A qualitative dynamic analysis of reiterant speech production:
Phase portraits, kinematics, and dynamic modeling
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The departure point of the present paper is our effort to characterize and understand the
spatiotemporal structure of articulatory patterns in speech. To do so, we removed segmental
variation as much as possible while retaining the spoken act’s stress and prosodic structure.
Subjects produced two sentences from the “rainbow passage” using reiterant speech in which
normal syllables were replaced by /ba/ or /ma/. This task was performed at two self-selected
rates, conversational and fast. Infrared LEDs were placed on the jaw and lips and monitored using
amodified SELSPOT optical tracking system. As expected, when pauses marking major syntactic
boundaries were removed, a high degree of rthythmicity within rate was observed, characterized
by well-defined periodicities and small coefficients of variation. When articulatory gestures were
examined geometrically on the phase plane, the trajectories revealed a scaling relation between a
gesture’s peak velocity and displacement. Further quantitative analysis of articulator movement
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asa function of stress and speaking rate was indicative of a language-modulated dynamical system
with linear stiffness and equilibrium (or rest) position as key control parameters. Preliminary -
modeling was consonant with this dynamical perspective which, importantly, does not require

that time per se be a controlled variable.
PACS numbers: 43.70.Aj, 43.70.Bk

INTRODUCTION

It has often been supposed that temporal organization
in biological systems is ultimately governed by neural
thythm generators, biological clocks, metronomes, etc. Phy-
siologists and psychologists, confronted with order in the
time domain, have not hesitated to posit clocks whose
“ticks” define when muscles will activate (e.g., Kozhevnikov
and Chistovich, 1965; Rosenbaum and Patashnik, 1980).
Our approach, however, has been directed towards identify-
ing and understanding spatiotemporal pattern in articula-
tory events as a dynamic property of natural systems rather
than as the result of the operation of some special neural or
mental time-keeping device (cf. Kelso ez al., 1981 }. Once ela-
borated, we believe this dynamical perspective may afford a
principled account of the ubiquity of temporal constraints in
movement in general and in speech in particular. For exam-
ple, the internal phasing relations among.muscles and kine-
matic components in rhythmic activities such as locomo-
tion, scratching, respiration, and mastication are preserved
across scalar changes in force and rate (cf. Kelso, 1981;
Grillner, 1982, for reviews). Similarly, in electromyographic
and kinematic work on speech (Tuller et al., 1982c, 1983;
Tuller and Kelso, 1984), timing of consonant production rel-
ative to vowel production was found to be invariant over
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substantial changes (induced by stress and rate) in the dura-
tion of the vocalic cycle. These data—along with other evi-

“dence (reviewed by Fowler, 1983)—suggest a vowel-to-vow-

el organization that places constraints on speech timing.

Although speech certainly involves many of the same
body parts as chewing, its rhythmic basis is not clear, in spite
of the fact that linguists and others have long claimed speech
to be rhythmic, and people perceive it to be so {e.g., Lehiste,
1972; Lenneberg, 1967; Lisker, 1975; Pike, 1945). Yet exper-
imenters have had enormous difficulty identifying rhyth-
micity in either the articulatory or the acoustic domain. One
possible reason—as pointed out by Fowler {1983) with re-
spect to acoustic studies—is that experimental measure-
ments typically used may be inappropriate for capturing the
natural, temporal structure of spoken sequences. Speaking is
an inherently multidimensional process; during speech dif-
ferent articulators are involved to different degrees and the
spatiotemporal overlap among movements is considerable.
Confronted with so many simultaneous or nearly simulta-
neous events, there seems little chance of our identifying any
basic temporal regularity, even though our perceptual im-
pressions lead us to suppose that one exists.

Our approach in the present work was to strip away, as
much as possible, the influence of segmental variation on
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articulatory movement, by asking subjects to speak “reiter-
antly.” That is, speakers substituted the syllable /ba/ or
/ma/ for each real syllable in the utterance, while mimicking
the utterance’s normal prosodic structure. The benefit of the
reiterant technique is that, by minimizing segmental vari-
ability while preserving the prosodic pattern (Liberman and
Streeter, 1978; Nakatani, 1977), we are able to measure the
movements of articulators (in this case the lips and jaw) that
are consistently involved in the production of /ba/ and
/ma/. In principle, this procedure affords an analysis of arti-
culator patterns in a simple and accessible form.

We recognize that the relationship between real speech
and reiterant speech is not always transparent. We should
stress, however, that the main thrust of the present work is to
use reiterant speech as a oo/ to examine articulator motions
in a speechlike task. We do not claim any necessary general-
ization to real speech although one might exist (see also Lar-
key, 1983). For instance, Liberman and Streeter (1978) show
the pattern of acoustic syllable durations to be similar
between real and skilled reiterant speech although the abso-
lute durational values are very different. In terms of produc-
tion, it seems unlikely to us that the control of the lip—jaw
system for the production of a reiterant /ba/ is fundamental-
ly different when the same syllable is produced during natu-
ral speech. Indeed, we shall quantitatively describe certain
kinematic relationships (e.g., between an articulator’s peak
velocity and displacement) that have been observed in many
other nonreiterant speech production studies.

In the present paper, we outline a geometric approach
for characterizing the dynamic properties underlying articu-
latory movements during reiterant speech. We use the phase
portrait to facilitate the analysis of relevant articulatory var-
iables when speakers produce these simple sequences of syl-
lables. To our knowledge, phase portrait techniques have
rarely been employed in speech production studies, even
though their role is.to describe the forms of motion in com-
plex, multidegree-of-freedom systems (cf. Abraham and

Shaw, 1982). Were one to count the neurons, muscles, and .

joints that cooperate to produce even a simple utterance,
literally thousands of such elements would be involved. Yet
normal speech is usually coherent and organized: A low di-
mensional pattern emerges from a system of high dimension-
. ality that can be controlled with relatively few dynamic pa-
rameters.' Thus our approach is one in which we attempt to
characterize regularities of articulator pattern in terms of a
relatively abstract functional organization (cf. Kelso and
Tuller, 1984a). We do not attempt to model peripheral bio-
mechanics or neurophysiological mechanisms. Rather we
use the phase portrait as a way of uncovering qualitatively
the system’s control structure and as a preface to a quantita-
tive treatment of articulatory trajectories. In doing so we
observe both invariant and systematically varying features
of motion when stress and speaking rate are changed. Per-
haps most important, our results, analyzed geometrically
and interpreted from a dynamic perspective, do not require
the assumption that time itself is a controlled variable. In-
stead, the form of articulator trajectories over time is seen as
a consequence of a control structure whose dynamic param-
eters are functionally equivalent to those of a mechanical
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mass-spring system, namely: equilibrium (or rest) position,
which is the position at which the net force on the mass is
zero; and linear stiffness, which is the reactive force per unit
displacement. '

I. METHODS AND PROCEDURES

Two adult speakers [one male (SK, the first author and
a native speaker of an Ulster dialect of English), and one
female (DW, a speaker of a New Jersey dialect of American
English)] recited the first and last sentences of the “rainbow
passage”: (1) “When the sunlight strikes raindrops in the air,
they act like a prism and form a rainbow,” and (2) “There is,
according to legend, a boiling pot of gold at one end.” After
reciting each sentence, speakers mimicked the prosodic pat-
tern 2—4 times, substituting only /ba/ or only /ma/ for each

syllable. So, for example, “When the sunlight strikes rain-
drops in the air”” would be mimicked as “ba ba ba ba ba ba ba
ba ba ba” (where italics indicates a hypothetical stress pat-
tern for the syllables). Upon completion of the task at a nor-
mal, conversational rate, it was then repeated at a faster rate.
One of the speakers (SK) repeated this procedure at a later
date. In all, 392 syllables at each rate were analyzed. We also
obtained measures of each speaker’s preferred frequency of
Jjaw movement over an extended period of time, by asking the
subject to “wag” the jaw at a comfortable amplitude and
frequency “as if you were going to do it all day.” “Wagging”
movements were then sampled over a 30-s interval.

