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formant transitions as functionally
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M. F. DORMAN
Arizona State University, Tempe, Arizona 85281
and Haskins Laboratories, New Haven, Connecticut 06510

, M. STUDDER
Queens College and Graduate Center of The City
and Haskins Laboratories,

an

L. J. RA

Lehman College and Graduate Center of The City Universi

and Haskins Laboratories,

Three experiments assessed the roles of r
cues to place of articulation in syllable-
ing them from American English /b,d
and by transposing the bursts across
showed that bursts were largely inv

initial voiced stop consonants by systematically remov-

T-KENNEDY

University of New York, New York, New York 10036
New Haven, Connecticut 06510,

d

PHAEL
ty of New York, New York, New York 10036

New Haven, Connecticut 06510
elease bursts and formant transitions as acoustic
,&/, spoken before nine different vowels by two speakers,

all vowels for each class of stop consonant. The results
ariant in their effect, but carried significant perceptual

weight in only one syllable out of 27 for Speaker 1, in only 13 syllables out of 27 for Speaker 2.

Furthermore, bursts and transitions tended to
weight of one increased, the weight of the other
ally equivalent, context-dependent cues,
follow consonantal release. The results
front-cavity resonance in signaling place

are inte;

The present paper deals with an aspect of the
problem of perceptual constancy—the invariance
problem—in speech recognition. At the level of
phoneme recognition, the problem is manifest in
the variety of acoustic signals that may be categorized
as the same phoneme (Liberman, Cooper,
Shankweiler, & Studdert-Kennedy, 1967; Studdert-
Kennedy, 1974, 1976). Here we are concerned with
the variation in acoustic cues for a given stop con-
sonant as a function of the following vowel, Many
studies have demonstrated that formant transitions
are generally sufficient cues for stop-consonant
recognition. Since the shape of these transitions
varies with the following vowel, accounts of stop-
consonant recognition have generally emphasized the
role of context-conditioned cues (perhaps relational
invariants) within the consonant-vowel syllable.
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be reciprocally related: Where the perceptual
declined. They were thus shown to be function-

each contributing to the rapid spectral changes that

rpreted as pointing to the possible role of the

of articulation.
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Recently, however, Cole and Scott (1974a, 1974b)
have suggested that stop consonants before different
vowels may be recognized in terms of a context-
independent acoustic cue (or simple invariant),
namely, the burst produced at the release of stop-
consonant occlusion.

In the following experiments, we explore these
cues in some detail with natural speech. We assess,
first, the extent to which separable components of

the complex of acoustic cues for initial,- voiced stop

consonants——the release burst, the devoiced and the
voiced formant transitions—are sufficient cues for
the perception of place of articulation. We ask,
second, whether one of the components—the burst—
is a functionally invariant cue for stop-consonant
recognition. Finally, we discuss the implications of
our results for an account of stop-consonant
recognition,

Acoustic Segmentation of Stop-Consonant-
Yowel Syllables .

Acoustic analysis of /bV,dV,gV/ syllables, re-
veals five qualitatively distinct segments before a
stable vowel formant pattern is reached (cf. Fischer-
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Jorgensen, 1954; Halle, Hughes, & Radley, 1957; Fant,
Note 1; Fischer-Jorgensen, Note 2): (1) a period of
occlusion (usually silent, though occasionally voiced);
(2) a transient explosion (usually less than 20 msec)
produced by shock excitation of the vocal tract upon
release of occlusion; (3) a very brief (0-10 msec)
period of frication, as articulators separate and air is
blown through a narrow (though widening) constric-
tion, as in the homorganic fricative; (4) a brief period
(2-20 msec) of aspiration, within which may be de-
tected noise-excited formant transitions, reflecting
shifts in vocal-tract resonances as the main body of
the tongue moves toward a position appropriate for
the following vowel; (5) voiced formant transitions,
reflecting the final stages of tongue movement into

the vowel during the first few cycles of laryngeal

vibration. Since we are only concerned with stop
consonants in the present study, we shall not con-
sider the role of the first segment (occlusion) which
serves to distinguish stops from vowels and other
consonants. Furthermore, since the explosion and
frication, even if separable on an oscillogram or
spectrogram, are probably not discriminable by ear,
we shall treat them in what follows as a single burst
of energy, lasting some 2-30 msec.

The fourth segment (aspirated and devoiced
formant transitions), although usually distiqguishable
on an oscillogram with a high resolution time scale,
is not always readily apparent on a spectrogram (see
Figure 1). Investigators have therefore tended to
discount it as an acoustic cue' and to concentraie
attention on the burst and on the voiced formant
transitions. The present paper attempts to redress the
balance by treating this segment as a separable
component of the cue complex.

Bursts and Transitions as Cues for Stop Consonants
Research with synthetic speech has revealed that
both bursts and voiced formant transitions may
serve as separate cues to place of articulation of
initial /b,d,g/. Many studies have shown that
transitions of the second and third formants are
sufficient cues for the place distinction (for example,
Delattre, Liberman, & Cooper, 1955; Liberman,
Delattre, Cooper, & Gerstman, 1954), and these are,
in fact, the standard cues used in speech synthesis.
It is important to note that—since the acoustic shape
of formant transitions varies as a function of the
following vowel—formant transitions are necessarily
context-dependent cues for stop consonants. The
same is true of velar bursts. Hoffman (1958) found
that, while bursts centered at frequencies above
3,000 Hz acted as cues for /d/, burst cues for /g/
lay near the second formant of the vowel and were,
therefore, context-dependent (cf. Liberman,
Delattre, & Cooper, 1952). Hoffman could find no
burst that would serve as a powerful cue for /b/,
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but this may have reflected, in part, the deficiencies
of his synthesizer, rather than of natural speech.

In fact, attention has recently turned to the ques-
tion of how cues isolated in synthetic speech experi-
ments act and interact in naturally produced speech.
Cole and Scott (1974b) have argued that, while
formant transitions do provide essential phonetic
information for the consonant phonemes, ‘‘the major
role of transitional cues is to provide information
about the temporal order of phonetic segments within
a syllable’” (p. 349). [See, also, Day (1970) and
Liberman, Mattingly, and Turvey (1972) for dis-
cussions of the role of formant transitions in provid-
ing information about temporal order in speech.]
Cole and Scott (1974b) go further to suggest that,
for /b,d,g/ (1974a) or /b,d/ (1974b) in stressed
syllable-initial position, the invariant place cue lies
in the initial noise energy (burst and aspiration)
before the onset of laryngeal vibration.

