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On the basis of theoretical considerations and the results of experiments with synthetic consonant-vowel 
syllables, it has been hypothesized that the short-time spectrum sampled at the onset of a stop consonant 
should exhibit gross properties that uniquely specify the consonantal place of articulation independent of 
the following vowel. The aim of this paper is to test this hypothesis by measuring the spectrum sampled 
at the onsets and offsets of a large number of consonant-vowel (CV) and vowel-consonant (VC) 
syllables containing both voiced and voiceless stops produced by several speakers. Templates were devised 
in an attempt to capture three classes of spectral shapes: diffuse-rising, diffuse-falling, and compact, 
corresponding to alveolar, labial, and velar consonants, respectively. Spectra were derived from the 
utterances by sampling at the consonantal release of CV syllables and at the implosion and burst release 
of VC syllables, and these spectra (smoothed by a linear prediction algorithm) were matched against the 
templates. [t was found that about 85% of the spectra at initial consonant release and at final burst 
release were correctly classified by the templates, although there was some variability across vowel 
contexts. The spectra sampled at the implosion were not consistently classified. A preliminary 
examination of spectra sampled at the release of nasal consonants in CV syllables showed a somewhat 
lower accuracy of classification by the same templates. Overall, the results support an hypothesis that, in 
natural speech, the acoustic characteristics of stop consonants, specified in terms of the gross spectral 
shape sampled at the discontinuity in the acoustic signal, show invariant properties independent of the 
adjacent vowel or of the voicing characteristics of the consonant. The implication is that the auditory 
system is endowed with detectors that are sensitive to these kinds of gross spectral shapes, and that the 
existence of these detectors helps the infant to organize the sounds of speech into their natural classes. 

PACS numbers: 43.70.Or, 43.70.Dn, 43.70.Ve 

INTRODUCTION 

It is a known and well-accepted fact that the speech 
sounds occurring in natural language share a limited 
set of fundamental characteristics. Specifically, it has 
been hypothesized that man is born with a predisposi- 
tion to perceive and produce sounds which are biologi- 
cally signifieanL It has been suggested by Stevens 
(1972) that the defining properties of speech are deter- 
mined by certain constraints imposed by the articula- 
tory system on the one hand and by the perceptual sys- 
tem on the other. At one level, it is obvious that the 
artieulatory and auditory systems have certain intrinsic 
/imitations, i.e., a sound can not be produced if it is 
beyond the physiological capacity of the articulatory 
system, or be perceived if its acoustic characteristics 
are beyond the auditory capacity of the system. How- 
ever, the set of speech sounds seems to be constrained 
in a more fundamental and theoretically interesting way. 
In particular, it has been shown that small changes in 
some articulatory configurations or states produce 
large changes in certain attributes of the resultant 
acoustic waveform. In contrast, similar changes in 
other articulatory configurations minimally affect the 
attributes of the acoustic waveform. Thus, only a 
limited set of articulatory configurations produce stable 
acoustic patterns. These acoustic patterns are not only 
relatively insensitive to perturbations in the artfouls- 

tory configurations but are also distinctive in the sense 
that they have acoustic attributes that are different from 
the properties of the sounds produced by other configu- 
rations. It is this set of stable acoustic configurations 
with their distinctive properties which theoretically de- 
fine the finite set of speech sounds used in natural 
language. 

Similarly, there seem to be perceptual constraints on 
the human auditory system which also restrict the pos- 
sible range of properties of sounds which can be used 
in natural language. These constraints are evidenced 
most clearly by the well-known phenomenon of cate- 
gorical perception. (Liberman et el., 1967, 195'/; 
Cutting and Rosner, 1974; Pastore et at., 1977). This 
phenomenon has been shown across modalities and for 
both speech and nonspeech stimuli. Suppose that a ser- 
ies of sounds is arranged along a continuum such that 
the sounds are equally spaced according to some physi- 
cal measure. There are some acoustic continua for 

which the listener does not judge the items to be equi- 
distant pereeptually, but rather he has difficulty dis- 
criminating adjacent pairs of sounds in one part of the 
continuum and can easily discriminate adjacent: pairs in 
another part of the continuum. The physical scale along 
which the sounds appear to differ in equal steps is not 
the same as the scale that is used by the auditory sys- 
'era to judge differenoes between the sounds. The scale 
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used by the auditory system is warped--in one part of 
the scale large physical differences are needed to pro- 
duce small perceptual differences, whereas in another 
part of the scale, small physical differences are judged 
by a listener to be large. Sounds within the continuum 
can be discriminated only with difficulty, possibly re- 
quiring specially designed psychophysical procedures 
(Carney et el., 1977), and thus can be regarded as hav- 
ing a common property. In the case of speech sounds, 
the pairs of stimuli which subjects cannot discriminate 
are identified as belonging to the same phonetic class, 
whereas the stimulus pairs that are discriminated be- 
long to different phonetic classes. The perceptual sys- 
tem, then, seems to be restricted in the degree to 
which it can effectively perceive and ultimately use the 
various acoustic attributes in a given speech signal. 

It is the complex interface of these articulatory and 
perceptual constraints which theoretically restrict the 
properties of speech sounds found in natural language. 
Nevertheless, given these constraints, it is far from 
clear what, in fact, constitutes the full range of prop- 
erties of speech sounds used in both the perception and 
production of speech. It is the object of this paper to 
investigate the nature of the properties intrinsic to the 
place-of-articulation dimension for consonants. We will 
argue that there are different integrated acoustic prop- 
erties which manifest acoustic invariance for different 

places of articulation. These properties reflect the 
configuration of acoustic events occurring at the re- 
lease of the stop consonant, and reside in the short- 
term spectrum sampled at the moment of consonantal 
release. The existence of such invariance suggests that 
the perception of speech makes use of property-detect- 
ing mechanisms which can extract the necessary in- 
formation for perceiving place of articulation directly 
from the acoustic signal. As a consequence, abstract 
theories of recoding (Liberman et el., 1967; Studdent- 
Kennedy et el., 1970) contextual dependencies, (Liberm an 
et el., 1967) and analysis by synthesis (Halle and 
Stevens, 1972; Stevens and Halle, 1967) are not re- 
quired to account for the ability of the listener to cate- 
gorize the sounds of speech. 

I. EVIDENCE FOR INVARIANT PROPERTIES: 

SOME THEORETICAL CONSIDERATIONS 

There is evidence from acoustic theory to support the 
notion that invariant properties that define place of 
articulation for stop consonants can be derived from 
analysis of the short-time spectrum sampled at con- 
sonentel release (Fant, 1960; Stevens and Blumstein, 
1978). The theory predicts the characteristics of the 
burst of sound energy generated at the release, and the 
approximate values of the natural frequencies of the 
vocal tract in the vicinity of the consonantal release. 
As a consequence of these formant positions and of the 
burst characteristics, the spectrum sampled over the 
10-20 ms following the consonantal release can be 
shown to have gross characteristics that are different 
for different places of articulation. The theoretical 
analysis shows that these gross characteristics are 
exhibited by the burst spectrum, producedwithasource 

of vocal-tract excitation in the vicinity of the consonan- 

tal constriction, and by the spectrum. following the 
burst, when the source of vocal-tract excitation is at 
the glottis. When both components of the onset are 
present, the spectral characteristics for a particular 
place of articulation are enhanced relative to the char- 
acteristics that exist for either one of the components 
separately. In the case of velar consonants, the theo- 
retically predicted common attribute of the spectrum is 
a major spectral prominence in the midfrequency range; 
for alveolar consonants, the spectral energy is diffuse 
or distributed throughout the frequency range, but with 
greater spectral energy at higher frequencies; when 
the consonant constriction is made at the lips, the spec- 
tral energy is again diffuse, but the spectrum is weighted 
towards lower frequencies. The theory predicts that 
similar gross characteristics should be observed for 
spectra sampled at the implosion and at the burst re- 
lease for syllable-final consonants. 

The observation, based on acoustic theory, that short- 
time spectra sampled at consonantal release show dis- 
tinctive gross characteristics for different places of 
articulation suggests that these properties are utilized 
by the human speech perception mechanism in order to 
extract information concerning place of articulation. 
This hypothesis has been tested by a series of percep- 
tion experiments (Stevens and Blumstein, 1978; Blum- 
stein and Stevens, 1979) in which the acoustic charac- 
teristics of the bursts and the transitions in synthetic 
consonant-vowel syllables were systematically manipu- 
lated in accordance with the theoretical principles noted 
above, and the stimuli were presented to listeners for 
identification. These experiments showed that: 

(1) For a continuum of stimuli for which the physical 
differences are systematically manipulated to produce 
a range of consonant responses from [b] to [d] to [g], the 
stimuli at the phoneme boundaries (where listener re- 
sponses are equivocal) have physical clmracteristics 
that are intermediate between the theoretically distinct 
properties described above (Stevens and Blumstein, 
1978). 

