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Abstract. 8 speakers of American English produced utterances consisting of one to five
disyllables ([baba] or (pflpa]). Vowel and stop closure intervals were defined by variations
in supraglottal pressure, sensed through a thin tube inserted in the mouth. Closure was
always longer for Ipl than Ibl in utterance-medial positions. In utterance-initial position,
however, Ib/lengthened more than Ipl so that no duration difference between Ipl and Ibl
was observed. Utterance-initial position did not influence vowel duration. In contrast,
utterance-final position affected only vowel duration, lengthening both final-syllable unstressed vowels and stressed vowels in penultimate syllables.

Introduction

The study of speech timing is important not only because temporal
specification is crucial to naturalness and intelligibility [3, II], but
also for the insight it may provide into the underlying organization of
speech motor control [25]. Researchers have been attempting to
identify and quantify factors which affect the duration of phonetic
intervals. By now many such factors have been identified including:
(I) 'inherent' duration due to phonological identity [14, 40]; (2)
phonetic context and syllable structure [10, 39]; (3) word length and
position within the word [18, 45]; (4) utterance length and position
within the utterance [5, 18, 38, 42]; (5) position within the discourse
[22]; (6) speaking rate [40], and (7) semantic novelty or frequency of
occurrence [4, 53].
One factor that has not yet been systematically investigated is the
effect on segment duration of utterance-initial position. Although the
articulatory stricture associated with consonant production is ordinarily a well-defined physiological event, stop closure does not provide

338

FLEOE/BROWN,

Jr.

