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Most investigations into the perceptual relevance of vowel duration have employed
patterns of synthetic speech in which only the steady:state portions of syllables have been
used as the variable. The experiments reported here were designed to discover if CV transi-
tions are also included by the listener in determining the effective duration of the “vowel”
More specifically, they measured the contribution of syllable-initial formant transitions to
that “vowel” duration on which the voicing of a stop in syllable-final position can be made
to depend. It is clear from the results that the syllable-initial transitions do contribute to
that duration; indeed, they appear to contribute to the same degree as an equal duration
of steady-state. Apparently, the effective duration of a vowel extends over all parts of the
acoustic signal that may be said to have been influenced by it, including especially the
transitions that reflect the consequences of the coarticulation of vowel and consonant.

INTRODUCTION

There is, in general, no acoustic criterion that will directly divide the stream of speech
into segments corresponding in size to consonants and vowels. That is so because the
- processes of articulation, and especially of coarticulation, cause the phonetic information
to be overlapped as it is encoded in the acoustic signal. As a consequence, the segments of
the signal, however defined, cannot be matched straightforwardly to the segments of
the phonetic message. Thus, a segment of sound will usually convey information simul-
taneously about several segments of the message, as, for example, when consonant and
vowel are both encoded in the formant transitions (Lisker, 1957, 1974). Conversely, a
segment of the message will often be spread through several segments of the signal, as,

* This research was supported by a Grant [HD01994] from the National Institute of
Child Health and Human Development to Haskins Laboratories. We wish to thank Suzi
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for example, when the closing and opening gestures appropriate for the stop consonant
in a syllable like /spa/ have perceptible effects on all three of the segments into which
the sound can be most clearly divided — namely, the band-limited noise associated with
the fricative, the period of silence following the noise, and the (formant) structure of
the periodic sound following the silence. '

From both practical and theoretical points of view, the mismatch between phonetic
and acoustic segments is of considerable importance. As a practical matter, it accounts,
on the one hand, for our inability to synthesize speech by concatenating pre-recorded
phones; on the other, it has presented a formidable obstacle to those who try to make
automatic speech recognition a reality. As for theory, it raises the obvious, and obviously
thomy, questions associated with the fact that human perceivers can normally cope with
the mismatch and recover segments of the message.

A further consequence of the mismatch in segmentation ought to be seen wherever
duration is a cue for the perception of segmental structure. Consider, then, the role of
duration in the contrast between voiced and voiceless stops in syllable-final position.
In that connection, it has long been known that a difference in duration characterizes
the distinction between [b=d/ or [2d/ on the one hand, and /b=t/ or /= t/ on the other.
The difference has been observed in real-speech utterances, and the importance of that
_ difference for perception has been established in experiments on synthetic speech. But
" where, exactly, does the difference in duration lie? Customarily, investigators have
put it on the “vowel.” In the case of measurements that have been made on real-speech
utterances, however, it is hard to know just what “vowel” duration means, since, as we
have pointed out, there is often no unambiguous acoustic sign that marks a boundary
between the vowel and the consonants that may, at the level of phonetic structure, be
contiguous to it. As House (1961) has pointed out, the changes in source excitation
that have been used as the principal clues to segmentation, do not invariably coincide
with the articulatory boundaries of vowels. The procedural difficulties to be encountered
in delimiting vowels in the acoustic signal have been discussed in some detail by Peterson
and Lehiste (1960). The acoustic analysesin their study and in the one by House generally
included (voiced) formant transitions in durational measurements of vowels. The percep-
tual studies using synthetic speech, however, did not investigate whether, or to what
extent, transitions contribute to the effective vowel duration that cues the voicing class
of following consonants. Thus, in the early work by Sholes (1954, 1956, 1959a, 1959b),
the synthetic patterns were VC syllables in which the experimental variable was simply
the duration of a steady-state portion of the pattern. Later, when the research was
extended to syllables of the CVC type (Denes, 1955 ; Raphael, 1972; Raphael, Dorman,
Freeman and Tobin, 1975), it was, again, only a steady-state portion of the pattern that
was varied. From procedures of that kind we have learned that duration does, in fact,
affect the perception of a syllable-final stop as voiced or voiceless. But we have no
experimental answer to the question: what counts in effective vowel duration, especially
in the case of CVC syllables?