For speech and nonspeech tasks, vertical displacements
of the lips and jaw were tracked using a device similar in
principle to the commercially available SELSPOT system,
which employs infrared LEDs that can be placed midsagit-
tally on the nose, lips, and point of the chin. Modulated light
from the diodes is captured by a camera equipped with a
Schottky planar diode located in its focal plane. The output
of the photodiode is fed to associated electronics that decode
the signals and compute pairs of x and y coordinates. Up to
eight channels of coordinate potentials may be generated
simultaneously, each with a bandwidth of 0~500 Hz. These
potentials are then fed to first-stage dc offset preamplifiers
which center the signals about the 0-dc level. Following the
offset adjustment, the coordinate values are transmitted via
de coupled amplifiers, checked by means of a monitoring
oscilloscope, and recorded. Once the subject was seated with
the LEDs in place, calibration was achieved by raising the
camera a known distance (2 cm) and recording the output of
the lower lip LED. Simultaneous acoustic recordings were
also made. The movement data were recorded on FM tape
and sampled at 200 Hz in later computer analysis. This in-
cluded numerical smoothing (using a 25-ms triangular win-
dow) and differentiation (using a two-point central differ-
ence algorithm; James et al, 1977) for obtaining the
derivatives of motion (velocity, acceleration).

Figure 1 shows an example of the position and velocity
of the lower lip and jaw (i.e., the LEDs attached to lower lip
and jaw) for the first part of sentence 1, “When the sunlight
strikes raindrops in the air,” where /ba/ is the reiterated
syllable. In the movement traces, peaks and valleys denote
the high and low vertical positions achieved by the indicated
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FIG. 1. Position and velocity over time of lower lip and jaw LEDs for the

reiterant production of “When the sunlight strikes ramdrops in the air.”

/ba/ is the reiterant syilable.

articulators. Thus peaks occur during lip closure for the bi-
labial stop and valleys occur during production of the low
vowel /a/. In the velocity traces, peaks and valleys are the
maximum velocities attained going into and out of a closure,
respectively. The peaks and valleys were determined by a
computer program which also calculated means (M) and
standard deviations (s.d.) for peak-to-peak cycle duration
and displacement of opening (peak-to-valley) and closing
(valley-to-peak) gestures.

Il. RESULTS AND DISCUSSION

Each of the following sections is designed to be self-
contained in that a discussion accompanies each set of em-
pirical findings. First we present data pertaining to the glo-
bal temporal regularity of articulator movement that was
observed in the experiments. Second, a qualitative dynamic
analysis of articulatory motion is presented using the phase
portrait to describe the forms of motion that are produced.
Following is a quantitative kinematic analysis of motion and
its derivatives that details effects of the local changes in-
duced by stress and speaking rate transformations. We try to
maintain continuity of presentation in this quantitative sec-
tion by proceeding from lower-order to higher-order kine-
matic relations. Finally we present some of our preliminary
efforts to model the present articulatory findings using an
approach based in dynamical systems theory and supported
by recent results in the field of physiological motor control.
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A. Global temporal regularity

First we show separately for the two rates and two re-
iterant syllables the mean duration between successive peaks
and the associated standard deviations. The values shown in
Table I are averaged across subjects and sentences for both
Jjaw and lower lip motions (i.e., motions of the jaw and lower
lip LEDs). In order to study articulatory motions per se, we
have removed intervals that span major syntactic breaks and
the first and last syllables of the sentence, i.e., where startup,
pauses, and lengthening effects predominate.

The durational data show quite low variability regard-
less of rate, with coefficients of variation in the 109%-20%
range. The two speakers are also very similar in their dura-
tional behavior as revealed in the small between-subject.
standard deviation of the means. Mean cycle durations for
the three experimental sessions were 211 ms (approximately
5 Hz) for the normal rate and 167 ms (approximately 6 Hz)
for the fast rate. In this case, the jaw exhibits a periodicity
similar to that of the lower lip. Not surprisingly, the data
contrast with those of Ohala’s (1975) earlier study in which
10 000 consecutive jaw opening gestures were obtained dur-
ing a 1.5-h reading period. Ohala (1975) found large dura-
tional variance (presumably because of the presence of
pauses and segmental factors) accompanied by a dominant,
but weakly defined, periodicity of about 250 ms (4 Hz).
Ohala and others (e.g., Lindblom, 1983) have suggested that
this periodicity may correspond to the “preferred frequency
of the mandible.” However, the preferred wagging frequen-
cies of jaw movement for our two speakers (0.81 and 2.04 Hz,
s.d.s = 0.06 and 0.21 Hz, respectively) are much slower than
the frequencies found either by us for reiterant speech or by
Ohala for read speech. It is clear then, that neither the sharp-
ly defined periodicity observed by us in reiterant speech nor

. the weakly defined cycling found by Ohala in read speech is

the same as the preferred frequency of the mandible in our
nonspeech task (see also Nelson et al., 1984, for differences
between preferred frequencies of mandible movement in
speechlike and nonspeech tasks). We also found that the pe-

TABLE 1. Means and standard deviations of peak-to-peak duration in ms
and frequency (f) in Hz for jaw (J) and lower lip (LL) durmg reiterant
speech at two rates. Between-subject standard deviations arein parentheses.

/ba/ /ma/ i Overall
J LL J LL J LL
Normal
m213(5) 212(8) 212(3) 211 (3) 212 (4) 211 (6)
s.d. 42 (6) 40{6) 41(1) 37(1) 42(4) 39(5)

S470(0.11) 472(0.19) 472(0.06) 4.73(0.06) 4.72(0.08) 4.73(0.14)

Fast
m168(5)  168(5)  166(3)  165(4)  167(¢4)  167(4)
5.d.33(9) 29(8) 29(3) 30(5) 31(7) 30(6)

£595(0.17) 5.95(0.18) 6.03(0.11) 6.06(0.15) 5.98(0.14) 6.00(0.16)

n 512 512 272 272 784 784
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riodicity was unaffected by the syllable that was used to
mimic real speech. The largest mean durational difference
regardless of rate condition between /ba/ and /ma/ for any
articulator was 3 ms (see Table I). In short, when segmental
variation is minimized, it is possible to identify relatively
stable articulatory periodicity. The periodicity is not perfect-
ly isochronous because there are systematic variations con-
comitant with stress and rate (see Sec. II C).

B. A geometric (qualitative dynamic) analysis2

In the following geometric analysis, phase plane trajec-
tories are generated by continuously plotting the relation-
ship between, in this case, articulator position x and its deri-
vative, velocity x. As an example, consider the idealized case
shown in Fig. 2. The upper trace is a computer generated
sine wave of 5 Hz with a peak-to-valley displacement defined
to be 20 mm. The peak position corresponds to the conso-
nant closure, and the valley position to the maximum open-
ing for the vowel. Points of maximum downward {opening)
and upward (closing) velocity fall at the midpoints of the
position trace. To create a phase plane trajectory shown on
the lower part of Fig. 2, we plot successive position points
and their corresponding velocities as coordinates on a plane
whose vertical axis denotes position and whose horizontal
axis denotes velocity.® The arrowheads on the circle denote
the direction of motion on the plane. Thus one cycle or orbit
corresponds to the interval between successive closures, with
the opening gesture on the left half and the closing gesture on
the right. Note that time itself is not an explicit variable in this
description.