clear acoustic landmarks in utterance-initial position. As a result, the
temporal specification of utterance-initial
stops has been largely
neglected. However, there is reason to believe that utterance-initial
position may have an important effect on stop closure duration, and
that this effect interacts with the voicing feature of stops.
Voicing Effect on Stop Closure Duration
Phoneticians have observed that in many languages the closure
interval of a voiceless stop (such as !p, t, k/) is longer than that of a
homorganic voiced stop (fb, d, g/). So typically does closure duration
distinguish voiced and voiceless stops that it has been considered a
possible universal of phonetic implementation
[47, 57]. However,
recent evidence suggests that temporal specification of the contrast
between voiced and voiceless stops may actually be a language-particular phenomenon. It seems that in certain languages a voiceless stop
may be produced with a shorter closure interval than its homorganic
voiced cognate [6]; in other languages there may be no duration
difference between voiced and voiceless stops [55], and in still others a
duration difference.is restricted to only certain syllable positions [8].
Previous studies of English have shown that !p, t, k! is produced with
a longer closure interval than !b, d, g!. Voiced-voiceless differences
have been noted for stops found: (1) in intervocalic position, both
preceding and following a stressed vowel [15,28-30,33,34,35,40,44,
45, 48, 49]; (2) in word-final position, following both stressed and
unstressed vowels [34, 35, 40, 48, 49], and (3) in word-initial position,
preceding both stressed and unstressed vowels [30, 34, 35].
However, exceptions have been noted to the general rule that
voiceless stops are longer than voiced stops in English. Several studies
have shown no duration contrast between voiced and voiceless stops
[3, 13, 29, 48, 55]. In other studies, voiceless English stops seemed to be
produced with shorter closure intervals than their homorganic voiced
cognates [30, 49, 57].
Such negative or countervailing findings might seem to suggest that
duration differences are not in fact associated with the voicing contrast
between English stops as is often supposed [12]. However, each apparent exception to the more general rule of temporal contrast seems to
share a common attribute. When no duration differences are observed,
the stops under comparison seem always to be found at or near the
beginning of an utterance.
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Utterance-initial position may affect stop closure in such a way
that a duration difference between voiced and voiceless stops is not
preserved there. The speech timing model elaborated by LINDBLOM
and his colleagues [25, 27, 31] implicitly predicts the lengthening of
stops in utterance-initial
position. This model postulates recursive
application at the word and phrase levels of a single duration-modifying process. Word position is known to influence stop closure duration. Stops are longest in word-initial syllables; somewhat shorter in
word-final syllables, and shortest in the medial syllable(s) of multisyllabic words [27,38,47]. So if the effect of utterance-initial position
on stop closure duration is analogous to that of word-initial position,
one would except a stop to be longer in utterance-initial position than
in utterance-medial position. In fact, WESTBURY[58] provides a small
amount of data based on high-speed films indicating that stops are
indeed lengthened in utterance-initial position. Moreover, it appears
from his data that voiced stops are lengthened proportionally more
than voiceless stops, so that in utterance-initial position voiced stops
are somewhat longer than voiceless stops. Thus, the main purpose of
this study was to determine if stops are lengthened in utterance-initial
position, and whether such lengthening (if it exists) might differentially
affect the duration of voiced and voiceless stops.
U tterance- Final Lengthening
In English phonetic segments are considerably longer in utterancefinal than utterance-medial positions. OLLER [38] refers to this phenomenon as final syllable lengthening owing to the fact that most of the
lengthening observed in his study was confined to segments found in
absolute-final CV(C) syllables. GAITENBY[9], however, regarded this
timing effect as the lengthening of final words. KLATT[16] suggests that
utterance-final lengthening (as opposed to the phrase-final lengthening
observed at utterance-medial syntactic boundaries) may extend over
several syllables and thus represent a 'general deceleration of motor
activity at the end of speaking acts' (p. 1212). In fact, a limited tendency for lengthening to occur in non absolute-final syllables can be
noted for individual speakers of English [21,38] and Swedish [27,31].
Timing studies often reveal a simultaneous influence on segment
duration of several factors. Combined effects are usually smaller in
magnitude than one would expect if each of the several factors independently influenced segment duration. Phonetic segments seem to
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resist shortening beyond some minimum duration [14, 18). For
example, a 'vowel' already shortened due to its position in the word
may show relatively little durational modification due to its position
in the utterance [31] or due to the voicing characteristic of a following
stop [14, 40].
There appears to be an interesting interaction between two wellknown timing factors which influence utterance-final syllables in
English. It has often been observed that vowels are longer before final
voiced stops (as in bad) than before final voiceless stops (as in bat).
However, several recent studies suggest that this timing effect is considerably reduced or not evident in non final syllables [15, 51].
This raises the question of whether the effect on vowel duration
attributed to the voicing characteristic of a following stop might not
actually result from a differential effect of final lengthening on syllables
terminated in voiced versus voiceless stops. An examination of data
presented by OLLER [38] indicates that vowels in absolute-final
syllables were lengthened about equally when terminated by voiced
and voiceless stops. This suggests an independence - and thus separate
existence - of the stop voicing and utterance-final timing effects. This
issue deserves further scrutiny, however, so another purpose of this
study was to examine these factors in combination. Specifically, we
wished to determine if vowels lengthen in the penultimate syllables of
utterances and, if so, whether the voicing characteristic of adjacent
stops influence these vowels in the same manner as utterance- medial
vowels.

eve

Methods
Subjects and Speech Material

8 normal adult female speakers of American English with a mean age of28 years served
as subjects. Each subject produced two randomized lists of utterances at a comfortable rate
and intensity level. One list was made up of single phrase utterances consisting of from one
to five tokens of the disyllable [babil] (e.g., 'Baba baba baba'). The other list consisted of
utterances made up offrom one to five tokens of[papil] (e.g., 'Papa papa'). The first vowel
of each disyllable was stressed and is referred to as the 'stressed vowel'; the initial and medial
consonants are designated 'prestressed' and 'poststressed', respectively.
Subjects read the speech material from typed pages in a seated position, advancing an
index card to reveal each succeding utterance. Each of the different utterance length conditions (one to five words) was represented five times per list, yielding a total of 50 utterances
per subject for analysis (5 lengths x 5 repetitions x 2 lists). An extra utterance placed at the
beginning of both lists was not measured to avoid the familiar 'list series' effect.
Bilabial stops were chosen because articulatory closure at this place of articulation is
relatively easy to define (see below). Nonrounded vowels were chosen to avoid coarticulatory
interaction with bilabial stop production. Nonmeaningful speech material was used for two
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Fig. 1. Stop closure was measured from the rise above baseline of supraglottal pressure (a)
to the sudden marked decrease in pressure signalling release of constriction (b) . Vowels were
defined as the intervals between stop release and closure, except in absolute-final position
where the end of glottal pulsing signalled the end of the 'vowel'.

