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Abstract In this study, downward-directed mechanical
perturbations were applied to the lower lip during both
repetitive (/...pzpepz.../) and discrete (/pa’sepapl/) ut-
terances in order to examine the perturbation-induced
changes of intergestural timing between syllables (i.e..
between the bilabial and larvngeal gestures for succes-
sive /p/’s) and within phonemes (i.e.. between the bilabi-
al and larvngeal gestures within single /p/’s ). Our find-
ings led us to several conclusions. First, steady-state
(phase-resetting) analyses of the repetitive utterances in-
dicated both that “permanent” phase shifts existed for
both the lips and the larynx after the system returned to
its pre-perturbation rhythm and that smaller steady-state
shifts occurred in the relative phasing of these gestures.
These results support the hypothesis that central inter-
gestural dynamics can be reset by peripheral articulatory
events. Such resetting was strongest when the perturba-
tion was delivered within a “sensitive phase” of the cy-
cle. during which the downwardly directed lower-lip per-
turbation opposed the just-initiated, actively controlled
bilabial closing gesture for /p/. Although changes in syl-
lable duration were found for other perturbed phases.
these changes were simply transient effects and did not
indicate a resetting of the central “clock.” Second, ana-
lyses of the transient portions of the perturbed cycles of
the repetitive utterances indicated that the perturbation-
induced steady-state phase shifts are almost totally at-
tributable to changes occurring during the first two per-
turbed cycles. Finally, the transient changes in speech
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tinling induced by perturbations in the discrete sequenc-
es appeared to share a common dynamical basis with the
changes to the repetitive sequences. We conclude by spec-
ulating on the type of dvnamical system that could gen-
erate these temporal patterns.
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Timing - Dynamics

Introduction

Speech production requires the control and coordination
of several different systems: the respiratory system. the
larynx. and the upper anticulators (i.e.. the lips, the tongue.
the jaw. and the velum). During speech. these systems
are coupled in a functional manner to produce the acous-
tic signal and visual information used for transmitting
linguistic intent. This study investigates the principles
governing the temporal control of speech producnon
with pamcular emphasis on intergestural timing in the
production of voiceless consonants. For example. the
production of the bilabial. voiceless consonant /p/ re-
quires the following set of gestures. The lips are closed
by joint activity of the jaw and the upper and lower lip.
The velum is elevated to seal off the entrance to the na-
sal cavity. The glottis is widened momentarily, and the
longitudinal tension of the vocal folds is often concomi-
tantly increased to prevent glottal vibrations. These oral
and laryngeal actions all contribute to the period of si-
lence in the acoustic signal and the increase in oral air
pressure associated with the stop consonant. In addition.
the oral closing and opening gestures and the laryngeal
abduction/adduction movements have to be coordinated
in time to produce the proper acoustic signal. Variations
in the timing of these articulatory events are commonly
used in different languages to produce linguistically mean-
ingful contrasts of voicing and aspiration (Abramson
1977; Lofqvist 1980. 1992: Lofqvist and Yoshioka 1981).

One experimental approach. which has been used to
examine intergestural timing. involves applying a me-



chanical perturbation to one articulator, commonly the
jaw or the lower lip. and observing the changes in tem-
poral patterning induced by the load. The results of stud-
ies using this experimental technique show that the tim-
ing between gestures is affected by such perturbations.
For example, Gracco and Abbs (1989) used such an ex-
perimental paradigm to examine the sequencing of the
oral-closing movements for the bilabial stops in two suc-
cessive syllables. Their results showed that the interval
between the two gestures was affected systematically by
the perturbation. Perturbation-induced changes of inter-
gestural timing have also been demonstrated for the ge-
stural components of single phonemes. For example,
Munhall et al. (1994) applied a load to the lower lip
while subjects were making the closure for the bilabial
voiceless consonant /p/. As a result of the perturbation,
the onset of glottal abduction for the consonant was de-
layed, possibly to maintain the phasing between the oral
and laryngeal movements at the transition from the vow-
el to the onset of the stop consonant. However, in the
perturbed productions, the duration of the oral closure
decreased, while the duration of the glottal abduction/ad-
duction cycle increased. As a consequence, the normal
phasing between the oral and laryngeal articulations was
disrupted at the release of the oral closure for the stop.
Finally, it should be noted that temporal changes in re-
sponse to perturbations are not restricted to speech motor
activities, but have also been demonstrated in the timing
of non-speech movements. For example, Kay et al.
(1991) showed that transient mechanical perturbations
delivered to the upper limbs during unimanual rhythmic
tasks can alter the underlyving timing structure of the on-
going sequence and induce systematic shifts in the tim-
ing of subsequent movement elements. In particular, Kay
et al. (1991) observed that their perturbation produced an
overall phase advance. which was modulated by where
the perturbation occurred in the movement cycle.

The present study uses phase-resetting techniques to
investigate the temporal control of successive opening
and closing movements of the lips and the larynx in
voiceless consonant production. In addition, possible
transient effects of perturbations on the relative phasing
between the lips and the larynx are examined. The goal
of phase-resetting analyses {e.g., Glass and Mackey
1988; Guevara et al. 1981; Kawato 1981; Pavlidis 1973;
Winfree 1980) is to determine whether perturbations de-
livered during an ongoing rhythm have a permanent ef-
fect (i.e.. phase shift) on the underlying temporal organi-
zation of the rhythm. Phase-resetting techniques have
been used in many kinematic and neurophysiological
studies of the control and coordination of rhythmic
movements (e.g., Currie and Stein 1989; Lee and Stein
1981; Lennard 1985; Lennard and Hermanson 1985).
What is measured in such studies is the amount of tem-
poral shift introduced by the perturbation, relative to the
sequence’s timing prior to the perturbation. This phase
shitt is measured after the perturbation-induced tran-
sients have subsided and the system has returned to its
pre-perturbation, steady-state rhythm. If the perturbation
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induces such a shift in an extended, repetitive speech se-
quence, this result would imply that patterns of inter-
gestural relative phasing are not rigidly specified over
the sequence. Rather, such results would suggest that ge-
stural patterning evolves fluidly and flexibly over the
course of an ongoing sequence, governed by an inter-
gestural dynamical system (i.e., a central timing network
or “clock™), which does not simply drive the articulatory
periphery in a strictly feedforward, unidirectionally cou-
pled manner. Instead, central and peripheral dynamics
must be coupled bidirectionally, so that feedback infor-
mation from the articulatory periphery can influence the
state of the central clock.

