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Running spectral displays derived from linear prediction analysis were used to examine the initial
40 ms of stop-vowel CV syllables for possible acoustic correlates to place of articulation. Known
spectral and temporal properties associated with the stop consonant release gesture were used to
define a set of three-time-varying features observable in the visual displays. Judges identified place
of articulation using these proposed features from running spectra of the syllables /b,d,g/ paired

with eight vowels produced by three talkers. Average correct identification of place was 88%;
identification was better for the male talkers (92%) than the one female talker (78%). Post hoc
analyses suggested, however, that simple rules could be incorporated in the feature definitions to
account for differences in vocal tract size. The nature of the information contained in linear
prediction running spectra was analyzed further to take account of known properties of the
peripheral auditory system. The three proposed time-varying features were shown to be displayed
robustly in auditory filtered running spectra. The advantages of describing acoustic correlates for
place from the dynamically varying temporal and spectral information in running spectra is
dicussed with regard to the static template matching approach advocated recently by Blumstein
and Stevens [J. Acoust. Soc. Am. 66, 1001-1017 (1979)].

PACS numbers: 43.70.Dn, 43.70.Gr, 43.66.Fe

INTRODUCTION

Recently a number of investigators have developed
speech processing techniques which incorporate or model
known spectral and temporal processing characteristics of
the peripheral auditory system. Studies of auditory physio-
logy by Kiang {1980}, Kiang er al. (1979), Delgutte (1980,
1981), Sachs and Young (1979, 1980), and Young and Sachs
{1979) have shown how the rapidly changing speech signal is
represented in the neural signals output from the peripheral
auditory system. Information gathered from this and other
psychophysical research has been implemented in specific
speech processing systems by several other investigators.
Word recognition systems using auditory filters for process-
ing the speech signal have been developed by Zwicker et al.
{1979) and Klatt (1979). On a more limited scale, Bladon and
Lindblom (1979) and Carlson and Granstrom (1980) have
designed and experimentaily evaluated auditory filters for
classifying vowel spectra. Another application has included
the development of speech vocoders which incorporate pro-
perties of auditory processing (Schroeder et al., 1979; Flana-
gan, 1980; Flanagan and Christensen, 1980).

The present research was inspired directly by the recent
work of Searle and his colleagues (1979, 1980). Searle er al.
developed a frequency-by-amplitude analysis based on peri-
pheral auditory filters approximated by analog 1/3-octave
filters. updated at 1.6-ms intervals. Their approach empha-
sized not only the auditory transformation of the speech sig-
nal, but also the dynamic changes in the transformation.
Their analyses permitted them to construct a three-dimen-
sional representation, displaying the running spectra of a
speech signal as it changed over time. In a preliminary study
of the properties of stop consonants observed in these run-
ning spectra, Searle et al. were very successful in identifying
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cues to voicing for stop consonants, but only partially suc-
cessful in identifying cues to place. The idea of examining
distinctive cues in running spectral displays provided the
basis for developing a similar analysis technique in this in-
vestigation to study several long-standing questions con-
cerning acoustic invariance in stop consonants.

In particular, the present research examined the prob-
lem of identifying invariant cues for place of articulation in
initial stop consonants. Although this issue has been one of
great interest in speech research, only recently have investi-
gators actually claimed to have solved the problem. Stevens
and Blumstein (1978, 1981; Blumstein and Stevens, 1979,
1980) in a series of articles have attempted to describe and
experimentally verify the existence of static integrated
acoustic cues for place of articulation in stops. They have
argued that invariant acoustic properties for place can be
found in the overall gross shape of the spectrum at the onset
of the release burst. Stevens and Blumstein claim that a
unique spectral shape can be found for each particular place
of articulation. Furthermore, they have argued that these
spectral shapes are correlates of the phonologically distinc-
tive features that define place of articulation which can be
observed across syllable position, consonant manner class,
and talker (Jakobson et al., 1952).

Stevens and Blumstein have developed specific tem-
plates of the gross spectral shapes for each place of articula-
tion. These tempiates were derived from single 25.6-ms spec-
tral sections taken at the onset of stop-vowe} syllables and
smoothed by linear prediction. Blumstein and Stevens (1979)
have also carried out several experimental tests to assess the
adequacy of these templates to identify place of articulation
for syllable-initial and final stops produced in five vowel con-
texts by six talkers. Their results showed that the templates
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" were fairly successful in identifying the place of articulation
of stops in syllable-initial position, but not of stops in sylla-
ble-final position.

Stevens and Blumstein also carried out two further stu-
dies to verify experimentally that the overall shape of the
onset spectra contained important perceptual cues for iden-
tifying place of articulation. Both studies used synthetic CV
syllables (Stevens and Blumstein, 1978; Blumstein and Ste-
vens, 1980). The synthetic stimuli varied in overall duration
from relatively long CV syllables to very brief truncated sti-
muli, although they were all constructed using the same syn-
thesis principles. These principles involved preserving the
natural details of the burst, VOT, and voiced formant transi-
tions in their “full-cue” set. All these parameters were then
manipulated to produce a stop consonant-vowel continuum
from /b/ to /d/ to /g/ before three vowels. Subjects were
able to identify some of these stimuli as /b/, /d/, or /g/ on
100% of the trials in a forced choice task, whereas other
stimuli were identifled ambiguously. Stevens and Blumstein
then observed, in an informal way, that the onset spectra for
the unambiguously identified stimuli were in agreement
with the proposed gross spectral shapes. From these findings
they argued that the gross shape of the spectrum at onset
contains the perceptually distinctive acoustic information to
identify place of articulation in stops.

Although many other experimental conditions were in-
cluded in their two reports, the basic strategy for verifying
the role of gross spectral properties in synthetic CV syllables
remained basically the same. By their own admission, these
data “do not constitute a strong test of the theory™ (Stevens
and Blumstein, 1978, p. 1367). Indeed, their experimental
procedures appear to be unsatisfactory as a way of verifying
whether the gross spectral shapes are sufficient perceptual
cues for place of articulation, primarily because acoustic
properties of the stimulus set were not manipulated in terms
of the gross onset spectral properties themselves, but rather
in terms of burst frequency, VOT, and formant transitions.
Nevertheless, Stevens and Blumstein argued that invariant
acoustic cues for specifying place of articulation can be lo-
cated in the first 10-20 ms of a stop waveform. These parti-
cular claims motivated several aspects of the present investi-
gation.

