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In this article we examine the effects of suprasegmental variations in speaking
rate and syllable stress on temporal organization at the articulator level. Spe-
cifically, we wished to determine what articulatory constancies (if any) underlie

the preservation of phonetic identity whe
varied. Electromyographic activity was s

n syllable stress and speaking rate are

ampled from five muscles known to be

associated with lip, tongue, and jaw movements during selected bisyllabic ut-
terances. Large variations were observed in magnitude and duration of activity
in individual muscles. However, analysis of the phase relations among muscles
suggested that the timing of consonant-related muscle activity remains fixed
relative to activity for the flanking vowels. We argue that this style of coordi-
nation, in which the relative timing of activity among muscles is preserved across
metrical changes, is not only characteristic of many nonspeech motor activities
but may also rationalize certain findings in speech perception.

Two basic types of explanation have been
proposed for the changes in acoustic segment
duration that occur with variations in speak-
ing rate and syllable stress. One view is that
the segmental articulations within quickly
spoken or destressed syllables are “over-
lapped” in time, resulting in shorter acoustic
realizations than the same syllables spoken
more slowly or with greater syllabic stress
(e.g., Kozhevnikov & Chistovich, 19635;
Lindblom, 1963; Shaffer, 1976). An alter-
native view is that the relative timing of seg-
mental articulations remains constant over
changes in stress and speaking rate, but the
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individual segments themselves change in
absolute duration or extent of articulatory
movement (e.g., Kent & Moll, 1975; Kent
& Netsell, 1971; Lofqvist & Yoshioka, in
press). In earlier papers (Kelso, Tuller, &
Harris, in press; Tuller, Harris, & Kelso,
Note 1), we provided evidence for the latter
hypothesis. Compared with the large varia-
tions that were observed in the magnitude
and duration of electromyographic (EMG)
activity in individual muscles, the temporal
relation between consonant- and vowel-re-
lated activity in a given consonant-vowel
(CV) or vowel-consonant (VC) pair re-
mained stable over suprasegmental change.
However, no broader conclusions could be
drawn concerning the preservation of tem-
poral aspects of articulation because the
phonetic structure of the utterances did not
allow investigation of relative timing over
more than two phonetic segments. It may be
that individual articulatory events are tem-
porally constrained relative to some longer
period of articulation than examined in pre-
vious experiments. The longer period of ac-
tivity may vary as a function of changes in
speaking rate and syllable stress and may
possibly be a factor in the perceptual spec-

. ification of these changes.
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INTERARTICULATOR PHASING IN SPEECH

The present work explored the possibility
that relative timing of articulatory events is
preserved over suprasegmental changes.
There are some a priori grounds from two
disparate sources that might motivate a rel-
ative timing hypothesis. The first comes from
the speech perception literature. For exam-
ple, long and short vowel pairs appear to be
distinguished perceptually by vowel duration
in relation to perceived rate of speech and
not by absolute vowel duration (Rakerd,
Verbrugge, & Shankweiler, 1980). The sec-
ond comes from work on other motor activ-
ities that suggests that relative timing (phas-
ing) among muscles and kinematic events is
preserved over changes in force or rate (see
Kelso, Tuller, & Harris, in press, for review).
For example, MacMillan (1975) observed
that in a freely locomoting lobster, activity
in the individual limb muscles occurs at a
constant phase position relative to the step
cycle, even when a load was attached to the
limb.

As yet, however, no experiment in the
speech production literature has been suf-
ficiently expansive to evaluate possible tem-
poral regularities among articulatory events
associated with the specification of phonetic
segments. This step would seem important
because some motoric invariant, perhaps
specified as relations among articulators
(and the consequent acoustic signals), may
allow the perceiver to identify the same pho-
netic segment in the face of suprasegmental
transformations. With this in mind, we ob-
tained electromyographic recordings from
lip, tongue, and jaw muscles while subjects
produced utterances whose phonetic struc-
ture allowed intersegmental timing relations
to be examined over more than two phonetic
segments. Our results suggest that the pres-
ervation of relative timing of muscle activity
over suprasegmental change is characteristic
of the temporal organization of speech.