It is important to note that relatively lengthy. repetitive
utterances are required for the use of the steady-state,
phase-resetting technique in order to be able to distinguish
temporal articulatory distortions, which are attributable to
central resetting processes, from those attributable to the
systematic, yet transient behavior of the articulatory pe-
riphery. The utterances must be repetitive, since the units
of analysis are cycles, and. by definition, successive cy-
cles must be approximately identical. The utterance must
be relatively long since, even in the minimum cvcle-peri-
od case where each cycle is only one syllable long, one
needs: (1) a steady-state measure of pre-perturbation be-
havior that includes approximately 5-10 cycles: (2) 1-2
(occasionally 3) more cycles, during which the perturba-
tion is applied, at least in our previous experiments (Saltz-
man 1992) and in the experiment reported below: (3) sev-
eral more cycles (occasionally none) in order to settle back
to, within a criterion degree of closeness, the pre-perturba-
tion behavior; and (4) approximately 2-10 cycles to pro-
vide a steady-state measure of post-perturbation behavior.

It is also important to note that, of course. normal
speech does not consist of extended, rhythmic repetitions
of a single syllable. Therefore, in order to be sure that
the central phase shifts identified using phase-resetting
techniques actually reflect processes governing normal
utterances, it is necessary to bridge the theoretical gap
between phase-resetting results and those obtained from
perturbing discrete, word-like sequences. Because of the
relatively short duration of such discrete sequences, the
system cannot be relied upon to settle down and “shake
off” the effects of the perturbatjon in the time between
the offset of the perturbation and the end of the utter-
ance. In effect, one can reliably study only the transient
responses to perturbations in such sequences. Thus, in
order to relate steady-state, phase-resetting data mean-
ingfully to transient data obtained by perturbing discrete
utterances, it is necessary to study the transient responses
of reperitive as well as discrete utterances, preferably us-
ing a within-subject experimental design. Once the rela-
tion between the steady-state and transient patterns is un-
derstood for the repetitive data, a conceptual link can be
forged between the transient patterns of the repetitive
and discrete data, and shared dynamic principles govern-
ing articulatory behavior can be identified. Preliminary
results from the present study have been described previ-
ously (Saltzman et al. 1992. 1995).
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Materials and methods

Subjects

Two males (the first two authors of this paper), with no history of
language impairment, were subjects; one a native speaker of
American English (ES) and the other a native Swedish speaker
(AL) fluent in American English. This study was approved by the
appropriate ethics committee, and both subjects gave their in-
formed consent prior to their inclusion in this study.

Equipment and data processing

The subjects sat in an adjustable dental chair with the head re-
strained in an external frame (see Fig. 1). A small paddle connect-
ed to a torque motor was placed on the lower lip with a tracking
force of 3 g in order to deliver step pulses of downward force (50 g)
at random times during the experimental trials. Timing of pertur-
bation onset was controlled by a computer. Oral articulatory move-
ments were measured optoelectronically using infrared light-emit-
ting diodes (LEDs) mounted on the upper lip, lower lip, lip pad-
dle, nose (the nose LED acted as a spatial reference), and a cus-
tom-made jaw splint. Laryngeal abduction and adduction move-
ments were recorded using a transillumination technique, in which
a fiberoptic endoscope was introduced through the nose and
placed in the pharynx in order 10 illuminate the larynx. The
amount of light passing through the glottis, which depends on the
degree of laryngeal opening (Baer et al. 1983; Lofqvist and
Yoshioka 1980). was detected by an optical sensor placed on a
neck collar just below the cricoid cartilage. During the experimen-
tal session. the illuminated larynx was displayed on a video moni-
tor to ensure that the view of the larynx was unobstructed and that
the endoscope’s lens was not fogged. The acoustic speech signal
and control voltage applied to the torque motor were recorded. All
data were fed into a 16-track FM tape recorder for later digitiza-
tion and signal processing.

For processing. the audio signal was sampled at 10 kHz, while
all movement signals were sampled at 500 Hz. All movement sig-
nals, except subject ES’s laryngeal trajectory, were smoothed with
a 42-ms wangular window; ES’s laryngeal trajectory was smoothed
with a 82-ms triangular window. since this signal was relatively
noisy. After smoothing, the velocity of upper-lip movement was
obtained for use in the discrete-trials analyses (see the data-analy-
sis-procedures section below entitled “Discrete sequences™) using
a three-point central-difference algorithm: the obtained velocity
signal was smoothed once more using a 42-ms triangular window.

Protocol .
Twelve blocks of 25 trials were performed during each of two ses-
sions. Each session lasted approximately 3 h. Blocks alternated
between repetitive and discrete experimental conditions. In the dis-
crete condition, each trial consisted of the sequence /p 3’sepxpl/;
in the repetitive condition, each trial consisted of a sequence of
approximately 20-30 repetitions of the syllable /p=/, spoken at a
syllable rate comparable to that used in the discrete trials. Pertur-
bations were delivered during random sampling of 80% of the tri-
als. The subjects were instructed to not actively resist the perturba-
tion and to continue speaking as normally as possible.

For the repetitive blocks, perturbation duration was preset in an
external timing circuit to equal the subject’s average syllable dura-
tion measured from lower-lip trajectories during pre-test repetitive
trials. Pre-test measures were also used to parameterize a random
timing circuit for controlling perturbation onset. This circuit was
triggered by the acoustic release burst of the initial /p/ for both re-
petitive and discrete sequences. On each perturbed repetitive trial,
the perturbation was delivered during the nth syllable (n varied ran-
domly from 8 10 11), and after m% of the predetermined syllable
duration (i vari¢d randomly from 1 to 100). For the discrete blocks.
the duration of the perturbation was preset to equal the subject’s av-

Fig. 1 The experimental setup. Light-emitting diodes (LED's)
were attached to the articulators to be tracked. A fiberscope pro-
vided light for the transillumination used to record laryngeal be-
havior. Perturbations were delivered to the lower lip using a lip
paddle connected 1o a torque motor

erage interval berween maximum lower-lip lowerings for the first
and second /z/, measured during a set of pre-test productions. On
each perturbed discrete trial, perturbation offsets occurred at x% of
the pre-test interval between maximum lower-lip lowerings for the
first and second /=/ (x varied randomly from | to 100).