We consider it unlikely that only steady-state formant duration is significant in this
regard, both because of the segmentation practices employed in the acoustic studies and
because of the general difficulty in delimiting the domains of consonant and vowel, even
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Fig. 1. Stimulus patterns used in Experiment 1. Schematic spectrograms of patterns
sufficient to cue the perception of (a) /et/ and /ed/ and (b) /det/ and /ded/.

consonant-vowel transitions. The aim of the experiments to be reported here is to test
" that expectation.

EXPERIMENT 1

The purpose of the first experiment was to determine whether the presence of syllable-
initial formant transitions appropriate for a stop consonant would alter the steady-state
vowel duration necessary for listeners to identify a syllable-final stop consonant as voiced
or voiceless.

Method

Two series of synthetic speech stimuli were generated using the Haskins Laboratories
parallel-resonance synthesizer. In one series, all of the stimuli were vowel + consonant
(VC) syllables consisting of the steady-state vowel [e/ followed by 60-msec formant
transitions appropriate for /d/ (see Fig. 1a). The stimuli varied in the duration of their
steady-state portions from 30 to 150 msec in 10-msec steps. Informal pretests, using
laboratory workers as listeners, established that this range of steady-state vowel durations
was sufficient to cue perception of the syllable-final stop as /t/ at the short end of the
range and as /d/ at the long end.

In the other series, the stimuli were consonant + vowel + consonant (CVC) syliables
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which differed from the VC stimuli only in the addition of formant transitions to the
beginning of each stimulus. The transitions, sufficient to cue the stop consonant /d/,
were 60 msec in duration (see Fig. 1b).

The stimuli in both VC and CVC series were synthesized with a constant fundamental
. frequency of 120 Hz. The amplitude envelopes at the onset of the VCs and CVCs were
equated for rise time. L

Four tokens of each stimulusin both series were recorded. These were then randomized
with a four-second interstimulus interval into a single test sequence. That sequence was
reproduced for listeners in a large, sound-attenuated room via a Revox 1240 tape recorder
‘and an AR<4X loudspeaker. -

The 11 subjects who participated in this experiment were undergraduate volunteers
who had not previously participated in experiments on speech perception.. They were
told that they would hear approximations to the syllables /ed/, /et/, /ded/ and Jdet/
and were asked to indicate, on a printed response sheet, the identity of the final stop in
each syllable. The subjects heard 20 representative stimuli, randomly ordered, in a
practice session before the start of the experiment.

Results

The results of varying the steady-state vowel duration in the VC and CVC seres are
shown in Fig. 2a. It is apparent that this variation was sufficient to cue the distinction
between voiced and voiceless stops: at short durations the stimuli in both series were
heard as voiceless, while at the longest duration they were heard as voiced. This outcome
is in general agreement with the earlier findings of Raphael (1972) and Denes (1955).

Of greater interest, from our point of view, is the fact that the presence of initial
formant transitions reduced the steady-state vowel duration necessary for listeners to
identify the final stop as voiced. We can see that the CVC function is displaced, relative
to the VC function, toward smaller values of steady-state vowel duration. Taking the
50% crossovers of /d/ and [t/ responses as an approximate measure of the magnitude of
the separation of the functions, we note that listeners required about 55 msec less of
steady-state vowel duration to hear the final consonant as voiced (i.e., as /d/) in the CVC
stimulus series. This difference between the 50% crossovers indicates that the initial
formant transitions not only supplied information about the initial stop, but also con-
tributed by their duration to the perception of the voicing class of the stop at the end of
the syllable.