/da/

/be/
dB
ﬁ <<\‘°/ E

The research undertaken in this report examines the
initial portion of the acoustic waveform, as Stevens and
Blumstein have suggested, but used running spectral dis-
plays for the spectral representation. These running spectra
differed considerably from Searle’s running spectra since
they were calculated digitally using linear prediction analy-
sis (Markel and Gray, 1976). Linear prediction running spec-
tra produced with a carefully chosen set of analysis param-
eters can in fact provide a good spectral representation for
speech, with fine resolution of the formant structure in the
frequency-by-amplitude domain and good temporal resolu-
tion by appropriately updating the analysis in the time do-
main. Continuous running spectral representations of
speech are presumably a better model of the spectral infor-
mation output from the peripheral auditory system than are
Stevens’ single integrated spectral sections. That is, the most
basic property of auditory neural signals is that they vary
directly with the time variations of the input acoustic signal.
In fact, Schroeder er al. (1979) have modeled the spectral
processing properties of the ear in a manner quite analogous
to our calculation of a running spectrum. In their model,
Schroeder et al. state: “The inner ear...performs a running
short-time spectral analysis in which the frequency coordi-
nate f is represented by a spatial coordinate x along the
length of the basilar membrane. We approximate this pro-
cess by short-time Fourier transformations over successive
20-ms time windows” (p. 1647).

Figure 1 shows six typical running spectral displays of
stops in different vowel contexts. The first frame effectively
displays 5 ms of the burst release. Subsequent frames are
offset at 5-ms intervals. Further details of how these displays
were generated are provided in Sec. IIA below.

Underlying the analysis of invariant cues to place of
articulation used by Stevens and Blumstein is the assump-
tion that the information specifying place is contained pri-
marily in the first 10-20 ms of the stop-vowel waveform.
While this assumption has enjoyed wide support over the
years (cf. Jakobson ez al., 1952; Fant, 1960; Cole and Scott,
1974; Tekieli and Cullinan, 1979), competing accounts have
also been proposed. Liberman and his colleagues at Haskins
{Cooper et al., 1952; Liberman et al., 1954, 1967) have em-
phasized the importance of the voiced formant transitions in

/g€/
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FIG. 1. Running spectral displays for the
first eight frames of six stop-vowel syllables.

/qu/ Each frame is offset by 5 ms.
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" carrying place of articulation information. Liberman’s argu-

ment has been that an essential property of speech is that itis
dynamic. Formant transitions of stop-vowel syllables ap-
peared to be the appropriate cues to place because they cap-
ture the important time-varying changes associated with
both the underlying articulatory gestures and the resulting
acoustic signal. Recent research, however, has cast doubt on
the hypothesis that formant transitions are the most impor-
tant cues to place of articulation in natural speech. Dorman
et al. (1977) obtained poor identification of place of articula-
tion from only the formant transition plus vowel segments
edited from natural syllables. Furthermore, Kewley-Port
(1980, 1982) measured numerous parameters of formant
transitions in natural CV’s and was unable to reliably distin-
guish place of articulation based on these measures across all
eight vowel contexts studied.

Examination of the running spectral displays in the pre-
sent investigation revealed that emphasis on properties of
the voiced formant transitions was due, in part, to the repre-
sentation of CV’s in the spectrographic analysis typically
used in earlier studies (Potter ef al., 1947; Liberman er al.,
1954). The running spectral displays of the present investiga-
tion showed continuous changes in the spectral prominences
from the release burst into the voiced formant transitions. As
can be seen in Fig. 1, the onset of voicing in these displays is
indicated by the abrupt appearance of a well defined £ 1 peak
at low frequencies, while the upper formants are more nearly
continuous into the burst. The voiced formant transitions do
not stand out visually as isolated distinctive segments of the
speech signal in the running spectral displays.

Visual examination of numerous stop-vowel syllables
from a male talker revealed several time-varying acoustic
features or attributes that could potentially distinguish place
of articulation in the running spectral displays. This obser-
vation led to pilot studies (Kewley-Port, 1979a, b) of running
spectra which suggested that some of these features might
specify place invariantly over different vowel contexts. The
earlier feature definitions were carefully considered and re-
defined for the larger and more formal experiment presented
here. The features that we developed were similar to acoustic
features derived from the acoustic theory of speech produc-
tion as proposed by Fant and to the features used by Stevens
(Stevens, 1975; Stevens and Blumstein, 1978) in his research.
In fact, as will be seen below, the features have strong roots
in the distinctive feature theory of Jakobson et a/. (1952). The
important aspect of these features, however, is that they are
time varying and preserve the essential dynamic character-
stics of the stop-vowel syllable.

I. TIME-VARYING FEATURES OF PLACE OF
ARTICULATION

The time-varying features proposed in this experiment
are similar to the acoustic correlates for place described by
Fant (1960, 1973) and Stevens (Stevens and Blumstein, 1978,

.1981). For both Fant and Stevens the acoustic correlates of
place directly reflect the underlying articulatory gestures ac-
cording to the principles of the acoustic theory of speech
production. Furthermore, since the articulatory gesture for
a given consonant is assumed to be relatively {ixed, the corre-
sponding acoustic cues for place should be invariant. The

~e

324 J. Acoust. Soc. Am., Vol 73, No. f, January 18583

running spectral features proposed in the present study are
similar to the relational, invariant features originally sug-
gested by Fant and Stevens. A general description of the
time-varying properties associated with each place of articu-
lation follows below.

The first property observed in the running spectra was
the tilt of the burst. In the running spectral displays, the
spectrum of the fitst 5 ms of the burst was displayed in the
first spectral section or frame. According to the predictions
of the acoustic theory of speech production, both Fant (1960)
and Stevens (1975; Stevens and Blumstein, 1978) have pro-
posed that burst spectra for labials emphasize low frequen-
cies with a general downward tilt of spectral energy from the
low to the high frequencies. This can be seen in the running
spectra in Fig. 1 as a flat or falling tilt of spectral energy in
the burst frame for /be/ and /ba/. Alveolars, on the other
hand, were predicted to have a generally rising tilt of energy
from low to high frequencies which can be seen in the run-
ning spectra of /da/ and /di/ in Fig. 1. Velar bursts have not
been characterized as rising or falling because burst energy
shifts from high to low as the vowel context moves from
front to back (Halle ef a/., 1957; Fant, 1960; Stevens, 1975).

Although the tilt of burst property discussed above is
purely a spectral property, there is an implied temporal prop-
erty necessary for locating the burst itself. In this experi-
ment, as in most earlier studies of stop consonants, the burst
frame was located visually in the waveform by the experi-
menter. In ongoing speech processing, however, the occur-
rence of the burst itself must also be detected. A time-vary-
ing acoustic feature for locating the burst in running speech
has already been proposed by Stevens who suggested that the
release burst can be detected when an abrupt change in ener-
gy occurs (Stevens, 1980; Stevens and Blumstein, 1981). This
proposal corresponds well with physiological studies which
have shown that the auditory system responds uniquely to
abrupt changes at signal onset (Zhukov ez al., 1974; Del-
cutte, 1980, 1981). We suggest that an abrupt change in ener-
gy can be observed easily in running spectra which include
the low energy frames occurring in the stop closure preced-
ing the burst. .