Data-analysis procedures

Repetitive sequences: phase-resetting (steady-state) analvses
Bilabial movements were analyzed using a lip-aperture trajectory.
which was defined by subtracting the lower-lip signal from the up-
per-lip signal (Fig. 2, top panel); laryngeal movements were ana-
lyzed using a glottal-opening trajectory, which was defined using
the transillumination signal (Fig. 2. middle panel). Individual cy-
cles were then defined between successive peak openings, and
four cycle types were identified:

1. Pre-perturbation cycles included the trial’s first cycle through
the last cycle before perturbation onset (see also Fig. 3).

2. Perturbation cycles included all cycles that overlapped the
perturbation interval (see also Fig. 3).

3. Transient cycles were defined as those cycles following the
perturbation and during which cycle periods deviated from the
average pre-perturbation cycle period by more than approxi-
mately 2.5 standard deviations; and



415

Fig. 2 Data trajectories for a Pertur- ]
single repetitive trial: lip aper- bation Transient
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in the figure to emphasize that Lip A 4 ’ L Al Open
the downward force on the aperwre | [] {1 ] : ; ! A
lower lip acted to increase lip 11 l ! I i [ NG
aperture. The boxes above 5 ! ! il RTEVRVRYE Closed
the top panel mark the different : | i | ' i l Vi || Close
cycle types for the trial ' ‘ ' : o
! !
TR T
Gloual (|l fl f - ' - . '
opening | | f i L ‘ ’ , l | I
i | ‘ l . ' AVANE l ; ‘ { Closed
‘ ; PV | |V i 1V H
Load
signal
A od
Is .
Pert. Cycle#1  Pert. Cycle #2 aged to define, respectively, an average old phase. o, (modulo
P . ton, é é toft, 1). and average new phase. 9,., (modulo 1). In order 1o compen-
re-per :)7 l ‘ . l sate for phase drift between the pre-perturbation and post-return
ur urs cycles. which was due to any within-trial differences in average
— S e Ly | —2 - ycl n ¢ 2
| I Il I l Opening periods of the pre-perturbation cycles (which defined the strobe
. . Constriction period) and post-return cycles (which were strobed to define the
1 ] Aperture trial’s set of new phases), the following correction formula was
1 ] Closin applied to each trial’s average new-phase value (see Appendix for
At fa2! ¢ derivation):
14>} te>| T—
| | Perturbation e ooa = (5; - ("—E—IXT& - 1]) (modulo 1), M)
A post
Time ’ T
perton pertoff where n = number of post-retrn cycles; T, = average pre-pertur-

Fig. 3 Schematic display of constriction (bilabial or glottal) aper-
ture ‘and perturbation trajectories for pre-perturbation cycle (Pre-
pert) and for perturbation cycles 1 (Pert. Cycle #1) and 2 (Pert.
Cycle #2). 1,,, Onset time of the first perturbation cycle. tgp2 Offset
time of the second perturbation cycle, A/ difference perton—t,),,
A2 difference pertoff-tyy, dur, duration of perturbation cycle I,
dur, duration of perturbation cycle 2

4. Post-return cycles were defined from the last transient cycle to
the end of the trial.

For any given trial, analyses were limited to a maximum of 20 cy-
cles. approximately the most that could be comfortably produced
in one breath.

For both lip-aperture and glottal-opening trajectories, cycle
phase, ¢, was defined 1o be zero at all peak openings. For all other
points between peak openings, phase was defined as (:/T;), where ¢
is the time (in s) from the most recent peak preceding a given
event of interest, and T; is the period (in s) of the cycle containing
the event. Thus, phase values of events occurring in a given cycle
were defined in a normalized range from zero to one. In the per-
turbation trials, the offset time of the perturbation served as a tem-
poral anchoring point for sampling (“strobing™) both backward
and forward in time into the pre-perturbation and post-return cycle
sequences, respectively, using the average pre-perturbation cycle
period to define the strobe period. The within-cycle strobe phases
from the pre-perturbation and post-return cycles were then aver-

bation cycle period; and T, = average post-return cvcle period.
Without this correction, the mean post-return phase would be
overestimated if T >T ., and underestimated if Tore<Tpos- due
to increasing forward and backward drift, respectively. of the
strobed phases within successive post-return cycles.

Phase shift, A¢, the amount that a given trial’s post-return
rhythm was shifted relative to its pre-perturbation rhythm, was
then defined as:

A8 = (Gpew comected — Pota + 0.5)(modulo 1)~ 0.5 (@

Thus. 4¢ >0 denotes phase advance, A¢ <O denotes phase delay,
and 49 = 0 denotes no phase shift. The modular arithmetic puts
these values on the interval [-0.5.+0.5].

The relative phase of the bilabial and laryngeal trajectories
was defined operationally by using successive peak laryngeal
openings as “strobe” events in each corresponding bilabial cycle.
Relative phase for each laryngeally-strobed bilabial cycle could
then be viewed as:

[ .(lime of it laryngeal event)
6 = —(time of the preceding bilabial peak)
el = (period of the strobed bilabial cycle)

(3)

Computationally, average relative phase for each perturbed trial’s
strobed  bilabial _pre-perturbation__cycles was defined as
Bre1. pre = [bilabial @4 — laryngeal ¢,,] (modulo 1): average rela-
tive phase for the strobed bilabial post-return_cvcles was defined

aS Pt poy = [bilabial @, o g — laryngeal @pey comected) (Modulo
1). Steady-state shifts in relative phase for each trial. 49,,. were
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taken as the post-/pre-perturbation difference in relative phase
(Beel. post = Prel, pre)» With the same modular arithmetic applied as
above (i.e.. of the same form as Eq. 2). Thus, a positive (or negative)
shift in relative phase indicates a perturbation-induced delay (or ad-
vance) of peak laryngeal opening with respect to the bilabial cycle.