Method
Subjects

The subjects were three adult females: two were na-
tive speakers of American English, and one was an En-
glish-speaking native of New Zealand. Two of the three
subjects were naive to the purpose of the experiment.
It may be remarked at the outset that neither dialect
nor experimental sophistication had any conspicuous
effects.
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Materials and Procedure

The speech sample consisted of four two-syilable non-
sense utterances: /pipip, papap, pipap, papip/. The
medial /p/ was presented and spoken as the first element
of the second syllable (e.g., *‘pee-peep”™). Each utterance
was spoken in two stress patterns, with primary stress
on either the first or second syllable. The subjects read
quasi-random lists of these utterances at two self-se-
lected speaking rates, “siow” (conversational) and
“fast.” Each utterance was embedded in the carrier sen-
tence “It’s a again,” thus minimizing the
effects of initial and final lengthening and prosodic vari-
ations. Twelve repetitions were produced of each utter-
ance.

Data Recording

Electromyographic activity was recorded from mus-
cles whose activities could be associated unequivocally
with either the consonant or the vowels of the utterance
set. For example, orbicularis oris is known to participate
in bilabial closure for production of /p/ (Fromkin, 1966:
Harris, Lysaught, & Schvey, 1965), but is not active
for production of /a/ or /i/. Orbicularis oris activity
was recorded using paint-on surface electrodes (Allen,
Lubker, & Harrison, Note 2) spaced at about .5 c¢m
from the vermilion border of the lips.

Electromyographic activity was also recorded from
the anterior portion of genioglossus, anterior belly of the
digastric, medial (internal) pterygoid, and the inferior
head of lateral (external) pterygoid, using bipolar
hooked-wire electrodes (Hirose, 1971 ). Genioglossus
activity is associated with tongue bunching and anterior
movement. and is active in production of the vowel /i/
(e.g.. Raphael & Beil-Berti, 1975; Smith, Note 3). The
anterior belly of digastric and the inferior head of lateral
pterygoid are active in association with Jaw lowering
during speech (e.g., for the production of /a/), whereas
the medial pterygoid acts to raise the jaw during speech
(e.g., the transition from the low vowel /a/ to /p/ clo-
sure). The functional properties of these muscles have
been described in detail elsewhere (Tuller, Harris, &
Gross, 1981).

During insertion of the hooked-wire electrodes, the
subject was in a slightly reclined position and’ breathed
nitrous oxide to reduce discomfort. Detaiied descriptions
of electrode placement and insertion techniques may be
found in Ahigren (1966) and Gross and Lipke (1979).
Verification of electrode placements used maneuvers for
which the role of each muscle is well established (Ahl-
gren, 1966; Carlsdo, 1952, 1956; Harris et al., 1965;
Maoller, 1974; Moyers, 1950; Smith, Note 3).

The EMG potentials from the various muscles were
recorded on multichannel FM tape. On subsequent anal-
ysis the potentials were rectified and computer sampled,
then software integrated with a time constant of 35 msec
(a typical smoothing window for data of this type).
Repetitions of an utterance were averaged using the
Haskins Laboratories EMG system described by Kew-
ley-Port (1974). Acoustic recordings were made simul-
taneously with the EMG recordings, and both were an-
alyzed on subsequent playback. .
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Table 1
Adequate Electrode Placements and EMG
Recordings for Each Subject

Subject

Muscle PS BT JT

Orbicularis oris
(bilabial closure for /p/)
Genioglossus
(tongue fronting for /i/)
Lateral pterygoid-inferior head
(jaw lowering)
Anterior belly of digastric
(jaw lowering)
Medial pterygoid
(jaw raising)

LT T -
®ooX MK X

Note. EMG = electromyographic.

The EMG tokens were realigned and reaveraged three

times, at the onset of the acoustic release burst for the
first, second, and third stop consonants, respectively. In
this way, average muscle activity could be examined at
specific points of interest without the time-smearing ef-
fects of averaging tokens that were aligned at a tem-
porally distant point.
_ Onsets and offsets of activity were determined from
data averaged around the acoustic lineup point closest
to the activity of interest. The averaging program pro-
vided a numerical listing of the mean amplitude of each
EMG signal in microvolts during successive 5-msec in-
tervals. Baseline and peak values for each muscle were
determined from this numerical listing; the rime of onset
(and offset) was defined as the 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. Some of the electrodes were displaced dur-
ing the course of the experiment or recorded EMG ac-
tivity from a neighboring muscle as well as the muscle
of interest; data from these electrodes were not used in
the analyses that follow. Table 1 shows for each subject
the electrode placements that had stable, uncontami-
nated EMG activity.

