial consonant [pe] with more
energy at the burst at low frequencies than at the onset of
voicing.

D. Analysis and results

The metric was originally developed on the basis of the
analysis of 100 utterances spoken by cne French male
speaker (ten occurrences of each of initial voiced and voice-
less unaspirated labial and dental stops produced in the con-
textof [i e a o u]). These were the same utterances used in the
second pilot study discussed earlier. In order to determine
the extent to which the metric could appropriately categor-
ize labial, dental, and alveolar consonants across different
speakers within the same language, we recorded another 200
utterances spoken by two male French speakers (only 198 of
these tokens were analyzed as two had to be discarded be-
cause of their poor audio quality).

To assess the generality of the metric across different
languages, we also applied it to a set of utterances from Ma-
layalam and English. The Malayalam utterances taken from
the first pilot study included 70 voiceless unaspirated dental
and alveolar stop consonants and 25 unaspirated voiceless
labial stop consonants. Fifty of the Malayalam dentals and
alveolars and all the labials were spoken by one male speaker
and the remaining 20 dentals and alveolars were spoken by
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another male speaker. These utterances were all bisyllabic
real words with the stop consonants occurring in intervoca-
lic position. Finally, we analyzed 100 English voiced and
voiceless aspirated labial and alveolar stop consonants, The
English utterances, also used in the pilot study, consisted of
initial voiced and voiceless labial and alveolar stops followed
by the vowels [i e a 0 u] produced by one male speaker, who
was one of the speakers used by Blumstein and Stevens
{1979} in their original template analysis,

Figure 7 shows the distribution of all of the stimuli plot-
ted as a function of the difference values obtained for the
aumerator (d — b} and the denominator {c — a) in the com-
putation of the metric. Table I provides an overall summary
of the data. Over 919 of the stops were correctly classified
with a range from 849 (for Malayalam labial consonants) to
100% (for Malayalam dental consonants). There is little
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FIG. 7. Summary plot of the individual stimuli analyzed in terms of the
metric. The top left panel shows the Malayalam data, the bottom panel the
French data, and the right-hand panel, the English data. The abscissa repre-
sents the computed value of the numerator {d — bj and the ordinate the
computed value of the denominator (c — aj for the metric. The x’s repre-
sent the labial tokens, the open circles the alveolar tokens, and the filled
circles the dental tokens. The arrows define the boundary conditions of the
metric for classifying the tokens as dental/alveolar or labial. A metric of
> 0.5 or a negative denominator corresponds to a labiaf consonant. A met-
ric value of <0.5, a negative numerator, or a negative numerator and de-
nominator corresponds to an alveolar or dental consonant,

question then that the metric reliably classified labial, alveo-
lar, and dental stop consonants in Malayalam, French, and
English.

Looking at the distribution of the Stop consonants in

TABLE . Percent correct classification of the metric. Numbers in paren-
theses indicate the total number of utterances on which the percentages are

based. X indicates that the phonetic dirmension does not exist in the lan-
guage.

Bilabial Dental Alveolar  Total
French (298) 86 88 X 87.0
Malayalam ({95) 84 100 91 91.6
Engtish {100) 98 e 94 96.0
Total {493) 89.3 94.0 82.5 91.5
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Fig. 7, there was a fairly even distribution of positive and
negative indices for dental consonants in both Malayalam
and French (i(,% vs 54% for both languages). The alveolar
consonants, however, were characterized predominantly by
greater energy at the burst at high frequencies, with Malaya-
lam having 85% negative ratios and English having 87%
negative ratios. In contrast, only a small proportion of labial
consonants show greater energy at the burst than at voicing
onset, and in those cases that do, the burst has, as expected,
more energy at low as compared to high frequencies.

E. Discussion

This study was motivated by the fact that the invariant
properties for diffuse stop consonants based on the gross
shape of the spectrum in the vicinity of the consonant release
could not adequately characterize place of articulation in
Stop consonants occurring in languages other than English.
In particular, the class of 1abial stop consonants could not be
uniquely distinguished from the class of dental stop conson-
ants, and the class of alveolar and dental consonants did not
share the same invariant property.

Nevertheless, a reanalysis of the acoustic data in terms
of dynamic properties suggests that, although the original
form of the invariant property was incorrect, an alternative

-metric, based on relative changes in distribution of energy
from the burst release to the onset of volcing, is consistent
with earlier theoretical claims. This metric appropriately
classified over 91% of the stops of six different speakers from
three languages belonging to different language families.