The same cycle types and experimental measures were ob-
tained for the control (no perturbation) trials. where calculations
were anchored to the end of a randomly timed. but not delivered,
perturbation (hereafter referred to as a “phantom perturbation™).
For the perturbed trials, the measures of phase shift and shifts in
relative phase were_converted to (experimental-control ) differ-
ence scores, where control = the session-specific control vajues
computed for each measure averaged across all of the phantom-
perturbation times. In order to examine the system’s sensitivity to
perturbations delivered in different portions of the cycle, these dif-
ference scores were partitioned into five bins and averaged ac-
cording to a normalized measure of perturbation-delivery time de-
fined by (perton-—t,,,,)/prepert, where perton = onset time of per-
turbation. 7., = onset time of the first-perturbation bilabial cycle.
and prepert = the average duration of the bilabial pre-perturbation
cycles for the trial. Note that since the first-perturbation bilabial
cycle could be longer than the mean pre-perturbation cycle dura-
tion, the final time bin extends from 0.88 to 1.10.!

For each difference measure, separate sets of r-tests were com-
puted for each perturbation bin to test whether the measures dif-
fered from zero. To protect against an elevated Type-I error rate
due to multiple comparisons across perturbation bins, « - levels
were selected by dividing 0.05 by the number of bins. All reported
significant. protected t-tests were significant at P<0.05 or better.
In order to detect differences across the time bins in all of our de-
pendent measures, one-way repeated-measures ANOVAs with “bin™
as a factor were performed. Post-hoc Tukey tests based on these
ANOVAs were computed, and all reported significances were sig-
nificant at P<0.05 or better.

Repetitive sequences: transient analvses

In the transient analyses of the repetitive sequences, the timing/
phasing changes that occurred during the first and second pertur-
bation cycles (see Fig. 3) were analyzed for both bilabial and la-
ryngeal trajectories. Additionally. transient behavior of the relative
phasing between bilabial and laryngeal trajectories was also exam-
ined. As with the steady-state analyses described earlier. control
measures were calculated for the first and second perturbation cy-
cles that were defined by randomly timed, but not delivered,
“phantom™ perturbations.2 ’

For each trial. the duration changes of the first-perturbation cy-
cles (dur,) for bilabial and laryngeal data were expressed separate-
ly as normalized difference scores with respect to the trial’s aver-
age pre-perturbation cycle period for the respective trajectory
types using the formula (dur|~prepert)/prepert. Similarly. the dura-
tion changes of the second-perturbation cycles (durs) for bilabial
and laryngeal data were expressed separately for each trial as nor-
malized difference scores with respect to the trial’s average pre-

! Out of 300 total repetitive trials. for subject ES 180 perturbed
trials and 38 control trials were included in the steady-state ana-
lyses: 30 trials were lost due to equipment malfunctioning during
session 1. and the remaining excluded trials were due to noisy. un-
analyzable pre-perturbation or post-return portions of the bilabial
or laryngeal trajectories (or both) that did not aliow reliable peak
detection. For subject AL, 221 perturbed trials and 60 control tri-
als were included in the analyses: all excluded trials were due to
noisy. unanalyzable signals.

2 For subject ES. 12 perturbed repetitive trials in addition to those
excluded from the steady-state analyses (see Footnote 1) were ex-
cluded from the transient analyses. due 10 unanalyzable transient
portions of the bilabial or laryngeal trajectories (or both). For sub-
Jject AL, an additional 8 perturbed repetitive trials were excluded.
No additional control trials were excluded from the transient ana-

lyses for either subject.
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Fig. 4 Plot of audio signal. upper lip. laryngeal opening. and load
signal during a representative perturbed discrete trial. Events J and
2 denote onsets of the upper-lip lowering movements for the sec-
ond and third /p/ closures. respectively: evenr 3 denotes the onset
of glottal adduction associated with the second /p/

perturbation cycle period using the formula (dur,—prepert)/prepert.
Transient relative phases (Dt peniv i=1. 2) were defined by strob-
ing the first and second bilabial perturbation cycles at peak larvn-
geal opening using the formula: (time of peak laryngeal opening
from the onset of the it bilabial perturbation cycle)/(period of the
strobed i bilabial perturbation cycle). Finally, transient shifts in
relative phase for each trial (B0 penai- i=1, 2) were taken as the
differences between the transient Telative phases and the mean
pre-perturbation relative phase (At perirer, pre)s 2g2iN submit-
ted to modular arithmetic using the sarhe form as Eq. 2.

The articulator-specific normalized duration changes._as well
as shifts in relative phase,_were converted to (experimental- control)
difference scores, where control = the session-specific control val-
ues computed for each measure averaged across all of the “phan-
tom perturbation™ times. These difference scores were partitioned
into five bins and averaged according to normalized measures of
perturbation delivery time defined by (perton-—t,,,/prepert. where
perton = onset time of perturbation: £,,; = onset time of the bilabi-
al (for the bilabial duration changes. and transient shifts in relative
phase) or laryngeal (for the laryngeal duration changes) first-per-
turbation cycle: and prepent = the average duration of the bilabial
(for the bilabial duration changes. and transient shifts in relative
phase) or laryngeal (for the laryngeal duration changes) pre-per-
turbation cycles for the trial. Protected r-tests were computed for



each perturbation bin in each data set to test whether the perturba-
tion-induced changes differed from zero.

Discrete sequences

In the discrete sequences, each trial consisted of the utterance

Ipa‘sepzpl/. Oral articulatory intervals were identified in the up- -

per-lip velocity signal. The upper-lip signal was used since it is
mechanically relatively unaffected by the load applied to the lower
lip. To obtain a criterion for movement onsets, the maximum peak
velocities of upper-lip raising and lowering recorded during the
experimental session were identified. Onsets were then identified
algorithmically as the point at which the upper-lip velocity
reached 10% of the maximum peak velocity. Peak glottal openings
were identified using a simple peak-picking procedure. The audio
signal and the articulatory and loading events for a single repre-
sentative trial are shown in Fig. 43. Two temporal articulatory in-
tervals were measured. The first interval (svllable duration) was
defined between the onsets of the two upper-lip lowering move-
ments for the second and third /p/ closures (events 1 and 2 in Fig.
4). Normalized perturbation-induced changes in syllable duration
were computed according to (syllable duration—controly), where
controly = the mean value of syllable duration for the control (non-
perturbed) discrete trials of the respective session. The second
temporal interval measured was the interval between the onset of
upper-lip lowering for the second /p/ closure (event I in Fig. 4)
and the onset of glottal adduction (event 3 in Fig. 4). This measure
was used to describe the relarive phase between the oral and laryn-
geal events by dividing it by the syllable duration interval. Pertur-
bation-induced shifts_in relative phase were computed according
to (relative phase~control,). where control, = the mean control,
non-perturbed value of relative phase for the discrete trials of the
respective session.