The acoustic recordings were measured for their du-
rational characteristics, using an interactive computer
program that displays the acoustic waveform. Measures
were made of the interval from the first acoustic evi-
dence of closure for the initial /p/ in the /pV,pVip/
utterances (defined here as the point when the high fre-
quency components of the periodic wave disappear) to
the second acoustic evidence of closure (for the medial
stop consonant). For ease of communication, this inter-
val will be referred to below as the acoustic duration
of the first syllable. The measured interval from the
second acoustic evidence of closure (for the medial
/p/) to the third (for the final /p/) will be referred to
as the acoustic duration of the second syllable. These
measures were averaged for each subject.
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Results and Discussion

Acoustic Analysis

The acoustic durations of syllables were
examined in a four-way within-subjects
analysis of variance, performed on the fol-
lowing variables: syllable (first vs. second),
speaking rate (fast vs. slow), syllable stress
(stressed vs. unstressed), and vowel (/a/ vs.
/1/). Not surprisingly, syllables spoken slowly
were significantly longer than the same syl-
lables spoken quickly (283 vs. 200 msec),
F(1, 2)=23.7, p<.05. Syllables spoken
with primary stress were significantly longer
than syllables without primary stress (267
vs. 216 msec), F(1, 2)=138.03, p <.0l.
Vowel identity also affected syllable dura-
tion: Syllables containing /a/ were signifi-
cantly longer than syllables containing /i/
(258 vs. 226 msec), F(1, 2) = 46.41, p < .05
(see Peterson & Lehiste, 1960). Mean
acoustic duration of the first syllable was not
different from mean acoustic duration of the
second syllable (242 vs. 241 msec), F(1,
2) =0.13, p > .1.

The effects of changes in speaking rate
and stress on the acoustic durations of syl-
lables are by now well established in the
speech production literature. Unstressed syl-
lables and syllables spoken quickly are gen-
erally found to be shorter in duration than
stressed syllables and syllables spoken slowly
(e.g., Fry, 1955, 1958; Kozhevnikov & Chis-
tovich, 1963; Lehiste, 1970; Lindblom, 1963;
Tiffany, 1959; Gaitenby, Note 4). Measures
of acoustic syllable durations in this exper-
iment support these general findings, sug-
gesting that subjects consistently changed
speech rate and stress when instructed to
do so. '

EMG A}xalysis.' Variations in Individual
Muscle Actions ’

Additional sources of information that in-
dicate whether subjects followed the instruc-
tions to change speaking rate and stress are
the systematic variations in duration and
peak amplitude of activity in individual mus-
cles. The basic results are reported in detail
elsewhere (Tuller, 1980; Tuller, Harris, &
Kelso, in press). With a shift from stressed
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to unstressed syllable production, those mus-
cles directly related to vowel production de-
creased in both duration and peak amplitude
of EMG activity. The effects of a change in
speaking rate were less consistent across sub-
jects. These general results agree with other
investigations of stress and rate effects on
EMG activity (e.g., Gay & Ushijima, 1975;
Gay, Ushijima, Hirose, & Cooper, 1974;
Harris, 1971, 1973; Sussman & Mac-
Neilage, 1978; Harris, Gay, Sholes, & Lie-
berman, Note 5), and provide further evi-
dence that subjects changed their rate and
stress of speech as instructed.