Although the metric is similar to those of Searle er al.
(1979, 1980) and Kewley-Port {1983} in relying on time-vary-
ing spectral properties, it differs from both, and particularly
from Kewley-Port’s, in ignoring the absolute tilt {or shape) of
the spectrum in determining place of articulation. Kewley-
Port (1983) and Kewley-Port et a/. {1983) claimed that invar-
iant acoustic cues for place of articulation in stop consonants
are to be found in the changes in spectral distribution of
energy over time, rather than in the gross shape of the onset
spectrum as proposed earlier by Stevens and Blumstein
(1978) and Blumstein and Stevens (1979, 1980). Based on
running spectral displays of voiced English stops, Kewley-
Port (1983) developed three visual features to characterize
acoustic invariance for place of articulation—tilt of burst
spectrum, late onset of low-frequency energy (i.e., occur-
rence of high amplitude F | peaks in the fourth frame of the
display or later), and occurrence of midfrequency peaks ex-
tending over time. The late onset feature was considered a
measure of YOT and classified velars against alveolars and
labials. The third feature also was mainly relevant for distin-
guishing velars from the other places of articulations. There-
fore, the main distinguishing factor for the labial and alveo-
lar consonants was the “tilt of the burst”—flat or falling for
labials and rising for alveolars. This “tilt"’ feature is strongly
reminiscent of the “gross shape of the onset spectrum” fea-
ture proposed by Blumstein and Stevens. '

Although previous research has shown that the shape
or tilt of the spectrum in the vicinity of the consonant release
can correctly classify labial and alveolar stops in English
{Blumstein and Stevens, 1979; Kewley-Port, 1983), the pres-
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ent study showed that the shape or tilt of the spectrum in the
vicinity of the consonant release cannot correctly classify
labial versus dental and alveolar stop consonants in a num-
ber of different languages including English, French, and
Malayalam. As a result, a stop consonant with a diffuse-flat
spectral shape at the release burst might still be classified as a
dental consonant, depending on the relative changes in the
distribution of energy occurring later.

Although dental and alveolar consonants share a com-
mon property, they too should theoretically be distinguished
by some invariant property. Recent research measuring the
fotal energy in the burst compared to the onset of voicing
indicates that dental and alveolar stop consonants can be
distinguished with the burst of alveolar stop consonants hav-
ing an overall greater amplitude than that of dental conson-
ants (Jongman et al., 1984).

The fact that invariant properties can be derived for
phonetic features corresponding to place of articulation di-
mensions across a number of languages provides strong sup-
port for a theory of acoustic invariance in speech. However,
such evidence only partiaily fulfills the requirements of such
a theory. In particular, it is necessary to demonstrate that
invariant properties derived from the acoustic analysis of
natural speech have perceptual relevance. It is the object of
experiment I1 to investigate whether listeners are indeed sen-
sitive to the particular form of invariance captured by the
metric established in experiment [ in making phonetic cate-
gorizations for place of articulation in diffuse stop conson-
ants.

Il. EXPERIMENT It

A number of studies have been conducted to explore the
perceptual significance of invariant properties for place of
articulation in stop consonants (Cole and Scott, 1974a,b; Ste-
vens and Blumstein, 1978; Blumstein and Stevens, 1980;
Blumstein et al., 1982; Kewley-Port ez al., 1983; Walley and
Carrell, 1983). Some studies seemed to support the view that
invariant perceptual cues for place of articulation reside in
the vicinity of the stop release. In a tape-splicing experiment,
Cole and Scott {1974a,b) showed that a burst excised from its
original vowel context and transposed onto a different vowel
context was still identified accurately for place of articula-
tion. These results were obtained for labial and alveolar con-
sonants, although velar consonants were not identified con-
sistently across such transformations. Stevens and
Blumstein {1978) showed that the place of articulation cate-
gories to which subjects assigned synthetic speech stimuli
seemed to be based on the spectral shape of the first 26 ms of
the CV stimulus. That is, despite the fact that all of the stim-
uli varied in the frequencies of the formant transitions and
occurred in three vowel environments, the consonants clas-
sified as labials shared the diffuse-falling shape, the conson-
ants classified as alveolars shared the diffuse-rising shape,
and the consonants classified as velars shared the compact
shape.