While velar place of articulation is not characterized by
burst tilt, Fant and Stevens have proposed that the essential
spectral property of velar bursts is the presence of a compact
or prominent peak of energy in the mid-frequency region {see
/ge/ and /gu/ in Fig. 1). Stevens and Blumstein (1978, 1981;
Blumstein and Stevens, 1979) argue that this spectral proper-
ty is sufficient to identify velar place when captured in a
static onset spectrum. However, Fant has pointed out that
the burst release has temporal properties as well {Fant, 1960,
1973). Labial and alveolar bursts are said to be between 5 and
10 ms in length which is shorter than the 20-30 ms velar
bursts. Furthermore, velars are described as having a com-
pact spectrum which lasts throughout the longer burst. This
compact spectrum arises from a rescnant pole produced in
the cavity in front of the velar constriction. Fant (1973)
pcinted out that the velar release is relatively slow so that
this resonance is sustained for approximately 30 ms. There-
fore a distinctive property of velars is that only slow changes
in spectral energy are gbserved over this interval compared
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to the more rapid changes cbserved for labials and alveolars.
The running spectral analysis as proposed here also captures
these temporal properties of the release bursts. The 5-ms
burst frame is quite prominent in this analysis and clearly
displays the tilt of the bursts. As the linear prediction win-
dow slides along in succeeding frames for labials and alveo-
lars, transient energy is encountered and a rapid change in
spectra can be observed (see Fig. 1). For velars, however,
successive spectra following the burst show little change in
the prominent mid-frequency spectra.

One other feature appeared prominently in our visual
examination of the running spectral displays. This correlate
of place articulation was the delay in the onset of voicing
relative to the burst. In the running spectra, the frame in
which the F'1 peak onsets relative to the burst is a direct
measure of VOT (voice-onset-time). Vot has been shown to
increase in length from labials to alveolars to velars (Lisker
and Abramson, 1964; Zue, 1976). In running spectral dis-
plays, our earlier pilot work indicated that a delay of 20 ms
(i.e., four frames) or more in the onset of voicing was strongly
associated with velar place (see Fig. 1).

The observations of spectral and temporal features as-
sociated with labial, alveolar, and velar place were forma-
lized for evaluation in an earlier pilot study (Kewley-Port,
1979a, b). Based on these results, three time-varying features
having binary feature categories were defined for examina-
tion in this experiment. These definitions, in conjunction

“withan assignment matrix, were used by judges to determine
place of articulation in running spectral displays as follows.

Feature 1: Tilt of the spectrum at burst onset: Tilt was
estimated by visually fitting a straight line to the first frame
between 0 and 3500 Hz. The feature categories were R = ris-
ing and F = flat or falling.

Feature 2: Late onset of low-frequency energy. Late on-
set was defined as the occurrence of high amplitude, low-
frequency peaks (¥ 1 peaks) starting in the fourth frame of the
display or later. Feature categories were L = late onset and
N = no late onset.

Feature 3: Mid-frequency peaks extending over time.
This feature was defined as the presence of a single, promi-
nent peak between 1000 and 3500 Hz occurring for three or
more frames, although not necessarily consecutive frames.
The feature categories were Y =yes, peaks exist and
N = no, no such peaks are present.

After the feature categories were specified, place of ar-
ticulation was assigned by the judges as /b/, /d/, or /g/ in
accordance with the assignment matrix in Table I. An entry
of “?” in the assignment matrix meant that either feature
category could occur for that stop. The “*” by the feature L

TABLE I. Matrix used by judges to assign place of articulation from specif-
ic feature categories.

Tilt of Late Mid-frequency  Assigned
burst onset peaks consonant
F N N b

R ? N d

7 L* v g
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indicated that in ambiguous cases, (he presence of L was
sufficient to assign the stop g. ,
Our eariier pilot study had examined stops before only
the front vowels from one talker. In the present experiment
we added more vowels and more speakers 1o the original
data base. The purpose of this study was to determine if the
features and new assignment matrix could adequately de-
scribe the invariant visual properties of running spectra for
identifying place of articulation in stop consonants.

I EXPERIMENT
A. Stimuli

Three talkers, two males (RP and TF) and one female
(NL), produced the set of conscnant-vowel syllables that
were analyzed in this study. Syllables from talker RP, &
phonetician, were a subset of those analyzed in a separate
study of formant transitions (see Kewiey-Port, 1580, 1982).
Three repetitions each of the syllables /b,d,g/ paired with /i,
Le ¢, @, a, 0, u/ were used in this study. The data base was
then expanded by adding an additional male talker TF, and a
female talker NL, both of whom were phonetically naive.
They produced the syllables /b,d,g/ paired with /1, e, a, o,
u/. All syllables were embedded in the carrier sentence,
“Teddy said CV.” Sentences were read from randomly or-
dered lists. Talkers were recorded in a sound attenuated IAC
booth on an Ampex AG-500 tape recorder using an Electro-
Voice D054 microphone. Three repetitions of each syllable
were digitized for analysis from the middle of the ten lists
recorded. Waveforms were first low-pass filtered at 4.9 kHz
and then sampied at 10.0 kHz using a 12-bit A/D converter.
The total number of syllables examined in this experiment
was 162, 72 from speaker RP, and 45 each from speakers TF
and NL.

All syllables were analyzed on a P2P 11/34 computer
using the SPECTRUM program (Kewley-Port, 1979¢) to pro-
duce running spectral displays such as those shown in Fig. 1.
The waveforms were edited and first differenced (pre-em-
phasized). A Hamming window was then positioned so that
the burst onset of the CV was located in the center of the
window. Linear prediction coefficients were calculated for
each window using the autocorrelation method of Markel
and Gray (1976). Since this method requires at least two
pitch pulses to fall within the analysis window, 20-ms win-
dows were used for RP and NL, but TF, having a lower
fundamental frequency, required a 25-ms window.
Smoothed spectra were calculated by means of a discrete
Fourier transform of the refiection coefficients with added
zeros using the algorithm of Markel (1971; also see Markel,
1972). The resulting 256-point spectrum has a 19.5-Hz band-
width. This narrow bandwidth reflects the potential accura-
cy of specifying formant frequency information when the
linear prediction analysis parameters have been appropriate-
ly chosen. Monsen {1581) has recently shown that accuracy
of measuring vowel formants was poorer than predicted at
approximately 60 Hz.

A new spectral section or frame was calculzted at 5-ms
intervals. The 20- and 25-ms Hamming windows used in this
analysis have effective durations of about 10 and 12.5 ms,
respectively. Thus the S-ms update interval produced some
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spectral overlap between frames without severe oversam-
pling as can be seen in Fig. 1. These temporal parameters
were originally selected to preserve the onsets of formant
transitions as accurately as possible within the limits of the
linear prediction method (see Kewley-Port, 1982).

In these running spectral displays, the Hamming win-
dow was positioned visually by the experimenter in such a
way that the first frame encompassing the burst had an effec-
tive duration of about 5 ms. Therefore the first frame can be
said to display spectral energy from the reiease burst only.
Very often the first several frames analyzed were voiceless,
l.e., missing the F'1 peak. According to Markel and Gray
(1976), fewer linear prediction coefficients are needed to spe-
cify the spectrum adequately in voiceless than in voiced
frames. Spectral sections calculated with fewer coefficients
had smoother peaks, closer to the underlying fricative spec-
trum, than did the rippled peaks often produced by extra
coefficients. Therefore, in this analysis, four fewer coeffi-
cients were used in analyzing the voiceless frames. Fourteen
coefficients were used to calculate voiced frames for the
males with five formant peaks; 12 coeflicients were used for
the female with four formant peaks.