The articulatory measures (changes in syllable duration and
relative phase) were partitioned into four bins and averaged ac-
cording to a normalized measure of perturbation delivery time.
For historical reasons (e.g.. Gracco and Abbs 1989). this_normal-
ized time base was defined by the formula (pertoff - 1,q,)/control,.
where pertoff = offset time of perturbation (load offset in Fig. 4),
1.4 = offset time of discrete syllable duration interval (event 2 in
Fig. 4). and controly = average duration of discrete syllable dura-
tion intervals from the unperturbed control trials for the respective
session. Protected t-tests were computed for each articulatory in-
terval, comparing whether the mean normalized syllable duration
changes and shifts in relative phase in each of the four perturba-
tion bins differed from zero.

Comparison of discrete and repetitive sequences

In the present study and in previous work (e.g.. Gracco and Abbs
1989), step-pulse perturbations applied during discrete speech se-
quences were one syllable long and were experimentally timed so
that perturbation offset occurred at various times within the sylla-
ble of interest (defined between maximum vocalic lip openings).
In our repetitive task, step-pulse perturbations were also approxi-
mately one cycle long (again defined between maximum lip open-
ings). This means that perturbation onset occurred, by definition.
during the first-perturbation cycle and offset generally occurred
during the following, second-perturbation cycle. Consequently, the
two articulatory measures studied in the repetitive sequences most
comparable to those studied in the discrete sequences are: (1) the
duration of the second-perturbation lip-aperture cycle (dur,), anal-
ogous to the syllable-duration interval in the discrete sequences:
and (2) the lip-larynx relative phase for the second-perturbation
cvele. analogous to the relative phase of the larvngeal peak inside

* Of 300 total discrete trials. for subject ES 211 perturbed trials
and 66 control trials were included in the analyses: the remaining
wrials were excluded due to noisy, unanalyzabie portions of the bi-
labial or laryngeal trajectories (or both). For subject AL, 236 per-
turbed trials and 63 control triuls were included in the analyses.
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rvngeal (filled squares) trajectories as well as shifts in relative
phase (filled diamonds) between lip and laryngeal trajectories, bin-
ned and averaged according to normalized perturbation onset time
[(perton—t,,, )/prepert], where t,; denotes onset time of the first
perturbation lip-aperture cycle and prepert denotes the average du-
ration of the pre-perturbation lip-aperture cycles. Bin labels re-
present the centers of these bins. Error bars denote standard er-
rors. Top panel ES’s data, bottom panel AL's data. * and ** de-
note. respectively, P<0.05 and P<0.01 significance levels for the
protected r-tests

the syllable duration interval in discrete sequences. In order to
compare the effects of periurbation on these repetitive measures
with their discrete counterparts. two measures were computed for
the second-perturbation cycles. The first reflected perturbation-in-
duced changes in second-perturbation cycle durations and was de-
fined by (dur,~control )/control , where control, = the average du-
ration of the “second-perturbation cycles™ (defined by randomly
timed. but not delivered, “phantom™ perturbations) for the control,
non-perturbed trials of the respective session. The second measure
reflected perturbation-induced shifts_in_lip-larynx relative phase
and was defined by (relative phase-control,), where control, = the
mean control, non-perturbed value of relative phase for the “sec-
ond-perturbation cycles” of the respective session.

These normalized repetitive difference measures were binned
and averaged within a set of four time bins comparable to those
used to partition the discrete data. Thus, the bins were defined ac-
cording to a normalized measure of perturbation delivery time,
corresponding to that used in the discrete sequences: (pertoff —
t.gYcontrol,, where pertoff is the perturbation offset time. 4 is
the offset time of the second-perturbation cycle, and control, is the
average duration of unperturbed control “second-perturbation cy-
cles” for the respective session. Protected r-tests were computed
for the repetitive data, comparing whether the mean normalized
duration changes and shifts in relative phase in each of the four

perturbation bins differed from zero.
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Fig. 6 Difference scores

Transient analyses
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Repetitive sequences: phase-resetting (steady-state)
analyses

Figure 5 shows the results of the steady-state analyses of
bilabial and laryngeal phase shifts as well as shifts in rel-
ative phases for subjects ES (top panel) and AL (bottom
panel). For ES, protected r-tests showed that the bilabial
and laryngeal rhythms were only significantly phase ad-
vanced relative to the no-perturbation control trials in the
0.11 and 0.99 time bins. The bilabial pattern replicates
the phase-resetting results found in earlier studies of this
speaker, which focused only on bilabial behavior (Saltz-
man 1992; Saltzman et al. 1991). Protected r-tests also
only showed a significant shift (negative) in the relative
phasing of lips and larynx relative to control values in
the 0.99 time bin. One-way ANOVAs performed sepa-
rately for the bilabial, laryngeal, and relative phase data
revealed main effects for the bilabial [F(4,175)=7.9,
P<0.001] and laryngeal [F(4,175)=8.62, P<0.001] phase
shifts. Post-hoc Tukey tests indicated that, for this sub-
ject’s bilabial and laryngeal data, phase shifts were great-
er in bins 0.11 and 0.99 than in bins 0.33, 0.55, and 0.77.
There was no significant main effect for shifts in relative
phase [F(4.175)=0.54, P=0.7].

These results indicate that phase-resetting of the bila-
bial and laryngeal trajectories occurred for ES, but was
temporally localized to a “sensitive period” immediately
preceding (time bin 0.99) and following (time bin 0.11)
peak bilabial opening, During this time, the downwardly
directed lower-lip perturbation was delivered near the ini-

for /p/ and acted, thereby, to oppose that gesture. That is,
resetting occurred (roughly) during the acceleration por-
tion of the closing gesture, i.e., during the intervals of
opening deceleration and closing acceleration surround-
ing the peak bilabial opening (Kawato, personal commu-
nication). Additionally, a significant shift in lip-larynx
relative phasing was observed (time bin 0.99), although
this shift was an order of magnitude smaller than the indi-
vidual phase shifts of the bilabial and laryngeal gestures.