Figure 3 shows phase plane trajectorles for the jaw and
lower hp LEDs of “When the sunlight strikes raindrops in
the air,” using reiterant /ba/ spoken at a normal rate. Qual-
itatively, the shapes of the trajectories are quite similar
across the ten syllables plotted. There is a strong tendency,
for example, for displacement and peak velocity to covary
directly (see Sec. II C). Normal and fast reiterant produc-
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FIG. 2. Top: idealized position and velocity over time of articulator move-
ment. Bottom: corresponding phase plane trajectories. Abscissa is velocity,
ordinate is position {see text for details).

tions for subjects SK and DW of the second part of the first
sentence, “they act like a prism and form a rainbow,” are
shown in Figs. 4 and 5. The mutual relationship between the
kinematic variables of position and velocity is accentuated
by the rate manipulation, particularly for subject SK. Once
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FIG. 4. Phase plane trajectories of lower lip motions for the second part of
sentence 1, “They act like a prism and form a rainbow” produced at normal
and fast speaking rates with /ba/ as the reiterant syllable; subject is SK.

again, even when there is a clear distinction between the
trajectories corresponding to stressed and unstressed sylla-
bles, their orbital shapes are generally similar. The un-
stressed (sometimes reduced) syllables are characterized by
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FIG. 5. Phase plane trajectories of lower lip motions for the second part of

sentence 1, “They act like a prism and form a rainbow” produced at normal
and fast speaking rates with /ba/ as the reiterant syllable; subject is DW.
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smaller displacements and peak velocities than the stressed
syllables, thus maintaining a global similarity of (elliptical)
trajectory shape across unstressed and stressed gestures.
Also observed, however, are subtle differences between tra-
jectory shapes associated with different gestural displace-
ments. For example, the orbits appear to be slightly more
compressed horizontally for larger displacement gestures
relative to shorter displacement gestures. In Sec. II C, we
will quantify both the global similarities and subtle differ-
ences among gestural trajectory shapes.

C. Quantitative kinematic analysis

In Sec. II C we proceed to quantify specific effects of
speaking rate and stress on articulatory movements in an
effort to answer the following questions. First, what kine-
matic variables or relations among variables might inform us
about the control of speech gestures? Second, what kind of
regularity, if any, exists in the motions of speech articulators
across changes in stress and speaking rate, and how might
such regularity be rationalized? Although we appreciate that
there are many idiosyncratic differences among speakers,
dialects, and languages, our emphasis here is on identifying
what is common across such diversity. In short, can we begin
to define a “deep structure” for speech motor control that
can be recognized in the face of much surface variability,
and, if so, on what principle(s) is it based?

We begin with an analysis of the space-time character-
istics of articulator movement and its derivatives, with the
emphasis now on the gesture (opening and closing) rather
than the cycle. Because of the enormous amount of kinemat-
ic data involved, we restrict our concerns (unless otherwise
indicated) to (a) the motions of the jaw and lower lip complex
for the syllable /ba/ during reiterant speech, and (b} the sin-
gle experimental session for each speaker, i.e., omitting the
repeated session. This amounts to 232 gestures for speaker
DW (116 opening and 116 closing) and 464 gestures for
speaker SK (232 opening and 232 closing).

The general statistical analysis of the kinematic varia-
bles takes the form of a gesture {opening, closing) X stress
(stressed, unstressed) X rate (normal, fast) analysis of vari-
ance for each dependent variable, followed by correlational
analysis between variables (e.g., displacement versus time)
where appropriate. In order to facilitate communication of
the results we report the degrees of freedom for the statistical
main effects and interactions only once. For subject DW the
numerator and denominator degrees of freedom are 1 and
224; for subject SK they are 1 and 456.

1. Displacement, movement time, and their relation

Tables II and IIT provide the mean displacement and
mean movement times of the opening and closing gestures
for the syllable /ba/, as a function of speaking rate and
stress. The mean data order systematically for both kinemat-
ic variables in both subjects, although the magnitude of
change across rate and stress is idiosyncratic. Similar results
have been reported by others (e.g., Kuehn and Moli, 1976;
Tuller ez al., 1982b). For displacement, since the lips always
return to closure, the main effect of gesture type (opening
versus closing) was not significant in either subject’s data;
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TABLE II. Kinematic values of displacement, time, and peak velocity
across rate and stress variations (opening gestures, /ba/).

Stressed Unstressed
a t Vp d t Vp

DWm 14.58 1239 229.2 11.80 112.4 2040
s.d. 3.68 206 742 330 224 659
Normal n 24 34

SK m 16.02 1404 262.5 12.63 114.7 238.6
s.d. 140 190 249 335 301 558
n 48 68

DW m 13.41 103.3 2410 1038 85.3 216.3
s.d. 2.83 12.7 488 327 113 63.6
Fast n 24 34

SK m 14.85 1200 241.1 8.27 81.3 1702
s.d. 146 179 329 3.85 20.6 644
n 48 68

* Displacement (d } in mm, time (t)in ms, and peak velocity (¥p) in mm/s.

Fs = 0.10 and 0.55, ps > 0.05 for DW and SK, respectively.
Nor were there two- or three-way interactions with gesture
type. Stressed gestures had larger displacements than un-
stressed gestures; Fs = 39.19 (DW) and 415.44 (SK),
s <0.0001. Rate had a generally similar effect: Normal rate
gestures were produced with larger displacements than fast
gestures, Fs = 11.26 (DW)and 136.18 (SK), ps < 0.001. Un-
like DW, subject SK revealed a stress X raty interaction on
the displacement measure, F = 35.44, p <0.0001. A simple
main effects analysis of this interaction was entirely conso-
nant with the main effects, however: The differehce in dis-
placement as a function of rate was more apparent in un-
stressed gestures, F=162.92, p<0.0001 than stressed
gestures, F = 8.70, p <0.004. Similarly, differences in dis-
placement as a function of stress were manifest particularly
atafast speaking rate, F = 346.77, p < 0.0001, although they
were highly significant at the normal rate as well,
F=104.11, p <0.0001 (see Tables II and III). No other in-
teractions were significant for either subject.

TABLE IIL Kinematic values of displacement, time, and peak velocity
across rate and stress transformations (closing gestures, /ba/).

Stressed Unstressed
o t Vp d t Vp
DWm 13.88 91.8 2970 12.14 82.5 265.3
s.d. 294 178 736 291 20.1 747
Normal n 24 34
SKm 1599 1064 321.7 1209 84.8 2722
s.d. 126 151 192 277 149 528
n 48 68
DWm 13.07 663 3484 10.33 64.7 280.5
s.d. 239 148 656 305 11.1 965
Fast n 24 34
SK m 14.88 865 323.0 8.17 66.5 202.3
s.d. 141 121 277 3.11 106 68.1
n 48 68

* Displacement (d } in mm, time (¢ ) in ms, and peak velocity (Vp) in mm/s.
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For movement time, opening gestures as a class took
longer than closing gestures. All the movement time values
for similar conditions reported in Table II (opening) are
greater than those reported in Table III (closing), a finding
substantiated by a significant gesture main effect for DW, F

= 17143, p<0.0001 and SK, F=240.57, p<0.0001.