A running spectral display was then plotted for the first
eight frames—or 40 ms—for each CV. Using a Tektronics
hard-copy unit (Model 4631), an 8-1/2- by 11-in. display was
produced for each of the 162 CV’s. All the CV’s were
randomized, coded by number, and placed in looseleaf note-
books for examination by the judges in this experiment.

B. Judges

"Three members of the laboratory served as judges. Pho-
netically sophisticated judges were required for this task be-
cause the descriptions of both the displays and the phonetic
features employed standard acoustic and phonetic terminol-
ogy. The judges were not, however, familiar with running
spectral displays or the specific nature of the present experi-
ment. Two of the judges (ACW and TDC) were graduate
students in Psychology; the third was a post-doctoral fellow
{SEK) with a Ph.D. in Speech and Hearing Sciences.

C. Procedure

The present experiment consisted of three parts: (1)
training, (2) independent judging, and (3) collaborative judg-
ing. The training session was used to acquaint the judges
with the feature definitions and the assignment matrix to be
used to identify place of articulation from running spectral

TABLE II. Correct responses for the training examples seen in Fig. 1.

displays. A typewritten page containing the feature defini-
tions and assignment matrix for consonant identification as
described earlier was given to each judge. A 20-min training
session was conducted by the experimenter with 15 examples
of running spectra, none of which were included in the 162
test displays. Figure 1 shows the six primary examples used
in the training phase. Table II shows the correct feature re-
sponses and consonants on a facsimile of a response sheet.

During the training phase, judges learned to identify
each feature category for a display independently and write
corresponding letters on their response sheets. The judges
were then asked to assign a consonant according to the en-
tries in the assignment matrix. It was noted that the assign-
ment matrix did not include all possible combinations of
features. The judges were told, however, that combinations
not represented in the matrix would probably occur infre-
quently. If they occurred, judges were instructed to assign a
consonant in whatever way they could.

After training, the judges were asked to respond to each
of the 162 displays independently. Each judge viewed half of
the displays in the looseleaf notebooks in two separate 1-h
sessions on different days. The response sheets from the in-
dependent sessions were scored for correct consonant identi-
fication only. One or more incorrect responses occurred on
46 of the 162 displays. To resolve errors which may have
resulted from careless judgments, a collaborative judging
session was arranged one week after the independent judging
sessions were completed. The three judges met together as a
group with the experimenter present and were given the fea-
ture definition sheets and additional instructions for rescor-
ing the 46 displays in which errors occurred. Judges were
instructed to write down on a separate response sheet
whether they unanimously agreed or disagreed for a given
display. When judges disagreed, they were asked to indicate
in what ways the features or matrix were ambiguous. The
displays were judged in a 1-1/2-h session which was tapere-
corded for later analysis.

D. Results

In the collaborative judging, 20 of the 46 displays were
unanimously assigned to the correct consonant, while ten of
the displays were unanimously identified incorrectly. The
remaining 16 were judged to be ambiguous. To obtain an
overall score for correct identification, all unanimous assign-
ments from the independent and the succeeding collabora-
tive judgments were used in the final results. For the 16 am-
biguous displays, the forced choice responses from the
independent judging were used since the consonants had not

TABLE III. Results of assigning consonants to running spectral displays

Features . .
Tilt of Late Mid-frequency Assigned using three judges.
Syllable burst onset peaks consonant
% Correct
Joe/ F N N b Talker No. errors (N) % Correct by sex
/da/ R N N d
Jee/ R L v g RP 14 (216) 94 Male = 92
/oa/ F N N b T}’ 14 {135) 30 _
/di/ R L N 4 NL 30 (133) 78 Female = 78
/gu/ R L Y g Total 58 486) 88
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been assigned for ambiguous cases in the collaborative judg-
ing.

Table I1I shows the overali results for consonant identi-
fication. Consonants were correctly identified 88% of the
time from the running spectra! displays. The errors were not
uniformly distributed by talker. Specifically there was a
large difference in correct identification depending on the
sex of the talker, 92% corract for male talkers, but only 78%
correct for the female talker.

The distribution of errors by consonant and vowel is
shown in Table IV. Overall, /d/ was identified most accura-
tely, with performance at 93%. The consonant /b/ was iden-
tified in most contexts except in syllables containing the high
vowels /i,e,u/. Most errors occurred for /b/ syllables pro-
duced by the female speaker. Analysis of the collaborative
judging errors indicated that the tilt of the burst was ambigu-
ous or slightly rising for bilabial stops before high vowels.
The consonant /g/ was poorly identified in the syllable /gi/
with 56% correct. Most of these errors were also contributed
by the female speaker whose mid-frequency peaks occurred
above the 3500-Hz limit imposed in the original feature defi-
nitions. Additional /g/ errors occurred because the other-
wise prominent mid-frequency peaks were not clearly “sin-
gle” peaks in the display.

Table V displays the pattern of errors for the conson-
ants identified in the running spectral displays. /b/ conson-
ants were freguently mistaken as /d/’s, but not the converse.
Bilabials and velars were rarely mistaken for one another.
/8/’s were frequently mistaken for /d/’s.

The feature categories assigned for each CV were ana-
lyzed to determine whether the judges had reliably and con-
sistently categorized the features. Judges were said to dis-
agree on feature assignment when they had not unanimously
assigned the same feature categories. The results showed
that when the judges correctly identified the consonant in
the independent judging, only 2% feature disagreement oc-
curred. In the collaborative judging of the other 46 displays,
only 8% feature disagreement was observed. Therefore an
overall score of 5% feature disagreement was obtained from
the three judges. These results indicate that it was relatively
easy for the judges to categorize the features in the running
spectral displays as specified by our feature definitions.

The specification of the original assignment matrix was
based primarily on running spectra from a male speaker, RP.

TABLE IV. Percent correct identification of consonant by vowel for all
talkers. Note, vowels /1, ¢, &2/ were produced by only one talker.

TABLE V. Percentage of response errors obtained for a given consonant in
running spectral displays.

Assigned consonant

Displayed b d g

b 4% 2%
d 2% 3%
g 0% 13%

To check the validity of the featurs matrix for assigning
stops for all three talkers, the percentage of feature assign-
ments made by all three judges in the independent judging
was calculated. These results are given in Table VI, where
percentages are entered in terms of the categories as they
appeared on the feature definition sheet.

It canbe seen from the data in this table that the percent
judgment of feature categories other than ““?” was quite high,
averaging 92%. The two entries of *“?,” which signified that
either category might occur, were assigned equally to the
categories. These results indicate that the original assign-
ment matrix was appropriate for the features examined in
this experiment. The slightly lower assignments of correct
categories for Tilt of burst (85% and 88%) and the presence
of Mid-frequency peaks for /g/ (839) suggest that some
improverment of these feature definitions may be needed in
future studies.