For subject AL’s bilabial and laryngeal data, protected
t-tests showed significant phase advances in all time bins.
Significant (negative) shifts in the relative phasing of lips
and larynx occurred only in the .33 and .99 time bins. As
for subject ES, one-way ANOVAs performed separately
for the bilabial, laryngeal, and relative phase data revealed
significant main effects for the bilabial (F[4,216]=3.77,
P<.01) and laryngeal (F[4,216]=3.5, P<.01) phase shifts.
Post-hoc Tukey tests indicated that, for this subject’s bila-
bial and laryngeal data, phase shifting was greater in bin
.99 than in bins .33 and .55. There was also a significant
main effect for shifts in relative phase (F[4,216]}=5.15.
P<.001); post-hoc Tukey tests indicated that these shifts
were greater in bin .77 than in bins .33 and .99.

These results indicate that, similar to ES, phase reset-
ting occurred for AL, which was maximal near the time of
peak bilabial opening, and that shifts in lip-larynx relative
phasing occurred that were an order of magnitude smaller
than the individual phase shifts of the bilabial and laryn-
geal gestures. Unlike ES, however, AL showed: (1) a sig-
nificant level of bilabial and laryngeal resetting throughout
the syllable cycle; (2) maximal sensitivity in such resetting
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only when perturbations were delivered immediately prior
to peak opening (time bin 0.99 only); and (3) shifts in lip-
larvnx relative phase in time bin 0.33 as well as bin 0.99.

Repetitive sequences: transient analyses and the relation
between steady-state and transient analyses

Figure 6 shows the bilabial and laryngeal normalized cy-
cle duration changes for the first- (solid squares) and sec-
ond- (open squares) perturbation cycles for subjects ES
(right column) and AL (left column). Figure 7 shows
shifts in relative phase for the first- (solid squares) and
second- (open squares) perturbation cycles for subjects
ES (top panel) and AL (bottom panel). The results of pro-
tected r-tests assessing the significance of the perturba-
tion-induced changes relative to zero are also displayed.
For subject ES, one-way ANOVAs performed on the
first-perturbation cycles revealed significant main effects
for the bilabial [F(4.169)=90.58, P<0.001] and laryngeal
[F(4.169)=3.77, P<0.01] cycle-duration changes and for
the relative phase shifts [F(4,163)=11.24, P<0.001]; for
the second-perturbation cycles, there were significant
main effects for the bilabial [F(4,164)=18.85. P<0.001]
and laryngeal [F(4,164)=9.62, P<0.001] duration chang-
es. but not for the relative phase shifts [F(4.163)=2.2,
P=0.071]. Post-hoc Tukey tests indicated that: (1) for the
bilabial first-perturbation cycles, the only time bins
whose duration changes did not significantly differ from
each other were bins 0.55 and 0.77. All other bins dif-
fered from one another; (2) for the bilabial second-pertur-
bation cycles, the duration changes for bin 0.99 were sig-
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nificantly different from all other bins; (3) for the laryn-
geal first-perturbation cycles. the duration changes for bin
0.11 were significantly different from bins 0.55 and 0.77;
(4) for the laryngeal second-perturbation cycles, the dura-
tion changes for bin 0.99 were significantly different
from bins 0.11, 0.33, and 0.55. The duration changes for
bin 0.77 were significantly different from bins 0.33 and
0.55; and (5) for the first-perturbation cycles, relative
phase shifts were more negative in bin 0.99 than in all
other bins. Additionally, the relative phase shifts were
more positive in bin 0.11 than in bins 0.55 and 0.77.

For subject AL, one-way ANOVAs performed on the
first-perturbation cycles revealed significant main effects
for the bilabial [F(4,208)=66.53. P<0.001] and laryngeal
[F(4,208)=4.98, P<0.001] duration changes and for the
relative phase shifts [£(4,208)=7.96, P<0.001}; for the
second-perturbation cycles, there were significant main
effects for the bilabial [F(4,208)=44.32, P<0.001] and
laryngeal [F(4,208)=5.67, P<0.001] duration changes as
well as for the relative phase shifts [F(4,204)=4.88,
P<0.001]. Post-hoc Tukey tests indicated that: (1) for the
bilabial first-perturbation cycles. the only time bins
whose duration changes did not significantly differ from
each other were bins 0.33 and 0.53; all other bins dif-
fered from one another; (2) for the bilabial second-per-
turbation cycles, the duration changes for bins 0.77 and
0.99 were significantly different from all other bins and
from each other ; (3) for the laryngeal first-perturbation
cycles. the duration changes for bin 0.11 were signifi-
cantly different from bins 0.35 and 0.77; (4) for the la-
ryngeal second-perturbation cycles. the duration changes
for bin 0.77 were significantly different from bins 0.11,
0.33, and 0.55: (5) for the first-perturbation cycles. rela-
tive phase shifts were more negative in bin 0.99 than in
all other bins: additionally. the relative phase shifts were
more positive in bin 0.11 than in bin 0.33: and (6) for the
second-perturbation cycles. relative phase shifts were
more positive in bin 0.77 than in bins 0.33 and 0.11.

We examined the hypothesis that most of the bilabial
and laryngeal phase shifts observed in the steady-state
were attributable to duration changes induced during the
application of the perturbation. To do this. we first
summed the normalized duration changes for each trial’s
first- and second-perturbed cycles, and then binned aad
averaged them using the same normalized time bases as in
our previous analyses for these cycles [see Fig. 6 (filled
diamonds) and Fig. 8 (filled squares)]. The results of pro-
tected r-tests assessing the significance of the perturba-
tion-induced changes relative to zero are also displayed.