We should also note that the 55 msec difference between the 50% crossover points
approximates the duration of the syllable-initial formant transitions of the CVC series
(60 msec). If, as we have assumed, the difference between the crossover points reasonably
reflects the overall separation of the CVC and VC functions, then it would appear that
the initial formant transitions are about as effective as the steady-state vowel in deter-
mining the voicing class of the syllable-final stop. That being so, the labeling functions for
the two stimulus series should be similar if we plot them as a function of syllable duration.
We have done this in Fig. 2b. There we see that although the functions are quite similar,
the data points for the CVC stimuli generally lie above those for the VC stimuli. Statistical
analysis indicates that the difference between the percentage of /t/ responses in the CVC
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Fig.2. (a) Percent /t/ identification as a function of steady-state vowel duration for VC

and CVC stimuli. (b) Percent /t{ identification as a function of syllable duration
for VC and CVC stimuli. '

condition (52) and in the VC condition (42) is significant (T = 3; p < 0.005). We-
conclude, therefore, that the duration of the initial transitions is not quite as effective as
the duration of the steady-state vowel in cueing the voicing contrast of stops in final
position. :

EXPERIMENT 2

We designed the second experiment to test the generality of the results of Experiment
1 in two ways. First, we wished to determine if /d/-transitions of durations both longer
and shorter than 60 msec would contribute as much as 60-msec /d/-transitions to the
perception of the voicing class of final consonants. Second, we wanted to discover if, and
to what extent, the transitions associated with a class of consonants other than stops
contributed by their duration to the perception of the voicing class of final consonants.
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_Fig.3. Schematic Spectrogram patterns sufficient to cue the perception of /ret/ and
[red/.

We decided to use a resonant consonant, [r/, for this purpose. We chose /r/ for two
reasons: (1) It is closer to [d/ in place of articulation than are the other resonant
consonants (/w/ and /j/); and (2) it provides an alternative and more natural test of the
effect of long transitions than /d/, which is not normally produced with transitions
exceeding 60 msec. :

Method

Five series of stimuli were synthesized. Two of the series were those used in Experi-
ment 1: the VC series and the CVC series with initial /d/-transitions of 60 msec duration.
To these we added two new CVC series: one in which the initial /d/-transitions were 30
msec in duration, and another in which they were 90 msec in duration. We should note
that the stimuli with the 90-msec transitions sounded acceptable to both experienced
and naive listeners, despite their unnaturally great duration (see Lisker, Liberman,
Erickson, Dechovitz and Mandler, 1977). We created a fifth, /r/-initiated, CVC stimuluys
series (see Fig. 3) in which the /r/ was cued by transitions 100 msec in duration.

In the first part of Experiment 2, four tokens of each stimulus in the VC and the
three CVC series initiated by /d/ were randomized into a single test sequence. In the
second part of the experiment, four tokens of each stimulus in the VC and /rVC/ series
were randomized into one test sequence. In both sequences the interstimulus interval
was 4 seconds. Fifteen undergraduate volunteers who had not served previously in experi-
ments on speech perception were the subjects. The listening conditions and the response
task were identical to those of Experiment 1.

Results

The results of the first part of Experiment 2 are shown in Fig. 4a. We note first that
the results of Experiment 1 have been replicated. In both experiments the [d/—=/t/
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Fig.4. (a) Percent t/ identification as a function of steady-state vowel duration for VC
stimuli and for CVC stimuli with 30-, 60- and 90-msec initial transitions. ®)
Percent /t/ identification as a function of syllable duration for VC stimuli and
for CVC stimuli with 30-, 60- and 90-msec initial transitions.

boundaries (50% crossovers) for the CVCs with 60-msec transitions fell at a shorter
steady-state vowel duration than did the boundaries for the VC stimuli. Further, the
boundaries for the VC series in both experiments are virtually identical at 120 msec of
steady-state vowel duration, while the boundaries for the 60-msec CVC series differ by
no more than 15 msec of steady-vowel duration: 65 msec in Experiment 1, 50 msec in
Experiment 2, ‘

