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Early theorizing in speech production considered variations in syllable stress and speaking rate to be identical
transformations of motor activity {e.g., Lindblom, J. Acoust. Soc. Am. 35, 1773-1781 {1963)]. More recent
work, however, suggests that modulation of stress and rate have different acoustic and perceptual effects, and
thus may have independent “signatures” in production. The experiments reported here examined these
hypotheses. In the first experiment, electromyographic activity from two muscles, one primarily related to
vowel production and the other to consonant production, was examined during utterances whose stress and
.rate characteristics were systematically varied. The results support the hypothesis that stress and rate
modulations have differential effects on muscle activity. The second experiment addressed the same basic
question but examined a broader set of muscles. In all cases, the changes in duration and peak amplitude of
muscle activity for altered stress were not equivalent to the changes for altered rate. Decreases in stress
produced decreases in peak amplitude and duration of vowel-related muscle activity that were consistent
across speakers. In contrast, activity patterns associated with rate contrasts varied considerably across

muscles and speakers.

PACS numbers: 43.70.Bk, 43.70.Ve

INTRODUCTION

Variations of speaking rate and syllable stress may
produce very different acoustic patterns that neverthe-
less are perceived as the same phonemic type. The

acoustic token resulting from a suprasegmental change -

may also be identified as a different phoneme when it
occurs in a different context (e.g., Rakerd ef al., 1980),
A central goal for speech production research is to ex-
plain such effects.

In much of the past literature, modulations in syllable
stress and speaking rate are described as having com-
parable acoustic consequences. Specifically, vowels in
destressed syllables and syllables spoken quickly are
found to be shorter and more centralized in the F1/F2
vowel space than their stressed or more slowly spoken
counterparts (e.g., Fry, 1955, 1958; Gaitenby, 1965;
Kozhevnikov and Chistovich, 1965; Lehiste, 1970;
Lindblom, 1963).

Lindblom’s early (1963) model was the first attempt
to explain the articulatory and acoustic changes that
characterize both stress and rate variations. Each
phoneme was considered to have an invariant “program”
that is unaffected by changes in lexical stress or
speaking rate (tempo); the effects of stress and rate
were attributed solely to changes in timing of the pro-
grammed commands to the articulators. When speaking
rate increases or stress decreases, the command for
an upcoming segment was assumed to interrupt the
realization of the preceding segment, resulting in tem-
poral shortening and articulatory undershoot, Thus
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articulatory undershoot and its acoustic consequences
were due to the required change in duration, and not to
stress and rate variations per se. The theory predicted
that stress and rate variations should affect the acous-
tic signal in identical ways but should have no effect on
the physiological signals, except with respect to their
timing.

Lindblom’s very simple yet elegant model motivated
a great deal of empirical work, most of which did not
support the model’s major predictions.! In the acoustic
domain, spectrographic measures of the speech signal
have indicated differential effects of stress and rate on
vowel acoustics. Verbrugge and Shankweiler (1977),
for example, reported the usual changes in syllable
duration when speaking rate or syllable stress was
varied. However, formant frequency measures of the
vowel spectra revealed no difference between fast and
slow speech, but large vowel formant shifts in de-
stressed relative to stressed syllables. Harris (1978)
also reported formant frequency changes with increased
speaking rates that could not be accounted for by cen-
tralization or contextual assimilation. In addition, Gay
(1978) has measured destressed syllables as having re-
duced FO and amplitude contours relative to quickly
spoken stressed syllables, even when they are of equal
duration. (See also Ladefoged et al., 1976, for stability
of formant frequencies across stylistic changes.)

In the physiological domain, electromyographic ex-
periments have shown that patterns of muscle activity
are not invariant across changes in speaking rate (Gay
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and Hirose, 1973; Gay and Ushijima, 1975; Gay ef al.,
1974) or syllable stress (Harris, 1971, 1973, 1978;
Harris et al., 1968; Sussman and MacNeilage, 1978),
Modulations of stress and rate appear to be associated
with complex reorganizations of motor activity patterns
that are, as yet, not well understood.

A synthesis of acoustic and physiological data suggests
that stress- and rate-dependent changes are not the pro-
duct of a single production strategy. This conclusion is
somewhat tenuous, however, because only one physio-
logical experiment (Harris, 1978) varied rate and stress
orthogonally. The present experiments were designed
to examine whether stress and rate variations involve
different transformations of physiological signals and
to provide further information on the nature of seg-
mental reorganization across suprasegmental change.

I. EXPERIMENT 1

In this experiment we examine whether stress and rate
variations involve different transformations of motor
activity. Electromyographic (EMG) activity from two

_muscles, one whose activity is primarily vowel related
and the other consonant related, was recorded during
utterances whose stress and rate characteristics were
orthogonally varied.