Blumstein and Stevens (1980} and Kewley-Port er al.
(1983) showed that listeners were able to identify the appro-
priate place of articulation in synthetic stimuli containing
only the initial portions of a CV stimulus, i.e., the burst and
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the first few ms of formant transitions. These results were
obtained even when the higher formant transitions, normal-
Iy moving to the’frequencies for the steady-state vowel, were
straightened. Thus neither the full complement of formant
transitions nor the steady-state vowel normally present in a
CV syllable is necessary for the perception of place of articn-
lation. These results suggest that the acoustic information in
the vicinity of the stop release is sufficient for perception of
place of articulation across different vowel environments.

Nevertheless, in a more detailed tape-splicing experi-
ment than that of Cole and Scott {1974a,b), Dorman et al.
(1977) found that, although the same burst spliced onto dif-
ferent vowel steady-states was always associated with a par-
ticular place of articulation, and thus was “functionally” in-
variant, it did not provide sufficient cues to place of
articulation, since the transposed burst often did not main-
tain a high level of performance in place of articulation iden-
tification. '

Similar conclusions were drawn from a series of studies
designed specifically to test whether it is the shape of the
spectrum in the vicinity of the stop release which in fact cues
the perception of place of articulation (Blumstein er al.,
1982; Walley and Carrell, 1983). In the synthetic speech ex-
periments reported above {Stevens and Blumstein, 1979,
Blumstein and Stevens, 1980; Kewley-Port et al., 1983), a
particular shape of the spectrum corresponding to a particu-
lar place of articulation was always associated with the ap-
propriate formant frequency characteristics for that place of
articulation. Thus it is not clear whether the subjects’ identi-
fication of place of articulation was based upon the invariant
properties corresponding to the shape of the spectrum or
upon the context-dependent cues corresponding to the for-
mant transitions. Theoretically, if a CV stimulus contains a
particular spectral shape, it should be identified as having
the corresponding place of articulation, even i the formant
frequencies are not appropriate to that place of articulation.
For example, if a CV stimulus is synthesized with formant
frequencies corresponding to a [da] but with a spectral shape
corresponding to a [ba], the stimulus should be identified as a
[ba).

A series of experiments was designed to explore this
issue. Blumstein er al. (1982) attempted to eliminate context-
dependent information present in the formant transitions
and following vowel by synthesizing 40-ms CV stimuli con-
taining no formant motions in the second and higher for-
mants. They then manipulated the spectral shape of stimuli
with onset formant frequencies appropriate for
[ba bi bu da di du]. The spectra of the labial consonants
were changed from diffuse-falling to diffuse-rising and the
spectra of the alveolar consonants were changed from dif-
fuse-rising to diffuse-falling. In a similar experiment, Walley

and Carrell (1983) also manipulated the shape of the conso- -

nant spectrum. However, rather than using shortened stimu-
li with no formant transitions, they synthesized 255-ms CV
syllables containing formant motions and steady-states ap-
propriate to the consonants [bd g] in the vowel environ-
ments [a u].

The results of both experiments showed that, while
shape did contribute somewhat to the phonetic decision of
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the listener, it did not direct perception. That is, subjects did
not identify place of articulation as a function of the gross
shape of the spectrum, but rather they made such identifica-
tions as a function of the formant frequencies of the stimuli.

The implications of these results are that the hypoth-
esized invariant property, shape of the onset spectrum, does
not seem to provide the listener with sufficient information
for perception of place of articulation in stop consonants.
The question we intend to pursue in experiment I is whether
the relative change in the distribution of energy from the
moment of consonantal release 10 the onset of voicing has
perceptual consequences. If the invariant properties for
place of articulation reside in such relative changes in spec-
tral energy, then manipulating the spectral characteristics of
the speech stimuli dynamically, i.e., the spectral distribution
of the burst relative to voicing onset, or vice versa, should
result in perceptual shifts in phonetic categorization for
place of articulation.