(2) Appropriate consonantal responses to stimuli 
constructed in accordance with the theoretical principles 
noted above are obtained whether or not bursts are ap- 
pended at the onsets of the stimuli, although responses 
are more consistent when bursts are present (Stevens 
and Blumstein, 1978). 

(3) Information signalling place of articulation for 
stop consonants appears to reside in the initial 10-20 
ms following the consonantal release (Blumstein and 
Stevens, 1979; Winitz eta/., 1972). 

(4) There is some evidence that, if a stimulus with 
an abrupt onset, such as a stop consonant, is to give 
rise to an auditory representation containing a narrow 
spectral peak, the spectral peak must persist for a few 
tens of milliseconds following the onset (Blumsteiu aud 
Stevens, 1979). 

In summary, the theoretical considerations and the 
perceptual experiments suggest that, for each place of 
articulation for stop consonants, the short-time spec- 
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trum sampled at stimulus onset should show distinctive 

acoustic properties. The gross spectrum shape is dif- 
fuse-falling or flat for labials, diffuse-rising for alveo- 
lars, and compact for velars. These conclusions are, 
however, based on certain idealized models concerning 
the acoustic properties of the bursts and of the formant 
onsets as the place of articulation is manipulated. It is 
the object of the present study to investigate the va- 
lidity of these assumptions by examining the short-time 
spectra measured at the consonantal release for a large 
number of natural speech utterances. In particular, the 
aim is to determine whether these spectra can be 
characterized in terms of the acoustic properties dif- 
fuse-rising, diffuse-falling or flat, and compact, and 
whether these properties for each place of articulation 
are found independent of the following vowel, in dif- 
ferent phonetic segments (voiced and voiceless stop 
consonants and nasals) and phonetic contexts (initial 
and final), and across different vocal-tract sizes 
(speakers). 

II. ACOUSTIC ANALYSIS OF NATURAL SPEECH: 
BACKGROUND AND METHODOLOGY 

The possibility that spectra sampled at the release of 
stop consonants provide distinctive shapes for place of 
articulation has been noted in several investigations of 
natural speech. Halle, Hughes, and Radley (1957), and 
Zue (1976) have shown that spectral analyses of the 
burst in isolation give rise to three classes of patterns 
associated with the three places of articulation--labial, 
alveolar, and velar. Searle, Jacobson, and Kimberley 
(1979) have also shown that acoustic events derived from 
spectra sampled in the initial few tens of milliseconds 
following the consonantal release can be used to sepa- 
rate stop consonants into categories according to place 
of articulation. The work of Fant (1960) and Jakobson, 
Fant, and Halle (1963) in particular has attempted to 
characterize the distinctive patterns derived from 
short-time spectral analyses of stop-vowel utterances. 

Examples of spectra for several naturally produced 
voiced and voiceless consonants in English are shown 
in Fig. 1. These are linear prediction spectra obtained 
by pre-emphasizing /he higher frequencies and using a 
26-ms time window beginning at the consonantal re- 
lease (see also Stevens and Blumstein, 1978)., Owing 
to the different burst length and voice-onset time for 
these stops, the portion of the consonantal onset actually 
measured varies across the different consonants. Note 

that for lb], the 26-ms time window includes both burst 
and some portion of voicing onset, whereas for [g] es- 
sentially only the burst is measured. In the case of 
voiceless stops, the window includes the initial frica- 
tion burst and possibly a portion of the aspiration, but 
does not extend into the onset of voicing. Nevertheless, 
examination of the spectral shapes for these onset 
spectra reveals the distinctive patterns described by 
Fant (1960) and Jakobson, Fant, and Halle (1963), and 
predicted by the theoretical analysis. 

In order to provide a more quantitative measure of 
the degree to which these gross spectral shapes do in 
fact correspond to each place of articulation, we de- 

veloped a series of templates designed to reflect each 
of the spectral properties--diffuse-rising, diffuse-fall- 
ing or fiat, and compact. The configurations of these 
templates were determined in part from theoretical 
considerations and in part from an examination of a 
limited set of consonant-vowel utterances consisting of 
the initial consonants [b d g] in the environment of the 
vowels tiesoul produced by two male speakers. The 
adequacy of these templates for classifying stop con- 
sonants according to place of articulation was then as- 
sessed with a larger set of CV and VC utterances pro- 
duced by six different talkers. In all cases the tape- 
recorded syllables were low-pass filtered at 4800 Hz 
and sampled at 10 kHz. The first difference of the 
waveform was calculated (in effect pre-emphasizingthe 
high frequencies), the waveform was multipied by a 
modified raised cosine time window, and a smoothed 
spectrum was calculated using a 14-pole linear pre- 
diction algorithm. The window shape, shown in Fig. 1, 
puts greater emphasis on the earlier portions of the 
signal for a spectrum calculated at an onset. The size 
of the window was determined informally by inspecting 
the spectra obtained with different-sized windows. A 
26-ms time window was chosen because it seemed to 

produce spectral shapes that were optimally similar 
to the theoretically derived curves) 

The three templates were derived by examining a few 
hundred utterances of the two male speakers, through 
a process of minor adjustments of the templates and 
reanalysis of the data. These adjustments and refine- 
ments of each of the three different templates continued 
until we felt that (1) the template reflected the theo- 
retical shapes discussed above, and (2) it accepted the 
majority of the CV utterances for which it was designed 
and rejected the majority of the other utterances. 

III. THE TEMPLATES 

The general form of the three templates is schematized 
in Fig. 2. The two diffuse templates are represented 
by two reference lines about 10 dB apart, and the re- 
quirement for diffuseness is that at least two spectral 
peaks must lie within the region between the reference 
lines and that these peaks be separated by at least 500 
Hz. This requirement ensures that there is some spread 
of energy across a range of frequencies. In ttze case of 
the diffuse-rising template, the higher-frequency peaks 
must be higher in amplitude than the lower-frequency 
peaks, whereas the opposite is true for the diffuse- 
falling template. The template that tests for compact- 
ness contains a single spectral peak in the midfrequency 
range, and the requirement is that a midfrequency 
prominence in the spectrum must fit within this peak 
so that no other spectral peak protrudes through the 
reference line. The peak can lie anywhere within a 
specified midfrequency range; the figure shows an 
example of such a peak. In general, a spectrum that 
satisfies the compactness property would fail to fit 
within the diffuse templates, since only one peak would 
lie within the region defined by the two reference lines. 
We now describe in more detail each of these templates 
and the conditions for applying them. 
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FIG. 1. Examples of waveforms and 
spectra sampled at the release of three 
voiced and three voiceless stop conso- 
nants as indicated. Superimposed on 
two of the waveforms is the time window 

(of width 26 ms) that is used for sampl- 
ing the spectrum. Short-Ume spectra 
are determined for the first difference 

of the sampled waveform (sampled at 
10 kHz) and are smoothed using a lin- 
ear prediction algorithm, i.e., they 
represent all-pole spectra that pro- 
vide a best fit to the calculated short- 

time spectra with pre-emphasis. 

to 

A. The diffuse-rising template 

As indicated earlier, the property that describes the 
alveolar consonant can be characterized by a diffuse 
spread of energy in the spectrum sampled at the onset, 
with high-frequency peaks having greater amplitude than 
the lower-frequency peaks. This set of attributes was 
distilled into a template, as shown in the upper part of 
Fig. 3, and this template is interpreted in the following 
manner. We first identify a spectral peak above 2•.00 
Hz such that this peak just touches an upward sloping 
reference line, and all other peaks above this frequency 
lie below the line. We next examine the distribution of 

peaks along the amplitude-frequency domain. For a 
spectrum to fit the template, at least two peaks must 
fall between the two reference lines, and a peak above 
2200 Hz must be higher in amplitude than one other 
peak below it in frequency. Thus, the template de- 
scribes a class of spectra with a diffuse spread of spec- 
tral energy characterized by a tilting slope upwards 

with no one peak dominating the entire spectrum. An 
example of a spectrum meeting the required character- 
istics is shown in the top half of Fig. 3, superimposed 
on the diffuse-rising template. Examples of spectra 
that do not have the diffuse-rising characteristics are 
shown in the bottom part of the figure. The spectrum 
of the [g] shows just one prominent peak, and thus does 
not satisfy the diffuseness requirement. Although the 
spectrum of [b] is diffuse, in that it contains energy 
spread over a range of frequencies, the spectral energy 
distribution is falling with increasing frequency, and 
thus does not fit within the template. 