Stressed gestures take longer than unstressed gestures, Fs
= 20.21 and 223.62, ps <0.0001 for DW and SK, respec-
tively. For subject DW a simple main effects analysis of the
significant gesture X stress interaction, F = 4.31, P <0.04 re-
vealed that the stress effect was greatest for opening gestures,
F=21.58, p <0.001 (compare Tables IT and III). For subject
SK, the gestureXstress interaction was also significant,
F=10.34, p<0.002: The difference in movement time
between stressed and unstressed conditions was greater for
opening gestures, F = 165.08, p <0.0001 than closing ges-
tures, F = 68.89, p <0.0001.

Speaking rate had a systematic effect on movement
time. Gestures produced at a normal rate took longer than
those at a faster rate, F = 104.50 (DW)and F = 181.84 (SK),
Ps <0.0001. For subject SK, there was also a gesture X rate
interaction, F= 6.60, p<0.02. Again, the rate effect
between gestures was a matter of degree; movement time
differences between rates were more apparent in opening
gestures, F=128.86, p<0.001 than closing gestures,
F=159.98, p<0.0001, although clearly the effect was high-
ly significant in both gesture types.

In summary, in both subjects, the main effects of stress
and rate predominate for both displacement and movement
time as dependent measures, although these effects tend to
be greater in opening gestures than closing gestures. Gene-
rally speaking, stressed gestures display greater articulatory
displacement and longer duration than unstressed gestures.
Rate has similar effects. Gestures produced at faster speak-
ing rates are accomplished with smaller displacements and
in shorter movement times than those at a normal conversa-
tional pace.

Viewed from an overall perspective based on the mean
data of each subject, we can make a rather simple statement
regarding the displacement-time relation independent of
movement phase (opening versus closing), rate, or stress.
Namely, on the average, displacement covaries directly with
duration. Smaller (larger) displacements tend to be observed
at fast (normal) rates and in unstressed {stressed) environ-
ments; duration of motion adjusts in a corresponding fash-

ion.

These overall effects, therefore, suggest a systematic
and apparently quite linear relationship between spatial and
temporal dependent measures. However, examination of the
scatter plots for each subject in Fig. 6 (opening phase) and
Fig. 7 (closing phase) reveals a somewhat more complicated
picture. For subject SK the data follow the general picture
outlined above; amplitude and duration varyina quite linear
way. The overall correlation for opening gestures is » = 0,82
and for closing gestures r = 0.76 (ps < 0.01). Moreover, the
displacement-time correlations for individual conditions,
shown in Table IV, are, with a single exception, significant
(ps <0.05). The picture is rather different for subject DW,
however. In the data for DW the individual displacement—
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time pairs are widely distributed and in only one out of a
possible eight conditions (unstressed opening gestures pro-
duced at a normal rate) is there a significant correlation (see
Table IV). When opening and closing gestures are analyzed
as a group for DW, significant correlations are obtained,
rs =0.46 and 0.26 (ps <0.05), respectively, although the
proportion of variance accounted for is small.

To summarize, the coupling between displacement and
time is quite different for the two subjects. One subject (SK)
reveals a rather orderly relation between these variables
across rate, stress, and movement phase {opening versus
closing). The other subject (DW) shows a high degree of
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overlap among conditions and 2 much more homogeneous
distribution of displacement-time data pairs. Indeed, the
proportion of variance accounted for by this relationship is
so small as to suggest that, for DW, displacement and time
are essentially independent.

How might these apparent discrepancies between sub-
jects in the displacement-time performance space be inter-
preted? One account that merits mention is that the speech
motor system adheres to a minimum cost function such as
“least effort,” which might give rise to tradeoffs in articula-
tory displacement and duration. This notion of movement
costs is elaborated in some detail in a recent paper by Nelson
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TABLE IV. Linear correlations (r) and regression slopes {m) of displace-
ment-time relationship across rate and stress transformations (/ba/).

Opening gestures
Stressed Unstressed
m r m r
Normal DW 0.06 0.33 0.07 0.46*
SK 0.02 0.24 0.08 0.72*
Fast DW 0.01 0.05 0.10 0.35
SK 0.05 0.55* 0.15 0.82*
Closing gestures
Stressed Unstressed
m r m r
Normal DwW 0.02 —0.11 0.05 0.31
SK 0.05 0.60* 0.12 0.65*
Fast - DW 0.02 0.23 0.02 0.08
SK 0.06 0.50* 0.15 0.52*

*p <0.05.

(1983) and has been applied to an analysis of jaw movements
in repetitive speech and nonspeech gestures (Nelson et al.,
1984). The key idea is that articulatory movements during
speech are accomplishing system “goals” in the physically
most economical fashion, i.e., according to some “ease of
movement” criteria (see also Lindblom, 1983), which in turn
imposes boundary constraints on speech motor program-
ming (Nelson, 1983). Such criteria may be met by minimiz-
ing a number of possible articulatory cost indices such as
“effort” (proportional to peak velocity, which bears a direct
relation to the impulse or integral of the force-time curve for
a given movement) or “jerk” (the first derivative of accelera-
tion). Nelson (1983) shows that although a wide variety of
“movemént ease” cost functions may be minimized, the dis-
placement-duration relation remains roughly the same.
Thus a common feature of all such functions is that “cost”
increases (on whatever dimension) are associated with mov-
ing a given distance in less time or moving a greater distance
within a given time. To do either requires an increase in peak
velocity, acceleration, jerk, etc. (see also Hogan, 1984),

In the displacement-time space a relationship, such as
that displayed by subject SK in Figs. 6 and 7 is suggestive of a
fairly constant articulatory cost (cf. Nelson, 1983, Fig. 5).
Thus it could be argued that gestures of short amplitude and
duration {e.g., fast unstressed gestures) do not necessarily
cost the system any more than larger amplitude movements
of greater duration (corresponding, say, to normal stressed
gestures). Distance and time mutually adapt to the linguistic
requirements of the activity in such a way as to preserve a
relatively constant cost.

A problem, however, with this analysis of “economy of
effort” in speech is that it appears to pertain, at best, to only
one of our subjects and to only one of the three subjects in the
Nelson ez al. (1984) study. Several possibilities could account
for such a state of affairs. One is that it could reflect differ-
ences in the skill level of producing reiterant speech. That is,
the less constrained, more variable relation between dis-
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placement and time in subject DW suggests that her mode of -
motor control is not following a strategy of minimum cost.
DW may, in fact, have to discover exactly what that strategy
is. It is well appreciated in the literature (e.g., Larkey, 1983)
that reiterant speech is itself a skill, and it was certainly our
impression that subject DW was not as skilled at “convert-
ing” real speech into reiterant speech as was subject SK.
How cost functions change with increasing skill is a topic
open to much further research.

Given that the displacement-time relation is not consis-
tent between subjects in the present study or in the literature
in general (see Nelson et al., 1984; Parush et al., 1983; Tuller
et al., 1982b), the question is: Are there other observables
that might afford insight into the similarity among subjects
in this task? Are subjects really as different in performing
reiterant speech as the displacement-time distributions sug-
gest? As we shall see, examination of the higher derivatives
of motion not only affords a window into the nature of the
system’s underlying dynamic organization, but also suggests
that the differences between subjects might be due to the
surface nature of the displacement—time description.