For subject ES, one-way ANOVAs revealed signifi-
cant main effects for the bilabial [F(4.164)=12.86,
P<0.001] and laryngeal [F(4.164)=8.45. P<0.001] dura-
tion changes. Post-hoc Tukey tests indicated that: (1) for
the bilabial summed cycles. time bin 0.11 differed signif-
icantly from all other bins: and (2) for the laryngeal
summed cycles, the duration changes for bin 0.33 were
significantly different from bin 0.99, and those for bin

0.33 differed significantly from bins 0.11. 0.77. and 0.99.
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-Fig. 9 Normalized duration changes of lip-aperture syllable (dis-

crete data. open squares, defined by [{experimental-controly }
fcontroly ]) and second perturbed cycle (repetitive data. filled
squares. defined by [{experimental-conurol, }/control, ]). binned
and averaged according to their respective normalized time bases
([{ pertoff-t s} /controly] for discrete data. {( pertoff-t g, }/control,]
for repetitive data). Bin labels represent bin centers. Error bars
denote standard errors. Top panel ES's data. bottom panel AL's
data. * and ** as in Fig. 5

For subject AL, one-way ANOVAs revealed signif-
icant main effects for the bilabial [F(4.208)=6.87,
P<0.001) and laryngeal {F(4.208)=2.97, P<0.05) dura-
tion changes. Post-hoc Tukey tests indicated that: (1) for
the bilabial summed cycles, time bins 0.33 and 0.55 dif-
fered significantly from bins 0.77 and 0.99; and (2) for
the laryngeal summed cycles. the duration changes for
bin 0.55 were significantly different from bin 0.99.

We then compared the steady-state data curves (Fig.
8, open squares)* with the summed perturbation cycle
data curves (Fig. 8, filled squares) for the bilabial and la-

4 In order to compare transient and steady-state behaviors in the
repetitive trials, the present steady-state data analyses were per-
formed using the same time bases as in Fig. 6. Additionally. these
analyses were performed on the same sets of trials for each subject
as those used in the transient analyses (see Footnote 2). Thus.
there are slightly fewer trials used here in the steady-state analyses
than were included in the steady-state analyses described in the
prior data-analysis procedures section entitled “Repetitive se-
quences: phase-resetting (steady-state) analyses™.



N
02 Igs

= 015
g ol *
= 1 T
g 00 /:// =
—'é Gz—~_u—-’——?.’ 'Y
® 0 Py £3
)
=
e -0.05
s}

-0.1

-715 -415 -115 185

_ 02 AL )1 1 1 | 1
!-_é 015 i chgdd\'c sequence
g — O - Discrete sequence
a2 01
g %
2 005 A
® - -
5 e \;
i 0 P—/ - == u
5 005

-0.1

=715 -Al5 -115 .185

Normalized perturbation offset time

Fig. 10 Shifts in lip-larynx relative phase for lip-aperture syllable
(discrete data, open squares. defined by [relative phase—controly])
and second perturbed cvcle (repetitive data. filled squares, defined
by [relative phase—control,}). binned and averaged according to
their respective normalized time bases ({ { pertoff—t,qq }/controiy ]
for discrete data, [ {pertoff — toq,)/control ] for repetitive data). Bin
labels represent bin centers. Error bars denote standard errors.
Top panel ES’s data. botrom panel AL's data. * and ** as inFig. 5

ryngeal data. Note that these curves are virtually mirror
images of each other. Given the opposite sign conven-
tions used to define the steady-state phase shifts and
summed cycle-duration changes, these curves are in es-
sence identical. indicating that the steady-state phase
shifts are indeed induced primarily in the first two,per-
turbation cycles.

Discrete sequences: comparison with repetitive data

Changes in syllable duration (Fig. 9, open squares) and
relative phases (Fig. 10, open squares) were analyzed for
the discrete utterances. Additionally, we analyzed the two
articulatory measures from those repetitive sequences
(duration change of the second-perturbation cycle: Fig. 9,
filled squares; change in lip-larynx relative phase for the
second-perturbation cycle: Fig. 10, filled squares) that are
most comparable to the above discrete measures (see the
earlier data-analysis procedures section entitled “Com-
parison of discrete and repetitive sequences”). Inspection
of the data curves and of their patterns of significance in-
dicates that; (1) both subjects displayed similar durational
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lengthening and shortening in the discrete and repetitive
utterances (Fig. 9); and (2) patterns of changes in relative
phase for the discrete and repetitive utterances were simi-
lar within subjects, but possibly different across subjects
(Fig. 10). These results suggest that the behaviors ob-
served in the (relatively unnatural) rhythmic sequences
and the (more natural) discrete sequences are indeed gov-
erned by a common underlying dynamic organization.

Discussion

Our findings led us to several conclusions. First, the
steady-state analyses of both speakers’ repetitive utter-
ances indicated that “permanent” phase shifts existed for
both the lips and the larynx after the system returned to
its pre-perturbation -steady-state rhythm. These results
support the hypothesis that central intergestural dynamics
can be reset by peripheral articulatory events. Such reset-
ting was strongest when the downwardly directed lower-
lip perturbation was delivered near the initiation or accel-
eration portion of the actively controlled bilabial closing
gesture for /p/. Second, analyses of the transient portions
of the perturbed cycles of the repetitive utterances indi-
cated that the perturbation-induced steady-state phase
shifts were almost totally attributable to changes occur-
ring during the first two perturbed cycles. Third, in addi-
tion to the steady-state shifts in the timing between suc-
cessive bilabial closing and laryngeal devoicing gestures
for /p/, steady-state shifts in the relative phasing of these
gestures were also demonstrated. However, the .individu-
al temporal shifts of the bilabial and laryngeal gestures
were an order of magnitude larger than the relative tem-
poral shift between these gestures, and the lips and lar-
ynx appeared to be phase-advanced as a relatively coher-
ent unit. Thus. these results not only demonstrate a reset-
ting of a central “clock” for these utterances. but also im-
ply that intergestural temporal cohesion is greater within
phonemes (i.e., between labial and laryngeal gestures
during each /p/) than between phonemes (i.e.. between
labial or laryngeal gestures in the /p/s of successive sylla-
bles), as has been hypothesized by Byrd (1996), Lofqvist
(1991), Nittrouer, et al. (1988), and Saltzman and Mun-
hall (1989) (see also Gracco and Lofqvist 1994). Finally,
the transient changes in spéech timing induced by pertur-
bations in the discrete sequences are similar to those that
occur in comparable portions of the repetitive sequences,
and, thus, both the (more natural) discrete utterances and
the (less natural) repetitive utterances appeared to share a
common dynamic basis.