Analysis of a number of the natural CV utterances 
indicated that the spectra for the alveolar consonants 
sometimes contained two other characteristics not ac- 

counted for by the proposed diffuse-rising template. 
The first involved the occurrence of low-frequency 
peaks in the range /{00-1600 Hz, which were found in 
many examples of the alveolar stop consonants. These 
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FIG. 2. Schematization of the 

diffuse-rising, diffuse-failing, 
and compact templates designed 
to capture the gross spectral 
shapes charactermtie of alveolar, 
labial, and velar places of articu- 
lation, respectively. The diffuse 
templates require a spread of 
spectral peaks across a range of 
frequencies with increasing en- 
ergy at higher frequencies for 
the diffuse-rising template and 
a falling or flat spread of ener- 
gy for the diffuse-failing tem- 
plate. The compact template 
requires a single spectral peak 
in the midfrequency range. 

peaks are probably a consequence of subglottal reson- 
ances that arise from an interaction between the sub- 

glottal system and the supraglottal system when there 
ls a subglot•al opening (Fant et al., 1972). By conven- 
t[on, subglottal resonances, defined as peaks of energy 
occurring between 800 and 1600 Hz, that fall within 
10-12 dB above the top reference line are ignored by 
the template. An example of such a spectrum superim- 
posed over the diffuse-rising template can be seen in 
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FIG. 3. Examples of short-time spectra which have been fit to 
the diffuse-rising template. The spectra are sampled at the 
consonantal releases of natural CV utterances. The top panel 
shows the onset spectru m of an aIveolar consonant which meets 
the requirements of the template. The spectrum is adjusted 
vertically so that a spectral peak falling above 2200 Hz (indi- 
cated by the arrow) just touches the upper reference line. At 
]east two peaks must fad within the reference lines, and a 
higher-frequency peak must be higher in amp]itude than the 
lower•frequency peak. The bottom panel shows onset spectra 
for a velar and a labial consonant, neither of which meets the 
conditions of the diffuse-rising templar. ha the case of the 
labial consonant, only one peak of energy falls within the refer- 
ence lines of the template, and a low-frequency peak juts above 
the top reference line. For the velar consonant, only one peak 
fails within the reference lines of the template. 
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0 t • I • I I 
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FIG. 4. Example of the onset spectrum for a• alveolar con- 
sonar (su•rimposed on •e diffuse-rising •mplate) confining 
a subglott• resencee •ak at about 1200 Hz which ju• a•ve 
ß e •p reference line of •e •mp]a•. By convention, sub- 
glot•l resonances are i•ored by the •mpla•. 

Fig. 4. Note that despite the fact that the spectrum con- 
rains low-frequency energy peaks that fall above the top 
reference line, the overall spectrum shape is still 
diffuse-rising, and two spectral peaks fall within the 
reference lines set by the template. These spectral 
peaks in the burst corresponding to subglottal reson- 
ances are usually not contiguous with peaks in the spec- 
trum immediately following the burst, i.e., with vowel 

formant peaks. In effect, then, the convention to ig- 
nore these subglottal resonances amounts to ignoring 
a midfrequency spectral peak whose duration is rather 
brief (since it occurs only in the burst). 

The second characteristic not accounted for by the 
diffuse-rising template concerned a set of consonants 
whose spectra contained a substantial peak of energy 
in the vicinity of 1800 Hz--a peak whose amplitude ex- 
ceeded the amplitude allowed by the alveolar template. 
This peak of energy corresponds to the starting fre- 
quency of the second formant for the following vowel-- 
the so-called hub or locus (Potter et al., 1947; 
Delattre et al., 1955). In constructing the template, 
we allowed a high-amplitude spectral peak in the vi- 
cinity of the locus to occur without violating the con- 
ditions required for fitting the diffuse-rising template. 
The only requirement is that two spectral peaks occur 
within the template, possibly including the peak arising 
from the second-formant locus, and that the peak that 
is higher in frequency (above 2200 Hz) also be higher 
in amplitude than the lower-frequeney peak. Examples 
of such spectra which meet the requirements of the dif- 
fuse-rising template are given in Fig. 5. As the top 
part of the figure shows, despite the fact that the peak 
associated with the locus predominates in amplitude 
over the other peaks in the spectrum, there are still 
two peaks within the template reflecting the upward 
rising pattern. The bottom part of Fig. 5 gives an ex- 
ample of a spectrum which contains two peaks fitting 
within the template. One of them is the 1800-Hz peak 
which, although higher in amplitude than the upward 
sloping reference line, is lower in amplitude than the 
higher-frequency peak. Thus, the overall diffuse-ris- 
ing spectral shape is still maintained. The peak in the 
onset spectrum corresponding to the second-formant 
locus is usually continuous with a second-formant spec- 
tral peak following the burst, as the formants undergo 
transitions toward the vowel. Thus this spectral peak 
cannot be ignored because of its brief duration, as in 
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the case of lower-frequency peaks that are thought to 
be a consequence of subglottal resonances. 

B. The diffuse-falling template 

The property characteristic of labial consonants is a 
diffuse spread of energy, with either a predominance of 
lower-frequency spectral peaks over high-frequency 
peaks or an equal distribution of energy among various 
peaks. The gross shape of the spectrum for labial con- 
sonants, then, is either diffuse-falling or diffuse-flat. 
The template designed to reflect these spectral shapes 
is shown in Fig. 6. In order to determine whether a 
spectrum fits the diffuse-falling template, a spectral 
peak between 1200 and 3500 Hz (between a and b on the 
figure) is fitted to the top reference line such that all 
other peaks in this frequency region lie on or below the 
line. The distribution of the spectral peaks is then ex- 
amined in relation to the template. The condition re- 
quired to fit the template is that at least two peaks must 
fall within the reference lines, one peak failing below 
2400 Hz and the other peak f•lling in the range of 2400 
and 3600 Hz. Note that there is no condition on the amp- 
litudes of spectral peaks falling below 1•.00 Hz. Thus, 
to satisfy the conditions of the diffuse-falling template, 
the spectrum shape must be either falling or relatively 
fiat, and spectral energy must occur at low to mid fre- 
quencies, •lthough it may also occur at higher fre- 
quencies (above 3600 Hz). An example of a spectrum 
oi a labial consonant containing the required charac- 
teristics is superimposed on the template in Fig. 6. 
Examples of spectra with shapes that do not fit these 
characteristics are shown in the bottom part of the 
figure. Although the [d] spectrum is diffuse, i.e., there 
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FIG. 6. Examples of short-time spectra which have been su- 
perimposed on the diffuse-falling template. A spectral peak be- 
tween 1200 and 3600 Hz (between a and b) is fit to the top ref- 
erence line. At least two peaks must fall within the reference 
lines, one peak falling below 2400 Hz (see arrow) and the other 
peak falling between 2400 and 3600 Hz. The top panel shows a 
labial spectrum which fits the diffuse-falling template. The 
bottom panel shows spectra for an alveolar and a velar conso- 
nant. In the former ease, there is no energy peak falling below 
2400 Hz; in the latter case, only one peak falls within the ref- 
erence lines oœ the template. 

are several peaks spread out in the frequency domain, 
the distribution of the spectrum is rising rather than 
either falling or fiat; the [g] spectrum shows one prom- 
inent mid-frequency peak and thus is not diffuse. 

C. The compact template 

The property that describes a velar consonant is the 
presence of a prominent spectral peak in the mid-fre- 
quency range. Two spectral peaks that are separated 
by 500 Hz or less are treated for our purposes as com- 
prising a single gross spectral peak. A peak is "prom- 
incur" ii there are no other peaks nearby and if it is 
larger than adjacent peaks, so that the peak stands out, 
as it were, from the remainder of the spectrum. In 
this sense, the spectrum is compact. We have at- 
tempted to capture this property with the template shown 
in Fig. 7. This template shows an overlapping set of 
spectral peaks in the mid-frequency range (from 1200- 
3500 Hz). The widths of these peaks increase with in- 
creasing frequency. These widths were established on 
the basis of examining spectra for a number of velar 
consonants in different vowel environments. The fact 

that the widths increase with frequency is to be ex- 
pected, on the basis of data on critical bands for the 
auditory system (Plornp, 1964). The widths (at the 
half-power points) were not, however, adjusted to be 
equal to critical bandwidths; they are, in fact, some- 
what wider than critical bands, varying from about 300 
Hz at 1200 Hz to about 800 Hz at 3500 Hz. 

To determine whether a given spectrum fits the com- 
pact template, a spectral peak in the mid-frequency 
range is adjusted to touch a matching peak of approxi- 
mately equal frequency on the template. The require- 
ment for spectral compactness is that no other peak in 
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dB30f 
I 2 3 4 5 

FREQUENCY (kHz) 

FIG. 7. A schematic of the compact ternplato. This template 
shows an overlapping set of spectral peaks in the midfrequency 
range (from 1200-3500 Hz), the widths of these peaks increas- 
ing with increasing frequency. A single midfrequency peak in 
a measured spectrum must fit within one of these peaks to 
meet the conditions of the template (see Fig. 8). 

the spectrum projects through the reference line, and 
further that there is no other peak of the same or 
greater magnitude occurring either below 1200 Hz or 
above 3500 Hz. (The first formant is ignored in these 
analysis procedures.) The bottom part of Fig. 8 shows 
an example of a spectrum that meets the requirements 
of the velar template. Note that the 1700-Hz peak of the 
spectrum is matched to a low-frequency peak on the 
template. Although there is an additional energy peak 
at 3500 Hz, it is lower in amplitude than the major 
spectral peak. The top p•rt of Fig. 8 shows an example 
of a spectrum that does not fit the compact template. 
As the figure shows, a second peak (at 9.500 Hz) juts 
through the major spectral peak of the template; fur- 
ther, there is an energy peak above 3500 Hz which is 
higher in amplitude than the major m id-frequency peak. 