2. Peak velocity and the peak velocity-displacement
relation

The phase plane data discussed in Sec. II B reveal at
least two interesting features about a given gesture’s velocity
pattern that merit further quantification. First, the patterns
are largely unimodal (see Figs. 3-5) in that both opening and
closing gestures possess single velocity peaks. Related to
this, peak velocity (¥p) bears a direct relationship to total
impulse (i.e., the integral of the force magnitude as a function
of time), and thus can usefully be used to index the “effort”
underlying the movement (e.g., Nelson, 1983; Schmidt ez al.,
1979). Since variables like stress have been associated with
articulatory effort (e.g., Ohman’s, 1967, stress pulse theory)
itis of interest to quantitatively assess if and how peak veloc-
ity changes with gesture type, rate, and stress conditions,
Second, and perhaps more important, is the apparent regu-
larity—evident on the phase plane—in the covariation
between a gesture’s peak velocity (¥p) and its displacement
(d). We consider first the statistical effects on peak velocity
itself; then we evaluate and interpret the relationship
between peak velocity and displacement.

A cursory look at Tables IT and III indicates that Vp,
like displacement and movement time, varies systematically
with stress and rate, although in somewhat idiosyncratic
ways. The gesture type main effect is significant for both
subjects, Fs = 59.08 and 111.01, ps <0.0001, for DW and
SK, respectively. For similar conditions, all the Vp values in
Table III (closing) are greater than Table II (opening). Stress
had predictable effects on peak velocity regardless of gesture
type. As in the recent results of Stone {1981} on jaw move-
ment, and Ostry et al. (1983) on tongue dorsum movement,
stressed gestures are produced with higher peak velocities
than unstressed gestures, F=15.03, p<0.002 and
F =201.48, p <0.0001, for DW and SK, respectively.

As others have found, however, the effect of speaking
rate on the ¥p measure was not so consistent across subjects
(e.g., Abbs, 1973; Kuehn and Moll, 1976; Ostry et al., 1983;
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Tuller et al., 1982b). For subject DW, peak velocity was
greater for the faster speaking rate, F = 4.94, p <0.03. For
SK, the opposite occurred {see Tables IT and III), F = 94.41,
p <0.0001. Moreover, there was a stress X rate interaction
for SK, F=40.06, p<0.0001 but not DW, F=0.86,
p>0.05. For SK, although stressed gestures are always pro-
duced more rapidly than unstressed gestures in both speak-
ing rates, F= 30.93, p <0.0001 (normal) and F = 210.61,
p<0.0001 (fast), only unstressed gestures differentiate
between normal and fast speaking rates. For subject SK’s
unstressed gestures, normal speaking rates have higher Vp
than fast speaking rates, F= 132.50, p<0.0001. For
stressed gestures, no significant differences in ¥p occur
between speaking rates (see Tables II and III), F=1.97,
p>0.05. .

Because stress has very systematic effects on a variety of
variables (including not only the kinematics reported here,
but EMG as well, e.g., Tuller ez al., 1982a) and the effects of
~ rate are less systematic across subjects (particularly for ¥p),
it can be argued that stress and rate are qualitatively differ-
ent kinds of articulatory transformations (see Tuller et al.,
1982a, for review). However, the differences observed
between stress and rate remain puzzling at least when viewed
on single dimensions (e.g., EMG amplitude, duration, and
articulator velocity), and further work is necessary to estab-
lish the validity of this claim. One potential issue—yet to be
fully explored—is that the subject is usually free to vary the
elected rate whereas stress constraints are more clearly de-
fined. Systematic control of speaking rate may prove useful
and enlightening.

The linkage between peak velocity and displacement,
however, is less ambiguous. This finding in itself is not new;
it has been reported before in other studies of articulation,
often as an incidental result (e.g., Kent and Moll, 1972; Koz-
hevnikov and Chistovich, 1966; Kiritani et al., 1982; Kuehn
and Moll, 1976; Ohala et al., 1968; MacNeilage, 1970; Per-
kell, 1969; Sussman et al., 1973). The particular articulator
involved does not appear to be a factor; the relationship ex-
ists in movements at the supralaryngeal level including the
tongue dorsum, tongue tip, lips, and jaw. More recently it
has been observed in both abduction and adduction of the
vocal folds (Munhall and Ostry, 1984).

Quantitative analysis of the present data reveals that Vp
and d are highly correlated for opening and closing gestures
in both subjects. For subject SK the correlations, collapsed
across stress and rate, are 0.87 for the opening phase and
0.94 for the closing phase. For subject DW the correlations
are 0.84 and 0.76 for opening and closing gestures, respec-
tively (ps <0.01). Compared to the displacement—time rela-
tionship, which was very different between subjects {cf. Figs.
6 and 7), the scatter plots displayed in Figs. 8 and 9 for open-
ing and closing gestures, respectively, show a much greater
degree of overall similarity between subjects in both phases
of motion.

The high linearity, of course, is a reflection of the over-
all temporal stability present in the opening and closing
phases of the articulatory movements across rate and stress
transformations. Since the slope of the Vp-d relationship for
a given gesture type has the units of frequency, a perfect
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correlation between the two variables would indicate that
the opening or closing gestures were of the same frequency,
i.e., were perfectly isochronous. There are, however, local
effects of stress and rate when the data are partitioned into
subcategories, as can be seen from the absolute values of
displacement, peak velocity, and duration given in Table IT
for opening gestures and Table III for closing gestures. In
Table V we present the linear regression slopes and correla-
tions of the peak velocity—displacement relationship for
opening and closing gestures as a function of stress and rate.
Overall, although the correlations are generally high and
significantly different from zero, the slopes of the relation-
ship between peak velocity and displacement are quite vari-
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able across subcategories. How might the slopes of the kine-
matic relation between ¥ and d be interpreted with respect
to the control processes underlying the reiterant speech
task? First we address the significance of the overall Vp—d
relation; then we consider the specific effects of rate and
stress. :

Recent theoretical considerations and empirical find-
ings in the motor control field support an account of the Vp-
d relation that is based on a movement’s dynamics, not its
kinematics. Relations among kinematic variables are useful
to describe the space-time behavior of articulators, but it is
dynamics that cause such motions. That is, it is important to
realize that changes in displacement and its time derivatives
(velocity and acceleration) are consequences of dynamical
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TABLE V. Linear correlations (r) and regression slopes {(m) of peak veloc-
ity~displacement relationship across rate and stress transformations {/ba/).
All P’s except those marked by an asterisk are significant at p <0.01 or
greater.

Opening gestures
Stressed Unstressed
m r m r
Normal DW 19.02 0.94 18.02 0.90
SK 9.29 0.53 13.19 0.79
Fast DW . 14.18 0.82 17.02 0.87
SK 10.78 0.48 15.68 0.94
Closing gestures
Stressed Unstressed
m r m r
Normal DW 20.44 0.82 20.19 0.79
SK 3.04 0.25* 18.00 0.95
Fast bw 20.25 0.74 2739 0.87
SK 13.20 0.68 20.92 0.95

systems with parameters such as mass, stiffness, and damp-
ing. It is possible, however, to infer the structure of the un-
derlying dynamics from the kinematics of articulator mo-
tions during either discrete or rhythmic tasks.