A. Method

1. Stimuli

The stimuli were generated using a computer simula-
tion of a terminal analog parallel formant synthesizer, so
that individual control for formant amplitudes could be ef-
fected {Klatt, 1980). The synthesizer output was sampled at
10 kHz and was low-pass filtered with a cutoff frequency of
about 4800 Hz. The formant frequency, duration, and am-
plitude values of the stimuli were originally derived from
LPC and formant track analysis of ten CV tokens, [pi pe pa-
po pu di de da do du], spoken by a native French speaker.
The values used were from French rather than from English
because our metric was initially worked out with reference to
the French data, and the English data were only used to
corroborate it. Moreover, given that the same invariant
properties were found across languages, it should theoreti-
cally make no difference for perception from what language
the parameter values were taken. Voiceless rather than
voiced labials were chosen as the exemplar stimuli because
we wanted all of the synthesized stimuli to have the short lag
VOT characteristic of voiced consonants in English. The ob-
tained formant and amplitude tracks for the ten CV natural
speech tokens were then smoothed to eliminate abrupt
changes, sometimes shown by the LPC analyses. Using these
values, ten prototype CV syllables were synthesized. For all
stimuli, the burst was of 15-ms duration and was followed by
the onset of voicing, The fundamental frequency for each
stimulus was 130 Hz for the first 100 ms and then fell lineariy
to 105 Hz at the end of the stimulus, The amplitude of voic-
ing remained constant at between 55 and 65 dB, depending
on the token, until the last 35 ms of the stimulus, where it fell
to 0 in a piecewise linear fashion. The length of each stimu-
Ius, as well as the formant frequency values and formant
transition durations, varied according to the natural speech
measurements. The amplitnde and bandwidth values were
then adjusted until the spectral properties at the burst onset -
and onset of voicing were consistent with the metric de-
scribed in experiment I. The top panel of Figs. 8 and 9 show
the spectral properties of the prototype (b2} and [do] stimuli.
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FIG. 8. Spectra for initial burst and first three glottal pulses of synthesized
[bo] prototype and stimuli with the onset of burst and onset of voicing spec-
tral manipulations. The top panel shows the spectrum of the prototype stim-
ulus. In the middle panel, only the onset of burst spectrum has begn manipu-
lated, and in the bottom panel, the three glottal pulses at the onset of voicing
have been manipulated. The dotted line represents the burst spectrum, and
the solid line represents the spectra for the first three glottal pulses of the
onset of voicing,

In the [bo] stimulus, the distribution of energy remains un-
changed from the burst to the onset of voicing, a pattern
typical of labial stop consonants. In the [do] stimulus, there
is a smaller change in energy in the high frequencies relative
to the low frequencies, a pattern typical of dental or alveolar
stop consonants. The metric values for these two prototype
stimuli can be found in Table II. Recall that a metric value of
< 0.5, or one with a negative numerator, indicates a dental
consonant, while a value of > 0.5, or one with a negative
denominator, indicates a labial consonant.

Once the prototype stimuli were constructed, we then
synthesized two new sets of stimuli. Using the same param-
eters as the prototype stimuli, we first manipulated the spec-
tral shape of the burst onset leaving the rest of the stimulus
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FIG. 9. Spectra for initial burst and first three glottal pulses of synthesized
[do] prototype and stimuli with the onset of burst and onset of voicing mani-
pulations. The top panel shows the spectrum of the prototype stimulus, In
the middle panel, the onset of burst spectrum has been manipulated, and in
the bottom panel, the three glottal pulses at the onset of voicing have been
manipulated. The dotted line represents the burst spectrum, and the solid
line represents the spectra for the first three glottal pulses of the onset of
voicing.

intact, such that the change of energy from the burst to the
onset of voicing would be that of the alternative category.
For example, for a labial prototype, we increased the ampli-
tude of the burst at higher frequencies so that the stimulus as
a whole had the relative energy distribution of a dental con-
sonant. For the second set, the burst was left untouched
while we manipulated the spectral characteristics at the on-
set of voicing by changing the amplitude and bandwidth of
the second and higher formants. The gain of the synthesized
stimuli was then adjusted to insure that there was no peak
clipping. Figures 8 and 9 illustrate the results of the spectral
manipulations for these two types of stimuli. Table IT shows
the metric values for each stimulus.
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TABLE L Metriq:yalues for synthesized stimuli. P indicates prototype: O
indicates stimulus anipulated at the onset of burst; and V indicates stimu-
lus manipulated at the onset of voicing. :

Vowel context

[b] (l le] [a] {o] [u]

P 1.39 1.58 0.58 1.0 0.61
e} 0.21 0.13 —0.25 028 - 042t
v — 008 —061~ —133* ~10° -—10*
[d]
P — 047" 011 —-05* 0.33 0.42
0 0.68 1.23 17.0 1.52 1.05
v 2.87 —19.0° — L7 4,0 40

*Indicates value with a negative numerator.
®Tndicates value with a negative denominator.