The latter claim drew apparent support from an
experiment.” Using a tape-splicing procedure to re-
move formant transitions from /bi, bu, di, du, gi, gu/,
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Figure 1. A spectrogram of the syllable /ga d/, spoken by
Speaker 2 (top). An oscillogram of the same utterance is shown
at the bottom: burst (a-b) and aspiration (b-c) duration and the
onset of voicing (c) are indicated by vertical lines,



thus leaving burst and aspiration followed by steady-
state vowel, Cole and Scott (1974a) found that recog-
nition of the syllables remained essentially un-
impaired. Moreover, when the initial energy from
/bi/ was transposed to /u/, or the initial energy from
/bu/ was transposed to /i/, recognition was again

unimpaired. This relation was also reported for /di/.

and /du/. However, for the /gi/ to /u/ transposi-
tion, only 21% correct responses were reported, and
90% of the error responses were /b/. The /gu/ to
/1/ transposition fared better with 82% correct re-
sponses. Cole and Scott (1974a, p. 101) concluded
that ‘‘stop consonants may be recognized before
different vowels ... in terms of invariant acoustic
features. :

Implicit in this conclusion is the assumption that
bursts are not only invariant, but sufficient cues to
place articulation. For, if they are not sufficient, it
matters little whether or not they are invariant. How-
ever, it has been known for a number of years, both
from synthesis experiments (Hoffman, 1958;
Liberman et al., 1952) and from the acoustic analysis
of natural speech (Fischer-Jorgensen, 1954; Halle et al.,
1957; Fant, Note 1; Fischer-Jorgensen, Note 2), that,
while release burst spectra vary systematically with the
following vowel for initial velar stops, they are largely
invariant for initial labial and apical stops. The most
novel aspect of Cole and Scott’s (1974a) conclusion is,
therefore, that burst cues are sufficient for recogni-
tion of stop-consonant place of articulation. Several
considerations suggest that these claims may merit
careful attention.

First, Cole and Scott (1974a) made no attempt to
separate the release burst from the context-
conditioned voiceless aspiration. If we examine the
spectrograms of Figure 2 in Cole and Scott (1974a;
p. 104), we see obvious acoustic differences between
the transposed portions of syllable pairs. Had listeners
been asked to identify the vowels of these transposed
portions, they might well have been able to do so,
thus demonstrating that the experimenters had trans-
posed not consonants but whispered consonant-
vowel (CV) syllables. In fact, Winitz, Scheib, and
Reeds (1972), in an experiment closely related to that
of Cole and Scott (1974a), have reported precisely
this result for the (admittedly longer) burst and
aspiration portions of initial /p,t,k/.

A second reason to question Cole and Scott’s con-
clusion is that they transposed energy for the voiced
stops between only two vowels. Since most dialects
of English contain approximately 16 distinctive
vowel nuclei, transpositions over two vowels
represent a rather meager test of their hypothesis.
Indeed, Fischer-Jdrgensen (Note 2) has shown for
Danish /b,d,g/ that bursts are effective cues for
/b/ and /g/ before /i/ and /u/ but not before /a/,
while for /d/ a burst is an effective cue before /i/
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Figure 2. Spectra of bursts from syllable-initial /b,d,z/ spoken
before nine vowels by Speaker 2. The velar spectra have been
divided into front and center-back vowel series.

but not before /a/ or /u/. Thus, there is already
evidence from a language other than English that
bursts are not adequate cues for the distinction
among these stop consonants in certain vowel
environments.

A third, and perhaps the most important, con-
sideration is that articulatory gestures associated with
initial labial, apical, and palatovelar stop consonants
before a variety of different vowels give rise to
systematic variations in syllabic acoustic structure
that make the hypothesis of ‘any single sufficient cue
(whether burst or transition) across all environments
extremely unlikely. Every researcher who has worked
on speech synthesis is familiar with the fact that a

‘‘good’’ rendering of a particular phonetic segment

may require different acoustic patterns in different
phonetic environments. For example, good initial,
voiced apical stops are more readily synthesized with
a burst before high, front vowels, but with extensive
voiced formant transitions before back vowels.
Furthermore, even though isolated cues may serve a
valid experimental function, natural speech typically
displays a complex of cues with varying acoustic sa-
lience and therefore, we may suspect, varying percep-
tual weight in different environments. It will simplify
the description and interpretation of our experimental
results if we here spell out the most important acoustic
variations and some possible perceptual consequences.
For more detail than we can give here, the reader is
referred to Fant (1959), Fischer-Jorgensen (1954),
Flanagan (1972), Halleet al. (1957), Heinz (1974),
Klatt (1975), and Fischer-Jorgensen (Note 2).

Release burst energy. The energy (duration x in-
tensity) in the transient release and its following
frication varies as a function of several factors, in-
cluding the cross-sectional area of the constriction
just after release, the resonant cavity in front of the
point of release, and, perhaps, the release gesture
itself. Thus, /b/, for which there is essentially no
front cavity and for which the release gesture is rapid
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(Fujimura, 1961; Kuehn, 1973), usually displays a
weak transient and virtually no frication, while /g/,
for which the cross-sectional area between tongue
and palate is relatively large, for which the front
cavity is narrowly tuned, and for which tongue re-
lease is relatively slow, displays the longest burst of
the three stops, including on occasion, as Fischer-
Jorgensen (1954) noted, a ‘‘double’ release
transient (see Figure 1) [perhaps due to a suction
effect (Fant, Note 1)]. Burst energy for /d/, with a
smaller cross-sectional area between tongue and
alveolar ridge and a more broadly tuned front cavity
than for /g/, but with a release velocity roughly the
same as for /b/, falls midway. We might then predict
increasing energy in—and therefore perceptual
importance of—the burst as the point of occlusion
moves back in the mouth.

Cutting across all three places of articulation,
however, are possible variations in burst energy due
to coarticulation with the following vowel. A major
contrast is between front unrounded vowels, such
as /i,l,e/ and center-to-back rounded vowels, such
as /3,0,u/. For /b/, increased cross-sectional area
of the constriction just after release may give rise to
a longer, and so more effective, release burst before
rounded than before unrounded vowels. For /d/,
elongation of the front cavity before rounded vowels
is likely to yield lower burst intensity than before un-
rounded vowels. For /g/, the effect of front cavity
elongation before rounded vowels may be counter-
acted by increased cross-sectional area of the palatio-
lingual constriction and narrower front-cavity tuning
than before unrounded vowels. Thus, if we assume
that acoustic energy at least partially determines
auditory salience and perceptual weight, we might
expect the release burst to play a more important role
before rounded than before unrounded vowels for
/b/ and /g/, but exactly the reverse for /d/.

Release burst spectrum. Spectral sections taken
through the release burst of /b/ in nine vocalic en-
vironments generally show a broad curve with peaks
over low frequencies, below approximately 2,000 Hz
(see Figure 2); the low-frequency peaks tend to be
stronger before rounded than before unrounded
vowels. For /d/, the spectral curve is broad and of
a relatively high intensity, with peaks generally over
higher frequencies, above approximately 2,000 Hz
(see Figure 2); the peaks tend to shift upward before
unrounded vowels and to be somewhat stronger than
before rounded vowels. Apart from these minor
rounding dependencies, /b/ and /d/ bursts are
relatively unaffected by the following vowel. We may
note, however, that these bursts do not occupy in-
variant positions on the frequency scale in relation to
their following vowels; the apical burst is spectrally
continuous with F,/F; of the high front vowels, but
spectrally distinct from F, of the back rounded

vowels; for the labial burst these relations tend to be
reversed. The spectrum of the velar burst, on the
other hand, is generally narrower and of a relatively
high intensity, with its main peak close to F, of a
following front vowel and close to F, of a following
back vowel, reflecting the changes from the front
articulation of /gi/ to the articulation of /gu/. Thus,
while labial and apical bursts are largely invariant
on the frequency scale, but variable in relation to
following vowel, velar bursts are more or less in-
variant in relation to the following vowel but vari-
able on the frequency scale. [For a more compre-
hensive description of burst spectra in different
vocalic environments, see Zue (1976).] The possible
perceptual implications of these facts will become
clear when we report our results.