IV. TEMPLATE ANALYSIS 

In order to determine the extent to which naturally 
produced stop consonants fit the hypothesized shapes 
reflected by the templates, we analyzed the spectra for 

dB30 .-' 

10 

501 , .., , 

FREQUENCY (kHz) 

FIG. 8. E•amples of short-time spectra which have been su- 
perimposed on the compact template. A spectral peak in the 
mid-frequency range is adjusted to touch a matching peak of 
approximately equal frequency on the template. The top panel 
shows an alveolar spectrum which is rejected by the compact 
template, as a second spectral peak projects through the 
matched spectral peak, and a third spectral peak above 3500 
Hz is higher in amplitude than the mid-frequency spectral peak. 
The Dot-b3m panel Rhowa a velat' apeel;rum whioh ie aaaepted by 
the compact template, as there ts a single mid-frequency peaJ• 
which [its within the reference lines of a corresponding peak in 
the template, and this peak is higher in amplitude than the 
spectral peak falling at 3500 

40 40 

dR 30 30 

20 20 

I0 I0 

O• 0 • 

0 I 2 3 4 5 O0 I 2 3 4 5 
FREQUENCY (kHz) FREQUENCY (kHz) 

FIG. 9. Examples of shore time spectra of voiced and voice- 
less alveolar stop consonants followed by different vowels and 
spoken by different speakers. Except for the bottom right 
panel, these spectra show the diffuse-rising property charac- 
teristic of alveolar consonants. 

a number of initial and final voiced and voiceless stop 
consonants produced by several speakers. Sk•bjects 
were asked to read a listing of CV utterances containing 
five repetitions of each of the stop consonants [p t k b d g] 
in the context of the five vowels [ie a o u], and a listing 
of VC utterances containing the same six stop conson- 
ants but preceded by the vowels tics^ u]. Six subjects 
(four male and two female) participated, producing a 
total of 1800 natural speech monosyllables, 900 with 
consonants in initial position and 900 in final position. 
These utterances were tape-recorded in a sound-treated 
room and subsequently analyzed using the procedures 
for spectral analysis described above. 

As indicated earlier, for syllable-initial consonants 
the spectra were sampled at the point of consonantal 
release (see Fig. 1). Figure 9 shows some examples 
of onset spectra for voiced and voiceless alveolar stops 
produced by several of the speakers. The first five 
spectra fit the diffuse-rising template, and the lower 
right spectrum does not. Examples of spectra for 
voiced and voiceless labial consonants are given in Fig. 
10. Five of these spectra are identified as labials by 
the diffuse-falling template; the lower right spectrum 
would be rejected. Figure 11 gives examples for the 
velars with the lower right spectrum again being re- 
jected by the compact template. 

For the syllable-final stop consonants, acoustic in- 
formation with regard to place of articulation can re- 
side at two points in the signal: at the point of conson- 
antal closure at the end of the vowel, and in the burst 
that occurs at the consonantal release (if the final con- 
sonant is, in fact, released). In principle, the spectrum 
sampled at both of these points in time should contain 
the characteristics observed in the spectra sampled at 
onset. The procedures used to sample the spectra for 
final consonants are illustrated in Fig. 12. The figure 

1007 J. Acoust. Soc. Am., Vol. 66, No. 4, October 1979 S.E. Blumstein and K. N. Stevens: Acoustic invariance in speech 1007 

Downloaded 05 Mar 2011 to 129.67.119.242. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



50 .... 50• 40 '•t 40 d B 30 30 

•o [• •sa i•o 

5ø/ .... / 5ø/ .... / 
40' 

l'F- 1 
'øk 
o• ' ' ' ' o I Z 5 4 5 0 I 2 t 4 

dB •0 

I0 I0 

O0 I 2 3 4 5 -0 I 2 3 4 5 
FREQUENCY (kHz) FREQUENCY (kHz) 

MG. 10. •xamples of short-time s•otra of voiced and voice- 
less labial 
s•ken by different s•akers. Except br the boXore right pan- 
el, the s•ctra show either the diffuse-hllin• or diffuse-fiat 
pro•Ky eharac•rtstie of labial consonants. 

shows spectra sampled at closure and at burst release 
for the syllable [ek]. In the measurement of the closure 
portion of the syllable, the peak of the spectral window 
was placed at the point of closure, thus maximizing the 
weighting for the final tens of milliseconds of the closure. 
For the releaseburst, the spectral measurements were 
analogous to those used for CV onsets: measurements 
were made from the moment of burst release, and the 
spectral window emphasized the earlier portions of the 

60 / .... 

4O 

dB30 

ZO t V [cjO]?o K S ' IO 

01 I I I I 
0 I 2 • 4 

FREQUENCY (kHz) 
O0 I 2 3 4 5 

FREQUENCY (kHz) 

FIG. 11. Examples of short-time spectra of voiced and voice- 
less velar stop consonants followed by different vowels and 
spoken by different speakers. Except for the bottom right pan- 
el, the spectra show the compact midfrequency prominence 
characteristic of velar consonants. 

501 , , , , 

d 40•/•• B50 

•6 I I0 ure [• ]ilk 
;4 , , I % , 2 3 
o 
z •1 FREQUENCY (kHz) 

II , so / , • d 40 - 
I, t' ' ' B30• 
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FIG. 13. •e left side of the fibre shows a s•ctroaram of the 
nabrally produced VC ut•r•ce [•. •e left arrow indica•s 
the •int of consonant closure and the right arrow indicates the 
•int of release of the closure. The right side of the fibre 
shows the shor•time s•e•m of this ut•rance sampled at 
these •o •ints. The s•ctrum in the •p panel ts sample• at 
ß e •int of closure, and •e spectrum in the bot•m p•el is 
sampled at consonan•l release. •th show •e compact spec- 
tral shape charstatistic of the velar conson•ts. 

release. Both spectra shown in Fig. 12 fit the compact 
template. 

The spectra of the 1800 natural CV and VC utterances 
were individually tested against each template. We 
adopted a conservative strategy for assessing whether 
the spectral shapes were accepted or rejected by the 
particular template. In order to fit the template, the 
spectrum had to meet all the conditions specified for 
the template. If it did not fit for any reason, e.g., the 
shape was clearly wrong or the shape was correct but 
a peak failed to fit within the reference lines, then the 
spectrum was rejected. A tabulation was made for each 
subject of the proportion of responses which fit and 
which were rejected by each of the templates. 

Table I shows a summary of the results of applying 
the diffuse-rising, diffuse-falling, and compact tem- 
plates to initial voiced and voiceless stop consonants 

TABLE I. Template-matching results for initial voiced and 
voiceless stop conSonants. The entries give the mean percent- 
age of utterances of each censorrant (based on 150 utterances of 
each conSonant, occurring in five vowel environments, and ob- 
tained from six speakers) that were correctly accepted or re- 
jected by the template. 

Diffuse-rising template 
Correct acceptance Correct rejection 

[d] 84.0 [b] 86.O [g] 88.5 
It] 88.0 Lo] 80.0 [k] 85.3 

Diffuse-falling template 
Correct acceptance Correct rejection 

[hi 82.5 [d) 803 [g) 90.0 
[p] 80.0 [t] 95.3 [k] 94.7 

Compact template 
Correct acceptance Correct rejection 

Ig] 86.7 [hi 91.3 Idl 82.7 
[k] 84.7 [p] 86.7 [t] 88.0 
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TABLE IL Template-matching results for the closure and 
burst release of final voiced and voiceless stop consonants. 
The entries give the mean percentage of utterances of each 
consonant (based on 150 utterances of each consonant, occur- 
ring in five vowel environments, and obtained from six 
speakers) that were correctly accepted or rejected by the tem- 
plate. 