While, in principle, the methodology for creating the
stimuli was fairly straightforward, in fact it was not. In mak-
ing the adjustments, it became clear that because there was
overlap in the skirts of the filters, a change in the amplitude
of one formant peak often resulted in a change of spectral
shape for other formant peaks. In addition, changes in am-
plitude parameter values of | dB, particularly of F 4, often
produced changes in the ampiitude of the synthesized stimu-
lus (as measured by LPC) corresponding to 6 dB or more.
This is evident in reviewing the synthesis of the prototype
[do] stimulus (cf. the top panel of Fig. 9). The spectrum of the
burst is represented by the dotted line. The intent in modify-
ing the spectrum at the onset of voicing was to raise 4 2 (the
amplitude of F 2) and lower A 4 (the amplitude of F 4] relative
tothe energy distribution of the burst. However, raising only
A 2above a certain value resulted in the elevation of the entire
onset of voicing spectrum, and lowering A 4 resulted in the
disappearance of the fourth formant peak in the onset of
voicing spectrum. As a result, it required, in the end, adjust-
ment of 4 3 and the bandwidth of F 4 to effectively lower 4 4,
and yet preserve some semblance of an F'4 peak. In applying
the metric to those spectra for which F4 was very weak, or
failed to appear in spite of our efforts, we took the amplitude
value at the frequency point corresponding to the synthe-
sized parameter of F4. The actual loss of a high-frequency
peak occurred in only three of the 30 stimuli.

In ali, 30 CV stimuli were synthesized. [The actual pa-
rameter values used in the synthesis of the stimuli are avail-
able upon request.} There were ten prototype tokens, five of
which were dental stops in the environment of [i € a 0 u], and
five of which were labial stops in the same vowel environ-
ments. The 20 permuted tokens each had the formant fre-
quency and duration characteristics of one place of articula-
tion and spectral shapes characteristic of the opposing place
of articulation.

Two test tapes were constructed, the first containing
only the ten prototype stimuli, and the second the 20 manip-
ulated stimuli. At the beginning of each tape, one occurrence
of each of the tokens for that tape was presented in order to
familiarize the subjects with the test stimuli. The rest of the
tape consisted of a randomized sequence of ten occurrences
of each of the stimuli. There was a 4-s delay between tokens
and an 8-s delay between each ten tokens.
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2. Subfects and procedure

As indicated above, the synthesis parameter values
were based on the analysis of natural speech tokens of a
French speaker. As aresult, the values used for the [d] stimu-
1i were appropriate to dental stop consonants, and, therefore,
we chose subjects who would be familiar with the dental
place of articulation. There was a total of 30 subjects, all
native speakers of English, but with moderate to advanced
knowledge of French or Russian. Twenty-eight of the sub-
jects lived at the French House at Brown University, and
their facility in French ranged from moderately good to bi-
lingual. The remaining two subjects had moderate to excel-
lent facility in Russian, All subjects were paid for their parti-
cipation.

The tape containing the prototype stimuli was always
presented first, then the tape containing the manipulated
stimuii was presented. The subjects were told that for each
syllable they heard, to write the letter b if they heard a sylla-
ble beginning with a [b] or a [p], and the letter 4 if they heard
a syllable beginning with [d] or [t]. They heard the test sylla-
bles through headphones, and were tested in groups of one,
two, or three in one session.