EMG Analysis: Intersegmental Timing

The main thrust of the present study was
to examine intersegmental timing among
articulatory muscles across metrical varia-
tions in rate and stress. However, it is not
clear how best to define temporal events over
stretches of speech that go beyond single
syllables. In keeping with current investi-
gations of nonspeech motor skills, we chose
to define the timing of articulatory activity
in terms of the phase relations among muscle
actions. This analysis requires demarcation
of some “period” of articulatory activity and
the latency of occurrence of activity for an
articulatory event within the defined period
(cf. von Holst, 1973; Stein, 1971, 1976,
among others). To this end, several periods
of articulatory activity were demarcated,
defined as the time between two successive
occurrences of the same type of EMG event
in two muscles related to production of one
segment type. The three EMG events were
onset, peak amplitude, and offset of muscle
activity; the two segment types were con-
sonants and vowels. Within each defined pe-
riod, the latency of the same sort of EMG
event was determined for a muscle related
only to the other segment type. Consider, for
- example, the first CVC of the utterance
/pipap/. A period can be defined as the time
between the onset of orbicularis oris activity
for the initial /p/ to the onset of medial pter-
ygoid activity for the medial /p/; the latency
of an event within this period can be defined
as the time from the onset of activity in or-
bicularis oris for the initial /p/ to the onset
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of activity in genioglossus for production of
the vowel /i/.!

Nine “periods™ and corresponding events
(or “latencies™) within each period were de-
fined in this way and are indicated sche-
matically in Figures 1, 2, and 3. Within each
utterance type, pairs of periods and latencies
were obtained for each subject, and for each
possible combination of muscles. For the ex-
ample used above, periods and latencies were
determined for the utterance /pipap/, spo-
ken under the four different speaking con-
ditions (i.e., slow rate with the first syllable
stressed, slow rate with the second syllable
stressed, fast rate with the first syllable
stressed, and fast rate with the second syl-
lable stressed). This resulted in a set of four
coordinate pairs for which a Pearson’s prod-
uct-moment correlation was calculated. High
linear correlations would signify that the
measured latency and period maintained
their relative timing over variations in speak-
ing rate and syllable stress.

Figures 1, 2, and 3 show the distributions
of correlations for the different measures.
Each correlation is a single entry in the fre-
quency distributions. The same muscle set
is represented in each figure, within the re-
strictions imposed by the defined period and
latency. One measure showed a higher cor-
relation and less variability than all other
measures. Specifically, a high linear corre-
lation (ranging from .87 t0.99) was obtained
between the period from the onset of muscle
activity for V| to the onset of muscle activity
for V,, and the latency of the onset of activity
for p, relative to the onset of activity for V,
(Figure 2a). All other definitions of period
and latency produced wider distributions,
although some correlations of .8 and above
were also evident. However, in the latter
cases there was nothing systematic about the
high correlations; they did not reflect the
same subject(s), utterance(s), or muscle
combination(s). Moreover, the shape of each
distribution differed significantly from the
curve in Figure 2a, for correlations greater

! Recall that EMG onsets, offsets, and peaks were
determined from data averaged around the closest
acoustic lineup. .
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than .8 (Kolmogorov-Smirnov test, ps < .01,
one-tailed),

A subset of the individual correlations that
comprise the distribution of Figure 2a is
shown in Figure 4. The period from V, onset
to V, onset is plotted along the x-axis; the
y-axis shows the latency of p, onset relative
to V, onset. Parts A and B represent two
different muscle combinations. The utter-
ances examined are indicated at the top of

papip
A 7B/ Orbicularis Oris

/as Laterai Pterygoid (inferior
7t/ Genioglossus

S ‘//»/‘ [
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each column, and subjects are indicated for
each row. Also shown are the individual
Pearson’s product-moment correlations of
the four stress-rate conditions (slow with the
first syllable stressed, slow with the second
syllable stressed, fast with the first syllable
stressed, and fast with the second syllable
stressed). Examination of the plots of la-
tency by period, and the resulting correla-
tions, reveals that the high correlations de-

pipap papap
Head) Siaw. vy 3:\?::::« N

Fast, v) {Stressed o
[ Unstressed o

3

/ /
=99 r=.93
/ o

200 400 ] 200 400
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Figure 4. Plots of period by latency for individual su

200 400 [ 200 400
set to V, onset, in msec)

bject’s productions of three utterance types. (Each

point represents the mean of 12 repetitions of the indicated utterance and is labeled as to its stress and

rate characteristics. Also indicated are the muscles
relations.)

examined and the Pearson’s product-moment cor-
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scribe points that are tightly distributed
around the regression line.