The data also reveal that in the process of determining the voicing class of syllable-
final stops, listeners are sensitive to the absolute durations of initial formant transitions.
As the transition duration increases, from one stimulus series to the next, the /d/—/t/
phoneme boundary, expressed as steady-state vowel duration in Fig. 4a, decreases. Thus
the phoneme boundaries for the 30-, 60- and 90-msec transition series are located, res-
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Fig. 5. Percent [t/ identification as a function of steady-state vowel duration for VC
stimuli and CVC stimuli initiated by /r/.

pectively, at 77, 50 and 30 msec of steady-state vowel duration.!

We note that in this experiment, as in Experiment 1, the transitions are almost as
effective as the steady-state vowel in cueing the voicing class of the syllable-final stop.
In Fig. 4b we have re-plotted the identification functions of Fig. 4a as functions of
syllable duration. As in the analogous figure from Experiment 1 (i.e., Fig. 2b) we see
that the functions for all the stimulus series are quite similar, though not identical. For
the data points shown in Fig. 4b the differences in the percentages of /t/ responses among
the various stimulus series were small but significant: 57% for the 30-msec transitions v.
51% for the VC stimuli (T = 6, p < 0.005); 48% for the 60-msec transitions v. 39% for
the VC stimuli (T = 5, p < 0.005). There were not enough data points for the 90-msec
transition stimuli for a valid comparison to be made or statistically tested.

We should point out another similarity between the results of this experiment and
Experiment 1: We can see in Fig. 4a that the magnitudes of the differences between the
50% crossover points of the identification functions are similar to the differences between
the durations of the transitions of the various stimulus series. We find a 27-msec difference
between the 30- and 60-msec transition series, and a 20-msec difference between the 60-
and 90-msec transition series. Further, the difference between the VC and 90-msec CVC
series is exactly equal to duration of the transitions of the CVCs: 90 msec. We interpret
these data as a further indication that the transitions are almost (and in one instance —

! We call the reader’s attention to the fact that our subjects, as a group, never heard the

" final consonant in the 90-msec transition series as [t/. Thus, the 50% point for this
function is not literally a crossover in [d[-[t/ judgments, and our use of the term
“bhoneme boundary "’ is a convenience, rather than a description.
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VC v. 90-msec CVC - equally) as effective as the steady-state vowel in cueing the voicing
class of the syllable-final stop.

Let us tum now to the comparison of the data for the /r/-initiated and VC syllables
(Fig. 5). We shall again use the 50% points of the functions as an approximate measure of
their separation. The 50% points? fell at 30 msec of steady-state vowel duration for the
[r/-initiated series and at 113 msec of steady-state vowel duration for the VC series. We
note that the 83-msec difference between these points is only slightly less than the
duration of the 100-msec transitions in the [tVC/ stimuli. Moreover, this 83-msec
difference is quite similar to the 90-msec difference found in the first part of this
experiment between the 50% points of the VC stimuli and the CVC stimuli initiated by
the 90-msec /d/-transitions. On the basis of this evidence we suggest that the transitions
of syllable-initial resonant consonants, like those of stop consonants, are almost fully
incorporated into the durational estimates that listeners make in determining the voicing
class of syllable-final stops.