reasons; (I) to help obviate potential artifacts that might result from a direct comparison of
different meaningful utterances, and (2) to provide an invariant phonetic context for the
segments of interest.
While meaning certainly affects the temporal structure of an utterance or discourse,
there are probably more similarities than differences between the kind of speech examined
here and real speech. Nonsense utterances have been found to manifest prosodic and durational characteristics of meaningful speech [20, 24, 31, 37]. Steps were nonetheless taken to
insure that the speech elicited here resembled meaningful speech as nearly as possible.
Subjects were familiarized with the speech material several days before the experiment, at
which time they were allowed to practice until they could fluently produce the nonsense
utterances without placing contrastive stress or emphasis on any single word [2, 31].
Production of each utterance was carefully monitored during the experiment. Subjects
were instructed to repeat any utterance produced with a noticeable pause, with apparent
emphasis on any particular word, or with an intonation contour judged to be atypical of
English declarative sentences.
Instrumentation

Two signals were simultaneously transduced. Voicing (glottal pulsing) was monitored by
a throat microphone held against the larynx by an elastic band. Supraglottal pressure (Pio)
was sensed through a thin polyethylene tube (inner diameter = 1.78 mm, outer diameter
= 2.80 mm) inserted into the buccal cavity at the comer of the mouth. To help prevent
spurious pressure readings, small holes were bored near the open end of the pressuresensing tube. The output of the transducer (Statham PM6TC) used to convert air pressure
variations into an analog electrical signal was low-pass filtered (43 Hz cut-off) before being
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written out on-line by an optical oscillograph (Honeywell1508A Visocorder) run at a paper
speed ofl5.2 cm/s.
Measurements

The duration offour intervals were measured by hand to the nearest millimeter from the
oscillograms and later converted to milliseconds (I mm = 6.25 ms). As illustrated in
figure I, stop closure (articulatory stricture) of prestressed and poststressed Ipl and Ibl was
measured from the rise above baseline of supraglottal pressure to the sudden marked
decrease in supraglottal pressure associated with release of stricture. Such variations in
supraglottal pressure appear to provide a satisfactory basis for defining the closure interval of
bilabial stops. SCHWARTZ
[44] reports that measurements of the articulatory closure interval
of bilabial stops simultaneously defined by air pressure and airflow ·coincided'. MULLER
and BROWN[36], however, observe that pressure may begin rising in the mouth during
bilabial stop production prior to complete cessation of airflow. SHIPP [46] observed near
simultaneity between the implosion of bilabial stops and a rise in supraglottal pressure, but
noted a delay of up to 15 ms between release of Ipl (but not Ibl) as determined by visual
inspection of high-speed films and the rapid decrease in supraglottal pressure associated
with stop release. Finally, LUBKERand PARRIS[30] reported duration measurementS for
bilabial closure intervals defined simultaneously by mechanical lip contact and supraglottal
air pressure variations. Measures derived from the two methods agreed to within 4 ms for
Ipl and 8 ms for Ib/. In utterance-initial position, however, the labial contact measure greatly
exceeded that derived from air pressure.
A stressed vowel was defined as the interval between release of a preceding stop to
constriction of a following stop. Unstressed vowels were measured from release of a preceding
stop to either: (I) constriction ofa following stop, or (2) the final glottal pulse registered by
the throat microphone (in the case of utterance-final vowels).