A. Procedures

The subjects were two female adults (KSH and FBB),
both of whom were native speakers of American English.

The speech sample consisted of four-syllable non-
sense utterances of the form /epipipa/, /apipiba/,
/opepepd/, and /epepeba/, with stress placed on either
the first or the second medial syllable. Subjects read
quasirandom lists of these four utterances at two self-
selected speaking rates, “slow’” (conversational) and
“fast.”® Although 25 repetitions were produced of each
utterance, later processing failures reduces the lists to
20 repetitions for KSH and 21 for FBB.

Electromyographic activity was recorded from the
genioglossus and orbicularis oris muscles. Bipolar
hooked-wire electrodes, prepared and inserted as de-
scribed by Hirose (1971), were used to record EMG
activity from the anterior portion of the genioglossus
muscle, Genioglossus bunches the main body of the
tongue and brings it forward; it is active in production
of the vowel /i/ (e.g., Alfonso and Baer, 1981; Raphael
and Bell-Berti, 1975; Smith, 1971).

Electromyographic activity was recorded from orbicu-
laris oris (superior and inferior) using paint-on surface
~ electrodes (Allen et al., 1972) spaced at about 1/2 cm
from the vermilion border of the lips. Orbicularis oris
is known to participate in bilabial closure (Fromkin,
1966; Harris ef al., 1965),

The EMG data were rectified, computer sampled, in-
tegrated using a time constant of 35 ms, and averaged
for each utterance type (Kewley-Port, 1974). In order
to ensure at least one successful recording for each
muscle for each subject, output of two or three elec-
trodes was recorded from each muscle. Those elec-
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trodes whose recordings appeared on preliminary in-
spection to show the clearest onset and offset points
were selected for further analysis.

Acoustic recordings were made simultaneously with
the EMG recordings and both were analyzed on subse-
quent playback from multichannel FM tape. The EMG
tokens were realigned and reaveraged three times, at
the end of periodic vibration in the acoustic signal for
the first, second, and third vowels, respectively. In
this way, average muscle activity could be examined at
specific points of interest without the time-smearing
effects of averaging tokens that were aligned at a tem-
porally distant point.

Figure 1 shows typical averaged interference patterns
for orbicularis oris activity (thin line) and genioglossus
activity (thick line). The patterns'on the left- and right-
hand sides of the figure represent the same utterance;

a schematic acoustic signal appears above each pattern.
The pattern on the left is the average of 20 tokens
aligned at the end of the acoustic periodicity for the
first vowel (the schwa); the point of alignment for
tokens comprising the pattern on the right was the end
of acoustic periodicity for the third vowel.

Onsets and offsets of EMG activity were determined
from data averaged around the temporal lineup closest
to the activity of interest. The averaging program pro-
vides a listing of the mean amplitude of each EMG sig-
nal in microvolts during successive 5-ms intervals.
Baseline and peak values for each muscle were deter-
mined from this numerical listing; the time of onset
(and offset) was defined as the point in time when the
relevant muscle activity increased (or decreased) to
10% of its range of activity. Typically, 10% of the
range was just slightly higher than the background level
of activity in each muscle. In the present experiment,
the genioglossus muscle is active for the second and
third vowels of each utterance type. In this environ-
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Orbicularis oris
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pipip
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FIG. 1, Typical averaged interference patterns for orbicula-
ris oris activity (thin line) and genioglossus activity (thick
line). The left- and right-hand sides of the figure represent
the same utterance averaged at the end of acoustic periodicity
for the first vowel (the schwa) and the third vowel, respec-
tively, A schematic acoustic signal is above each pattern.
The trough between peaks of activity is indicated, as are the

onsets and offsets of activity in genioglossus and orbicularis
oris.

Genioglossus
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ment, the trough between the peaks of activity for suc-
cessive vowels, evident in Fig. 1, is the only measure
of “onset” or “offset” in the relevant syllables. The
duration of activity in genioglossus for syllable one,
for example, was taken to be from onset to the lowest
point in the trough.

The acoustic recordings were measured for their
durational characteristics, using an interactive com-
puter program that displays the acoustic waveform.
The duration of voicing was measured for the first and
second medial vowels, as well as devoicing durations
for the /p/ and /b/ closures. Measures were made of
the interval from the first acoustic evidence of closure
(defined here as the point when the high-frequency com-
ponents of the periodic wave disappear) to the second
acoustic evidence of closure. For ease of communica-
tion, this interval will be referred to below as the
“acoustic duration of the first syllable.” The measured
interval from the second acoustic evidence of closure
to the third will be referred to as the “acoustic dura-
tion of the second syllable.” These measures were
averaged, omitting tokens for which there were EMG
processing failures.