Formant-transition range and emergy. At least
three articulatory factors underlie variations in
formant-transition structure. First are variations in
the extent of transitions as a function of place of
articulation and following vowel. For bilabials,
transitions are longer (and so presumably more
effective cues) before unrounded than. before
rounded vowels. For apical stops, the distance be-
tween point of occlusion and vowel-target configura-
tion varies, so that we might expect both devoiced
and voiced transitions to be more effective cues to
/d/ before back vowels, where transitions are
relatively long, than before front vowels, where they
are relatively short. Similarly, for velars the deter-
mining factor is degree of similarity between the velar
tongue constriction and that of the following vowel;
in general, close vowels (such as /i/) will have rela-
tively little transition, and open vowels (such as /a/),
a more marked transition.

A second factor affecting formant-transition
structure is the onset of voicing relative to onset of
the release burst {i.e., VOT (Lisker & Abramson,
1964)]. An increase in the time taken for consonantal
release (i.e., in release burst duration) leads to an
increase in the time taken for development of a trans-
glottal pressure drop sufficient to initiate voicing,
and so to an increase in VOT. If VOT is increased,

transitions into the following vowel may be largely

complete at voicing onset, so that the duration of
devoiced transitions relative to voiced transitions is
increased. Since release burst duration (and so VOT)
typically increases from labial to apical to velar
points of articulation (Lisker & Abramson, 1964;
Table 1), we may reasonably predict correspond-
ing increases in the perceptual weight attached to
devoiced transitions.

Finally, speakers differ in vocal-tract shape and
dimensions, as well as in articulatory habits (see,
for example, Bell-Berti, 1975; Ladefoged, DeClerk,
Lindau, & Papcun, 1972), and even two phonetically
identical utterances of the same speaker are prob-



Table 1
welease Burst and “Aspiration™ Durations, and Voice Onset
imes* in Milliseconds, for /b,d,g/ Followed by Nine
Vowels for Two Speakers**

Speaker 1 Speaker 2
Release Aspira- Release Aspira-
«ilable  Burst tion VOT Burst tion VOT
v/ 4 5 9 6 4 10
nid/ S 1 6 9 9 15
vedf S 5 10 9 4 13
e/ 3 2 5 7 8 15
e/ S 2 7 9 4 13
I\‘ul/ 3 1 4 11 4 15
teooidf 3 6 9 6 6 12
wd/ 7 4 11 10 14 24
w4 5 9 10 13 23
Mean 4.3 3.4 1.7 8.6 7.3 16.0
dul/ 7 1 8 25 12 37
aulf 7 5 12 15 6 21
doib/ 6 7 13 12 13 25
dasd/ 8 6 14 13 8 21
A/ 6 6 12 10 5 15
Jad/ 5 6 11 7 8 15
A/ 5 7 12 8 7 15
G/ .6 6 12 5 10 15
Ay 7 7 14 10 15 25
Aeat 6.3 5.7 12.0 117 9.3 21.0
wrdf 7 12 19 25 10 35
o) 21 3 24 17 18 35
oo/ 7 11 18 22 14 36
canl/ 12 6 18 29 7 36
aad 14 9 23 18 i3 31
aandf 11 6 17 21 25 46
eatd] 13 7 20 20 15 35
awil/ 8 11 19 20 15 35
ot/ 12 11 23 20 21 41
\bean 11.7 8.4 20.1 21.3 15.3 36.7

“\ e onset time (VOT) is the sum of release burst, affrica-
. a1t aspiration durations,

<+ u, values for Speaker 1 are averages of two tokens of each
« e for Speaker 2, the values are for one token of each
o wile

oly never identical acoustically. If we add chance
Lawtions in relative effectiveness of bursts and
.w.avations, due to such factors as distance between
waher and listener (or between speaker and micro-
~wue), we must conclude that predictions of the
veptual weight attached to the several acoustic
~uos 10 place of articulation can be, at best, statis-
.al, and that the likelihood of any single cue being
e wole determinant of the percept in all contexts is
sareinely low,

. will be seen, the results of the following three
sywtnments support this conclusion. Experiment 1
sasesses the role of bursts and formant transitions in
.~¢ 1ecognition of natural speech by systematically
~onoving them from American English /b, d, g/
«~vhent before nine different vowels by a single
«~eahker. Experiment 2 replicates Experiment 1 with a
soterent speaker. These two experiments are thus
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concerned with whether the manipulated cues are
sufficient for recognition. Experiment 3, on the other
hand, is concerned with whether the release burst is
functionally invariant; it assesses the invariant cue
value of the release burst for the second speaker by
transposing it from each consonant-vowel-consonant

(CVC) syllable across all vowels for each class of
stop consonant.

EXPERIMENTS 1 AND 2

Method
Experiment 1

Nine CVC syllables were recorded by a male speaker in a
carrier phrase, ““The little CVC dog,”’ with stress on the CVC.
Two tokens of all combinations of initial /b,d,g/, followed by
/i,1,¢,28,8,2,5,u,37, with a constant syllable-final /d/, were record-
ed. In addition, phrases of the type **The little VC dog’ were
recorded, where V was again one of the nine vowels above and
C was again /d/. The phrases were digitized with an effective
frequency response of 160-7,000 Hz, by means of the Haskins
Laboratories pulse code modulation system (Cooper & Mattingly,
1969), and the test syllables were excised and edited. Two parallel
sets of 45 experimental signals were then constructed by the
following steps:

(1) Eachsyliable was left in its original form.

(2) From- each CVC, the burst was removed. A burst was
defined as an utterance initial, high-amplitude (relative to the
surrounding signal) component of the signal (see Figure 1). The
duration of the burst was determined for each syllable on a high-
resolution oscillogram; the values were quite consistent across the
two tokens of each syllable. Table 1 lists these durations averaged
across tokens. The mean burst duration for /b/ was 4.3 msec, for
/d/ 6.3 msec, and for /g/ 11.7 msec. :

(3) Each burst was attached to its corresponding VC syllable
(for example, the /bid/ burst was attached to /id/), leaving a
silent interval between the end of the burst and the first voiced
pulse of the vowel, equal in duration to the interval between burst
offset and voicing onset in the CVC from which the burst had
been removed.

(4) For each CVC, the entire signal up to the first well-defined
voicing pulse was removed. Thus, the burst and devoiced formants
(i.e., noise excited resonances) were removed (see Figure 1),
and the duration of this segment was measured on an oscillogram
of each utterance. Table 1 lists the two-token averages of the
devoiced formants (‘‘aspiration’"), as well as of the entire segment
from burst onset to voice onset (VOT) for each syllable. Mean
VOT for /b/ was 7.7 msec, for /d/ 12.0 msec, for /g/ 20.1 msec.