Not 2}l possible permutations of the feature categories
were listed in the assignment matrix. As a consequence,
there were possible combinations of feature categories which
led to ambiguous consonant assignments. Most of these oc-
curred for the 44 displays in which a consconant error oc-
currad. These were dealt with in the analysis of the collabor-
ative judging data. However, for the displays judged
unanimously correct, only 1% of the responses resulied
from ambiguous feature combinations. Thus possible ambi-
guities in the assignment matrix were not a problem in this
study.

Only ten of the displays {6%) were unanimously as-
signed the incorrect place of articulation. The incorrect as-
signments for these displays provide some insighis into prob-
lems with the current feature definitions. Four of the ten
displays were /b/’s before front vowels. Because the burst
tilt was rising, judges assigned d’s to these displays. Three
other displays were the famale talker’s /gi/’s each having a

TABLE VI. Percent of feature assignments obtained in independent judg-
ing. They are listed according to the feature categories appearing in the fea-

Vowel N} b d g Total - ture matrix used for consonant assignment.

i 81 §7 93 s6 T2 -

& 58 ;J, 70 8; 29 80 Tilt of Late Mid-frequency
a {8 1 100 33 100 96 Consonant  burst onset peaks

o (81) 93 96 100 96 - S .

u (81) 78 96 160 91 F=385 N=2%6 N =258

1 27) 89 100 100 96 d R =88 MW =59 N=96

£ (27) 100 130 &7 89 ML =4}

= 27 100 100 67 89 . 9F = 35 L =96 Y =83

Total (486) 84 93 87 38 MR = 65
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small mid-frequency compact peak at or above the 3500-Hz
frequency limit used in the feature definitions. Judges also
incorrectly assigned /d/’s to these displays. Analysis of the
remaining three displays (2%), however, showed unusual
compact peaks for these /g/ syllables.

Some specizal attention should he given to the feature
Late onset of 7 1. All three features in this experiment were
efined as binary. Since only two binary features are neces-
ary to specify the three consonants, this feature system is
edundant. However, the feature of Late onset was so promi-
nent in the running spectral displays that we thought that it
ought to play some role in distinguishing placs of articula-
tion among the stops, especially /g/ from /b,d/. In particu-
lar, since Mid-frequency peaks were sometimes difficult to
identify for /g/, it was thought that in ambiguous cases, the
additional feature of Late onset of £ 1 might facilitate the
correct identification of the stop category. This was incorpo-
rated in the feature definition sheet using “ZL * in the matrix
for /g/. Post hoc analysis revealed, however, that the Late
onset feature was actually used by the judges to disambi-
guate /g/ in only three cases (0.6% of the judgments). Thus
the current feature definition system did not adequately cap-
ture the intended usefulness of Late onset, even though Late
onset was present in 96% of the /g/’s.

As a consequence, the running spectra were re-exam-
ined to determine if an alternative definition for Late onset
couid be developed. The frame in which the onset of F 1 oc-
curred was determined visually by the experimenter for the
162 displays. In doing this, we found that approximately
50% of the /g/ displays had F'1 onset after 30 or more miili-
seconds, compared to only one /d/ displey and no /b/ dis-
plays. This observation suggests a new definition for Late
onset, namely, that the category L refers to onset of F 1 peaks
after 30 ms (six or more frames). An informal examination of
the present running spectra indicated that the proposed
change in the Late onset feature would produce only a small
overall improvement in consonant identification if incorpo-
rated in the analysis. However, the proposed change repre-
sents a much better implementation of the concept which
was intended for the Late onset of F' 1 feature, namely, that
the presence of the Late onset of F1 (i.e., a long VOT]} is
strongly associated with the consonant /g/. Such a feature
can be useful in disambiguating /g/ in running spectral dis-
plays where Mid-frequency peaks may not be clearly pre-
sent.

Ill. COMPARISON OF LLINEAR PREDICTION AND
AUDITORY FILTERED RUNNING SPECTRA

The results from this study have demonstrated that hu-
man observers can reliably identify place of articulation
from visual features displayed in running spectra. Place of
articulation was identified using time-varying features ob-
served in the imitial portions of the stop-vowel waveform
which were independent of the following vowel context.
While such findings were reliable and consistent across three
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determining if the time-varying features used in the visual
experiment would be as robust in auditory spectral represen-
tations as they were in linear prediction spectra.

Several investigators have constructed auditory pro-
cessing models tc produce spectral representations of speech
signals. In some cases, the output of these models has been
examined for the presence of spectral cues for speech recog-
nition. In particular, as noted earlier, the research of Searle
and his colleagues {Seerle er al., 1979, 1980} using running
spectra to search for place and voicing cues in stops inspired
the present study. Although Searle ez a/. explicitly advocated
the development and use of auditory processing techniques
for speech, analysis techniques currently implemented in
speech research are simply not adequate models of known
psychophysical properties of the human auditory system. In
the case of Searle er al.’s study, a standard, commercial set of
1/3-octave filters was chosen as the basis of their speech
processor. Design characteristics of 1/3-octave filters were
developed to meet a set of engineering standards for com-
mercial filters (American National Standards Institute
ANSI §1.11-1966 class I11}). The popularity of 1/3-octave
filters for speech processing (e.g., Klein et al., 1970; Schou-
ten and Pols, 1979} derives from their general availability
and speed (i.e., analog processing). As we shall see below,
however, 1/3-octave filter characteristics are only a gross
approximation to the actual filtering properties of the hu-
man auditory system.

Before evaluating the success of several recent process-
ing techniques, it will be useful to compare the properties of
running spectral displays with several of the known proper-
ties of mammalian auditory systems as well as with other
auditory processing models currently employed in speech
analysis. In terms of the individual smoothed spectra, we
will briefly discuss the characteristics of the analyzing filters
(e.g., linear prediction, FFT, 1/3-octave filter banks) and the
representation of the frequency dimension (e.g., linear, log,
bark).