Figure 4 also reveals that although the
high correlation was obtained over the var-
ious possible muscle combinations and ut-
terances, the slope of the regression line did
not remain constant regardless of the spe-
cific muscles or utterances involved. The
same combination of muscles specific to pro-
duction of two different utterances usually
showed two different relationships of latency
to period. Similarly, two different combi-
nations of muscles often showed different
relationships of latency to period for pro-
duction of the same utterance type.

The preservation of relative timing in the
muscle activity patterns is illustrated in Fig-
ure 5. Each muscle trace represents the av-
erage of 12 tokens of the utterance /papip/
produced by one subject. Arrows indicate the

papip
ARSI Il I

=300
SLOW
-500
o ol o B o}
k5
' A
FAST AN
o rvmapf T
] ] 1 I 1 1 1 i
~500 [] 500msec
180
110 ratio = 61
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onsets of activity for /2/ (anterior belly of
digastric), /p/ (orbicularis oris), and /i/
(genioglossus). The period from the onset of
activity in anterior belly of digastric (for V)
to the onset of activity in genioglossus (for
V:) was calculated for each of the four
stress-rate conditions (shown in each quad-
rant of the figure), as was the latency of
orbicularis oris onset (for C,) relative to the
onset of activity in anterior belly of digastric
(for V). In this case, the ratio of latency to
period was unaffected by suprasegmental
changes although variations in duration and
peak amplitude of activity in individual mus--
cles were evident. In all cases, the relation-
ship maintained was linear, though not nec-
essarily ratiomorphic.

To summarize, in a pVpVp utterance
embedded in a carrier phrase, the timing of
onsets of activity for successive vowel and

500

ratio= .65

o OEZERID,

:: L ]
-500 [*] 500msec
114
ratio= 66

o Qrbicularis oris

Genioglossus

e Anterior Beliy of Digastric

Figure 5. The utterance / papip/ spoken by one subject at two rates and with two stress patterns. (Each
muscle trace represents the average of 12 repetitions of the utterance. Arrows indicate onsets of activity
. for anterior belly of digastric [jaw lowering for /a/; the dotted line], orbicularis oris {lip movement for
/p/; the thick line], and genioglossus [tongue fronting for /i/; the thin line]. The ratio of the latency
of consonant-related activity relative to the vowel-to-vowe} period is indicated for each stress and rate

condition.)
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consonant segments appears to be tempo-
rally constrained in relation to a longer pe-
riod of articulation than previously exam-
ined, namely, the period between onsets of
activity for successive vowels, The onset of
activity for consonant articulation was
strongly linked to the timing of activity for
the flanking vowels.? This preservation of
relative timing of muscle activity was ob-
served for all utterances and muscle com-
binations sampled, and was independent of
the large variations in duration and peak
amplitude of activity in the individual mus-
cles that occur with suprasegmental changes.

General Discussion

The results of the present experiment sug-
gest that an appropriate description of tem-
poral aspects of articulation is relative to a
longer articulatory period than previously
examined in the speech production litera-
ture. For eight of the nine experimentally
defined articulatory periods and latencies,
linear correlations of period and latency pro-
duced a wide distribution of correlations. In
contrast, for pV,pV,p utterances, when the
articulatory period was defined as the inter-
val from V, onset 10 V, onset, and the latency
defined as the interval from V, onset to onset
of the medial consonant, the correlations of
latency and period produced a distribution
that was not only narrow but restricted to
high values. In other words, the timing of
consonant articulation remained fixed rela-
tive to the surrounding vowel articulations.

Let us consider the implications of this
result in some detail, Specifically, why might
the interval between successive vowels ap-
pear to constitute a significant articulatory
period for the utterances examined? One of
the main findings in the literature on speech
acoustics is that vowels are much more
“elastic” than consonants when speaking
rate and stress vary (e.g., Kozhevnikov &
Chistovich, 1965; Lehiste, 1970; Gaitenby,
Note 4). Thus, were the period of articula-
tory activity defined between two conso-
nants, the bulk of the durational change
would affect only the measured period, so
that the relative timing of latency and period
would not be maintained. However, when
the period of activity is defined as the inter-
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val between the onsets of two vowels (Figure
2a), the major durational changes that occur
as stress and speaking rate vary will affect
both latency and period, leaving open the
possibility that they could change in a re-
lated manner.