(5) Each burst-plus-devoiced-formants was then attached to its
corresponding VC syllable. )

This procedure permitted us to present five different combina-
tions of the cues to place of articulation (burst, devoiced transi-
tion, voiced transition) for each syllable: (a) all three together in
the original syllable; (b) burst plus vowel; (c) burst and devoiced
transitions plus vowel; (d) voiced transitions plus vowel; (e) de-
voiced and voiced transitions plus vowel.

Three recordings of each of the 45 signals in each set were
generated and randomized into two paraliel test sequences of
135 items each. One test was administered to 14 Lehman College
undergraduates. The stimuli were played at a comfortable level in
a sound-attenuated room, on a Revox 1122 tape recorder, over an
audiometric loudspeaker. The other test was administered to nine
students and faculty volunteers from Yale University: the stimuli
were played at a comfortable level in a sound-attenuated room on
an Ampex AG 400 tape recorder over an AR4X loudspeaker
at Haskins Laboratories.
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The listeners were instructed to write the identity of the initial
sound of each syllable. The response categories listed on the
answer sheets were /b,d,g,p,t.k,?,8/. The ? response was for
use when the listener thought that the syllable began with a con-
sonant, but could not decide which one. The @ response was for
use when the listener thought that the syllable began with a vowel.?
Twenty tokens of the stimuli were played to familiarize the
listeners with the task. The listeners were then presented with one
of the 135-item test sequences.

Experiment 2

Exactly the same procedures of stimulus and test construction
as those described above were followed for a second speaker,
except that he provided only one token of each syllable and there-
fore only one test. The sentences were read at a very deliberate
rate with stress on the initial consonant of the CVC. Table 1 lists
the durations in milliseconds of burst, ‘‘aspiration,” and VOT for
each syllable. The durations are very much longer than (almost
double) those of Speaker 1. However, the pattern of increase in

burst and VOT durations, from labial to apical to velar stops, is »

similar to that of Speaker .

Eleven Lehman College undergraduates took the test under
conditions identical to those of the Lehman College students in
Experiment 1.

Results
Experiment 1 (Speaker 1)

The two groups of subjects gave very similar
results on the two parallel tests. We have therefore
combined their data. Figure 3 displays percentage
correct identification of initial consonantal place of
articulation as a function of vowel nucleus for the
~ five sets of cue combinations (all cues, burst plus

vowel, burst and voiceless transition plus vowel,
voiced transition plus vowel, voiced and voiceless
transition plus vowel) and the three classes of con-
sonant (labial, apical, velar). Responses were scored
for place of articulation only, and voicing errors were
disregarded. Each data point is based on 69 responses
(23 subjects X 3 repetitions). The vowels have been
ordered along the horizontal axis to trace a rough
path around the rim of the English vowel loop from
/i/ through /a/ to /u/, with /3V appended. The
points have been connected by straight lines to facili-
tate reading of the graphs.

Labial. All the original syllables, except /bud/
(85%), were correctly identified more than 90% of
the time. The burst was relatively ineffective as a cue
and. performance hovered around chance (20%)
before all vowels, except /u/ (81%) and /3/ (51%).°
The voiced transition, on the other hand, served
almost as well as the full syllable and performance
hovered around 90% before all vowels, except /2/
(84%), /u/ (63%), and /3% (61%), the last two
vowels being precisely those for which burst per-
formance was at its best. The addition of the de-
voiced transition, whether to burst or voiced transi-
tion, tended to increase performance by a few per-
centage points, but this cue clearly carried little per-
ceptual weight.

Apical. All the original syllables, except /did/

EXPERIMENT 1

100
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Transition «Vowel
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Figure 3. Percent correct recognition of place of articulation
for Speaker 1 as a function of following vowel. The five differ-
ent combinations of cues to place of articulation are
parameters of the curves.

(87%), /de/ (74%), and /daed/ (81%) were correct-
ly identified more than 90% of the time. The burst
was a moderately effective cue before the front
vowels, /i/ (57%) and /1/ (65%), but otherwise
carried little weight, and was only marginally aided
by addition of the devoiced transition. The full
transition (devoiced and voiced portions), on the
other hand, was a moderately effective cue (60% or
higher) before the back and central vowels, but a
weak cue before the front vowels. There seems to be
a reciprocal relation between burst and transitions;
if the weight of one is high, the weight of the other is
low. Wherever the full transition carried any marked
weight, removal of its devoiced portion led to an
appreciable drop in performance particularly before
/u/ and /3/. In general, neither burst nor transition
alone maintained performance at the level of the
original syllables.

Velar. All the original syllables except /gid/
(56%), /g1d/ (70%), /ged/ (61%), and /gaed/ (88%)



were correctly identified more than 90% of the
time. The burst elicited moderate performances
only before /1/ (41%) and /3/ (69%), and was
appreciably aided by addition of the devoiced
transition only before /u/. For the full transitions,
performance was moderate before /¢/ (48%), /a/
(41%), /u/ (75%), and /3/ (73%), but weak else-
where. Just as for /d/, removal of the devoiced
portion of the transition had a marked effect be-
fore /u/ and /3. There is again some evidence of a
reciprocal relation between burst and transition.
Even more obviously than for /d/, no subset of the
cues held performance at the level of the original
syllables.

Experiment 2 (Speaker 2)

Figure 4 displays the results for tokens from the
second speaker in the same format as Figure 3. For
/b/ and /d/, the pattern of results is similar to that
of Experiment 1, apart from a general increase in
level of performance; for /g/ the perceptual weight
of the burst is clearly greater than it was for Speak-
er 1. It will'be recalled that the duration of the bursts
and aspiration segments of Speaker 2’s utterances
was very much greater than (nearly double) that of
the corresponding segments of Speaker 1 (see
Table 1).

Labial. All the original syllables, except /bud/
(85%), were correctly identified more than 90%
of the time. The burst was moderately effective as
a cue before all vowels, especially the central to back
vowels, /9/°(79%), /u/ (79%), and /3/ (85%), and
was as effective as the full syllable for /¢/ (97%). The
full transition served almost as well as the full syl-
lable for all vowels except /a/ (75%), /u/ (36%),
and /3 (42%), the last two again being the vowels
for which burst performance was at its best. The
perceptual effect of adding the devoiced transition,
whether to burst or voiced transition, was generally
small, and not reliable.

Apical. All the original syllables were correctly
identified more than 90% of the time. The burst was
a strong cue before /1/ (100%) and /37 (91%),
moderate before /i/ (72%) and /¢/ (79%), but other-
wise carried little weight. Addition of the devoiced
transition to the burst had no systematic effect. The
full transition was almost as effective as the full
syllable for central and back vowels, but was a weak
cue before the front vowels. Removal of the devoiced
portion of the transition tended to lower per-
formance, especially before /u/. Performances on
bursts and. transitions were reciprocally related be-
fore all vowels except // and /3.

Velar. All the original syllables, except /gid/
(64%), were correctly identified more than 90% of
the time. The burst was a moderately effective cue
before /1/ (73%), /¢/, and /a/ (55%), almost as
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Figure 4. Percent correct recognition of place of articulation
for Speaker 2 as a function of following vowel. The five differ-
ent combinations of cues to place of articulation are parameters
of the curves.

effective as the full syllable before //, lal, /),
/u/, and /3/. Addition of the devoiced transition
had no systematic effect. The full transition was a
moderately effective cue before /1/ (64%) and /e/
(46%), a strong cue before /a/ (91%), but otherwise
carried little or no perceptual weight. Removal of its
devoiced portion tended to reduce performance,
particularly before /1/ and /a/. Burst and transition
again tend to be reciprocally related, particularly
before central and back vowels, except /a/.