Results

Factorial analyses of variance with repeated measures on the factors
Stress (pre-vs. poststressed), Voicing Up/ vs. /b/), and Utterance Position (e.g., first word, third word, etc.) were carried out separately for
utterances consisting of more than one word. The effect of Stress and
Voicing on the duration of vowels and bilabial stops found in the oneword utterances were also examined. F ratios yielded by these analyses
are summarized in 'Appendix I'.All three factors were found to affect segment durations, with significant interactions due to Utterance Position.
Stop Closure Duration

Prestressed stops were considerably longer in absolute-initial position than in utterance-medial position for all 8 subjects. Inspection of
figure 2, which displays the mean duration of prestressed stops (also
presented in 'Appendix 2'), reveals that jbj lengthened more in utterance-initial position than /p/. Prestressed /b/ averaged 50 ms (71 %)

343

Effects of Utterance Position

120

Prestress

Ibl

•

80
~

Ipln

120

80

40
4

~-----------1

3

4

5

'M:>rd

Fig. 2. Mean stop closure duration of prestressed Ipl and Ibl as a function of utterance
length and position. Most data points are based on 40 productions (8 talkers x 5 repetitions);
standard deviations are presented in 'Appendix 2'.

longer in utterance-initial position than in utterance-medial positions,
while prestressed Ipl was longer by only 29 ms (33 %).
Figure 3 displays the average percentage difference in duration between utterance-initial and utterance-medial stops in the four multiword utterances. Note that in every case the lengthening of utteranceinitial Ibl exceeded that of Ip/. One effect of unequal lengthening of
Ipl and Ibl in utterance-initial position was the neutralization of the
duration contrast which distinguished Ipl and Ibl in noninitial positions. Closure duration of prestressed Ipl exceeded that of prestressed
Ibl by 15 IDS (22 %) in noninitial words. In the first words of utterances
- where Ipl and Ibl occurred in absolute-initial position - Ipl averaged
10 ms (9 %) shorter than Ib/.
The reversal of the duration contrast between Ipl and Ibl in utterance-initial position appears to be the source of the significant interaction of Voice X Utterance Position in the two-, four-, and five-word
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Fig. 3. The percentage by which duration of prestressed stops in absolute-initial position
exceeded the average duration of prestressed stops occurring in utterance-medial positions.

utterances (p<O.OI). Post-hoc tests of paired comparison (Duncan's
multiple range test, a=O.OI) confirmed this interpretation. Although
prestressed Ipl was often significantly longer than prestressed Ibl in
utterance-medial
positions, there was either no difference or else a
significant difference in the opposite direction between Ipl and Ibl in
utterance-initial position (p < 0.0 1).
The closure duration of prestressed Ipl was significantly longer than that of prestressed
Ibl in all noninitial words of the four- and five-word utterances. In initial words there were
no significant differences except for the two-word utterances, where Ibl was significantly
longer than Ip/. The duration by which Ibl exceeded Ipl in utterance-initial position was
greatest in the two-word utterances, where 7 of8 talkers showed a reversal in direction of the
contrast. Only 4 of 8 talkers showed the same reversal for stops initiating three-, four-, and
five-word utterances.

The relatively long duration of utterance-initial stops also seems to
account for the significant interaction of Stress X Utterance Position
in all the multiword utterances (p<O.OI). The mean duration of
prestressed stops (both Ipl and Ibl) was greater than post-stressed stops
in all noninitial words, a difference which averaged 16 ms (25 %).
However, in the first words of utterances the difference was substantially larger. Bilabial closure averaged 62 ms (107 %) longer in prestressed than posts tressed position because of the lengthening of the

I
{{

I

--

40

i :j/
JE

E"

I ,

80

40

,

120
q'
....-----*'
• •1201
Poststress

0
I bl

~

--.