If the internal timing relations of an ut-
terance were maintained over suprasegmen-
tal modulations, changes in other variables
might not disrupt the perceiver’s ability to
identify the utterance’s phonetic composi-
tion. This hypothesis is supported by recent
reports of rate effects on phonetic percep-
tion. These data suggest that the timing of
some event contributing to a phonetic dis-
tinction is not constrained within absolute
temporal boundaries but is perceived in re-
lation to some longer period specifying speech
rate. For example, Port (1979) examined the
influence of speech rate on the perception of
the voiced/voiceless distinction in medial
stop consonants, cued in part by the duration
of silence preceding the consonant release.
The duration of silence necessary to specify
that the medial stop consonant was voiceless,
and not voiced, decreased as speaking rate
increased. This example suggests that cate-
gory distinctions that have a temporal basis
may be perceived relative to total speech
time, interpreted as speaking rate (cf. Miller
& Grosjean, 1981; Miller & Liberman,
1979; Pickett & Decker, 1960; Summerfield,
1975, Note 6).

Just as relative timing has significance for
speech perception, so it appears to be im-
portant in the control and coordination of
nonspeech motor skills. For example, it is
well known that the duration of the “step
cycle” in the limb of a freely locomoting cat
decreases as speed of locomotion increases.
However, the timing of periods of extensor
activity remains fixed relative to the
step cycle (Engberg & Lundberg, 1969:

21t should be emphasized that this result does not
necessarily entail the notion that speech production is
organized as continuous vowel-to-vowel production with
consonants superimposed on this basic organization (see
Fowler, 1977; Ohman, 1966; Perkell, 1969), In loco-
motion, the timing of extensor activity may remain fixed
relative to the time between successive flexions (sec
Engberg & Lundberg, 1969), yet the organization of
locomotion is not described as continuous flexion-to-
flexion with extension superimposed on this basic cycle.
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MacMillan, 1975; cf. Grillner, 1975 and
Shik & Orlovskii, 1976). Other activities in
which the timing of component events change
in a predictable (linear, but not ratio-
morphic) fashion include mammalian res-
piration and mastication (Grillner, 1977). It
may be argued that these activities and
speech differ on a number of dimensions that
preclude valid comparison. The first set of
activities can be considered stereotypic and
more likely to reveal strictly rhythmical
properties. Speech is less obviously stereo-
typic and less likely to exhibit a highly stable
space-time organization. Although these are
common criticisms of parallels between
speech and other activities, it is worth noting
that a style of coordination—observed here—
in which temporal relations are preserved
over changes in individual components also
holds for nonspeech activities that are not
obviously rhythmic and whose fundamental
pattern is not immediately apparent.

When individuals are asked to vary their
handwriting speed without varying move-
ment amplitude (Viviani & Terzuolo, 1980),
the relative timing of certain movements
does not change with speed. Specifically, the
tangential velocity records resulting from
different writing speeds reveal that overall
duration changes markedly across speeds.
But when the individual velocity records are
normalized for differences in overall dura-
tion, the resulting pattern is highly invariant.
The same timing relations are preserved over
changes in magnitude of movements, over
different muscle groups, and over different
environmental (e.g., frictional) conditions
(cf. Denier van der Gon & Thuring, 1965;
Hollerbach, 1980; Wing, 1978).

Thus in handwriting, the relative timing
of individual strokes remains fixed, although
their duration and magnitude may vary
markedly. This illustrates a general feature
of coordinated activity, namely, that the tim-
ing relations among elements are indepen-
dent of modulations in power or force (see
Kelso et al., in press, for review). The ex-
periment described here suggests that speech
production shares a qualitatively similar
style of organization, at least at the EMG
level. A temporal patterning of components,
in this case muscle activities, was preserved
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independent of changes in the duration and
absolute magnitude of activity in the indi-
vidual muscles. Although the work described
here was restricted to the special case of
mutually independent consonant and vowel
activities (in theory allowing maximal coar-
ticulation) and examined a rather limited
phonetic set, the congruence of its findings
with the literature on speech perception and
the commonalities shared with other motor
activities suggests that the study of rela-
tional invariances may be a powerful ap-
proach toward an understanding of speech
production.
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