Discussion

Experiments 1 and 2

The perceptual weight carried by release bursts and
formant transitions as cues to place of articulation,
varied with consonant, vowel, and speaker. No single
cue, or pair of cues, was sufficient for recognition in
all contexts. If we take into account variation in
acoustic structure, such as those outlined in the intro-
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duction, we can make sense of many, though not all,
of the results.

Labial. As expected, labial bursts were relatively
weak cues. For Speaker 2, they were longer in dura-
tion and considerably more effective than for
Speaker 1. Nonetheless, the patterns of performance
are quite similar for the two speakers; apart from an
anomalous point at /¢/ for Speaker 2, labial bursts
tended to be most effective before rounded vowels.
Whether this is due to variations in burst energy or
to variations in burst frequency position in rela-
tion to the following vowel will become clearer when
we have reported the results of Experiment 3. Here
we note simply that the rank order correlation be-
tween burst duration and percent recognition was not
significant for either speaker.

Formant transitions, on- the other hand, were al-
most as effective for both speakers as the full
complement of cues, before all nine vowels, except
/u/ and /3. The two exceptions are before rounded
vowels for which lip constriction necessarily reduces
the rise in formant frequency (i.e., the extent of
formant transitions) associated with mouth opening.

Apical. As expected, apical bursts tended to be
longest and most effective for both speakers before
front vowels. They were weak before all other vowels
(/3 is an exception for Speaker 2), and seem to have
become systematically weaker as rounding (and so
front-cavity length) increased, reducing burst energy

(see Table 1). However, burst frequency may also.

be relevant, and we again defer discussion, noting
only the lack of significant correlation between burst
duration and performance.

For both speakers (particularly Speaker 2),
formant transitions .were strong cues before central
and back vowels /a,a,o,u,3/, where apical transi-
tions are extensive, but weak cues before the front
vowels, where transitions are relatively short.
Furthermore, as might be predicted from the longer
apical than labial VOTs (see Table 1), addition of the
devoiced to the voiced transition segments tended to
improve recognition of /d/ more than of /b/. How-
ever, within the apical series, VOT does not signifi-
cantly predict the performance gains from addition
of the voiceless transitions (the rank order correla-
tion between VOT and performance was not
significant). »

Velar. Speaker differences are most marked for
the velar series. The predicted tendency for the burst
to be more effective before back, rounded than be-
fore front, unrounded vowels was borne out for
Speaker 2, despite his somewhat longer front than
back vowel bursts. However, for Speaker 1, the burst
was simply a very weak cue before all vowels, except
/3/. Again, we note the lack of significant correla-
tion between burst duration and performance, and
defer comment on these results.
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As expected, the relatively short velar transitions
were far less effective cues than were labial and apical
transitions for both speakers. At the same time,
longer VOTs did tend to increase the effectiveness of
devoiced transitions. For Speaker 1, the largest per-
formance gains from the addition of devoiced to
voiced transitions were for /i/, /¢/, /u/, and /3,
the vowels before which aspiration durations were
longest; similarly, for Speaker 2 the largest gains
were for /i/ and /a/ (see Table 1). However, the
rank order correlation between performance and
voice onset time was not significant.

Broadly, our results agree with those of Fischer-
Jargensen (Note 2) for Danish initial-voiced stops
in these respects: (1) the burst was a relatively
effective cue for /b/ before /u/, but not before /a/;
(2) the burst was a relatively effective cue for /d/
before /i/, but not before /a/ or /u/; and (3) the
burst was a relatively effective cue for /g/ before
/i/ and /u/ (Speaker 2 only), but not before /a/
(Speaker 1 only). Our results disagree with those of
Fischer-Jdrgensen insofar as: (1) the burst was a
relatively ineffective cue for /b/ before /i/; (2) the
burst was a. relatively ineffective cue for /g/ before
/u/ (Speaker | only); and (3) the burst was a relative-
ly effective cue for /g/ before /a/ (Speaker 2 only).

Our results do not support the implication of Cole
and.Scott (1974a) that release bursts alone are suf-
ficient cues to .the place of articulation of initial-
voiced stop consonants. Nor, contrary to our own
expectation, did the ‘addition of devoiced transi-
tions to the bursts reliably improve recognition. If
we adopt as an arbitrary (and modest) criterion of
significant perceptual weight that recognition per-
formance for release-bursts-plus-vowels should
drop by no more than 25% below performance for
the original syllable, we see that this level was
reached for Speaker 1 on only one syllable out of 27
(/bud/), for Speaker 2 on only 13 syllables out of
27 (/bed, bod, bud, b3d, did, did, d3¥d, gid, gad,
god, gud, g3d/). The role of consonant-vowel (CV)
coarticulation in determining burst effectiveness,
implicitly denied by Cole and Scott (1974a), is
suggested by the preponderance among Speaker 2’s
13 syllables, of central-back, rounded vowel syllables
for /b/ and /g/, of front unrounded vowel syllables
for /d/.

EXPERIMENT 3

The purpose of this experiment was to test the
hypothesis that the initial release burst of /bVd, dvd,
gVd/ syllables may be a functionally invariant cue to
consonantal place of articulation across a representa-
tive set of syllable-nucleus types. The method was to
transpose the release burst from each CVC syllable
in a series (labial, apical, velar) across all types of



VC syllables in that series, For a fair test of the
hypothesis, we needed tokens from a speaker whose
release bursts were known to be at least moderately
effective cues in their original syllables. We therefore
used the 27 CVC (and 9 VC syllables) recorded by
Speaker 2 for Experiment 2.

Method

The experimental signals were constructed in exactly the same
way as the burst-plus-vowel signals of Experiments 1 and 2. The
burst was removed from all 27 CVC syllables (for durations see
Table 1). Each burst was then attached to all nine vowel-/d/
syllables (where the vowels were again /i,1,¢,2,A,3,9,u,3/),
leaving a silent interval between burst offset and vowel onset,
equal in duration to the devoiced interval for the CVC token being
simulated. The result was a set of 81 syllables in each series (labial,
apical, velar)—a total of 243.

Three repetitions of each syllable were recorded and randomized
into a single test of 729 items. The test was administered to eight
Lehman College undergraduates under conditions and instruc-
tions identical with those used for the Lehman College students of
Experiments 1 and 2.