120
345
Effects
of Utterance
Position
Ipl 0

Wj

80

------Fig. 4. Mean stop closure duration (in
length and utterance position.

--

IDS)

....

-

of posts tressed stops as a function of utterance

utterance-initial (prestressed) stops. Post-hoc tests revealed that differences between pre- versus poststressed stops were always significant
in the first words of utterances, while in non-initial words the difference sometimes did not reach significance (p < 0.0 I). These cases
were: the second word of 'Papa papa'; the second and third words of
'Papa papa papa'; and the second words of 'Baba baba baba' and
'Papa papa papa'.
Prestressed stops found in the final words of utterances were not
length~ned as were stops found in utterance-initial words. Note in
figure 2 that stops were no longer in utterance-final than in utterancemedial words. (Note also that the prestressed stops found in utterancefinal words were followed by three phonetic segments.)
Figure 4- displays the mean closure duration of poststressed stops as
a function of utterance position. Observe first that the closure duration
of poststressed Ip I was consistently longer than that of poststressed Ib I.
The closure duration difference between Ipl and Ibl was slightly
greater in final words (22 ms or 39 %) than in nonfinal words (an
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Fig. 5. Mean duration (in IDS) of stressed and unstressed vowels in /p_p/
environments as a function of utterance length and utterance position.

and /b_b/

average 14 ms or 27 %). This may be due to the fact that poststressed
Ipl was about 11 ms longer in final than in nonfinal words. However,
post-hoc tests revealed no significant differences between poststressed
stops in final versus nonfinal words for either Ipl or Ibl (p<O.Ol).
Vowel Duration

Utterance-final position affected vowels somewhat differently than
stops, as can be seen in figure 5. Vowels in both absolute-final and
penultimate syllables were longer than comparable vowels found in
utterance-medial positions. As might be expected, absolute-final vowels
lengthened more (71 ms or 89 %) than did vowels in the penultimate
syllable of utterances (14 ms or 9 %). This unequal lenghtening of
stressed and unstressed vowels in utterance-final words seems to be the
basis of the significant interaction of Stress X Utterance Position in all
multi word utterances (p < 0.01). Post-hoc tests confirmed this inter-
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pretation, showing that: (1) both stressed and unstressed vowels were
longer in final than nonfinal words, and (2) that there were no significant differences between stressed and unstressed vowels in final words
as there were in non final words (p <0.01).
Both stressed and unstressed vowels were consistently longer in a
Ib_bl than in a Ip-pl environment. However, the size of this difference was quite small. Stressed vowels in final words averaged about
7 ms longer in a Ib_bl compared to a Ip-pl environment; in nonfinal words the difference was 9 ms. An ll-ms effect was noted for
utterance-medial
unstressed vowels even though a word boundary
intervened between unstressed vowels and the following word-initial
stop. (We exclude from consideration here unstressed vowels occurring
in absolute utterance-final position.)
Post-hoc tests revealed only a single significant difference between
vowels in voiced versus voiceless stop environments (the unstressed
vowel found in the first word of three-word utterances; p 0.0 1). The
relatively small effect of stop voicing on vowel duration noted here is
due primarily to the fact that 'vowel' duration was measured from
release of a preceding stop to implosion of a followings stop. Thus the
relatively long aspirated interval normally following release of English
Ipl was included as part of the 'vowel' interval in Ip-pl environments,
whereas a correspondingly smaller 'open interval' following release of
Ibl was included as part of the vowel in Ib_bl environments.