Diffuse-rising template 
Correct acceptance Correct rejection 
closure burst closure burst 

[dl 31.2 74.7 [b] 90.0 85.2 
[tJ 31.7 78.4 [p] 88.7 83.2 

[g] 85.8 79.7 
lid 81.0 84.0 

Diffuse-failing template 
Correct acceptance Correct rejection 
closure burst closure burst 

lb] 77.3 78.7 [d] 42.5 82.0 
[p] 76.5 75.0 it] 40.0 91.2 

[g] 42.7 82.0 
[k ! 40.0 83.2 

Compact template 
Correct acceptance Correct rejection 
closure burst closure burst 

[g] 57.8 70.0 [b] 71.3 86.8 
[k] 46.0 80.8 [p] 75.2 89.6 

[d] 67.8 78.0 
it] 73.2 87.2 

across the six speakers. Overall, about 85% of the ut- 
terances are correctly accepted by these templates, 
and about the same percentage of utterances are cor- 
rectly rejected. In other words, a given template (such 
as the diffuse-rising template) correcfiy accepts the 
voiced and voiceless stop consonants containing the ap- 
propriate place of articulation (e.g., alveolar conson- 
ants) and correctly rejects consonants having a different 
place of articulation (i.e., labial and velar consonants). 

The results of the template-matching procedures ap- 
plied to the final consonants are shown in Table II. 
Here, the spectra for the closure and release bursts 
are each matched to the three templates. One subject 
did not release finat voiceless stops; he did, however, 
release voiced stops. It is quite clear that, overall, 
the closure and the burst do not equally reflect the 
spectral shapes diffuse-rising, diffuse-falling, and 
compact. The release burst is correctly accepted by 
the appropriate template approximately 76•70 of the time, 
and is correctly rejected by the two other templates 
approximately 84% of the time. The closure, on the 
other hand, fails to provide a reliable index for cor- 
rectly accepting or rejecting a given place of articula- 
tion based on the gross shape of the short-time spec- 
trum. The failure of the closure at the offset to show 

the spectral shapes predicted may, in part, be a result 
of the fact that final consonants are often devoiced 

prior to closure, and consequently the spectral analy- 
ses may not measure the actual closure but rather may 
characterize the utterance at a point several tens of 
msec before the closure occurs. The spectrum would 
reflect, then, the articulatory motions from the vowel 
to the target place of articulation rather than the clos- 
ure itself. There are, however, differences in the 
scores depending on the place of articulation. The 
spectrum at closure for the labials is correctly ac- 
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cepted by the diffuse-fatting template much more often 
than the other two places of articulation are accepted 
by their respective templates. Data from the perception 
of place of articulation in unreleased stop consonants 
indicate that identification is not as good as that 
tained for final released stops, although the reported 
absolute level of identification varies across studies 

(HaUe et al., 1957; Malecot, 1958; Wang, 1959). 

There seems to be little difference among the three 
templates in correctly accepting and rejecting the rele- 
vant place-of-articulation dimension, except for the 
offsets in VC syllables. Thus, overall, the results of 
the template-fitting procedures indicate that there are 
indeed unifying acoustic properties for place of articu- 
lation across phonetic contexts (i.e., different vowels) 
and syllable positions (i.e., initial and final), and among 
different voicing characteristics (i.e., voiced and voice- 
less stop consonants). These properties can be derived 
from the short-time spectrum at consonantal onset and 
offset and provide higher-order invariant acoustic evi- 
dence for place of articulation directly derivable from 
the acoustic signal. These properties represent "higher 
order" invariance in the sense that they reflect the 
relative shape of the spectrum for a particular conson- 
antal configuration rather than an absolute measure 
(along the frequency-amplitude domain) of a particular 
attribute. 

A. Role of F2 peak in diffuse-rising template 

As described earlier, the diffuse-rising template was 
modified to reflect the fact that many atveolar conson- 
ants contained a fairly substantial energy peak at the 
hub or second-formant locus. In order to determine 

the extent to which the alveolar productions reflect this 
pattern, a tabulation was made across subjects of the 
percent of alveolar stop consonants which had a high- 
amplitude peak projecting above the upward reference 
line of the template. The results of this analysis are 
given in Table IH. First, it is important to note that a 
fair proportion of the alveolar productions contain a 
significant spectral peak at the F2 locus; 27% of 
the total alveolar consonants contained such a peak. 
However, as the table shows, subjects do not seem to 
contribute equally to this pattern. Rather, some sub- 

TABLE lrI. Summary of the percent of voiced and voiceless 
alveolar stop consonants which had a high-amplitude energy 
peak at about 1800 Hz, corresponding to the so-called 1oens. 
The entries give the mean perceut occurrence for each of the 
six subjects and mean totals for initial consonants and the re- 
lease burst of final consonants. 

Initial Final 

Subject [d! [t] [d] [t] Mean 

1 36 9 10 5 15 

2 33 16 55 5 28 

3 15 0 0 5 5 
4 16 20 16 a 17 

5 63 50 54 68 59 
6 53 36 42 20 38 

Mean 36 22 30 12 27 

aNo released voiceless consonants. 
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jeers have substantially more utterances with a large 
F2 peak in the spectrum than others. Subjects 5 and 
6, who had the largest proportion of these kinds of pro- 
ductions, were the two female speakers. It is not clear 
at this time whether this is a Junction of sex differences 

in speech, whether it reflects differences in vocal-tract 
size, or whether the results are a consequence of 
sampling error. In any case, owin• to the fairly large 
proportion of these utterances in this sample, it is not 
surprising that the locus provides a fairly strong per- 
ceptual cue for the alveolar place of articulation (Delat- 
treet al., 1955). Nevertheless, although a strong per- 
ceptual cue, it cannot be the prim•u'y cue to the alveolar 
place of articulation as it always occurs in conjunction 
with the diffuse-rising property, and further it consti- 
tutes only 27% of the total alveolar productions. 

B. Properties for place of articulation: Vowel dependent 
or independent? 

One of the major objectives of this research has been 
to determine whether invariant acoustic properties are 
found for place of articulation independent of the vowel 
context in which the consonant appears. The problem 
of vowel dependencies in speech perception is a familiar 
one (Liberman et al., 1967), and, in fact, it was the 
failure to find a one-to-one correspondence between 
acoustic cue and phonetic percept independent of the iollow- 
ingvowel which gave rise to the motor theory of speech 
(Liberman et al., 1967; Studdeft-Kennedy et al., 1970) 
and the analysis-by-synthesis model (Halle and Stevens, 
1972; Stevens and Halle, 1967). The summary of the re- 
sults presented in Tables I and II did not focus spe- 
cifically on the success or failure of the template- 
matching procedures in relation to the particular vowel 
context in which a consonant appeared. That is, al- 
though the diffuse-rising template, for example, ac- 
cepted overall about 82% of alveolar consonants and 
rejected the same percentage of labial and velar 
consonants, it is of some interest to determine whether 
these results were equally distributed across the var- 
ious vowel contexts or whether consonants in particular 
vowel contexts were systematically accepted or re- 
jected. 

Figure 13 shows the proportion of correct acceptance 
and rejection by each of the templates in relation to the 
vowel context of the particular consonant. To assess 
the accuracy of the templates in fitting stop consonants 
in final position, only the results for the burst (as op- 
posed to closure) were used. It is clear that for all 
vowels across all consonants, the acceptance and re- 
jection rate for the templates is above chance (5070). 
However, there seem to be some differ•nc• aero• 

the vowel contexts. In order to assess the reliability 
of these differences, a three-way (place of articulation 
X vowel X syllable position) repeated measures analysis 
of variance was conducted for each template. The Dun- 
can test was used for all post-hoc comparisons. 

The results of the analysis of variance on the scores 
for the diffuse-rising template indicate a significant 
main effect for vowels (F(4,2o) = 5.62,J)< 0.004), and 
significant interactions for place X Vowel 
= õ.40, J> < 0.001), position X vowel (F(4.2o) = 3.29,p < 0.04) 

DIFFUSE- RISING TEMPLATE 

o 
DIFFUSE- FALLING TEMPLATE 

•' COMPACT TEMPLATE 

0 ß 

ALV/OLARS LABIALS VELARS 

FIG. [3. •he •e•t co;;ect accep•e •d •ejec•o• o• e•h 
DE •e •mp]atea (a• i•dica•d) in •e[atio• • •e vowel con•xt 
for e•eh o• •e s•p consonants (air,Ear, 

cities fiji consonant. •e Eel; R o; A [• •e ;i;ht co•e• 
of eech p•e[ co;•s•ds • co•ect Tejection or coT•t ec- 
cep•e b7 the pa•[c•]• •mpta• •es•ctive[y. Fo• exem- 
pie, the •p •w shows the •ent eo;;ect sco;es [o• •e dif- 
[use-ris• •mp[a• in •ecept• •[veot• consonan• •d re- 
]ecfin• [•bia[ and ve[a; eonson•. Vo; [n[[i•[ oo•on•, •e 
vowel envi;o•me•ta •c]•de [ie 
ß ey i•ct•de [i•u]. Da• for fi•a[ conson,rs • [or s•ctre 
sampled •t •e ;e[ea• of the 

and place X position X vowel (F(8,4o) = 3.45,p < 0.005). 
Post-hoc analyses revealed that these results were due 
to the following effects. Initial labial consonants (Fig. 
13, upper middle panel) tended to be incorrectly in- 
terpreted as alveolar consonants in the context of the 

vowel [i], whereas final labial consonants were mis- 
classified as aireDfats in the context of the vowel [a]. 
Velar consonants (Fig. 13, upper right panel) tended to 
be misclassified as alveolar in the context of high front 
vowels, with initial velars tending to be classified as 
alveolar more frequently in the context of the vowels 
[i] and tel and final velars classified as aireDfats in 
the context of the vowel [i]. There were no significant 
vowel context effects for alveolar consonants (Fig. 13, 
upper left panel), i.e., the template correctly classified 
the alveolar consonants independent of the vowel context 
in which the consonant appeared. 