B. Results

To ensure that the subjects could reliably identify the
prototype stimuli, we required that subjects correctly identi-
fy the prototype stimuli with a minimum score of 70% for
each of three of the five vowel contexts in both the [b] and [d]
phonetic categories. Eighteen subjects met this criterion.
Forthe 12 subjects who failed, overall performance level was
68% with a range of 52% to 84%.>

Figure 10 shows the results. Figure 10{a) displays the
percentage of [b] responses for stimuli containing [b] for-
mant frequencies and either the appropriate spectral change
from the onset and into the first three glottal pulses of the
vowel [prototype (P)], or the modified spectrum appropriate
for dental stops, achieved by changing the onset of the burst
(O) or the onset of voicing (V). Figure 10(b} shows the percen-
tage of [d] responses for stimuli containing [d] formant fre-
quencies in the three stimulus conditions (P,0,V). As the
figure shows, the perception of place of articulation shifted
according to the predictions of the metric, regardless of the
formant frequencies. This was particularly striking for the
[b] stimuli, although less so for the [d] stimuli. With the
exception of only one manipulation the onset for [da), all
manipulated pairs showed a significant difference (by ¢ tests)
in perception compared to the prototype stimuli.

Nevertheless, although significant changes in percep-
tion occurred as a result of the spectral manipulations, these
changes could have refiected an increase in stimulus ambigu-
ity, rather than a change in perception of phonetic categories
for place of articulation. Consequently, we attempted to ap-
ply more stringent criteria to evaluate whether reliable per-
ceptual changes had in fact occurred. To this end, we opera-
tionally defined a reliable shift in phonetic perception as a
change in performance level from at least 709 identification
in the prototype condition to at least 70% identification in
the alternate phonetic category in the manipulated condi-
tions. We reanalyzed the data according to these criteria.
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FIG. 10. (a) Percentage of [b] responses for stimuli containing [b] frequen-
cies and either the spectrum with the appropriate relation between the onset
and first three glottal puises of the vowel for labiai stops [prototype (P}], or
the spectrum with the appropriate relation for dental stops, achieved by
shifting the spectrum at the onset of the burst {O) or at the onset of voicing
{V). (b) Percentage of [d] responses for stimuli containing [d] frequencies and
cither the spectrum with the appropriate relation between the onset and first
three glottal pulses of the vowel for dental stops [P), or the spectrum with the
appropriate relation for labial stops, achieved by shifting the spectrum at
the onset of burst () or onset of voicing (V). See text for elaboration.

Results showed that for the [b] stimuli {Fig. 10(a}], reliable
perceptual shifts to [d] occurred in the context of the vowels
[i e a o] when the burst onset was manipulated, and they oc-
curred in the context of the vowel [i] when the onset of voic-
ing was manipulated. While not as consistent, phonetic cate-
gory shifts were obtained with the [d] stimuli as well [Fig.
10{b)]. Reliable shifts to the [b) phonetic category occurred
for [di] with both types of manipulations, for [de] with the
manipulation of the burst, and for [du] with the manipula-
tion of the onset of voicing. Subjects did not shift for the {da]
manipulations, and they did minimally so for [do].
Comparing whether the burst onset manipulations or
the onset of voicing manipulations had a bigger effect, we
found that, although the [b] stimuli showed slightly larger
shifts in perception when the burst spectrum was changed
than when the onset of voicing spectrum was changed, this
was only significant for the [bi] and [be] tokens (t=2.52and
3.10, respectively, p < 0.05). The [d] stimuli showed no syste-
matic trends, These resuls reaffirm that it is not an invariant
specifically in either the burst or the onset of voicing spec-
trum which is perceptnally salient, but rather it is the dy-
namic change from the cue to the other which provides the
invariant acoustic property for place of articulation.
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C. Discussion

The results of this study show that the relative change in
spectral shape was able to override both formant frequency
and transition motion cues to place of articulation, That it is
the relative change in distribution of energy and not the
gross shape of the onset spectrum alone or the gross shape of
the onset spectrum relative to what follows is supported by
the fact that manipulating either the burst or the onset of
voicing produced perceptual shifts in the phonetic category.

Ohde and Stevens (1983) did achieve shifts in the per-
ception of place of articulation in labial and alveolar stop
consonants by raising or lowering the entire burst spectrum
without altering its gross shape; however, the shifts in our
study were elicited by changes in the relazive distribution of
energy across the frequency spectrum and across time, either
in the burst or in the onset of voicing. In addition, the shifts
in the Ohde and Stevens study occurred only at the phonetic
boundary; the endpoints of their labial-alveolar continunm
were little affected by the movement of the entire burst spec-
trum. This seems to indicate that chan ges in the amplitude of
the gross shape of the spectrum are not sufficient to direct
perception from one phonetic category to the other, at least
for the end-point stimuli, although they have perceptual
consequences for boundary value stimuli.