What sort of dynamical system could account for these
temporal patterns? One candidate, which we have de-
scribed previously (e.g., Byrd et al. 1998, in press; Fowl-
er and Saltzman 1993; McGowan and Saltzman 1995;
Saltzman 1991, 1995: Salizman and Munhall 1989; Saltz-
man et al. submitted), is a two-component mode! in
which: (1) interarticulator dynamics account for the co-
ordination among component articulators (e.g:, upper and
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lower lip) during single and co-produced speech gestures:;
and (2) intergestural dynamics account for the temporal
patterning of activity among the gestures that compose a
given utterance. Our steady-state phase-resetting data
support the hypothesis that such intergestural dynamics
provide a “clocking” mechanism that can be reset (phase-
advanced) by peripheral articulatory events, and that such
resetting is strongest when gesture-opposing perturba-
tions are delivered near the gesture's initiation. Thus,
these data imply that intergestural timing networks for
speech do not unidirectionally drive the articulatory pe-
riphery. Rather, intergestural and interarticulatory dynam-
ics must be coupled bidirectionally, so that feedback in-
formation can influence the intergestural clock in a man-
ner that is sensitive to articulatory state (e.g., Kay et al.
1991). In particular, these data provide strong evidence
that gestural activation patterns are not rigidly specified
over a given sequence, but evolve fluidly and flexibly
over the course of an ongoing sequence as implicit conse-
quences of the dynamics of the entire multilevel system.

In our previous simulations of temporal patterning in
speech (Saltzman 1995: Saltzman et al. 1998, in press),
which we have not yet extended to a modeling of the
present phase-resetting data. we used a recurrent connec-
tionist network (i.e., Jordan's “sequential network™ ar-
chitecture, described in Jordan 1986, 1988, 1990. 1992:
and in Jordan and Rumelhart 1992) in order to define an
intergestural dynamic system that could serve as a pro-
grammable, utterance-specific central pattern generator
or clock. In our networks. ouzpur units define patterns of
gestural activation, and the activity of state units provide
a time scale that is intrinsic to the intended sequence.
Additionally, each output unit’s activity is fed back to a
single state unit that acts as a linear first-order filter. In
related models (e.g., Bailly et al. 1991; Jordan 1988;
Laboissiére et al. 1991). pairs of state units define linear
second-order filters, which act as internal oscillators and
provide a clock-like representation of network time.

Our experimental results as well as those on phase
transitions in speech production (Kelso et al. 1986a, b;
Tuller and Kelso 1991) are consistent with the use of
state unit oscillators in models of intergestural dynamics.
Additionally, however, these findings suggest that sepa-
rate oscillators are associated with each gestural unit,
and that these oscillators are mutually coupled, nonlinear
limit cycles. Thus, in our data, the observed pattern of
intergestural activity during unperturbed repetitive trials
would correspond to an associated pattern of utterance-
specific synchronization (entrainment) and relative phas-
ing among such state-oscillators. In perturbed cases,
these oscillators would display steady-state phase-reset-
ting. They would also display steady-state shifts of rela-
tive phasing if either: (1) the system observation time
(approximately 20 syllables) was shorter than the relax-
ation time required to return to the system’s pre-pertur-
bation entrainment pattern: or (2) the initially observed
relative phasing was simply one value in a phase win-
dow (Byrd 1996) or interval of allowable relative phases.

The second type of data consistent with a model in-
corporating entrained nonlinear state-oscillators is pro-
vided by rate-scaling experiments of intergestural phase

- transitions (Kelso et al. 1986a, b; Tuller and Kelso 1991).

In these experiments, continuous increases in speaking
rate produced discontinuous transitions of intergestural
phasing. For example, when subjects spoke the syllable
/pi/ repetitively at increasing rates, the relative phasing
of the bilabial and laryngeal gestures associated with the
/p/ did not change from the pattern observed at a self-se-
lected, comfortable rate. However, when the repeated
syllable /ip/ was similarly increased in rate, its relative
phasing pattern switched relatively abruptly at a critical
speed- from that observed for a self-selected, comfort-
able rate to the pattern observed for the /pi/ sequences.
Such intergestural phase transitions may be viewed as
behaviors of a system of nonlinearly coupled, limit-cycle
oscillators that bifurcate from a modal pattern, which be-
comes unstable with increasing rates, to another modal
pattern that retains its stability (e.g., Haken et al. 1985).
The implications for model development are that state-
unit oscillators should be of the type that has been shown
to exhibit the above patterns of synchronization and bi-
furcation. Such systems of coupled, opponent-pair limit
cycles have been described (Cohen et al. 1992: Gross-
berg et al. 1997; Nagashino and Kelso 1991, 1992: Pribe
et al. 1997) and are logical candidates for defining the
set of state-unit oscillator pairs in dynamic models of
these behaviors.
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Appendix: derivation of Eq. 1

- Assume that the pre-perturbation and post-return cycles

have constant periods equal to T, and T, respective-
ly, and recall that the series of new phases, ¢, ..., (i=1. 2,
..., 1), is defined by strobing successive post-return cy-
cles using a strobe interval equalto 7. If T, =T,,. the
successive new phase values will be identical. However,

if Ts#T per these values will drift according to:
Ay +(@-DT,,-T,,
¢i—new = ( ! ( ;( pre po‘,)J(mOdUlO 1) (Al)
post

where At is the strobe time for the first post-return cycle
measured from the beginning of that cycle, and AT
is the corresponding new phase value, ¢,_,.... Thus. the
average new phase, @,,,., is defined as:

m = (,-lli§¢i_,,(“.)(m0dul0 1) (Az)



Substituting from Eq. Al, we get:

) T’f_Tu.\‘ L] iTr—'Tm.
oncw = (¢|_,w“. - (—p—T-—p—’) + %IZ‘I( ( P } i I)J)

post post
(modulo 1) (A3)
Using the summation properties of arithmetic series, this

simplifies to:
- T re - T (17
¢nen' = (¢l—ncw + (I‘I——)—]XLT—",”—I))(IUOC!U]O l)

post

(A4)

Finally, substituting average values, 7,,. and T, for
the assumed constant values T,,, and T, respectively,
and deﬁning ¢u¢nz corrected = ¢I-neu" we arrive at Eq lin
the text.
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