B. Results and discussion of experiment 1

In the analyses that follow, binomial tests were used
to determine the effects of speaking rate and syllable
stress on the observed acoustic and electromyographic
measures. Because of the small sample size used in
this experiment, the binomial test, a nonparametric
statistic, was considered to be more appropriate than
a parametric statistic (Siegal, 1956). Each test was
performed on the data from only a single subject.

1. Acoustic analysis

The acoustic duration of each syllable was examined
to determine the effects of changing speaking rate (fast
versus slow) and syllable stress (stressed versus de-
stressed). The results for both subjects were identical,
showing effects of both rate and stress. Not surprising-
ly, syllables spoken slowly were significantly longer
than the same syllables spoken quickly {ps < 0.001), and
destressed syllables were shorter than stressed syl-
lables (ps < 0.001; see Table I).

These changes in acoustic syllable duration are in
general agreement with the pattern of acoustic changes
documented in the literature. Acoustic vowel durations
have often been observed to shorten as speaking rate
increases (e.g., Lindblom, 1963; Kozhevnikov and
Chistovich, 1965; Lehiste, 1970; Verbrugge and Shank-
weiler, 1977), and stressed syllables are usually mea-
sured to be longer than destressed syllables (Fry, 1955,
1958; Gaitenby, 1965; Lieberman, 1960; Tiffany, 1959).
These observations suggest that the subjects were in-
deed following the instructions to speak faster or to
vary stress.

The next step was to examine the duration of electro-
myographic activity in the genioglossus and orbicularis
oris muscles, and their peak values, to determine
whether these measures vary as a function of speaking
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TABLE 1. Means and standard deviations of acoustic syllable
durations (in ms).

¥BB
Slow Fast Total
M sd M sd M sd
Stressed 245(23) 167(16) 206(44)
Destressed 175(32) 125(23) 150(37)*
Total 210(45)2 146(27)
KSH
Slow Fast Total
M sd M sd M sd
Stressed 297(24) 224(16) 269(42)
Destressed 266(21) 193(14) 229(41)2
Total 281(27)2 208(22).
2p < 0. 001.

rate and syllable stress. Figure 2 shows activity in
orbicularis oris and genioglossus as a function of rate
and stress variations, EMG activity was normalized to
the longer duration and higher peak amplitude within
each comparison, and the percent changes are shown.
The slopes of the EMG patterns are not meant to be
representative of the true slope. Significant changes in
peak amplitude are indicated by asterisks near the EMG
peaks; changes in duration are indicated by asterisks on
the bottom right of each pattern.

2. EMG analysis

a. Orbicularis ovis [Fig. 2(a)]. For FBB, binomial
tests showed that peak amplitude of orbicularis oris
activity was higher in stressed relative to destressed
syllables (p < 0.01) but orbicularis oris duration did not
vary. For KSH, a decrease in syllable stress de-
creased both the duration (p < 0.05) and peak amplitude
(p < 0.01) of orbicularis oris activity. This increase in
peak amplitude with an increase in stress was also
noted by Harris ef al. (1968).

An increased rate of speech decreased the duration of
orbicularis oris activity (p < 0.05 and p < 0.01 for FBB
and KSH, respectively), but left orbicularis oris peak

{a) Orbicutaris Oris b) Genioglossus
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FIG. 2. Changes in (a) orbicularis oris and (b) genioglossus
as a function of rate and stress contrasts. EMG activity is
normalized to the longer duration and higher peak amplitude
within each comparison. Variations are shown as a percent
change in amplitude (ordinate) and duration (abscissa).
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nplitude unchanged. These data do not confirm the

——pattern of changes reported by Gay and his colleagues

for two speakers (Gay and Hirose, 1973; Gay and Ushi-

jima, 1975; Gay et al., 1974). In their experiment,

peak amplitude of orbicularis oris increased with in-

creases in speaking rate. The duration of orbicularis

oris activity, which here shortened with an increase

in rate, was not reported.

b. Genioglossus [Fig. 2(b)]. Genioglossus activity
showed identical effects of stress variations for both
subjects. The duration of genioglossus activity was
longer (ps< 0.001), and the peak amplitude higher
{p < 0.001 and p < 0.01 for FBB and KSH, respectively),
in stressed relative to destressed syllables. This pat-
tern is compatible with the small body of data available
in the literature (Harris, 1971, 1973), as well as with
published reports of these subjects’ formant frequency
shifts with stress variations, Both subjects showed
lower second and third formant frequencies for de-
stressed /i/ than for stressed /i/ (see Harris, 1978,
for more detail).