<

Utterance Length

The present data provide little support for the existence of an inverse
relationship between the closure duration of Ipl and utterance length
as noted by SCHWARTZ[44]. Although post-stressed Ipl was slightly
longer (about 6 ms) in one-word compared to multiword utterances,
the average closure duration of Ipl remained fairly constant (ca. 70 ms)
in multi word utterances.
The absence of an effect of utterance length is probably due to the
fact that the stops measured here seem to have approached a minimum
duration for bilabial stops [1, 40]. Both word familiarity and number
of prior repetitions of a word are known to decrease segment duration
in connected discourse [4]. It is likely that both influences diminished
the duration of phonetic intervals produced by speakers in this study,
for the stops examined here appear to have durational characteristics
typical of fairly rapid conversational speech. Closure of poststressed
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Table 1. The mean duration (in s) of disyllabic 'words' ('papa' and 'baba') as a function of

utterance length and utterance position
0.517
Total
0.483
0.471
0.381
0.394
0.471
0.376
0.388
0.390
0.4844.78
4.65
4.84
4.45
2.066
0.899
1.288
Word duration
Rate
3.87
1.672 0.394
0.391

0.384

0.389

0.382

-Increment

Utterance-medial words are italicized. 'Rate' is expressed in syllables per second. 'Increment'
refers to the average increase in total utterance duration with the addition of successive
words.

/p/ and /b/ averaged 62 ms, nearly the same value reported by PORT
[40] for bilabial stops produced at a fast speaking rate, and by UMEDA
[52] for stops in a connected discourse. Thus the stops examined here
might be expected to resist further shortening, unlike the relatively
longer bilabial stops examined by SCHWARTZ [44].
Utterance length also appears to have had little effect on word duration. Table I presents the average duration of nonsense disyllables (both
'papa' and 'baba') as a function of utterance position and length. Utterance-medial words were highly consistent in duration despite differences
in utterance length (three to five words). A consideration of speaking rate
(syllables/s) might make the effect of increased utterance length appear
to be nonlinear. However, the effect of adding successive words was an
incremental increase in total utterance duration which closely approximated the average duration of utterance-medial words (387 ms).
The duration of one-word utterances appears to have greatly exceeded that of words in multiword utterances because of the combined
influence of utterance-initial and -final position [26, 27]. Final words
in multiword utterances averaged 91 ms longer than medial words.
Initial words averaged 37 ms longer than medial words. The average
duration of single-word utterances (517 ms) is just 2 ms greater than
the sum of the average duration of utterance-medial words (387 ms),
plus increments for utterance-final and utterance-initial position.