It is now generally recognized that many features of
single-dimensional movements in discrete targeting tasks
can be generated by second-order, linear models whose pa-
rameters include damping, stiffness, and rest angle (cf. Bizzi,
1980; Cooke, 1980; Fel’'dman and Latash, 1982; Kelso and
Holt, 1980 for reviews). In short, the limb exhibits behavior
qualitatively similar to a damped mass-spring system for
these tasks (Fel’dman, 1966). Such systems are intrinsically
self-equilibrating in the sense that the “endpoints” or
“movement targets” are achieved regardless of initial condi-
tions. In normal and deafferented animals, for example, it
has been shown that desired head (Bizzi et al., 1976) and limb
positions (Polit and Bizzi, 1978) are attainable without start-
ing position information even when the limb is perturbed on
its path to the goal. Similarly, Kelso (1977) demonstrated
that finger localization ability is not seriously impaired in
functionally deafferented humans, or individuals with the
metacarpophalangeal joint capsule surgically removed, in
spite of changes in initial conditions or unexpected perturba-
tions (Kelso and Holt, 1980; see also Kelso and Tuller, 1983,
and Tye et al., 1983 for evidence in speech). Closed-loop
notions that rely on peripheral feedback break down in the
face of such evidence. Further, kinematic variables need not
be controlled explicitly. In a dynamic system like a damped
mass-spring (or point attractor, Abraham and Shaw, 1982),
kinematic variations in displacement, velocity, and accelera-
tion occur as a result of the specified parameter values, and
sensory “feedback” in its conventional form is not required.
Nor, importantly, is duration a controlled variable {see Sec.
11 B).

For sustained, stable cyclic movements of dissipative
systems the appropriate dynamic regime is a limit cycle (or
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periodic attractor, Abraham and Shaw, 1982). In such sys-

tems, the same orbit is achieved regardless of initial condi-
~ tions or temporary perturbations. In the absence of imposed
perturbations, such systems can display near-sinusoidal
steady-state motions that may be treated as if they were gen-
erated by simpler nondissipative mass-spring dynamics. As
mentioned earlier, a constant slope in the relationship
between each gesture’s peak velocity and displacement for a
given set of gestures indicates that the gestures are perfectly
isochronous. With regard to an hypothesized underlying lin-
ear (harmonic) or nonlinear (anharmonic) mass-spring mod-
el, the Vp—d slope is indicative of the stiffness over the range
of gestural displacements examined. Roughly speaking, a
constant Vp—d slope for a given gestural subset implies that
the average mass-normalized stiffness (K * ) of the spring
functions underlying the gestures is the same across the ob-
served range.* Recently, Ostry et al. (1983) have shown in a
study of tongue dorsum movement that the slope of the Vp—d
relation varies systematically with stress, but less so as a
function of rate. In their data, particularly for opening ges-
tures, the slope of the relationship was greater for unstressed
than stressed gestures, suggesting to them that the tongue
muscle system was actually stiffer in the unstressed environ-
ment (see also Laferriere, 1982, for evidence leading to the
same conclusion}. More recently, observations of tongue
dorsum kinematics as a function of rate, vowel (/u/, /o/, and
/a/), and consonant {/k/ and /g/) have been interpreted as
indicative of an underlying mass-spring control regime with

constant linear stiffness for a given gesture (Ostry and Mun-

hall, 1984; see also Munhall and Ostry, 1984).

Our data also suggest that unstressed gestures are char-
acterized by greater stiffness (K *,) values (as revealed in Ta-
ble V by the slopes of the Vp—d relations and the phase por-
traits) than stressed ones. This is apparent in three out of four
cases for both opening and closing gestures (Table V). Inter-
estingly, we show also that the ¥p-d slopes for closing ges-
tures (again with a single exception) are greater than those
for opening gestures, particularly for unstressed syllables.
Like the Ostry et al. (1983) tongue data, the rate effects on the
slope of the ¥p—d relationship are less clear cut. In only five
of eight possible cases, slope increases as a function of rate.
With one notable exception, however, in which a fourfold
increase in slope occurs, slope changes between fast and nor-
mally produced gestures are fairly small.

Although the data in general suggest that stiffness K%)
is a key system parameter, a comparison of the Vp—d slope
data (which indexes K %, ) and the displacement data shown
in Tables IT and III reveals that stiffness is not constant for
movements of different displacements within a given stress
condition (see also Ostry and Munhall, 1984). In fact, stiff-
ness changes invariably with displacement both within and
across stress categories.

3. The acceleration—displacement function

There are at least two possibilities that can account for
the observed change in stiffness (K %) as a function of dis-
placement. One is that a linear spring function holds, for
which spring force equals — kx and for which different val-
ues of linear stiffness k are elected for, say, shorter ampli-
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tude, unstressed gestures than larger amplitude, stressed
gestures. An alternative notion is that during reiterant
speech the jaw-lip system behaves like a soft, nonlinear
mass-spring system where, for example, spring force equals
— kx + ex?, with k and e denoting linear and cubic stiff-
nesses, respectively (cf. Jordan and Smith, 1977; Kelso et al.,
1983). For such springs, the net stiffness decreases nonlin-
early with deviation from the equilibrium position. Hence,
shorter amplitude gestures, involving relatively small devia-
tions from equilibrium, are characterized by higher average
stiffnesses over the course of the movement than larger am-
plitude gestures (see also footnote 4). This second hypothesis
is presaged on the assumption that all the motions we have
observed arise from a single underlying nonlinear spring
function with constant linear and cubic stiffness coefficients.
Since a gesture’s linear stiffness coefficient is indexed by the
slope of the acceleration—displacement function near the
gesture’s midpoint (corresponding roughly to its equilibrium
position), we can distinguish between these foregoing alter-
natives.

The acceleration data of the lower lip-jaw combination
were obtained by velocity differentiation and smoothed over
a25-ms interval (see Sec. I). Linear instantaneous, mass-nor-
malized stiffness, K *, was estimated using a computer rou-
tine that first found the midpoint of a given opening or clos-
ing gesture and then obtained the position (x) and
acceleration (X ) coordinates of the data sample to each side
of the midpoint. This procedure allowed us to compute the
slope around the hypothesized equilibrium position. If K * is
unchanged across conditions the slopes should be statistical-
ly equal. Thus if the data lie on a single spring function {lin-
ear or nonlinear) X * should be identical close to the move-
ment’s midpoint. Different slopes of the x, X function,
however, would suggest separate spring functions with dis-
tinct linear stiffness components.’

Figure 10 (inset) shows how X * was estimated and also
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an example of the acceleration—displacement differences
between the opening and closing gestures of a stressed versus
an unstressed syllable, the fourth and fifth syllables (itali-
cized) of the reiterant versions of “There is ac-cor-ding to
legend ...” (normal rate, SK). Differences in slope are appar-
ent, with the shorter amplitude, unstressed gestures display-
ing greater K * values than the longer amplitude, stressed
gestures.

Statistical analysis bears this picture out. The mean esti-
mated K * and its standard deviation are provided for each
subject and each gesture type as a function of conditions in
Table VI. Stressed gestures as a class have lower K * values
than unstressed gestures, Fs = 9.38 and 192.13, ps < 0.01 for
DW and SK, respectively. Subject DW displays a gesture
type main effect, F = 19.16, p <0.0001 with K * significant-
ly greater for closing than opening gestures. Additionally,
for SK there is a gesture type X stress interaction, F = 20.39,
2 <0.0001, and also a gesture X stress X rate interaction, F

=470, p<0.04. A simple main effects analysis of these
interactions revealed that for SK: {a} K * is greater for un-
stressed gestures than stressed gestures for both opening, F
= 168.85, p<0.0001, and closing gestures, F=43.67,
P <0.0001; (b) K * is greater for stressed gestures in the clos-
ing phase than the opening phase, F = 8.80, P <0.004; and
(c) K *is greater for unstressed gesturesin the opening phase,
F =12.17, p <0.0006, particularly at the fast speaking rate
{see Table VI).