Differences in design characteristics of the filters for
processing speech signals can produce quite different spec-
tral displays. Based on psychophysical measures, the fre-
quency resolution in the human auditory system has been
described in terms of a set of critical bands (Scharf, 1970). A
critical-band analysis corresponds roughly to the frequency
analysis of a set of bandpass filters whose bandwidth is con-
stant (about 100 Hz) below 500 Hz, and then becomes suc-
cessively broader as frequency increases above 500 Hz.
Bandwidth, however, is only one property of a bandpass fil-
ter. Two other properties less frequently discussed are the
shape of the filter itself (e.g., rectangular versus Hamming)
and the slopes of the skirts of the filter. While these two
properties of auditory filters have generally been fitted by
simple functions, Patterson and Nimmo-Smith (1580) have
specified a unique, two-part filter shape to account for their
data. The discussion that follows, however, emphasizes dif-
ferences in bandwidth since it has received the most atten-
in the psychophysical literature. (Ses Klatt, 1976 and
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bandwidth of critical-band filters, one about one-half as wide
as the other (see Sever and Small, 1979). This range varies
approximately from 0.1 to 0.18 times the center frequency of
the filter. Estimates of the well-known bark critical-band
filters used by Zwicker (1961; Zwicker ez al., 1979) are com-
pared with other filter bandwidths in Fig. 2. The hatched
area includes bandwidths most often reported in the psycho-
physical literature. One-third-octave filters have band-
widths approximarely 0.23 timies the center frequency. Thus
the bandwidths of [/3-octave filters are considerably
broader than estimates of the critical bandwidths derived
from psychophysical data. This means that 1/3-octave
filters provide poorer frequency resolution in the important
mid-frequency range used in speech than does the human
auditory system. As a consequence, 1/3-octave filtering of
speech signals probably represents a lower limit on the poor-
est frequency resolution that the human auditory system
might display. One-sixth-octave filters have been used in the
speech analysis systems developed by Schroeder e al. (1979)
and Flanagan and Christensen (1980). While 1/6-octave fil-
ter bandwidths are narrower than Zwicker’s (1961] estimates
as seen in Fig. 2, they correspond well with more recent
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FIG. 2. Four different filter bandwidths as a function of frequency are dis-
played using the technical Mel scale. 1/3- and 1/6-octave filter bandwidths
are shown according to ANSI standards. The function labeled Zwicker is
derived from his definition of critical bands in terms of barks (Zwicker.
1961}, The function LP is the constant 16.5-Hz amémdt‘l Of our l11'1e::1r
orediciion . Thehatched arear ic
Iy reporred in psychozncoustic research [see

those of Patterson (1976;
1980). [See Flanagan and
stration of mid-frequency
1/6-octave

bandwidth estimates, especially
Patterson and Nimmo-Smith,
Christensen (1980] fer a demo at
differences berween 1/3-cciave filters and
filters.]

On the other hand, linear predict
present stde are theoretically of providing a con-
stant {Tequency res olution of 195 F .{but sce Monsen,
1981). Ascanbeseenin Fig. 2, thic resclution is considerably
narrower than thut of the auditory system, particularly a
higher frequencies. We shouid note, however, that frequency
resolution as measured in discharge patierns of auditory-
nerve fibers in cats can be extremely accurate under optimal
signal conditions. The analyses carried out recently by Del-
gutte {1980, 1981) and Young and Sachs (1979; Sachs and
Young, 1979, 1980) have shown considerable accuracy in
determining formant frequencies of synthetic vowels under
certain conditions. It is not known if such precise formant
frequency information is aveilable under normal listening
conditions for human speech recognition. However, linear
prediction spectra when displaved on a log-frequency axis
appear roughly similar in frequency resolution 10 many of
the vowel-formant figures reported in both Sachs and Young
(1980, cf. Fig. 13} and Delgutte {1981, Chap. 1). These figures
represent vowel spectra in 103 frequency as a function of
interval measures of the discharge patterns of auditory-
nerve fibers. Thus linear prediction spectra may be consi-
dered as providing an upper limit on the best possible fre-
quency resolution the human auditory system might display.

With spectrally analyzed speech, several possibie repre-
sentations of the frequency-by-amplitude dimensions can be
chosen. Linear prediction spectra are typically represented
on a linear frequency scale. In the auditory system, however,
frequency on the basilar membrarne is equally distributed in
approximately bark intervals {Zwicker, 1961; Schroeder er
al., 1979), which is often approximated by a simple log-fre-
quency scale. Thus, for research employing auditory filters,
a bark frequency or modified log scale (technical Mel} is
probably more appropriate for displaying frequency thanis a
linear scale.

Another property of running spectral displays is the
representation of time. We know that the auditory system
can closely track time variations in waveforms in terms of
synchrony of discharge firings with the input signal (Kiang,
1980). Apparently, the important acoustic distinctions in
speech vary much more slowly than the temporal processing
capabilities of the ear. Therefore the limits of the representa-
tion of the time dimension for processing speech spectra
should be set according to the observed rates of change in the
speech signal. For speech, this limit would be placed some-
where between 1 and 20 ms. Searle er al. {1979) originally
used a 1.6-ms time frame for running spectra. This time
frame seemed to present too much detail, so they used aver-
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whether running spectral features would be prominently dis-
played in auditory filter representations of running spectral
displays. To explore this problem further, we decided to re-
examine the stimuli in our data base with two auditory filter
representations. SPECTRUM was modified so that a set of pro-
grammable, sliding filters could be applied to the previously
compuied spectral sections. Two properties of the filters
were adjustable: bandwidth and the slopes of the skirts.

. Fixed properties included symmetry in a log-frequency
space and a flat top giving an overall trapezoidal shape.
These fixad filter properties were chosen to match 1/3-oc-
tave filter bank specifications. The filters were overlapped in
close frequency Intervals in order to produce smooth spec-
tra. Pilot work showed that for the spectra used in this exper-
iment, the convolution of the programmable fijters with the
smoothed linear prediction spectra produced filtered spectra
almost identical to those produced by convolution with the
equivalent 200-point FFT. Thus the smoothed linear predic-
tion spectra were used as input to the programmable filters
in this analysis.

The programmable filters were selected as follows.
One-third-octave filters were chosen because they have fre-
quently been used in speech processing, most recently by
Searle et al. (1979, 1980), and they represent a frequency
resolution which is probably poorer than that of the human
auditory system. The 1/3-octave filters were digitally de-
fined according to the ANSI §1.11-1966 class III standard,
with a bandwidth constant of 0.23 times the center frequen-
cy, and skirts having a 50 dB/oct rolloff. The other filters,
although similar to the auditory filters of Bladon and Lindb-
lom (1979) and Klatt (1979), were patterned more closely

/b1/ /d1/

after the narrower filters proposed by Patterson (1976) and
the 1/6-octave filters of Flanagan and Christensen {1980).
The bandwidth constant was 0.13 and the skirts had a 75
dB/oct rolloff. Below 400 Hz, regardless of the bandwidth
constant, the bandwidth was fixed at 95 Hz in keeping with
standard critical-band measurements as shown in Fig. 2.

The running spectral display was also altered for spec-
tra processed by the auditory filters by implementing a log-
frequency scale. Amplitude was still displayed in decibels,
and the time frame rate was kept at 5 ms. The 1/3-octave
running spectra produced by this digital method are not di-
rectly comparable to 1/3-octave filter bank running spectra
{see Searle et ¢/, 1979). In an analog filter bank, as well asin
the ear, the time constant for high-frequency spectral com-
ponents is shorter than that for low-frequency components.
Thus rapid change in high-frequency information has a finer
temporal resolution than low-frequency change. This rela-
tionship is not preserved in a digital analysis based on win-
dowing where rapid changes in high frequencies are aver-
aged over the window duration. This should not be a serious
problem for our linear prediction analysis because our win-
dow size and the 5-ms frame rate appear to preserve the
temporal variation observed the speech waveform as dis-
cussed earlier. Nonetheless, the 1/3-octave and auditory fil-
ter running spectra presented below are only approxima-
tions to true filter bank analyses.