Discussion
Utterance-Initial Lengthening

The present study appears to reconcile apparently contradictory
findings from previous studies concerning the closure duration of
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voiced versus voiceless English stops. In utterance-medial position it
was found that Ipl closure exceeded Ibl closure. However, as the result
of an unequal lengthening of Ipl and Ibl in utterance-initial position,
the duration contrast distinguishing Ipl versus Ibl (both preceding
and following a stressed vowel) was neutralized.
We cannot be certain that the 'lengthening' observed here is due to
an increased period of bilabial constriction for stops found in absoluteinitial position. Stop closure duration was defined in this study solely
by means of supraglottal pressure variations. MULLERand BROWN[36]
have shown that supraglottal pressure may begin rising prior to complete bilabial constriction (as signalled by a cessation of airflow).
Moreover, they note that the extent to which a rise in oral pressure
precedes cessation of airflow may be influenced by the rate of labial
closure. Thus, the relatively longer durations observed for Ipl (29 ms)
and Ibl (50 ms) in initial compared to medial positions may possibly be
due in part to a slower rate of closure for stops found in utteranceinitial position.
STONE[50] also noted an effect of utterance-initial position on stop
production. Jaw displacement and velocity were examined during
production of Idl in nonsense utterances similar to those examined here
([dad~ dad~ dad~ dad~]). The velocity of jaw movement during
production of the first stressed syllable in the utterance seemed to be
little affected by the addition of a preceding unstressed syllable ([d~]).
However, it appeared that for some talkers the jaw was raised relatively
more during production of [da] when it occurred in absolute-initial
position than when it was preceded by another syllable. More work
is clearly needed to determine how utterance position may affect
movement (velocity, acceleration, and displacement) and timing
characteristics of segmental articulation.
We cannot now offer clear insight into the unequal lengthening of
utterance-initial/pi
and Ib/. It is probably worth noting, however, that
the durational variability of utterance-initial stops was greater than
that of utterance-medial stops (see 'Appendix 2'). The average standard deviation and coefficient of variation were twice as great for
utterance-initial than utterance-medial stops.
A consideration of previous studies suggests that stress may be involved in the absence of a duration contrast between Ipl and Ibl in
utterance-initial positioq. Data reported by LUBKERand PARRIS[30]
indicate that Ipl was longer than Ibl in the word-initial position of
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CVCVC disyllables only when stress occurred on the second syllable
of the CVCVC. When the first syllable was stressed (i.e., ptipap vs.
bdbab) closure of word-initial Ibl was somewhat longer than that of Ip/,
just as it was for utterance-initial stops in this study. In our pronunciation of 'I will say CVCVC again' the word say is stressed only when
the second syllable of the CVCVC is stressed. However, when theftrst
syllable is stressed, no preceding syllable in the carrier phrase appears
to be stressed. A similar reversal can be observed for stops occurring
in word-medial position in data reported by STATHOPOLOUSand
WEISMER[49]. Again, it is our impression that no stressed syllable
preceded the voiced and voiceless stops under examination.
LEHISTE[23] suggests that at least two stressed syllables are required
for the establishment of speech rhythm. If this is true, phonetic segments found at or near the beginning of an utterance may not be as
fully incorporated into suprasegmental timing patterns as are similar
segments occurring later in the utterance.
One other factor which might be related to the unequal lengthening
of Ipl and Ib/, again highly speculative, is the laryngeal contrast
associated with voiced versus voiceless s"tops. In intervocalic position
a cyclic devoicing gesture normally serves to insure an interval free
of glottal vibrations during Ipl [60]. Assuming it takes some minimum
time to effect this laryngeal gesture, the labial articulation of Ipl (but
not Ibl) may be prolonged somewhat so that neither preaspiration or
excessive postrelease aspiration occurs [see 57]. The lack of a closure
duration contrast between utterance-initial Ipl and Ibl might then be
related to a modification of the laryngeal contrast between Ipl and Ibl
in utterance-initial compared to utterance-medial position.
Finally, length of utterance-initial Ipl and Ibl may have been affected by the magnitude of supraglottal pressure. MULLER and BROWN
[36] propose that afferent feedback from pressure-sensitive mechanoreceptors in the supra- and subglottal airways may affect the timing
of both glottal and supraglottal events. Talkers have, in fact, been
shown to be sensitive to small pressure variations [32, 41]. Data
presented by SOHWARTZ[44] indicate that Ipl and Ibl (but not 1m/)
are produced with longer bilabial closure but smaller peak pressure
values when whispered than when normally phonated. FLEGE [7]
found that supraglottal pressure increased much less rapidly for Ipl
and Ibl in utterance-initial position than in utterance-medial positions.
ROTHENBERG[42] estimated that at least 100-150 ms is required for
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supraglottal pressure to attain levels typical of speech at the beginning
of utterances initiated by Ip/. (Note that the medial stops of this study
were shorter than ROTHENBERG'S minimum time constant, while utterance-initial stops approximated it.) Thus, it is possible that the release
of utterance-initial stops is delayed until some minimum pressure has
been generated, although to our knowledge no definite link between
glottal or supraglottal timing and pressure magnitudes has as yet been
empirically demonstrated.
In a pilot study we had a subject produce isolated pay and bay with a pressure-sensing
tube inserted in the mouth as described above. In one condition the subject was required to
generate a steady supraglottal pressure of about 5 cm HzO before articulating. In another
condition he was to approximate the lips before articulating, but without causing pressure
in the mouth to rise above atmospheric pressure. (Visual feedback was provided.) The duration oflabial articulation appeared to decrease when initiated from greater than atmospheric
pressure. Several other pilot subjects, however, were unable to maintain a constant level of
supraglottal pressure prior to articulation as required.