Thus, for the diffuse-rising template, there seems 
to be a vowel context effect. The fact that both labial 
and velar consonants were misclasstIied as alveolars 

in the context of high front vowels ([i] and tel) can be 
explained in terms of the relatively high-frequency on- 
set of F2 and F3 for these consonants in the environ- 
ment of these vowels. This characteristic of the onset 

can be attributed to the coarticulation of the tongue body 
in anticipation of the following front vowel. The higher 
frequencies for F2 and F3 would tend to raise the amp- 
litude of the spectrum at higher frequencies, and this 
would tend to give a diffuse-rising shape to the spec- 
trum. Further, the failure to correctly classify place 
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of articulation independent c/vowel context may also 
reflect problems with the particular shape or slope of 
the template devised. To be sure, the templates them- 
selves have not been optimized (see Sec. VI), and subtle 
changes in the templates could in fact modify the ac- 
curacy of the classifications. 

Statistical analyses of vowel context effects for the 
diffuse-falling template (middle row of Fig. 13) revealed 
a significant main effect for position due to higher ac- 
curacy in fitting onset in contrast to offset spectra 
(F(x.s) = 15.4õ,p <0.02), and a significant place X posi- 
tion X vowel interaction (-•a.4o) = 3.49,p <0.001). The 
results of the post-hoc tests showed some significant 
vowel effects, although they are less systematic and 
easy to interpret than those fqund for the diffuse-rising 
and compact templates. In particular, initial labial 
consonants in the context of [i] were less often cor- 
rectly accepted by the diffuse-falling template in corn- 
par/son to labials in the context of the vowels [a] and 
[o]. Examination of Fig. 13 indicates that these incor- 
rectly identified labial consonants were interpreted 
mostly as [d]'s, but they were also interpreted as 
as well. In final position, the diffuse-falling template 
showed no vowel context effects. Thus, the percent of 
final labial consonants that were accepted correctly by 
the diffuse-falling template was about the same for all 
vowel contexts. For the alveolar consonants, there 
were no context effects in initial position. In final po- 
sition, alveolar consonants in the context of the vowels 
[i] and [u] were incorrectly rejected by the diffuse- 
falling template (i.e., accepted as labial consonants) 
significantly more times than were alveolar consonants 
produced in the context of the vowel [e]. It is not clear 
why this particular pattern of results emerged. Finally, 
initial velar consonants in the environment of [a] were 
incorrectly accepted by the diffuse-falling template 
(i.e., called a labial) significantly more than were ve- 
lars in the context of the other vowels [ieou]. Ap- 
parently, although there was a predominant mid-fre- 
quency peak, it was not sufficiently high in amplitude 
to dominate the spectrum relative to higher-frequency 
peaks. In the case of final consonants, velars in the con- 
text of [e] were interpreted as labials significantly more 
than were velars in the context of [u]. Again, no prin- 
cipled explanation can be provided. Vowel context ef- 
fects for the diffuse-falling template, then, are less 
easily explainable in terms of the acoustic properties 
of the following vowels. Thus, although some differ- 
ences were obtained for correctly assessing the labial 
place of articulation across vowel contexts, overall 
performance by the diffuse-falling template in correctly 
classifying place of articulation never fell below 70•o. 

Analysis of vowel context effects for the compact 
template (bottom row of Fig. 13) showed a significant 
place X vowel interaction (F(a,4o) = 4.47,p < 0.001). Post- 
hoc tests revealed that, as with the results for the dif- 
fuse-rising template, these effects can be accounted for 
in terms of the onset frequencies of the formants fol- 
lowing the consonants in relation to the acoustic char- 
acteristics of the particular vowel environment. In par- 
ticular, labial consonants (Fig. 13, lower middle panel) 
in the context of if] were more likely misclassified as 

velars than were the other vowels. Presumably, the 
high-frequency onsets of F2 and F3 for the labial con- 
sonants in the environment of the vowel [i] enhance the 
spectral energy in the mid-frequency regionrelative to 
the other energy peaks, resulting in a misclassification 
of the consonant as compact. In contrast, alveolar con- 
sonants (Fig. 13, lower left panel) in the context of [u] 
were often misclassified as velars; here the low-fre- 
quency F2 and F3 onset presumably enhances energy in 
the lower-frequency regions more than the higher-fre- 
quency regions. Finally, the velar template (Fig. 13, 
lower right panel) was best at classifying velar con- 
sonants when they were in the context of the vowel [u]. 
As with the alveolar consonants, the low F2 enhances 
energy in this mid-frequency domain, the area to which 
the compactness property is most sensitive. 

In sum, the results of the vowel context analyses in- 
dicate that the acoustic characteristics of the vowel 

environments do have an effect on the classification of 

the appropriate place of articulation. Nevertheless, 
this vowel dependency is in a much more limited sense 
than, for example, the vowel context effects found in 
the perception of various attributes of the acoustic sig- 
nal, such as burst frequency and transition motions 
(Liberman et al., 1967). Although some frequency- 
dependent effects were found, the templates correctly 
classified better than chance all consonants in the con- 

text of all of the vowel environments. 

V. PRELIMINARY STUDY OF NASAL CONSONANTS 

The spectra sampled at the onsets of stop consonants 
arise in part from the corffiguration of formants that re- 
suit from glottal excitation of the vocal tract immed- 
iately following the release and in part from the burst 
of acoustic energy generated by vocal-tract excitation 
in the vicinity of the constriction. Theoretical analysis 
shows that both components of the release contribute to 
the gross spectral property that is characteristic of a 
particular place of articulation. In the case of nasal 
consonants there is no burst, but, for a given place of 
articulation, the configuration of formants at the con- 
sonantal release shotfid be roughly the same as for stop 
consonants. Thus the spectrum sampled at the release 
of a nasal consonant shotfid show the same properties 
as that for a stop consonant with the same place of articula- 
tion, although the property may be weaker due to the ab- 
sence of the burst. A nasal consonant also differs from 

a stop consonant in that there is a nasal murmur pre- 
ceding the release. Likewise, the cordiguration of for- 
mants at the implosion or point of closure of a syllable- 
final nasal consonant shotfid be similar to that for a 

syllable-final stop consonant. Thus to the extent that 
the gross shape of the spectrum at offset characterizes 
the place of articulation for stop consonants it shotfid 
also indicate place of articulation for nasals. 

We have begun a study of the analysis of onset spectra 
for nasal consonants in syllable-initial position. In 
order to obtain spectra characteristic of the nasal re- 
lease without being contaminated by the preceding or 
following nasal murmur, we have shortened the time 
window used for sampling the spectrum to 6 ms, i.e., 
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FIG. 14. Illustrating the method used to sample the spectrum at 
the release of a nasal consonant. A spectrog•am of the syllabic 
[no] is shown at the upper left. Three spectra are sho•vn in the 
panel to the right of the spectrogram, sampled at the instant of 
release (heavy line), txvo glottal periods (-20 ms) preceding 
the release, and two glottal periods (*20 ms) following the 
release. These sampling hmes are indicated on the spectro- 
gram. The lower right panel shows three spectra sampled at 
similar instants of time surrounding the release of the syllable 
[mi] produced by a female talker. The width o[ the time win- 
dew (raised cosine) for sampling the spectra is 6 ms. 

the order of one glottal period or less. Examples of 
spectra sampled in the vicinity of the release for two 
nasal consonants are shown in Fig. 14. Three spectra 
are displayed for each consonant: one spectrum is 
sampled two glottal periods preceding the release, and 
indicates the smoothed spectral shape for the nasal 
murmur; the second spectrum is sampled at the onset 
of the glottal pulse nearest to the release, as judged 
by a discontinuity in the waveform shape; the third 
spectrum is sampled two glottal periods following the 
release, and shows the spectrum shape during the 
transition to the vowel. As these examples demon- 
strate, the spectrum at release for the alveolar nasal 
has the diffuse-rising characteristic, and the labial 
nasal has the predicted diffuse-failing shape. 