With these programming changes, the running spectra
that we previously examined could be redisplayed using 1/3-
octave filters or auditory filters. Figure 3 compares three
linear prediction running spectra with auditory filter dis-
plays. Figure 4 compares three different linear prediction
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running spectra with 1/3-octave filter displays.
We re-examined the displays computed ear'inr using

both types of filters to determine the extent to which the
three visual featares used to identify place were still present.
In carrying out these analyses, we were interested in deter-
mining how such filtering would potentially alter our earlier
feature descriptions. Approximately half of the 116 displays
which had heen correctly identified by all three judges in
independent judging were examined first. Then
plays from the collaborative judging were redispleyved and
examined visually by the &.D“nme*mt

Anexamination of Figs‘ Jand 4 re‘v‘eais that an auditory
filter representation changes the frequenc
important ways. First, me 1 "-f!'t‘:QLCIlC)' region of F1 is
more prominently displayed. Second, filtering alters th
spectral tilt of each speciral section. Because bandwidths are
broader at higher frequencies, more energy is averaged into
the high-freguency filters causing an upward spectral tilt.
Thus both auditory filters and 1/3-octave flters result in a
nonlinear transformation of spectral tilt which emphasizes
high-frequency energy in comparison to the linear predic-
tion spectra due to the imposed constant bandwidth of the
filters at low frequencies {see Fig. 2). Finally, the spectral
peaks move toward higher frequencies because the filters are
symmetrical in log-frequency space, which means that they
include more 'gh-freQLenC\ ene rgy than low-freguency en-
ergy in a linear frequency domain. Klatt (1979) has recently
implemented Patterson’s hypothesis (1974; Patterson and
Nimmo-5Smith, 1980) that auditory filters are symmetrical in
linear frequency. but the log-frequency symmetry has been
more commonly used. As a result of this shift, the feature
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our observations, both the 1/3-octave and auditory filter re-
presentations of the Tilt of burst categories appearad to be as
successful as the earli°r linear pradiction dkplavs

The definition of the Late onset feature is not altered
significantly by filter representations of running spectra, The
F'1 peak, as shown in Figs. 3 and 4, is described as a broad,
well-formed, low-frecuency peak. Otherwise, no other
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e
smaller peaks were superimposed on the prominent peak, or
because the prominent pezks occurred on fewer than three
spectra. Thus the results from this analvsis indicate that
mid-frequency peaks for /g/'s are more szlient in running
spectral displdys using auditory filtering than in those
linear prediction filtering. However, the
presentations wouid cause many more /b,g/ confusions.

In summary, the present study demonstrated that three
acoustic features could be used to accurately identify place of
articuiation from linear prediction running spectira prepared
for visual imspesction. However, linear prediction spectra
provide a much finer spectral resolution than the human
auditory system carries out. Therefore two other spectral
representations were used to construct running spectral dis-
plays. In the 1/3-octave filter representation, all features
were preserved in the visual displays, b“t, unfortunately, too
many mid-frequency peaks were err: us‘j' produced for
/b/'s. Thus it appears that 1/3-ociave filtering may elimi-
nate some spectral properties that are important for speech
analysis. These filters generate spectra heving a poorer fre-
quency resolution than that of the human auditory system.
The other filter representation was representative of a class
of auditory filters currently used by other investigators. The
original features nropobed in this study were all displeyed
robustly in auditory filter running specira, and, in some
cases, appeared to display place of articulation more success-
fully than did the linear prediction runaing spectm Thus it
appears that the proposed time-varying fearures can be used
o classify place of articulation in initial stop sylables dis-
played in two different spectrel representations of spzech,
namely, linear prediction and audtitory filtered running spec-
tra.

V. EXTENSIONS OF RUKNING SPECTRAL AKALYSIS
FOR PLACE CUES

Based on the results of this study and on the preceding
discussion, it is now possible to recemmend spect
in both the definitions of the feature the anah
dures which can be used in future extensions of this research.
Special attention will be given to the problem of vacal-tract
normalization, Le., accounting i
between the male and femal *a}kers
In terms of analysis technigues w
ning spectra, further exploration of
sentations should be carried cut. Sinc
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peaks. The lowest peaks for velars occur before the vowpls
/o/ and /u/ which are associated with the talker’s £ 2 reso-
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up to 5000 Hz as Stevens and Blumstein (1978) have suggest-
ed. Rather, for /d/ before back vowels, a vowel dependent
peak in the spectra occurs for males at about 3000 Hz so that
the spectra fall above this frequency. Both Zue (1976) and
Klatt (1980) have previously reported this spectral property.
This peak is vowel dependent and therefore varies with vo-
cal-tract size. Thus the upper frequency limit for the Mid-
frequency peaks and Tilt of burst features must take into
account vocal-tract size, and probably can be set to the same
value using the previously suggested rule. The problems in
the feature analysis discussed above arose from an interac-
tion of vowel context effects and differences in vocal-tract
size. The specific solution proposed here is that by properly
accounting for differences in vocal-tract size in the feature
definitions, the features will automatically specify place of
articulation independent of the vowel context.

Finally, the feature of Late onset of F' 1, as previously
discussed, should be considered as a secondary feature for
separating velars with long VOT’s from bilabials and alveo-
lars. Suggestions for a new definition of this feature and the
resulting matrix were previously given at the end of Sec. IID.
Treating delay in voicing onset as a secondary correlate to
place of articulation has also been proposed by Fant (1973, p.
136). If Late onset can be used as a secondary cue to place, it
might be worthwhile to determine if any empirical evidence
could be found for the use of this feature in the perception of
place of articulation. Several studies have already demon-
strated that identification of place of articulation changes
when the VOT of the stimuli was manipulated {Sawusch and
Pisoni, 1974; Miller, 1977; Oden and Massaro, 1978). All
three of these studies, however, used synthetic stop-vowel
syllables without release bursts. Therefore a more careful
synthesis study using velar syllables with bursts containing
the important Mid-frequency peaks feature is needed to ver-
ify the specific role of the Late onset feature in perception of
place of articulation.

The adequacy of these three features for specifying
place of articulation was determined using human observers
who examined visual displays of running spectra. The pres-
ence of the three features in the running spectra could, in
principle, be determined algorithmically by computer. How-
ever, since this experiment was an initial study of these fea-
tures, human observers were used to obtain feedback about
possible ambiguities in the definitions or procedures in the
collaborative judging session. In future experimentation
with these features, a machine implementation of the feature
definitions will certainly be included.