Variations in genioglossus activity accompanying an
increased rate of speech were different for the two
subjects. For FBB, slowly spoken syllables were pro-
duced with longer durations of genioglossus activity
than were quickly spoken syllables (p < 0.001), but rate
of speech did not affect genioglossus peak amplitude. In
contrast, KSH showed shorter duration and higher peak
amplitude of activity for fast relative to slow speech
{(ps< 0.01).

The difference between subjects is congruent with
measured acoustic changes in F2 and F3 as a function
of speaking rate. As rate increased, both subjects
decreased the duration of genioglossus activity (in
agreement with reports by Gay and Ushijima, 1975 and
Gay ef al., 1974), but FBB did so without changing the
amplitude of muscle activity. Thus the tongue most
probably did not reach as extreme a position for fast
as for slowly spoken /i/. In fact, FBB shows a de-
crease in F2 and F3 frequencies for fast relative to
slow speech. For KSH, peak amplitude of genioglossus
increased with rate of speech; this subject shows no
formant frequency undershoot for fast productions of
/i/ (see Harris, 1978, for details).

It is evident that the motor effect of rate or stress
variations is not simply to speed up or slow down the
execution of invariant motor commands (Kozhevnikov
and Chistovich, 1965; Lindblom, 1963; Shaffer, 1976).
Both orbicularis oris and genioglossus showed changes
in duration and peak amplitude of activity across
suprasegmental variations. However, one might re-
tain the hypothesis that the motor effects of stress and
rate modulations are identical by predicting that a given
change in acoustic duration would be produced by a spe-
cific change in muscle patterning independent of the
particular suprasegmental variable involved. This was
not the case. FBB produced slow, destressed syllables
and fast, stressed syllables with equivalent mean dura-
tions, but the peak amplitude of activity in genioglossus
differed significantly. Moreover, the stress contrast
produced articulatory changes that were consistent
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across subjects whereas the rate contrast revealed in-
tersubject differences. Thus the hypothesis that all
changes in acoustic duration are the product of the same
production rule was not supported by the results. Vari-
ations in stress and rate apparently produced acoustic
duration changes through different effects on muscle
activity. Unfortunately, experiment 1 suffers from
some of the same problems that affect previous physio-
logical analyses of stress or rate effects on articulation
(e.g., Gay and Hirose, 1973; Gay and Ushijima, 1975;
Gay et al., 1974; Harris, 1971,1973, 1978) and that
make the accumulated evidence very difficult to interpret.
Specifically, the experiments typically examine only a
few muscles during production of a very limited pho-
netic set. In addition, productions from very few
speakers are examined, and the speakers are almost
always linguistically sophisticated (although it is only
speculation that this is a relevant factor). For these
reasons, we performed a second experiment which
examined productions of speakers with and without
linguistic training. In addition, we examined activity
of a larger set of muscles for a more varied phonetic
set.

1l. EXPERIMENT 2

The purpose of experiment 2 was to extend the data set
of experiment 1. Most importantly, more speakers
were needed to determine whether variations in stress
and rate involve different transformations of articula-
tion. This experiment included five speakers, three of
whom were linguistically naive. We examined the ef-
fects of stress and rate modulations on the actions of
five muscles, known to be associated with lip, tongue,
and jaw movements during speech.

A. Procedures

The subjects were five adult females; four were native
speakers of American English, and one was an English-
speaking native of New Zealand (JT). Four of the five
subjects (PS, JT, VR, and GC) were naive as to the
purpose of the experiment; only one had previous con-
tact of any kind with experimental phonetics (PS). The
fifth subject (BT) had some linguistic training and was
aware of the experiment’s aim.

The speech sample consisted of four two-syliable non-
sense utterances: /pipip, papap, pipap, papip/. The
medial /p/ was presented and spoken as the first ele-
ment of the second syllable. Stress and rate charac-
teristics of each utterance were varied as described
in experiment 1. Two of the five subjects (VR and GC)
were unable to produce the utterances at a consistently
different rate than the “slow” rate they had chosen;
these two subjects did not complete the utterance list at
a second rate. This inability to change rate consistently
is not unique to the present study, but was also noted by
Gay (1978). Each utterance was embedded in the carrier
sentence “It’s a again,” thus minimizing the ef-
fects of initial and final lengthening and prosodic varia-
tions. Twelve repetitions were produced of each ut-
terance.