We have measured the onset spectra for 110 alveolar 
and labial consonants produced in consonant-vowel 
syllables by the same six speakers as those used to 
produce the stop consonants. Five different vowels 
were used as before. Results of this preliminary study 
are summarized in Table IV. We observe that alveolars 

and labials are correctly accepted by their respective 

TABLE IV. Preliminary template-matching results for initial 
nasal consonants. The entries give the percentage of utterances 
of each consonant (about 55 utterances of each consonant occur- 
ring in five vowel environments and obtained from six speakers) 
that were correctly accepted or rejected by the templates. 

DLffuse-rising Diffuse-falling 
template template 

Correct acceptance in] 72 [m] 81 
Correct re]ection [m] 90 ln! 33 

templates about 76% of the time, with labials having 
slightly fewer errors. The templates incorrectly ac- 
cept the wrong place of articulation for about 1G•) of 
labials, but the percentage of alveolar nasals incor- 
rectly accepted by the diffuse-failing template is 67%. 
Apparently a large number of alveolars were accepted 
by both templates since there was not a sufficiently 
large rising slope on the alveolar spectra. 

Why should the error rate be substantially higher for 
the nasal consonants? A possible hypothesis is that the 
spectral representation in the auditory system for a 
signet with an abrupt onset that is preceded by silence 
is different from the representation when the onset is 
preceded by a nasal murmur. The presence of the 
nasal murmur for the 100-odd ins interval preceding 
the nasal release may serve to reduce the response of 
some neural units in the auditory system to the onset, 
particularly the response to the 1o•v-frequency com- 
ponents of the onset where the nasal murmur is most 
likely to produce tl•is masking effect. If this were true, 
then the representation of the spectrum in the auditory 
system would show an attenuation of the low frequencies 
relative to the spectral representation if the onset were 
preceded by silence. In other words, if the measured 
spectra in Fig. 14 are to be compared with those at the 
onset of a stop consonant, the low frequencies in the 
nasal onset spectra should be attenuated. If this modi- 
fication were made, then the onset spectra for the 
alveolar nasal consonants would tend to have a more 

sharply rising characteristic, and it is likely that the 
percent of these consonants accepted by the diffuse- 
rising template and rejected by the diffuse-falling tem- 
plate would increase. 

There is some evidence to support this low-frequency 
masking hypothesis in data on the electrical response 
of single units in the auditory nerve, reported by Del- 
gutte (1978). His results show that a masking stimulus 
that causes a continuous response of an auditory nerve 
fiber can reduce the response to an abrupt onset of a 
sinusoidal signal that follows the masker. This hypo- 
thesis is highly speculative, but it could help to explain 
how the speech-perception mechanism can classify 
stop and nasal consonants with the same place of arti- 
culation as having a common feature, even though [here 
are differences in the shape of the spectrum sampled 
at the consonantal release. A corollary of this hypo- 
thesis is that the perception of labial to dental place- 
of-articulation continua for stops and nasal consonants 
would show different boundary/values, with the nasal 
consonants showing an earlier cross-over point than 
the stop consonants (i.e., towards the labial category). 
This would presumably be due to the fact that the audi- 
tory representation of nasal consonants is attenuated at 
lower frequencies, and a relatively flat or slightly ris- 
ing onset spectrum would be tilted up, resulting in a 
diffuse-rising pattern characteristic of the alveolar 
place of articulation. Results to this effect have been 
obtained in the identification of nasal and stop continua 
varying systenmtically along the labial and alveolar 
place-of-articulation dimensions (Miller, 1977; Miller 
and Eimas, 19•'/). 
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Vl. GENERAL DISCUSSION 

The acoustic analysis of natural speech utterances 
indicates that there are indeed invariant acoustic prop- 
erties intrinsic to the place-of-articulation phonetic 
dimension. These properties reflect the gross shape 
of the short-time spectrum at consonantal release, and 
can be characterized in terms of the properties dif- 
fuse-rising, diffuse-falling, and compact for the alveo- 
lar, labial and velar places of articulation respec- 

tively. The fact that over 80ø/0 of the data for stop 
consonants were correctly classified using the template- 
matching procedures is interpreted as strong support 
for the theory of acoustic invariance. Further, these 
results represent a conservative estimate of the occur- 
rence of these properties within the speech signal, as it 
may be possible to optimize further bot.h the analysis 
procedures on the one hand and the templates on the 
other in order to capture more fully these invariant 
properties. 

With regard to the analysis procedures, the particular 
window size and shape and the particular type of spec- 
tral analysis used in this study may not provide the best 
measures. For example, although pilot work was con- 
ducted to choose a window size which seemed to show 

the hypothesized spectral shape most effectively, we did 
not systematically compare different size windows and 
their effectiveness with a large body of data. In fact, 
it was found that for some stimuli which did not meet 

the conditions of the template, the spectral properties 
of the signal were either enhanced or emerged when 
the window size was considerably shortened. For ex- 
ample, the top part of Fig. 15 shows the onset spectrum 
for the syllable [to] using (a) a 26-ms time window and 
(b) a 3.2-ms time window. Although the spectrum 
shape using the longer window is diffuse-rising, the en- 
ergy of the 3200-Hz peak is too high, and the spectrum 
meets the conditions of the compact rather than the 
diffuse-rising template. In contrast, the shorter time 
window reduces the high amplitude of the high-frequency 
peak and the spectrum shape is now appropriately dif- 
fuse-rising. The bottom part of the figure shows the 
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and [•] using • 26-m8 •me window (a) and (c) •d a 3.2-ms 
time window 
lon•F •me window of [•] and [•] •ail • fit •he diffuse-•ising 
and vela• 
er ame wind•, •e a•t•a[ p•o•iea co•a•nding • •eir 
app•opri• •mpla•s emery. 

spectrum for the syllable [ge] using both the long (26 
ms) and short (3.2 ms) time window. The shape of the 
spectrum using the long window is not compact, as the 
two mid-frequency peaks are not close enough to be con- 
sidered a single energy peak. This property emerges, 
however, with the shorter time window, as the two 
peaks become a single broad spectral peak. These ex- 
ampies suggest that it may not be desirable [o postulate 
a single, fixed time window, but that the gross spec- 
trum shape may be assessed on the basis of examining 
successive spectral samples extending over 10-20 ms, 
each computed using a relatively short time window. 
It is also possible that the time window should be a 
function of frequency, with the spectrum at low fre- 
quencies being sampled over a longer time interval than 
the spectrum at high frequencies. These differences 
in time resolution between low and high frequencies 
would occur automatically if the initial spectral analysis 
of the signal utilized bandwidths that reflected the prop- 
erties of the peripheral auditory system (Searle, el al. 
1979; Plomp, 1964). The narrower bandwidths at low 
frequencies would lead to a longer time window and the 
wider high-frequency bandwidths would result in a 
shorter time window. 

As described in Sec. II, the short-time spectra were 
derived by means of a linear prediction algorithm with 
high-frequency pre-emphasis. It would be instructive 
to reanalyze the natural speech data using alternative 
spectral analysis procedures, as for example, one that 
is more properly "tuned" to the auditory properties 
of the ear (Searle et al., 1979; Klatt, 1976; Miller 
et al., 1977; Houtgast, 1974). Such analyses may show 
an even greater division of the spectral shapes of these 
utterances into the three place-of-articulation cate- 
gories, if it is the case that the natural properties in- 
herent in speech reflect the interaction between articu- 
latory and auditory properties of the system. Pro- 
cedures for displaying a spectral analysis of a signal 
by simulating the filtering properties of the auditory 
system have been developed by Dennis KIatt (1976), and 
hence it is possible to compare spectra! displays based 
on the linear prediction algorithm and on the simulated 
auditory filters. Examples of such a comparison for 
three different utterances are shown in Fig. 16. The 
gross spectral properties of diffuseness-compactness 
and rising-falling that we have observed for the pre- 
emphasized linear prediction spectra are also evident 
for the spectra based on simulation of the auditory fil- 
tering. In fact, the auditory simulation may tend to 
smooth out spectral fluctuations that are not relevant 
to categorization of the spectra. For example, the spec- 
tral peak associated with the second formant onset for 
alveotar consonants might be attenuated and broadened 
with this spectral representation, and it may be un- 
necessary to invoke a special condition on the application 
of the diffuse-rising template. With this spectral rep- 
resentation, then, the three basic properties of the on- 
set spectra captured by the templates are evident to an 
even greater degree than the linear-prediction spec- 
tra. 