DISCUSSION

The results of the experiments reported here are consistent with those of earlier
studies (Denes, 1955; Raphael, 1972; Raphael er al., 1975) in showing that vowel
duration is a cue to voicing of syilable-final consonants. What is new in our results is that,
when the syllable begins with a stop consonant, the duration that is effective in deter-
mining syllable-final voicing includes almost all of the initial formant transitions
appropriate to that syllable-initial stop consonant. There are two somewhat different
ways to interpret that finding. One is to suppose that the formant transitions are not part
of the vowel — that is, that they do not simultaneously convey information-about both
the consonant and the vowel — in which case we should conclude that it is not vowel
duration that determines voicing in final consonants, but rather the sum of the durations
of the several segments. The other is simply to assume that the initial formant transitions
do contain information about the vowel, and that perceived vowel duration takes that

into account. 4
' That we incline to the latter view is plain from what we said in the Introduction. Now
we would add that there is evidence that supports it quite directly. Most direct, perhaps,
is that provided by Mermelstein, Liberman and Fowler (1977), who asked listeners to
adjust the duration of a steady-state vowel until it sounded equal to the same vowel
when it was preceded by formant transitions appropriate to a stop. They found that,
for the same perceived duration, the steady-state vowel had to be significantly longer than
the steady-state portion of the vowel in the stop-vowel] syllable. Other, only slightly less
direct, support comes from experiments on vowels when the perceived color is sensitive

2 We must note again that, as in the case of the 90-msec CVC stimulus series, _the
function for the [r[-initiated stimuli does not provide us with a literal crossover point,
since the listeners’ [t] responses never rose above the 50% level,
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to duration. In one experiment, Verbrugge and Isenberg (1978) synthesized /bVb/ and
~ [V/ syllables in which the vowel was perceived either as /e/ or /=/ depending on the
* duration of the steady-state. Listeners reported hearing /=/ more often in the /bVb/
stimuli than in the /V/ stimuli. That is, when a [oVb/ stimulus was equal in duration to
a [V/ stimulus, listeners were more likely to judge the vowel in the /bVb/ stimulus to be
longer in duration than the vowel in the [V/ stimulus, Thus, the listeners included not
- only the initial and final formant transitions in the duration that was effective for vowel
color, but rather those transitions and more. In a second experiment, Verbrugge and
Isenberg varied transition duration and steady-state duration independently. When they
held overall syllable duration constant, they found that [=/ judgments increased as
transition duration increased and steady-state vowel duration decreased. In contrast,
isolated steady-state vowels matched to the durations of the steady-state portions of the
foVb/ stimuli elicited fewer /=/ judgments as their duration decreased. Thus, it appears
again that formant transitions contribute to those estimates of vowel duration that are
important for perception of vowel color; indeed, it appears again that the transitions
contributed more than their actual duration.

It is in regard to this last point — the amount of duration contributed by the transi-
tions — that our study and the others do not quite agree. In our study, the contribution
of the transitions to effective duration was about 90% of the transition, in the Mermel-
stein et al. study it was roughly 50%, and, as we have just noted, in the Verbrugge and
Isenberg studies it was more than 100%. There were several differences among the
stimulus patterns used in these experiments — open v. closed syllables, duration and rate
of the transitions, amplitude envelopes, and others — any one of which might have caused
the difference. Further research can surely uncover those causes.

What is clear in all the studies, however, is that the effective duration of the vowel may
be assumed to include significant parts of the abutting formant transitions. We suppose
that this is because those transitions contain information about the vowel (as well as the
consonant). Qur hypothesis, then, is that the effective (and perceived) duration of the
vowel is taken as that span of the signal that contains information about the vowel.
Presumably, this will include any portion that shows the acoustic results of coarticulation
between consonants and vowels. To enlighten us further on that matter, we look forward
to experiments similar to those we have reported here in which we prefix other types
of segments and, correspondingly, other types of acoustic cues. We should also look to
experiments of the type recently reported by Strange, Jenkins, and Edman (1977, 1978).
They had listeners identify vowels in CVC syllables from which various acoustic portions
— vocalic centers, transitions ~ had been excised. The finding was that listeners identified
the vowels very well when the vocalic centers were missing, better indeed than when the
vocalic centers were present and the transitions were gone. That result shows that vowel
information is present, in the transitions, which is surely relevant to our concern here;
but also relevant is the technique, for it can be used to delimit the span of the signal over
which the vowel information is to be found.
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