Electromyographic activity was recorded from orbicu-
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laris oris and genioglossus as described in experiment
1, as well as from medial (internal) pterygoid, the an-
terior belly of the digastric, and the inferior head of
lateral (external) pterygoid, using bipolar hooked-wire
electrodes (Hirose, 1971). Medial pterygoid acts in
raising the jaw during speech (e.g., the transition from
the low vowel /a/ to /p/ closure). The anterior belly
of digastric and the inferior head of lateral pterygoid
are active in association with jaw lowering during
speech (e.g., the transition from /p/ closure to the
low vowel /a/). The functional properties of these
muscles have been described in detail elsewhere
(Tuller et al., 1981).

During insertion of the hooked-wire electrodes,® the
subject was in a slightly reclined position and breathed
nitrous oxide to reduce discomfort. The experiment
began approximately 45 min after nitrous oxide admini-
stration ended. To verify electrode placements we used
maneuvers for which the role of each muscle is well
established (Ahlgren, 1966; Carlsoo, 1952,1956; Harris
et al., 1965; Mgller, 1974; Moyers, 1950; Smith,
1971). Some of the electrodes were displaced during
the course of the experiment or recorded EMG activity
from a neighboring muscle as well as the muscle of in-
terest; data from these electrodes were not used in the
analyses that follow. The EMG potentials from the
various muscles and the simultaneous acoustics were
recorded and computer processed as described in ex-
periment 1, In this experiment, however, the acoustic
lineup points for averaging the EMG tokens were the
onset of the acoustic release bursts for the first, sec-
ond, and third stop consonants, respectively.

B. Results and discussion of experiment 2
1. Acoustic analysis

The acoustic durations of syllables were examined in
a four-way analysis of variance (ANOVA), performed
on the following variables: syllable (first versus sec-
ond), speaking rate {fast versus slow), syllable stress
(stressed versus destressed), and vowel (/a/ versus
/i/). Mean durations for each syllable type are given in
Fig. 3. Not surprisingly, syllables spoken slowly were
significantly longer than the same syllables spoken
quickly (283 vs 200 ms), F(1,2)=23.7, p< 0.05, and
syllables spoken with primary stress were significantly
longer than syllables without primary stress {267 vs
216 ms), F(1,2)=138.03, p< 0.01. Vowel identity also
affected syllable duration: syllables containing /a/
were significantly longer than syllables containing /i/
(258 vs 226 ms), F(1,2)=46.41, p< 0.05 (see Peterson
and Lehiste, 1960). Mean acoustic duration of the first
syllable was not different from mean acoustic duration
of the second syllable (242 vs 241 ms), F(1,2)=0.13,
p>0.1. Asin experiment 1, measures of acoustic syl-
lable durations are in agreement with the available
literature, suggesting that subjects consistently changed
speech rate or stress when instructed to do so.*

2. EMG analysis: Group data

Two ANOVAs were performed separately for each
muscle, examining the effects of syllable stress,
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FIG. 3. Mean acoustic syllable durations for syllable (1 ver-
sus 2), speaking rate (fast versus slow), syllable stress
(stressed versus destressed), and vowel (/a/ versus /i/). So-
lid lines represent data from the three subjects who produced
the utterances at two speaking rates. Broken lines represent
data from all five subjects,

speaking rate, and syllable position on the duration and
peak amplitude of muscle activity. Only data from sub-
jects who had produced the utterance lists at two rates
were included in these analyses. For orbicularis oris,
the vowel context was also included as a variable.
Vowel context was not included as a variable in analyses
of medial pterygoid activity; activity in this muscle
could only be examined following the vowel /a/ because
low levels of activity during /i/ were often evident, pre-
cluding an accurate measure of consonant-related activ-
ity. In all cases, the effects of syllable position and
vowel context did not approach significance, nor were
any interactions evident.

Changes in sbeaking rate affected activity only in
orbicularis oris and genioglossus. Faster speaking
rates were associated with shorter durations of activity
in orbicularis oris, F(1,2)=21.23, p< 0,05, and genio-
glossus, F(1,3)=33.62, p< 0,05, although their peak
amplitudes were unchanged. Activity in all other
muscles showed no significant variation as a function
of rate of speech. Variations in syllable stress were
found to affect only the duration of activity in lateral
pterygoid, which was longer in stressed than destressed
syllables, - F(1, 2) =49.0, p < 0.05,

Analyses of variance were also performed on data
from all subjects, omitting the rate variable and the
“fast” productions. The increase in degrees of freedom
was sufficient to show effects of stress variations on
all three muscles examined whose activity was related
to vowel production. In stressed relative to destressed
syllables, genioglossus, lateral pterygoid, and anterior
belly of digastric showed longer durations of activity
[F(1,3)=43.27, p<0.01; F(1,4)=31.97, »<0.01; and
F(1,3)=12.17, p<0.05, respectively], and higher peak
amplitude values [F(1,3)=11.78, p< 0.05; F(1,4)="17.78,
$<0.05; and F(1,3)=24.33, p< 0,05, respectively]. In-
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creases in syllable stress were also associated with in-
creased peak amplitude of activity in orbicularis oris,
F(1,4)=18.25, p<0.05.