The results of experiment IT contrast with those ob-
tained by Blumstein et al. (1982} and Walley and Carrell
(1983), who found that the spectral tilt was not sufficient to
change the perceived place of articulation in synthetic stimu-
li containing formant frequencies appropriate for the alter-
nate place of articulation. An explanation for this difference
lies in the fact that, in both studies, it was only the spectral
tilt at onset that was manipulated, not the distribution of
spectral energy at onset relative to what followed. Our Te-
sults provide support for the view that it is the dynamic spec-
tral change from burst release into the beginning portions of
the transitions which is important for determining the per-
ception of place of articulation for Stop consonants.

The fact that phonetic category shifts occurred in all
vowel contexts for the [b] stimuli suggests that the percep-
tual effects of the invariant property for place of articulation
are context-independent. The results for the dental conson-
ants, however, are less clear-cut. The perceptual shifts were
greater in the case of the front vowels than back vowels,
although a reliable category shift was obtained for [du] when
the onset of voicing was manipulated. It has been suggested
that the perceptual saliency of spectral and transition cues
for place of articulation will vary depending upon the vowel
context (Fischer-Jorgensen, 1972; Dorman er al.,, 1977). In
particular, spectral properties of the burst may be particu-
lary salient in the environment of front vowels where transi-
tion motions are minimal, whereas they may play a lesser
role in the environment of back vowels where formant mo-
tions are greater. Formant transitions were fairly flat in near-
ly all vowel contexts for the [b] stimuli, and in the context of
[] and [e] in tke [d] stimuli. The largest formant transition
motions occurred in the [da] stimulus, the stimulus that
showed negligible perceptual shifts. It could be that, in this
case, the changes in the distribution of spectral properties
from the burst reiease to the onset of voicing could not over-
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ride the context-dependent formant frequencies and transi-
tion motions. Nevertheless, we are hesitant to attribute the
failure of some of these stimuli to show the expected percep-
tual shifts to vowel context effects. Rather, we believe that
the difficulty in demonstrating perceptual shifts was, at least
in part, a function of the synthesized stimuli used, for, as
reported in Sec. II A, we had particular difficulty in moving
the formant amplitudes of the [d] stimuli.

Hl. GENERAL DISCUSSION

In this study, we have explored two claims of a theory of
acoustic invariance in speech. The first claim is that there is
acoustic invariance in the speech signal corresponding to the
phonetic features of language. To test this hypothesis, we
investigated the degree to which a particular invariant prop-
erty would generalize to other languages sharing the same
phonetic feature. Results indicated that indeed such invar-
iance could be derived for diffuse stop consonants in Ma-
layalam, French, and English, and could account for over
91% of the stop consonants analyzed. The second claim of a
theory of acoustic invariance is that the perceptual system is
sensitive to these invariant properties. Thus we investigated
whether listeners perceived place of articulation in diffuse
stop consonants according to the metric derived in the pro-
duction study. Results showed that listeners were sensitive
to the invariant properties in making place of articulation
categorizations, even in the presence of formant frequency
and transition cues for the alternative place of articulation
category. Thus, although the invariant properties did not
override the context-dependent cues for place of articulation
100% of the time, the listener, nonetheless, could and did
make use of the invariant properties to make a phonetic deci-
sion concerning place of articulation. We take these results
to provide strong support for a theory of acoustic invariance
in speech.

Nevertheless, it is worth considering the fact that in

" both the production and perception study, 100% of the data
could not be accounted for. Does a theory of acoustic invar-
iance make such a requirement? We think not. On the one
hand, it may be that invariant properties are present in the
signal all the time, and the listener uses these properties all
the time. In that case, it is possible that we have not focused
on the optimal form of the metric, nor have we synthesized
stimuli that contain all of the necessary characteristics of the
invariant properties. Nevertheless, the fact that 91% of the
production data could be accounted for, and listeners
showed reliable perceptual changes, indicates that, at the
very least, the speech signal does contain contexz-indepen-
dent information corresponding to at least one phonetic fea-
ture of natural language in both production and perception.
On the other hand, it may be the case that invariant proper-
ties are nof present in the signal all the time. After all, many
variables contribute to the speech production process, and
these properties may not appear under certain conditions.
This possibility does not seem to us to argue against the view
that, in general, there are stable acoustic patterns iri the
speech signal corresponding to phonetic features, and these
Ppatterns can occur independent of local contextual cues. If
one of the functions of the invariant properties is to provide
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the listener with the phonetic framework of natural lan-
guage, then the presence of these invariances at all times
would theoretically not be necessary. In fact, in perception,
the listener most likely makes use of all acoustic information,
both context-dependent and context-independent, in mak-
ing phonetic decisions. It would be highly unlikely for the
speech system to have evolved using only ore of many cues
present in the signal contributing to the phonetic percept.