Utterance-Final Lengthening

No lengthening was observed for prevocalic stops found in utterancefinal syllables. This finding differs from that of OLLER [38], but is
consistent with KLATT'S [16] observation that final position tends to
affect only postvocalic consonants in utterance-final syllables.
Final position was found to increase the duration of vowels in both
the final and penultimate syllables of utterances. Unstressed vowels in
final syllables averaged 71 ms (89 %) longer than unstressed vowels in
utterance-medial positions. This is a larger effect than OLLER [38]
observed for open syllables (32 ms), but a smaller magnitude of
lengthening than he observed for closed final syllables (loa ms).
Unlike OLLER [38] we found that stressed vowels occurring in penultimate syllables were influenced by utterance position. Lengthening
of penultimate-syllable
vowels, which was noted for all 8 talkers,
averaged 14 ms (9 %).
Even though vowels in penultimate syllables were observed to
lengthen, the small duration difference distinguishing vowels in a
Ip pI versus Ib_bl context was not very different there compared to
utterance-medial
positions. This provides some evidence that utterance position and stop voicing influence vowel duration independently.
A better test, however, might be to examine unstressed vowels in
penultimate syllables, for OLLER [38] noted somewhat greater final
lengthening for unstressed than stressed vowels for most talkers.

a1,272
•a79
164
73
152
162
178
151
66
61
70
pb
81
85
120
85
87
66
168
189
158
51
55
56
58
169
68
74
80
76
88
352pbaa72
133
124
80
1,302
1,155
1,153
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baba'
against mean durations (in ms) actually observed
for 'Papa papa papa' and 'Baba baba
ble II. pDuration of phonetic intervals predicted by the KLATT[17] timing model, a5

lmplicationsfor a Model of Speech Timing
The present data support a hierarchical model of speech timing in
which duration-modifying processes apply at several levels of organization. The utterance-initial stops of this study appeared to lengthen
more (ca. 40 ms) than did the word-initial (but utterance-medial) stops
examined by OLLER [38] (which lengthened by only about 20 ms). A
relatively great amount of lengthening would be expected for utterance-initial stops if they were lengthened due to both their initial position in a word and in an utterance.
The present results lead to a suggestion concerning 'inherent' duration in synthesis by rule programs. A recent timing model proposed by
KLA'IT [17] was applied to the utterances 'Papa papa papa' and 'Baba
baba baba'. As can be seen in table II, this model successfully predicts '
many of the timing characteristics observed here. However, the model
did not accurately predict closure duration differences between Ipl and
Ib/·

Timing models used in the generation of synthetic speech consist
of rules which modify a predetermined input or 'inherent' duration.
Inherent durations are based on empirical observations of segment
duration in natural speech. A 5-ms difference between prestressed Ipl
and Ibl was predicted by setting the inherent duration of Ipl at 85 ms,
as compared to 80 ms for Ib/. This underestimated the larger 15-ms
difference observed here. For posts tressed stops, the model predicts a
uniform 3-ms difference between Ipl and Ib/, again underestimating
the average 15-ms difference observed here and the lO-ms difference
reported by UMEDA [52] for connected natural speech.
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Both departures from observed values appear to be the result of
basing inherent duration on values observed for stops occurring near
the beginning of an utterance (prestressed stops in
words embedded in 'Say_again').
As we have seen, however, the duration contrast
between voiced and voiceless stops appears to be neutralized in this
utterance position. Thus the 'inherent' durations used as input for timing
rules in synthesis programs should be based on stops in utterancemedial position which are preceded by at least one stressed syllable.

eve
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Appendix I
Summary of F ratios yielded by separate factorial analyses of variance performed for
utterances of different lengths on (A) pre- and poststressed stop closure duration of Ibl and
'p/. and (B) stressed and unstressed vowel duration
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70.0**
14.6**
0.6
1.6
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