In summary, stress variations showed consistent ef-
fects among vowel-related muscles but rate effects
were not sufficiently robust or consistent to be revealed
by the ANOVAs. We then performed binomial tests for
each subject (as in experiment 1) in order to examine
individual’s strategies for producing stress and rate
contrasts., Perhaps, as suggested by the results of ex-
periment 1, the lack of significant rate effects on vowel
articulation is due to individuals differing in their
strategies for altering rate of speech (Kuehn, .1973; see
also Kuehn and Moll, 1976), and not simply to the small
number of degrees of freedom available in the rate
analyses.

3. EMG analysis: Individual differences

In this section we will first examine suprasegmental
effects on the muscles that in our corpus are primarily
concerned with consonant production. Muscles whose
primary function is vowel related will be discussed sub-
sequently. The results of the binomial tests are dis-
played in Figs. 4 and 5, which show normalized dura-
tions and peak amplitudes of muscle activity, As in
Fig. 2, slopes of the EMG patterns are not meant to be
representative of the true slope. A horizontal line in
the figures indicates a poor EMG recording whereas a
blank space indicates that the subject produced the ut-
terance lists at only one rate of speech.

a. Consonant-related activity. In our experiment,
orbicularis oris was active in association with bilabial

Subject {a} Orbicularis Oris (b) Medial Pterygoid
—_— «p<.05
— Stressed Slow e
——=Unstressed - Fast weeD<.001
100} L) "?\
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s / c\lc
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AN )
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FIG. 4. Variations in (a) orbicularis oris and (b) medial
pterygoid activity as a function of rate and stress contrasts,
EMG activity is normalized to the longer duration and higher
peak amplitude within each comparison, Variations are shown
as a percent change in amplitude (ordinate) and duration (ab-
scissa), A blank space indicates that the utterance list was not
produced at the fast speaking rate; (——) indicates an inade-
quate EMG recording,
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closure for /p/ [Fig. 4(a)]. Increases in syllable stress
increased the peak amplitude of activity in orbicularis
oris for four of the five subjects (ps < 0.01 for JT, PS,
and BT; p < 0.05 for GC). The fifth subject (VR) showed
no significant change in orbicularis oris peak amplitude
across stress modulation. Variations in syllable stress
did not affect the duration of orbicularis oris activity for
any subject.

The lack of duration change in orbicularis oris with
changes in syllable stress is consistent with the results
of subject FBB in experiment 1. The increase in orbi-
cularis oris peak amplitude of activity with an increase
in syllable stress agrees with data reported by Harris
et al. (1968).

When the bilabial stop occurred as the first segment
of a gyllable spoken quickly, rather than slowly, PS
and BT showed decreased duration and increased am-
plitude of orbicularis oris activity (ps < 0.01 and ps
<0.001, for PS and BT, respectively). JT also showed
a decrease in orbicularis oris duration as speaking
rate increased (p < 0.001), but for this subject orbicu-
laris oris peak amplitude was lower in fast than in slow
speech (p < 0.001),

The variability of changes across subjects in orbicu-
laris oris peak amplitude as a function of speaking rate
is obvious, and is reflected in the nonsignificant
ANOVA. These data differ from the results of our pre-
vious experiment but agree with reports by Gay and his
colleagues for two speakers (Gay and Hirose, 1973;
Gay and Ushijima, 1975; Gay ef al., 1974).

Medial pterygoid [Fig. 4(b)] is another muscle whose
primary function in this experiment is consonant pro-
duction. Medial pterygoid is active in association with
jaw raising for the vowel~-consonant transitions. Nei-
ther the duration nor peak amplitude of medial pterygoid
activity was affected by changes in syllable stress.
However, speaking rate did affect the peak amplitude of
activity in this muscle, which was higher during fast
speech than during slow speech (p < 0.05, PS; p < 0.001,
BT). The duration of medial pterygoid activity short-
ened with an increase in speaking rate for one subject
(p<0.05,BT).

b. Vowel-velated activity. Variations in speaking
rate and stress differentially altered the activity of
genioglossus for the production of /i/ [Fig. 5(a)]. For
all subjects, increases in syllable stress were associ-
ated with increases in both the duration (ps < 0.05 for
JT, BT, and GC; p < 0.01 for PS) and peak amplitude
(ps < 0.05) of genioglossus activity. For the three sub-
jects who spoke the utterance lists at two rates, an in-
crease in speaking rate was accompanied by a shortened
duration of genioglossus activity (p < 0.05, p < 0.001,
and p < 0,01 for JT, PS, and BT, respectively); peak
amplitude of genioglossus was unchanged. This pattern
of results is similar to that observed in experiment 1
and agrees with data reported by Gay and Ushijima
(1975), Gay et al. (1974), and Harris (1971, 1973).