Results
Figure § displays percentage correct identification
of initial consonantal place of articulation as a func-
tion of following vowel for the nine bursts in each
series. Responses were scored for place of articula-
tion only, and voicing errors were disregarded. To
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facilitate reading, the results for bursts drawn from
syllables containing the four front vowels (/i,1,e,&/)
have been grouped in the upper three graphs; the
results for bursts drawn from syllables containing
the five central and back vowels (/a,a,o,u,3/) have
been grouped in the middle three graphs. The follow-
ing vowels have been ordered along the horizontal
axes to trace a path around the rim of the English
vowel loop from /i/ through /a/ to /u/, with /3/
appended, and points have been connected by
straight lines to facilitate reading. For untransposed
bursts (i.e., bursts placed before the same vowel as
that of the syllable from which they were originally
drawn) the data point is circled. ,

Before considering the three series separately,
several general points can be made. First, the highest
performance for a given vowel is often not elicited
by the burst taken from the original syllable con-
taining that vowel. For example, the burst drawn
from the syllable /bad/ elicited a lower performance
when attached to /ad/ (the circled point over /a/ in
the middle labial graph of Figure 5) than did the
bursts drawn from any of the other eight /bVd/
syllables. Similar, if less severe, discrepancies appear
for many other syllables.

Second, the highest recognition performance

EXPERIMENT II
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Figure 5. Percent correct recognition of place articulation in burst plus /Vd/ syllable_s. In t.he top two rows of figures, each
point represents the recognition of syllables composed of a burst taken from one vocalic environment and transposed to each
of the other vocalic environments (with the exception of the circled points for the nine untransposed b.ursts). In .th.e bottom
row, average correct recognition scores for syllables in which the bursts were transposed are corglpared with recognition scores
for syllables in which the bursts were attached to the same vowel as that of the syllable from which they were originally taken.
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elicited by a particular burst is not always for a
syllable containing the same vowel as the syllable
from which the burst was drawn. This is most strik-
ing in the apical series for which the highest per-
formances elicited by all nine bursts are before /id/
and /1d/. Similarly, in the labial series, bursts drawn

" from all nine syllables, including the front vowel set,
elicit their highest performances when attached to
back vowel syllables; and in the velar series, bursts
from the four central and back vowel syllables,
/gad, gad, gud, g¥d/, elicit roughly interchangeable
performances within their own set.

Both these results suggest a measure of com-
mutability among the bursts of each series. This
commutability becomes even more obvious as soon
as we notice a third feature of the data, closely re-
lated to the first two: the overall form of the per-
formance curves across the vowels is remarkably
similar for all bursts within a series, whatever the
syllables from which they were drawn, The degree of
concordance among the nine curves of each series is
a measure of burst commutability or functional in-
variance. Furthermore, a rather good description of
the general curve for each series is provided by simply
plotting for each vowel the percentage of correct
identification of its ‘‘untransposed’’ burst (circled
points). These curves are displayed in the lower three

graphs of Figure 5, together with a plot of the mean.

percentage correct for the transposed bursts. The
rank order correlation between these curves, that
is, between performances elicited by transposed and
untransposed bursts, is then a second measure of
burst commutability or functional invariance.

Labial

All nine labial curves are roughly parallel: bursts
from almost every syllable elicit their highest per-
formance before the central-back rounded vowels,
/a,7,u,3/, a moderate performance before /¢/ (be-
fore /a/ for the /bud/ and /b3d/ bursts), and rela-
tively weak performances before /i,l,&,n/ (except
the peak for the /bid/ burst before /i/). Kendall’s
coefficient of concordance (W) among the nine
curves is .79 (p < .0001). This significant similarity
in pattern of burst effectiveness (or sufficiency)
demonstrates that the nine bursts.are, to a large
degree, functionally invariant. However, Spearman’s
rho between untransposed and mean transposed
curves of the bottom labial graph falls short of signi-
ficance with a value of .53. This failure is clearly
due to the peaks for the untransposed /bid/ and
/bed/ bursts and suggests that release bursts effective
in signaling labiality before /i,e/ may be context-
dependent.

Apical _
All nine apical curves are roughly parallel; bursts
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from every syllable elicit their highest performances
before /1/ and /i/ and, apart from fair performances
for the /d1d/ and /d3'd/ bursts before /¢/ and for the
/d3'd/ burst before the back vowels and /3, rela-
tively weak performances elsewhere. Kendall’s W
among the nine curves is .72 (p < .0001). Spearman’s
rho between the untransposed and the mean trans-
posed curves of the bottom graph (Figure 5) is .60
(p = .05), clearly pulled down by the peak for the
untransposed /d3'd/ burst. The apical bursts like the
labial bursts are to a large degree functionally in-
variant,

Velar

The curves for the velar bursts fall into two distinct
groups—front and central-back vowels. The front
vowel bursts elicit moderate performances before
/i,l,e/ and, apart from a small peak for the /bed/
burst before /a/, weak performances elsewhere. The
central-back vowel bursts elicit their highest per-
formances before /a,>,u,3/, weak performances
elsewhere, though with a tendency for slightly
stronger performances before /i,1/. There is thus a
small asymmetry: While front vowel bursts do not
concord with back vowel bursts before back vowels, .
back vowel bursts tend to concord with front vowel
bursts before front vowels. As a result, Kendall’s
W among the nine curves, though significant (p <
.001), is low (.37). However, if we separate the two
groups and compute Kendall’s W within them, we
find for the front vowels, .69 (p < .05), and for the
central-back vowels, .66 (p = .01). The increased
coefficients justify separating the bursts into two
groups. Accordingly, the average transposed burst
curve of the bottom graph (Figure 5) was computed
for front vowels and for central-back vowels
separately. The result is an excellent fit between
transposed and untransposed curves, for which
Spearman’s rho is .88 (p < .01). There is therefore a
large degree of functional invariance among the velar
front vowel bursts and among the velar central-
back vowel bursts.

. Discussion

While the release bursts of initial, labial, apical,
and velar stops display a high degree of functional
invariance, they do not display a corollary degree of
sufficiency. In all three experiments, the release burst
was seldom sufficient to maintain performance at
the level elicited by the original syllable. Vowel-
dependent variations in performance are therefore
less aptly characterized as variations in ‘‘sufficiency’’
or ‘“‘cue adequacy,” than as variations in the degree
to which the burst may be assumed to contribute to
the cue complex in natural speech (cf, Stevens, 1975).

In Experiment 3, identification of the original
syllables was almost perfect except for /gid/, which



the listeners identified with 87% accuracy. If we
again adopt as an arbitrary criterion of significant
perceptual weight that performance on the untrans-
posed burst-plus-vowel should drop by no more than
25% below performance on the original syllables,
we arrive at the following set of 14 out of 27 syllables
for which the release burst carried weight in judg-
ments of place of articulation in either or both of

Experiments 2 and 3: /bid, bed, bod, bud, b3\d, did, -

did, ded, d3'd, gid, gad, god, gud, g3d/.

These results bring us into closer agreement with
both Cole and Scott (1974a), and Fischer-Jdrgensen
(Note 2), since the untransposed burst carried signifi-
cant weight for /b/ before /i/ in Experiment 3. The
results also agree very well with those of Liberman
et al. (1952). These authors used the relatively crude
Pattern Playback Il synthesizer to construct
schematic stop bursts before seven two-formant
monotone vowels, /i,e,s,a,3,0,u/. Identifications
reached 75% or higher for /p/ before /i,e,e,2,0,u/,
for /t/ before /i,e,e/, and for /k/ before /a,>,0,u/.
Considering only the vowels common to both experi-
ments, these results agree with our own in finding
bursts to carry weight as labial cues before /i,e,o,u/,
as apical cues before /i,e/, and as velar cues before
/a,5,u/. The only discrepancy between the two sets
of results is in our finding that a release burst carried
weight as a velar cue before /i/. This remarkable
agreement between the present natural speech study
and an .experiment carried out with primitive
synthetic speech 25 years ago, 'suggests that the
systematic variations in burst effectiveness common
to both experiments reflect a robust perceptual
process.