The form of invariance which we have characterized for
place of articulation in diffuse stop consonants is dynamic
relative invariance. The properties are dynamic in the sense
that they are determined by comparing the spectral proper-
ties of the signal across the time domain (cf. also Searle et al.,
1979, 1980; Kewley-Port, 1983). They are relative in the
sense that the invariant patterns are derived on the basis of
relative changes in the spectral characteristics of the signal in
regions of high information (cf. also Stevens, 1975; Blum-
stein and Stevens, 1981; Stevens and Blumstein, 1981; Qhde
and Stevens, 1983). The invariant properties corresponding
to place of articulation are based on the relative changes in
the distribution of energy at high and low frequencies from
the release of the stop consonant to the beginning of the
voiced formant transitions. '

While the metric that we have developed to capture
these properties accounted for most of the natural speech
utterances, we are not claiming that this is the only possible
way to characterize the invariant properties for place of ar-
ticulation, nor are we claiming that the perceptual system
must compute ratios to determine place of articulation di-
mensions. Although we do not know how such invariances
as we have described are realized by the perceptual system,
there is some recent research by Goldhor {1983) which sug-
gests that the properties of the peripheral auditory system
are such that they may transform the acoustic signal into
complex combinations of acoustic properties similar to those
described here for place of articulation. In particular, Gold-
hor has developed a model of the peripheral auditory system
which transforms the acoustic signal in terms of frequency,
amplitude, and temporal dimensions. The temporal dimen-
sion models adaptation of the auditory neurons to sustained
energy in a particular frequency band. Goldhor has shown
distinctive response patterns of the model to the first 40 ms
of labial and alveolar stop consonants. For labial conson-
ants, there is more energy at low frequencies, as evidenced by
a greater saturation of channels in the lower-frequency
bands over the first 40 ms of the stimulus, whereas for alveo-
lars, there is more energy in the high frequencies as evi-
denced by a greater saturation of channels in the higher-
frequency bands. Thus, using a model of the peripheral
auditory system, Goldhor has shown that simple properties
of auditory response patterns produce complex acoustic
properties—acoustic properties which correspond in a fairly
direct way to those we have shown for place of articulation in
diffuse stop consonants.
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'Labial and dental stops contrast in a number of other syllabic positions.
However, alveolar stop consonants only occur as intervacalic geminates
(i-e., long consonants),

*The LPC analysis calculates the first difference of the waveform, in effect
pre-emphasizing the high frequencies at 6 dB per octave, multiplies the
waveform by a Hamming window, and smooths the spectrum using a 14-
pole linear prediction algorithm.

’Itis problematic that 12 out of the 30 subjects were unable to reliably iden-
tify three of the five prototype stimuli in each phonetic category, especially
since other experiments using synthetic speech (Stevens and Blumstein,
1978) had found quite good identification. The difference may have oc-
curred because the values for our stimuli were taken from natural speech.
In comparing the formant frequency values of our stimuli with those of
Stevens and Blumstein, large discrepancies were noted particularly for the
labial consonants, In the Stevens and Blumstein stimuli, the first three for-
mants had large formant frequency excursions, ranging from 150-520 Hz.
In the stimul;i for our study, few such large frequency excursions were ob-
served. In fact, in comparing the first three formants across the vowel con-
texts[aiu], onty F 1 and F2 of [a}and £ 3 of [Jand [u] fell within this range
in the natural speech stimuli. This suggests that, in the case of synthetic
stimuli, larger frequency excursions are perceptually important for per-
ceiving the labial place of articulation. However, given the fact that we
wanted to follow the natural formant frequencies, we had to compromise
the better perceptual quality of stimuli containing sharp frequency transi-
tions for those stimuli which followed the natural values, Of the 12 subjects
who were eliminated from experiment 1, nine were unable to perceive la-
bials in a reftable manner.
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