The inferior head of lateral pterygoid [Fig. 5(b)] was
consistently active for production of the vowel /a/.
Activity in this muscle was longer (ps < 0.05) and of
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higher amplitude (ps < 0.05 for PS, GC, and VR; ps

< 0.001 for JT and BT) for stressed syllables containing
the vowel /a/ than for the same syllables spoken with-
out primary stress. In contrast, increased speaking
rates in two subjects were associated with increases in
peak amplitude of inferior head of lateral pterygoid
(p<0.05,JT; p<0,001,BT) and, in one of these sub-
jects (JT) a decrease in duration of its activity (p

< 0.05). PS showed no systematic changes in activity of
lateral pterygoid (inferior head) as a function of
changing rate. '

The changes in duration and peak amplitude of anterior
belly of digastric [Fig. 5(c)] were similar to the changes
observed in inferior head of lateral pterygoid. (Both
muscles act to lower the jaw for the open vowel /a/.)
Increases in syllables stress were associated with sig-
nificantly increased anterior belly of digastric duration
(ps < 0.05, PS, GC, and VR; p< 0.001, BT) and peak
amplitude (ps < 0.05). In contrast, increases in
speaking rate were associated with increases in peak
amplitude of activity in anterior belly of digastric (ps
< 0.001, PS and BT), but the duration of activity short-
ened for only one subject {p < 0.05, BT). '

To summarize, the effects of stress contrasts were
quite consistent across speakers and muscles involved
in vowel articulation. With a shift from destressed to
stressed syllable production, all muscles directly as-
sociated with vowel production (genioglossus, inferior
head of lateral pterygoid, and anterior belly of digas-
tric) increased in both duration and peak amplitude of
activity (all five subjects). Stress-related changes in
EMG patterns for muscles related to consonant produc-
tion were less systematic. Orbicularis oris tended to
increase in peak amplitude, but not duration of activity
as stress increased (four out of five subjects), and
medial pterygoid showed no systematic changes as a
function of stress.

The effects of increases in rate of speech were less
consistent than the effects of stress across muscles
and speakers. As speaking rate increased, muscle
activity changed in one of three ways: (1) decrease in
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duration with no change in peak amplitude, (2) decrease
in duration with an increase in peak amplitude, and (3)
no change in duration but an increase in peak ampli-
tude. In only one case (JT, orbicularis oris) did muscle
activity decrease in both duration and peak amplitude
for fast relative to slow speech, Only genioglossus
showed consistent rate-dependent changes across sub-
jects, being of shorter duration in fast relative to slow
speech but with no change in peak amplitude of activity.

The most noticeable aspect of the data is that changes
in each muscle’s activity were different for variations
in syllable stress than for variations in speaking rate
(see Figs. 2, 4, and 5). No subject showed the same
pattern of change in any muscle’s activity for stress
modulations as for rate modulations, suggesting that
stress and rate have different “signatures” in the
muscle activity patterns.

It is important to underscore that neither linguistic
training nor knowledge of the experiment’s aim was a
significant source of variation. With regard to changes
in muscle activity as a function of syllable stress,
the data from subjects with phonetic knowledge (PS and
BT) or knowledge of the experiment’s aim (BT) were
identical to the data from the three naive subjects (JT,
GC, and VR). With regard to changes in speaking rate,
there were differences among all subjects, not simply
between the linguistically sophisticated and naive ones,
or between the subject who was aware of the purpose of
the experiment and those who were not.

I1l. GENERAL DISCUSSION

The results of experiments 1 and 2 indicate that stress
contrasts and rate contrasts are associated with dif-
ferent patterns of articulatory change. Although varia-
tions in both stress and rate affected acoustic syllable
duration, they apparently produced these duration
changes by distinct effects on muscle behavior that may
be specific to the suprasegmental change. This may
allow the resulting acoustic patterns to be unambiguous
to a perceiver even though certain features of the pat-
terns are affected by both contrasts in similar ways
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(cf., Klatt, 1976). In fact, Rakerd ef al. (1980) provide
evidence that the acoustic consequences of rate and
stress modulations are not perceptually equivalent.

It is evident that all speakers do not have only one
strategy for producing suprasegmental variations, nor
do all speakers have the same two strategies, one to
accomplish changes in syllable stress and one to ac-
complish variations in speaking rate. Although all sub-
jects in the present study showed similar effects of a
stress contrast on vowel-related muscle activity, the
effects of a rate contrast were more variable, both
within and across speakers. Thus it seems likely that
different speakers alter level of stress in equivalent
ways but are less constrained to choose a specific ar-
ticulatory strategy to alter rate.