The most obvious source of these variations might
seem to lie in release burst energy. Unfortunately,
we were not able to make reliable intensity measure-
ments of the release bursts in the present study. How-
ever, a scan of the syllables for which release bursts
proved adequate and of their durations in Table 1
will reveal no obvious correlation, and, as reported
above, Spearman’s rho between burst duration and
performance was not significant for any series.
Furthermore, since all schematic bursts synthesized
by Liberman et al. (1952) were of equal energy, this
factor cannot account for their results. Thus, while
variations in burst energy may well account for vari-
ations in the overall performances elicited by partic-
ular bursts or in the recognition of different tokens
of a particular stop-vowel syllable (and so for the
different levels of performance elicited by the bursts
of Speakers 1 and 2), they cannot account for
systematic variations in burst effectiveness across
vowels. .

The case is no better when we turn to the absolute
spectral properties of release bursts. For example, as
remarked in the introduction, spectral sections taken
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through the apical release burst show a broad high-
intensity curve, with its greatest weight over fre-
quencies above about 2,000 Hz, largely independent
of the following vowel (see Figure 2). We can hardly,
therefore, appeal to the absolute spectral properties
of the apical burst to explain the fact that the burst
carries appreciable weight before high front vowels
such as /i,I,/, but essentially no weight before
central-back vowels suchas /a,a,o,u/.

In fact, the key to the problem may be provided
by the work of Kuhn (1975). First, he draws on the
acoustic theory of speech production, according to
which the resonance of the cavity in front of the
point of maximum tongue constriction—that is,
‘““the front cavity resonance”—may be associated
with any of the first four formants (Fant, 1960,
P. 72). He then shows that ‘‘the front cavity seems to
be associated with what is perhaps the most intense
group of formants: with the F, group for /i,1,¢,2/ ,
and with the F, group for /a.a,u,u/” (Kuhn, 1975;
p. 430). Next, he demonstrates that a front cavity
frequency estimate can be most readily made for the
more constricted vowels and for highly constricted
consonants, and that for stop consonants the
estimate may be derived from the spectral structure
of bursts and transitions. Since the front cavity
resonance is a function of front cavity length, and
since front cavity length is a function of the place
of articulation, an estimate of the resonance is tanta-
mount to an estimate of place of articulation. To
these facts we may add a variety of evidence from
synthetic speech experiments (e.g., Liberman et al.,
1952) to suggest that place of articulation is most
readily conveyed to stop consonant bursts when their
spectral weight lies close to the front cavity resonance
of the following vowel. Proximity on the frequency
scale may facilitate perceptual integration of the
burst with the vowel, so that the listener can track
the changing front cavity shape characteristic of a
particular place of articulation followed by a
particular vowel. As will be seen in the following
discussion, this hypothesis can account for many of
the variations in burst effectiveness observed in
Experiments 2 and 3.

Labial

The low-frequency labial bursts carried significant
weight (by the criterion defined above) before
/2,u,3/ in both experiments, and close to significant
weight before /a/in Experiment 2 and before /a/
in Experiment 3. For all these vowels the front cavity
is strongly associated with the second formant, and
the frequency of that formant lies in the region over
which the greatest weight of labial burst energy is
distributed. The variability in response for /a,a/
may be due to weaker front cavity-to-formant affilia-
tion in less constricted vowels, and the consequent
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difficulty for the listener in continuous tracking of
the changing front cavity resonance in the absence of
a formant transition.

The two other vowels before which labial bursts
carried significant weight were /i,e/, for which the
front cavity is strongly associated with the third
formant. However, the untransposed bursts were
notably more effective than the transposed and, as
remarked above, this suggests a degree of context
dependency. The rapid and relatively extensive lip
opening before unrounded vowels and the con-
sequent rapid rise in resonant frequencies may
extend the burst frequency range sufficiently high
for it to be integrated with F, of the following vowel.
The ineffectiveness of the burst before /ze/ may
again be due to weaker front cavity-to-formant
affiliation in a less constricted vowel, and the result-
ing difficulty for the listener. However, the in-
‘effectiveness of the burst before /1/ is unexplained.

Apical

Apical bursts carried significant weight before /1/
in both experiments and before /i,e,3/ in Experi-
ment 2, although performance was very weak for
most bursts before /¢,3/ in Experiment 3. On the
assumption that the high-frequency apical burst can
be integrated perceptually with the front cavity
resonance of F, for the high front vowels /1,17, but
less readily, if at all, with the less determinate front
cavity resonance of the more open vowels /e e/, or
with the low-frequency front cavity resonance of
F, for the central-back vowels /a,a,2,u/, these results
are very much what we would expect. Nonetheless,
there are oddities. For example, it is not clear why
the /did/ burst (duration 15 msec) should have been
more effective before /i/ than was the untransposed
burst from /did/ (duration 25 msec) in Experiment 3.
Nor is it clear, given the moderate duration of the
/d3d/ burst (10 msec), why it should have been a
strong cue (91%) before the low front cavity
resonance of F, for /3/ in Experiment 2 and a
moderately strong cue before /a,>,3/ in Experi-
ment 3, '

Velar

Velar bursts carried significant weight before
/1,3,0,u,37 in both experiments. It will be recalled
that the spectral weight of velar bursts tend to lie
close to the F, frequency of the following vowel.
Perceptual integration of the burst with the front
cavity resonance of F, for the front vowels should
therefore be easiest when F, and F, lie close together,
as in /i/, precisely as observed. For the central-back
vowels /a,o,u,3Y, variation in F, frequency, and so
of velar burst frequency, is small. We might there-
fore expect that velar bursts from all four vowels
would be readily commutable and accessible to per-
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ceptual integration with the front cavity resonance
of F,. Again, this is precisely what was observed.
The systematic decline in performance as F, (and so
velar burst frequency) decreased from v/ to Jae/
(see Figures 4 and 5) suggests that the ineffective-
ness of velar bursts before / L,e,&/ may be due to the
increasing separation of burst and front cavity
resonance (F;) on the frequency scale. The in.
adequacy of the burst before /a/ may arise from the
relatively weak front cavity-to-formant affiliation
for this vowel. . :
In short, despite several unexplained oddities in
the data, the perceptual integration hypothesis
provides a remarkably close account of the vari-
ations in burst effectiveness in Experiments 2 and 3.
At the same time, this account affords insight into
the grounds of functional invariance among stop
release bursts. Bursts are invariant insofar as they
bear the same relation to any particular following
vowel. The relation is that of spectral continuity or
discontinuity with the main (or front cavity) resonance
of the following vowel. If there is continuity (as in
an apical burst followed by /1/, for example), the
relation contributes significantly to recognition of
consonantal place of articulation; if there is dis-
continuity (as in an apical burst followed by /a/,
for example), the relation does not contribute signifi-
cantly to recognition. The invariance is therefore not
a simple first-order invariance based on the absolute
frequency and/or amplitude of the bursts. Rather, it
is a higher order relational invariance based on
spectral relations between burst and following vowel.
The general conclusion that the contribution of the
burst to the cues for place of articulation depends on
the following vowel is not new. Liberman et al.
(1952) remarked of their schematic /p/ and /k/
bursts before schematic vowels that: “‘the irreducible
acoustic stimulus is the sound pattern corresponding
to the consonant-vowel syllable’ (p. 516). While
neither Fant (1959, Note 1) nor Stevens (1975) be-
lieves that the perceptual process always requires
reference to the vowel, both describe the burst in
natural speech as dependent on context for its effect.
Stevens (1975) deliberately eschews a description in
terms of release bursts and individual formants, since
this would imply that these components have in-
dependent roles in the cue complex. He emphasizes,
rather, ‘‘the overall acoustic spectrum immediately
following the release”” (p. 311). However, regarding
the contribution of the burst to this spectrum he
writes: ‘‘We shall assume that this can be considered
as the initiation of the rapid spectrum change at the
consonant release, if there is spectral energy in the
burst in the vicinity of the major spectral peak for
the vowel ... . Thus the initial burst of energy in
syllables beginning with /g/, and the burst for
syllables with front vowel preceded by /d/ would be