The effect of rate is highly significant for both subjects.
Inall the cells of similar conditions, K * is greater at the faster
speaking rate than it is in syllables produced at a conversa-
tional pace, F=69.43, p<0.0001 {DW) and F = 90.80,
P <0.0001 (SK). Subject SK also reveals a stress X rate inter-
action, F=41.78, p<0.0001, although DW does not,
F=1.22, p>0.05. For subject SK: (a) at both rates, K * is
greater in unstressed than stressed gestures, F— 27.39,
P <0.0001 (normal) and F = 206.55, p <0.0001 {fast); and
(b) only in unstressed gestures and in stressed closing ges-
tures, however, is K * greater for fast than for normal speak-
ing rates (see Table VI),

TABLE V1. Estimated stiffness (K *) in units of acceleration per unit dis-
placement across rate and stress transformations. Standard deviation is in
parentheses.

Opening gestures
Stressed Unstressed
Normal DwW 1443 (405) 1703 {561)
SK 1781 (342) 2413 (703)
Fast DW 1931 (836) 2336 (787)
SK 1803 (427) 3555 (1211)
Closing gestures
Stressed Unstressed
Normal DW 1854 (364) 1889 (496)
SK 1981 (338) 2308 (344)
Fast DW 2409 (378) 2633 (452)
SK 2193 (337) 3078 (880)

0.1, JANUary 1988, Loy s
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These data correspond rather well to the peak velocity—
displacement findings discussed in Sec. II C 3. The present
acceleration—displacement results, however, afford an addi-
tional conclusion, namely, that linear mass-normalized stiff-
ness (K *, estimated around the equilibrium point of the mo-
tion)is not the same for short amplitude, unstressed gestures
as it is for large amplitude, stressed gestures. In short, differ-
entstress categories are characterized by different X * values.
A similar conclusion applies to rate changes. In all the cells
from comparable conditions shown in Table VI, faster
speaking rates are accompanied by higher estimated K * val-
ues, and, as we reported in Sec. II C /, smaller displace-
ments. Thus although a constant linear stiffness model is a
reasonable first approximation it does not handle all of the
kinematic variations in our data that are induced by stress
and rate. For whatever reasons, no doubt in part linguistic,
linear stiffness is modulated according to the stress {or am-
plitude) of the gesture. Increasing stiffness for unstressed
(shorter amplitude) gestures may be a way for the English
language, conventionally classified as stress timed, to differ-
entiate its stress categories. Interestingly, recent theorizing
in speech perception argues for a perceptual metric that is
closely tied to articulatory dynamics (e. g., Summerfield,
1979; Studdert-Kennedy, 1983). The notion, based in parton
studies of visual perception (e.g., Runeson and Frykholm,
1981) is that perception of events is not simply based on sur-
face kinematics, but on the underlying relations among dy-
namic parameters that govern such events. The present find-
ings, in showing a clear relation between stress and linear
stiffness values, provides an initial grounding for these spec-
ulations. The data also show that faster speaking rates are
associated with higher estimated linear stiffnesses, though,
like the Ostry et al. (1983) tongue data, the rate effects are not
quite as consistent.

D. Summary and preliminary dynamic modeling

To summarize, the present data offer insights into both
the similarities and differences in our subjects’ articulatory
behavior. The movements of both subjects can be assumed to
emerge from the same underlying dynamic organization.
That is, a periodic attractor (limit cycle) control regime can
capture the forms of motion produced by both subjects. The
slopes of the peak velocity—displacement and the accelera-
tion-displacement functions point to linear mass-normal-
ized stiffness K * as a key dynamic parameter. The subjects
differ, however, in the degree to which estimated X * and
overall gestural displacement are coupled across movement
conditions. Subject SK shows an inverse relation between
stiffness and displacement for opening (r = — 0.77) and
closing (r = — 0.73) gestures. Thus larger (smaller) ampli-
tude motions that accompany stressed {unstressed) gestures
and normal (fast) rates are associated with lower (higher)
stiffness. For DW, however, the correlation between esti-
mated stiffness and displacement (like DW’s displacement-—
movement time relation) is low ( — 0.18 for opening and
— 0.25 for closing gestures), perhaps because of the reasons
discussed in Sec. II C . In short, the “strength” of the con-
straint between X * and displacement may be a useful way to
conceptualize between-subject differences.
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The present findings can be couched conveniently with-
in a recent dynamic modeling and computer simulation
framework developed for multiarticulator systems by Saltz-
man and Kelso (1983). Briefly, the unique feature of this
approach is that invariant dynamical equations of motion
are established functionally (i.e., at an abstract rask level of
movement description) for the particular end effectors di-
rectly involved in the task’s accomplishment. For example,
Saltzman and Kelso (1983) demonstrate that a constant set
of dynamic parameters defined for a given task, e.g., a hand
reaching for a target, can be used to specify context- (task
and posture) dependent patterns of change in the articulator-
level dynamic parameters (e.g., joint stiffness, damping, and
equilibrium points of shoulder, elbow, and wrist). Among
other advantages the approach allows for task-specific tra-
jectory shaping (e.g., Bizzi ef al., 1982) and the compensa-
tory behaviors typically involved in speech (e.g., Folkins and
Abbs, 1975; Kelso ez al., 1984).

At a recent conference, Browman et al. (1984) reported
that the task-dynamic approach can be fruitfully applied to
understanding speech organization. For example, we have
used the average values of amplitude and duration from the
present data (for stressed and unstressed gestures at a parti-
cular rate) to estimate the dynamic parameters (equilibrium
positions and stiffnesses) in a functional mass-spring model
for the control of lip aperture defined by the vertical distance
between the upper and lower lip. These lip aperture param-
eters remain invariant throughout a given lip opening or
closing gesture, and during each gesture are transformed
into contextually varying patterns of dynamic parameters at
the articulatory level (upper lip, lower lip, and jaw degrees of
freedom as defined in the Haskins Laboratories’ software
articulatory synthesizer; Rubin et al., 1981). Thus inserting
our empirically estimated dynamic parameters for lip aper-
ture into the task-dynamic model, we can generate sets of
simulated articulator trajectories associated with lip opening
and closing. Figure 11 illustrates simulated time series and
phase plane trajectories for the resultant vertical motion of
the lower lip during a reiterant bilabial task with simple al-
ternating stress.

In these simulations, the equilibrium position for a giv-
en cycle (closure-to-closure) is specified at the onset of the
opening gesture and is located halfway between the maxi-
mum opening position and the (relatively fixed) closure posi-
tion. However, because closing gestures are faster than open-
ing gestures (compare Tables II and III) stiffness is specified
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FIG. 11. Computer simulation of resultant
lower lip position and velocity time series

(left) and corresponding phase portraits for a
pattern of reiterant, alternating stress sylla-
bles. :

S=

OPEN

VELOCITY
(Arb. Units)

twice during the cycle: once at the start of the opening ges-
ture and once at the start of the closing gesture. Although the
present example simply shows an alternating stress pattern,
clearly this procedure can be executed on a syllable-by-sylla-
ble basis. Although the model is presently undergoing refine-
ment (e.g., to incorporate fully limit cycle dynamics), Brow-
man et al. (1984) have used the displacement-time data
shown in Fig. 11 as input parameters to an articulatory syn-
thesizer with promising acoustic and perceptual results. The
point here, however, is that the simulation illustrates how
articulatory trajectories can be generated from a simple spe-
cification of dynamic parameters without explicit or detailed
trajectory planning.