That stress-dependent changes are more consistent
across vowel-related muscles than across consonant-
related muscles is not surprising. Articulatory dis-
placements and segment durations are known to reduce
more in vowels than in stop consonants (e.g., Klatt,
1975), so that stress may “ride” on the vowels. How-
ever, these observations may be a function of the par-
ticular segments used and do not necessarily mean that
vowels and consonants follow different rules for stress
variations (MacNeilage, 1980). Stop consonants may be
more resistent to shortening with destressing than, for
example, fricatives or glides, whereas intrinsically
long vowels allow for a greater absolute amount of
shortening with destressing than do intrinsically shorter
vowels (Klatt, 1973).

In accord with the EMG data, the acoustic conse-
quences of a change in stress are also reported to be
more consistent than the acoustic consequences of a
change in rate. When /i/ and /a/ are destressed, they
show acoustic changes consistent with articulatory
undershoot, particularly centralization of the formant
frequencies (e.g., Delattre, 1969; Harris, 1978;
Verbrugge and Shankweiler, 1977, among many others).
A systematic change in formant frequency with a varia-
tion in speaking rate is not always apparent (Gay, 1978;
Harris, 1978; Rakerd et al. 1980; Verbrugge and
Shankweiler, 1977). One explanation provided by Kuehn
and based on cinefluorographic studies (Kuehn, 1973;
see also Kuehn and Moll, 1976) is that increases in
speaking rate are accompanied by different kinematic
permutations across speakers. Generally, speakers
either show increases in articulatory velocity and
maintained displacement, or velocity of their move-
ments is maintained with a consequent decrease in dis-
placement. These data not only concur with the inter-
subject variability observed in the present experiments
but also provide an explanation for the lack of agree-
ment among previous studies on the effects of speaking
rate variations on muscle activity.

That different patterns of muscle activity characterize
stress and rate variations is intuitively not surprising.
A talker has two very different aims when changing
speaking rate and when changing stress; for the former
the talker must move the articulators faster (or
slower), whereas for the latter the talker must make
certain syllables less (or more) prominent. Intuition
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also suggests that changing stress and rate are not
equivalent motor transformations. It is very difficult
for a speaker to alternate fast and slow speaking rates
syllable-by-syllable, but very easy (and common) for
a speaker to alternate stressed and destressed syl-
lables. Speakers have little difficulty maintaining a
constant (comfortable) rate of speech, but find it very
hard to produce all syllables with a constant level of
stress.

One further conclusion that may be drawn from these
data is that variations in stress and rate are not at-
tributable solely to changes in timing of commands to
the articulators. If the motor commands for a phoneme
were in fact invariant over suprasegmental variations,
then in order to produce a change in acoustic duration
the intersegmental timing of commands must neces-
sarily change. In the present experiments, a reorgan-
ization of muscle activity patterns underlying a given
phonetic segment was the rule, not the exception. Thus,
although the timing of intersegmental activity may in-
deed change, the temporal change is-not a necessary
concomitant of suprasegmental variation. For example,
elsewhere (Tuller, 1980; see also Tuller et al., in
press) we have presented evidence showing that rela-
tive intersegmental timing is preserved in the face of
suprasegmental variations, a characterization that
seems to include not only speech, but also a wide vari-
ety of other motor activities (see Kelso et al., in press,
for a review).

In conclusion, for both linguistically naive and lin-
guistically sophisticated speakers, the motor activity
patterns underlying changes in speaking rate were not
equivalent to, and were noticeably less consistent than,
the activity patterns underlying changes in syllable
stress. These data provide a basis for interpreting
recent evidence that rate and stress transformations
are neither acoustically nor perceptually equivalent,

ACKNOWLEDGMENTS

We would like to thank Carol Fowler for comments on
the manuscript, and Agnes McKeon for preparing the
figures. Special thanks to Dr. Robert Gross for per-
forming the electrode insertions for the second experi-
ment. This work was part of a doctoral dissertation by
the first author, presented to the University of Con-
necticut. The work was supported by NINCDS grants
NS-13617 and NS-13870, and BRS grant RR-05596 to
Haskins Laboratories, and by a Sloan Foundation Fel-
lowship to the first author.

!Lindblom himself no longer adheres to the originally de-
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*Although “vocal effort » was not controlled in these experi-
ments, increased vocal effort did not seem to accompany
faster speaking rates. Acoustic intensity (as indicated by in-
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spection of the waveforms) did not appear greater in “fast”
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