considered as part of the rapid spectrum change,
since major energy concentrations in these bursts
occur in frequency regions where the vowel formant
transitions are providing cues for place of articula-
tion of the consonant. The d-burst in a syllable with
a back vowel, on the other hand, would not be con-
sidered as an integral part of the rapid spectrum
change ... . The burst at the onset of the consonant
/b/ is relatively weak, and may not play a significant
role in shaping the rapid spectrum change.’’
(Stevens, 1975, pp. 312-313). .

The present study suggests that, at least for .some
speakers and listeners, the contribution of the /g/
burst may not be as strong for open vowels as for
closed vowels, and that the contribution of the /b/
burst may not always be insignificant. It is precisely
to an understanding of such detailed variations that
Kuhn (1975) has added by identifying both the burst
and ‘‘the major spectral peak for the vowel’”’ with
the front cavity resonance. In short, Stevens’ general
description of the conditions under which the burst
contributes to the spectral changes following release
is consistent both with Kuhn’s (1975) front cavity
analysis and with our own results.

GENERAL DISCUSSION

An important feature of the results of Experi-
ments 1 and 2 was the tendency toward reciprocal
performances on bursts and transition; where the
perceptual weight of one increased, the weight of the
other declined. These reciprocal relations follow
systematically from the acoustic structure of the
syllable. Where transitions are brief (for /b/ before
rounded vowels, for /d/ before high front vowels,
for /g/ before close vowels), the burst lies near the
major spectral peak of the following vowel and con-
tributes significantly to the perceptual outcome;
where transitions are extensive (for /b/ before
middle, unrounded vowels, for /d/ before central-
back vowels), the burst is distinct from the major
spectral peak of the following vowel, and contributes
little. If we combine this observation with the con-
clusion of Experiment 3, we are led to recognize that
bursts and transitions are acoustically and function-
ally (that is, perceptually) equivalent: both provide a
spectrally continuous change from the consonantal
release into the following vowel by which the listener
can estimate place of articulation. To say that they
are equivalent is not, of course, to say that they are
alternative. In natural speech, as we have already
emphasized, it must be rare that a listener relies on
burst alone or on transition alone, and in Experi-
ments 1 and 2, a single cue was not often sufficient
to hold recognition at the level of the original
syllable. Bursts and transitions are equivalent and
complementary.
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Once again, this observation is not new. Over 20
years ago, Cooper, Delattre, Liberman, Borst, &
Gerstman (1952) remarked that “‘bursts and transi- .
tions complement each other in the sense that when
one cue is weak, the other is usually strong”’ (p. 603).
In a similar vein, Fischer-Jdrgensen (1954) comment-
ed on synthetic speech studies; ‘‘The listener does not
compare explosion with explosion and transition
with transition, but compares artificial syllables
comprising either explosion or transition with natural
syllables that always contain both’’ (p. 56). Finally,
Fant (1959; 1960; p. 217) has repeated emphasized
that the qualitatively distinct acoustic segments dur-
ing the first 10-30 msec after release are probably not
auditorily discriminable and “‘should be regarded as
a single stimulus rather than as a set of independent
cues’’ (Fant, Note 1, p. 21). And, as we saw above,
the acoustic and functional inseparability of burst
and transition is explicit in ‘‘the rapid spectrum
changes’’ following release that Stevens (1975,
p. 311) describes. In short, bursts and transitions are
functionally identical.

In conclusion, the results of the present study, and,
in- particular, the functional equivalence of release
bursts and transitions, suggest that the perceptual
process may entail continuous tracking of vocal tract
resonances. The importance of transitional informa-
tion for the recognition not only of stop consonants
in many contexts, but also of /w,r,l,y/, nasal con-
sonants, fricatives, and perhdps even vowels
(Lindblom & Studdert-Kennedy, 1967: Shankweiler,
Strange‘, & Verbrggge, 1977) is attested by an
extensive literature (for reviews, see' Darwin, 1976;
Liberman et al., 1967; Stevens & House, 1972;
Studdert-Kennedy, 1974, 1976). We do not doubt
that the acoustic invariants for these phonetic seg-
ments may eventually be specified, but we see little
ground for expecting them to be specified without
reference to context.
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NOTES

1. Voiceless transitions have been given due weight in studies -
of voiceless stops (Liberman, Delattre, & Cooper, 1958) and
fricatives (Harris, 1958).

2. A relatively open response set provides a sensitive measure
of how “‘stoplike’ a signal sounds. In a situation where only
/b,d,g/ are permitted as iesponses, the identifiability of the
signals may be overestimated. For example, a signal composed
of labial burst and a steady-state vowel, such as /1/, sounds
like a click followed by /1/. However, if only /b,d,g/ are per-
mitted as responses, then a subject may well feel that, since the
click does not sound like a high-frequency alveolar burst and is
not affricated like a velar burst, (s)he should respond /b/. A
correct /b/ response would then be made to a signal that does not
sound like /b/.

3. The general level of identification of the burst-plus-vowel
syllables in Experiment 1 was lower than in either Experiment 2
or Fischer-Jdrgensen (Note 2). We have no systematic explanation
for the differences between our own experiments, since both
speakers spoke their syllables in the same sentence frame at a
conversational rate of speech. and were recorded under identical
conditions. However, in general, we should expect that when
trained speakers record isolated words or syllables in citation
form, as did Fischer-Jdrgensen (Note 2), the level of identification
for burst-plus-vowel syllables constructed from those recordings
will be high. On the other hand, in a more nearly normal situa-
tion, where an untrained informant produces a word or syllable
in sentence context at a conversational rate of speech, as did our
speakers, we should expect bursts to be less prominent and there-
fore less effective cues. Thus, the level of identification of burst-
plus-vowel syllables will vary from experiment to experiment
depending on the speaker, the manner in which the syllables were
produced and, as noted in Footnote 2, the nature of the response
set. Nevertheless, we would expect the pattern of burst effective-
ness across vowel contexts to be similar for different speakers
and experiments.
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