As was pointed out in Sec. IV, the templates we have 
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FIG. 16, The spectra at the left are linear-prediction spectra 
for three voiceless consonants, sampled in the manner de- 
scribed in connection with Fig. 1. The data at the right repre- 
sent the outputs of a simulated filter bank (Klatt, 1976) consist- 
ing of 30 filters whose frequency characteristics approximate 
the filtering properties of the peripheral auditory system. The 
frequency scale is adjusted so that equal distances along the 
scale correspond roughly to equal frequency resolution of the 
peripheral auditory system. 

devised represent only a first approximation of the 
characteri4,ati.on of the spectral properties intrinsic 
to the place-of-articulation dimension. The question 
of whether these templates can in fact be optimized 
rests on the nature of the misclassification of the tem- 

plates. The failure of a particular spectrum to meet 
the conditions of a template was attributable to several 
different factors. First, there were some spectra 
whose shape did not reflect at all the hypothesized 
acoustic properties (see bottom right spectra in Figs. 
9, 10, and 11). Here, it remains to be determined 
whether changing the analysis procedures as discussed 
above would modify the short-term spectrum in such a 
way that it would correspond to these properties. Sec- 
ond, and perhaps most important, certain spectra 
failed to fit a particular template although the spectrum 
shape was right from a descriptive point of view. Ex- 
amples of two of these spectra are shown in Fig. 17. 
Some minor modifications of the actual template shape 
may be sufficient to increase the classification scores. 
For example, in the case of the spectra shown in the 
figure, changes in the shape of the template at higher 
frequencies for both the alveolar and labial templates 
would result in the correct acceptance of these par- 
ticular spectra. 

Some of the spectra were accepted by more than one 
of the templates, particularly if the property for which 
the template was devised was only weakly represented. 
The all-or-none procedure failed to distinguish between 
those spectra whose shape was clearly wrong and those 
whose shape was in fact correct but just missed fitting 
the template. A goodness-of-fit analysis procedure 
would reflect this important difference. For example, 
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in our study, 15% of the initial stop consonant spectra 
fit not only the correct template but also one other. 
A goodness-of-fit analysis would presumably classify 
some of these spectra incorrectly thus reducing the 
score below the overall value of 85% given in Table I. 
On the other hand, 7% of the initial consonant spectra 
failed to fit any template. A goodness-of-fit analysis 
would classify some of these correctly, thus raising 
the overall performance scores. It is probable, then, 
that a template matching procedure that uses a measure 
of goodness-of-fit would yield scores similar to those 
given in Table I. 

In summary, we can assert that acoustic invariance 
for place of articulation is directly derivable from the 
acoustic signal. This invariance for place of articulation 
has been shown in this study for stop consonants, and 
some preliminary data have suggested that, possibly 
with some modifications of the analysis procedures, 
there are also invariant properties for place of articula- 
tion for nasals. These properties reside in the short- 
term spectrum at consonantal release and are on the 
whole independent of vowel context effects, syllable 
position, and speakers. As has been discussed else- 
where (Stevens and Blumstein, 1978 and 1979), the 
notion that there is acoustic invariance directly de- 
rivable from the speech signal has important implica- 
tions for the nature and characteristics of the speech 
processing mechanism. In particular, it has been hypo- 
thesized that the auditory system is endowed with innate 
property-detecting mechanisms which are specifically 
tuned to detect the invariant properties which reside 
in the short-term spectrum at onset and offset. Such 
a system requires that it be sensitive to abrupt changes 
in intensity at an onset or offset, and that it can assign 
certain simple properties to the resultant spectrum. 
There is, in fact, some preliminary evidence from 
auditory psychophysics and auditory physiology to sug- 
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gest that the auditory system processes discontinuities 
at abrupt onsets in a special manner {Zhukov et al., 
1974; Kiang et al., 1965; Leshowitz and Cudahy, 1975). 
Presumably, the extraction of these properties is de- 
pendent upon the interaction of sets of individual neu- 
rons which together can extract particular features or 
attributes from a complex auditory pattern. Although 
there is no direct evidence from studies with humans, 
recent investigations in animal electrophysiology in- 
dicate that such a system is not out of the realm of 
possibility. In particular, studies using the cat (Nelson 
et al., 1966), the monkey (Katsuki et al., 1962), and 
the bat (Suga, 1972) have demonstrated that particular 
features or characteristics of complex auditory stimuli 
appear to be selectively detected or processed by limi- 
ted sets of neuronal cells. These characteristics may 
be detected by fairly "abstract" pattern detectors that 
are not tied to particular frequencies. For example, 
it has been shown that there are units that are sensi- 

tive to rising or failing patterns across the time do- 
main independent of the particular frequency range of the 
test stimuli (Whitfield, 1967). 

It is instructive to consider the theoretical implica- 
tions of such a system in terms of what we know about 
the behavior of the speech-processing mechanism. He- 
cent investigations in speech perception have shown that 
infants at least as young as one month old can not only 
discriminate speech sounds but they do so in a manner 
similar to adults (Eimas et al., 1971; Moffitt, 1971; 
Morse, 1972; Eimas, 1974). This discrimination 
ability and the resultant correspondences to adult per- 
ception suggest that these abilities could not have been 
acquired through experience and interaction with the 
linguistic environment, but rather they reflect the op- 
eration of innate biological mechanisms selectively 
tuned to the fundamental set of acoustic properties used 
in natural language. In this view, invariant, context- 
independent acoustic properties provide the first set of 
cues used by the infant for the perception of the phonetic 
dimensions of speech. Nevertheless, the human per- 
ceptual •ystem in general and the infant perceptual 
system in particular does not function independent .of 
its environment. What the linguistic environment pro- 
vides are contextually dependent cues which always 
co-vary with the invariant acoustic properties. For 
example, the onset frequencies of the formants for 
given consonants change in relation to the particular 
vowel as do the formant motions. These context-de- 

pendent cues provide further information about the 
phonetic structure of speech, and presumably are 
learned by the infant and ultimately integrated as part 

of the speech p¾ocessing mechanism. 

There is little doubt that listeners can and do make 

use of these contextually determined cues both in the 
experimental situation and in the normal communication 
process. First, it has been shown that adult listeners 
can identify place of articulation for two-formant syn- 
thetic stimuli (Delattre et al., 1955; Cooper et aL, 
1952), which apparently do not possess the general 
properties discussed above. Presumably the listener 
invokes the context-dependent cues such as formant 

motions and the formant frequencies of the following 
vowel to make his phonetic decision. Second, the nor- 
mal communication process is such that the perceptual 
system may need to rely on both contextually dependent 
and independent cues. Speech occurs in the context of 
a noisy channel where extraneous noise may mask out 
some of the acoustic information within the signal it- 
self. A perceptual system that could not make use of the 
context-dependent information provided in the speech 
stream would most certainly be maladaptive. Thus, 
the normally processing speech system presumably 
depends upon both the primary acoustic properties and 
the seconda•'y context-dependent cues for effective 
communication. The invariant properties are con- 
sidered primary because they are invariant and can 
provide in the first instance the basis for phonetic cate- 
gories. The context-dependent cues are considered 
secondary because they can only be defined with refe- 
rence to adjacent segments and must be learned through 
interaction with the linguistic environment. 

The results presented in this study for place of articu- 
lation far from complete an analysis of the inventory 
of the place-of-articulation dimension for stop con- 
sonants used in natural language. Of particular interest 
are the acoustic properties characteristic of the so- 
called coronal consonants including the dental, alveolar, 
palato-alveolar, and retroflex places of articulation 
(Stevens and Blumstein, 1975; Chomsky and Halle, 
1968; Ladefoged, 1971). Presumably, all of these 
phonetic categories would show the diffuse-rising 
acoustic property in the form presented in this study 
or in a slightly modified form. Differences among 
these categories would reside in other attributes of the 
sound, probably in terms of the direction of the formant 
transitions or the frequencies of particular formants 
at onset. Thus, in the case of those lan•ages which 
have phonologically more than one coronal consonant 
(e.g., Hindi, Malayalain), other acoustic properties 
would need to be invoked to distinguish within the coro- 
nal class. The nature of these properties and the de- 
gree to which they are invariant requires further study. 

That speech requires a complex interface between 
the perceptual and production systems is obvious. This 
paper has attempted to begin to characterize the nature 

of this interface. In particular, it has been shown that 
the speaker provides the listener with invariant acoustic 
cues, cues which can be direcfly derived from the 
speech signal itself. Thus, the interface between the 
perceptual and production systems resides in the acous- 
tic signal where the properties of speech can be unique- 
ly and invarianfiy specified. It remains to be deter- 
mined in what ways the production system codes and ul- 
timately programs these invariant properties and in 
what way the perceptnal system extracts and cate- 
gorizes them. However, further investigation of the 
basic properties of speech and a delineation of their 
structure should provide us with some important clues 
as to the nature and operating principles of these sys- 
tems and ultimately lead us to a further understanding 
of the speech process. 
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1Another approach to the selection of a suitable time window 
and a suitable procedure for calculating the spectrum would 
be to base the selection on certain known properties of the 
peripheral auditory system (Searle et al., 1979). Until we 
have more detailed information concerning the characteristics 
of this system, particularly in response to abrupt onsets, we 
have chosen to take a more empirical approach to the selec- 
tion of spectrum matching procedures. 
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