Ill. CONCLUSIONS

The phase portrait methodology introduced in Sec.
II B, along with a detailed analysis of articulatory kinema-
tics, allow us a window into the hypothesized dynamic struc-
ture underlying the production of simple, reiterant syllables.
It is popular to propose “time control” as the basis of tempo-
ral organization in speech, as if the system somehow had to
program and/or keep continuous track of time (e.g., Lind-
blom, 1963; Lindblom et al., 1984). Different time control
schemes, according to this notion, correspond to stress and
rate, while other kinematic variables, such as velocity, are
computationally derived (cf. Kuehn and Moll, 1976; Lafer-
riere, 1982). In an alternative view, which we have applied
here, spatiotemporal pattern arises as a consequence of a
dynamic regime in which—at worst—only two articulatory
parameters, stiffness and rest position, are specified accord-
ing to stress and rate requirements. Similar arguments have
been proposed for the space-time structure of multidegree of
freedom limb movements (Kelso et al., 1979, 1983). The dy-
namic description captures the forms of articulatory motion
observed in our phase portraits across rate and stress condi-
tions. It recognizes in full that articulatory motions evolve in
time but it undercuts the necessity to explicitly regulate time
as a controlled variable. Dynamics can provide a grounding
for, and a principled analysis of so-called intrinsic timing
theories of speech production (Fowler et al., 1980). Accord-
ing to the present findings and supplemented by preliminary
modeling, movement time results from an underlying dy-
namic organization that is specified according to linguistic
requirements and that remains invariant throughout the
production of a given speech gesture.
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'For many examples of complex, multicomponent systems in physics,
chemistry, and biology, whose cooperative behavior can be described bya
small set of dynamic or “order” parameters, see Haken (1975, 1977). For
.examples in speech and other biological motions, see Kelso and Tuller
(1984b). -

“The field of qualitative dynamics has a rich history dating back to Poincaré
{1899) (see Abraham and Shaw, 1982; Garfinkel, 1983). In this vein, we
combine geometry and dynamics to reflect our concern with the forms of
articulator motion (indicated by patterns of displacement, velocity, and
acceleration over time) that are created by a functionally defined dynami-
cal organization (e.g., point attractor or periodic attractor dynamics).

*Note that the plotting convention here is not the one typically used in dy-
namics, which plots position on the horizontal axis and velocity on the
vertical axis. Since the displacements measured here are vertical, not hori-
zontal, we have simply switched the axes to conform to the behavior of the
lip-jaw system and to facilitate visualization of the process.

“Both linear and nonlinear mass-spring systems can display near-sinusoidal
cyclic motions whose observed peak-to-peak period T = 27/£2, where 2,
denotes the observed angular frequency for the cycle. For systems with
constant parameters, the peak-to-valley duration (D, = 7/42,)and the val-
ley-to-peak duration (D, =7/£,) are equal and, consequently,
I'=D,+D,=2D=2D,,and 2, =N, = 12,. More generally, in cases
where motion during each half-cycle is near sinusoidal but of different du-
ration we have 2, =2[2,02,/(2, + £2,)}. A linear undamped _mass-
spring system (harmonic oscillator) may be characterized by the following
equation of motion with constant parameters: mX + kdx = 0, where
m = mass, k = linear stiffness, 4x = (x — x,) with x, = rest position, and

x and X represent position and acceleration, respectively. Such systems

display cyclic motions with ~period T=27/£., where
£, = wy = (k/m)"'?, and v} (denoted K * in Sec. II C 3) defines the mass-
normalized linear stiffness of the system. Due to system linearity, the in-
stantaneous system stiffness is independent of displacement and, hence,
both the instantaneous and the “average” stiffness of the system for motion
cycles of different amplitudes are simply equal to k. Normalizing with re-
spect to mass, we see that the average mass-normalized stiffness described
in the text, (K'3,) is simply k /m { = 0} = £22) for linear mass-spring sys-
tems. Additionally, the peak velocity (Fp) for harmonic oscillators is woA,
where 4 denotes the maximum displacement from the rest position during
cyclicmotion. Consequently a plotof ¥pvs A for different amplitude cycles
of a given linear oscillator shows a straight line whose slope equals @y Thus
for a given linear mass-spring system the Vp-A slope is equal to
@y =412, = (K 2,)"/* and is constant across the entire displacement range.
For undamped mass-spring systems with nonlinear stiffness functions (an-
harmonic oscillators), however, the average mass-normalized stiffness
{K2,) for motion cycles of different amplitude is not so simply related to the
system’s instantaneous stiffness. For example, for a soft nonlinear spring
(cf. Jordan and Smith, 1977) the equation of motion is
mX + kdx — eAx® =0, where e = cubic stiffness, and all other terms are
as in the linear case. Here, the system’s instantaneous stiffness does not
equal k but is a nonlinearly decreasing function of the amplitude of motion.
Thus the system’s (K'%,) will vary for cycles of different amplitude with
{K'2,) decreasing for increasing amplitudes. Additionally, the plot of ¥p vs
A for different cycles will have a slope thatisa decreasing function of am-
plitude, unlike the linear systems described above. Yet, like these linear
systems, the ¥p—A slope is still proportional to (K *,)"/2.
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3We had two concerns about the derivation of acceleration. First, we want-
ed to ascertain how the elected smoothing window changed the values of
the central portion of the trajectories where the slope of the acceleration-
displacement function was calculated in this study. Second, and related, we
wished to ascertain how our derived {smoothed and differentiated) accel-
eration compared with actual accelerometric data. Two independent meth-
ods were used to examine the effects of numerical smoothing and differenti-
ation on the acceleration data; in both cases, the effects were small. {1) To
assess the effects of smoothing on the reported data itseif, the x,X slope was
calculated for a subset of subject SK’s reiterant productions (16 opening
gestures representative of the overall stress/rate distribution) at four de-
grees of smoothing: 15 ms, 25 ms, twice at 25 ms {the condition used in the
text), and once at 25 ms and again at 45 ms. Increased smoothing reduced
mean slope values, F(3,60) = 3.48, p < 0.05, but did not change the pattern
relative to overall gesture displacement, F(6,56) = 0.37, p>0.1. {2) The in-
fluence of the double differentiation {i.e., acceleration derived from posi-
tion) and concomitant smoothing procedures was tested at a movement
frequency (5 Hz) comparable to that used by speakers in the present study
{see Table I), by comparing the output of an Entran accelerometer {(model
EGC-240-10Dj to the second derivative of position output smoothed twice
at 25 ms. Taking into account the gain reduction induced by smoothing (see
above), we found the average, absolute difference between transducer fun-
smoothed) and numerical (smoothed twice at 25 ms) acceleration to be less
than 5% of the range of measured movements. The cross correlation
between the raw, unsmoothed and the smoothed, derived signal was
r = 0.98. Nofe: Not all the x,X functions approximated straight fines as
closely as those illustrated in Fig. 10. Some were § shaped (“hooked” at
displacement extrema). However, our smoothing procedures did not re-
move the “hooks.” More important, our estimates of X * were not affected
by the presence of such “hooks.”
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