V. DISCUSSION ARD CONCLUSIONS

The results of this study demonstrate that invariant fea-
tures for identifying place of articulation in initial stop con-
sonants are readily observable in continuous running spec-
tral displays of CV syllabies. This experiment was an initial
attempt to establish the adequacy of the analysis procedures
and proposed feature descriptions for identifving place
across a large number of vowel contexts and several talkers.
Although this research has a theoretical framework very si-
milar to that of Stevens and Blumstein (1978, [19%]; Blum-
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stein and Stevens, 1979), our analysis differs from theirs in a
very important way: running spectral features incorporate
the #ime dimension whereas Stevens and Blumstein onset
spectra are basically static spectral “snapshots” of the con-
tiruously changing speech signal. Indeed, Blumstein and
Stevens (1979, p. 1013) have acknowledged that the time di-
mension might have to be incorporated into their analysis.
After our pilot work was completed (Kewley-Port, 1979a,b),
Blumstein and Stevens {1979, p. 1013) suggested that an
analysis procedure similar to the running spectra of Searle er
al. (1979) might be an improvement over their single-spec-
trum static template procedure. The present findings dem-
onstrate that this suggestion is correct.

Our running spectral analysis contrasts with the static
template analysis proposed by Stevens and Blumstein in sev-
eral ways. For example, by integrating energy over a 26-ms
time window into a single onset spectrum, important spec-
tral differences that are present for the labial and alveolar
bursts are obscured. A 26-ms window will always include
some transitional information about the vowel (aspirated or
voiced) along with the energy in the burst. Furthermore, a
single, fixed integration window cannot account for the dif-
ferences in the remporal properties of the release burst as
described previously by Fant (1960, 1973). The rapidly
changing spectra following the burst for bilabials and alveo-
lars cannot be observed in only a single 26-ms onset spectra.
But more importantly, the velar property of a slowly varying
compact spectrum extending in time cannot be represented
in only a single onset spectrum having no temporal dimen-
sion. Blumstein and Stevens have stated in their recent publi-
cations that the compact spectra for velars must persist in
time for listeners to identify velars correctly (1979, p. 1002;
1980, p. 652). Nevertheless, their single onset spectra cannort,
in principle, represent this acoustic information adequately.

In fact, the velar template constructed by Blumstein
and Stevens {1979 1s essentially a peak detector. However, in
carrying out their analysis, they discovered that simple inte-
gration of the first 26 ms of spectral energy produced numer-
ous spectra containing prominent peaks which were not ve-
lars. To be precise, 27% of the alveolar consonants had
spectral peaks near the 2 locus at 1800 Hz. This observa-
tion prompted Stevens and Blumstein to modify the original
diffuse rising template so as to exclude peaks occurring
around 1800 Hz {1979, p. 1005). Furthermore, alveolar
peaks said to arise from subglottal resonances also occurred
in the 800-1600-Hz region. These peaks were also arbitrarily
excluded from the diffuse-rising template (1979, p. 1005).
Moreover, a problem for the compact template was the pres-
ence of double peaks. Blumstein and Stevens (1979, p. 1006)
apparently treated two spectral peaks separated by less than
500 Hz as a single peak. Thus it appears that attempts to
locate the spectral feature compact as a simple peak in a
single, 26-ms integrated spectrum have given rise to numer-
ous exceptions and the postulation of ad hoc decision rules.
Similar problems did not arise in our analysis of running
spectral displays. We suspect that the problems were present
for Stevens and Biumstein because the temporal dimension
of the speech signal was eliminated in their static onset spec-
tra analysis.
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The present investigation was limited to the initial
voiced stops /b.4,g/ and several other phonetic parameters
tion. Foremost is voicing. In particular, it

still await investiga
is of some interest 1o determine if our analysis will correctly
identify place of articulation for /ptl/ as well as /bdg/.
Clearly, the
frequency peaks, are located mostly in the burst portion of
the spectral displays. Since this portion of the spectra should
be very similar for voiced and voiceless consonants, we may
confidently predict that our proposed features will success-
fully identify place in /pthk/. The secondary feature of Late
onset of F1, on the other hand, will probably need some
further modification. Only research with both the voiced
and voiceless consonants will determine whether the Late
onset feature can be defined in such a way that it can act as a
reliable secondary cue for identifying /g/ in various vowel
contexfts,

The features used in this study were used to identify
place in what has been called initial stops. Initial in the con-
text of this experiment means spllable initial since, in fact, all
CV’s examined here were originally extracted from the car-
rier sentence “Teddy said CV.” No claims or hypothesis are
being proposed on the basis of this experiment for presence
of these features in running spectra of syllable final stops, or
in running spectra of segments from other manner classes
such as nasals or fricatives. For example, the Tilt of burst
feature, as discussed, contains as part of its definition the
location of a burst following a closure interval. Since this
sequence of acoustic events is not found in nasals, the feature
would not apply to the class of nasal consonants. This con-
clusion is quite different from the proposals made by Stevens
and Blumstein (1978, 1981). The invariant acoustic cues they
propose in terms of onset spectra are linked to the general
notion of distinctive features for place as proposed by Jakob-
son et al. (1952) and Chomsky and Halle (1968). Thus Ste-
vens and Blumstein specifically claim that onset spectra can
and should correctly specify place for final stops and nasals.
However, their own research provides little convincing evi-
dence to support this claim. For final stops in the Blumstein
and Stevens’ template study (1979), the average correct iden-
tification of place at closure was 53%, and identification of
the final burst (which is not typically present in running flu-
ent speech) was 76%. In the preliminary study of [n] versus
[m], average place identification was 76%. However, [n]’s
were accepted by both the labial and alveolar template 67%
of the time, so that the unique identification of [n]’s was at
best only about 33%. Therefore the combined results of
uniquely identifying [n] versus [m] was near the 509 chance
level for two choices. These results do not support the strong
claims of Stevens and Blumstein that static onset-spectra
templates can reiiably capture the invariant properties for
the distinctive feature of place in 2l environments or across
several manner classes.

In conclusion, we have uronasr—d three time-varying,
relational acoustic features as a principled solution to the
probiem of invariant acoustic cues for place of articulation in
initial stop consonants. The se features are clearly obszrvable
in visual representations of running spectral displays of nat-
urally produwd C‘« svilabies. The present study evaluated

two primary features, Tilt of burst and Mid-

683
[9N]
FEN

alysis for voiced stops before a large number
three talkers. From our results, it
s are invariant over vowel context,

this proposed analy
of vowels produced by
appears that these feature
and with the addition of two simple rules, appear to be invar-
=1-tract size as well. The running specira used in

{ some of the peripheral pro-
auditory system. The
time-v ar.\.-ug fe tures used to specify place of articulation in
this experiment were also shown 1o be robustly displayed in
another visual representation which more closely approxi-
mated the filtering properties of the auditory system. Al-
though the features examined in this experiment may be ulti-
mately limited to identifving place in syllable-initial, voiced
and voiceless stops, it is fully expected that examination of
auditory spectral representations of speech signals in which
the time dimension is properly preserved will also be success-
ful in determining the acoustic correlates of other classes of
speech sounds as well.

1ant over voca
this srudv app
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