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Characteristics of Velocity Profiles of Speech Movements
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The control of individual speech gestures was investigated by examining laryngeal
and tongue movements during vowel and consonant production. A number of
linguistic manipulations known to alter the durational characteristics of speech
(i.c., speech rate, lexical stress, and phonemic identity) were tested. In all cases a
consistent pattern was observed in the kinematics of the laryngeal and tongue
gestures. The ratio of maximum instantaneous velocity to movement amplitude,
a kinematic index of mass-normalized stiffness, was found to increase systematically
as movement duration decreased. Specifically, the ratio of maximum velocity to
movement amplitude varied as a function of a parameter, C, times the reciprocal
of movement duration. The conformity of the data to this relation indicates that
durational change is accomplished by scalar adjustment of a base velocity form.
These findings are consistent with the idea that kinematic change is produced by

the specification of articulator stiffness.

A fundamental problem in the study of
skilled movement is how to identify the char-
acteristics of the functional units of motor
conirol. Nowhere is this problem more ap-
parent than in the study of speech production,
an activity that involves the coordination of
a number of different articulatory systems as
well as the implementation of a complex
symbol structure. Although there are no uni-
versally accepted techniques for the decom-
position of such complex systems, a produc-
tive strategy has been to identify those aspects
of movements that are invariant to manipu-
lations of movement amplitude, duration,
accuracy, and so forth. (See Keele, 1981, and
Kelso & Tuller, 1984, for reviews.) The as-
sumption is that these behavioral invariances
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reflect the underlying structure responsible
for coordination.

In the experiments presented here we follow
this general line of inquiry of testing for
behavioral invariances. Specifically, we ex-
amine the shape of the velocity profile of
movements across speech production condi-
tions in which the spatial and temporal scales
of the speech movements are varied. This
particular observable was chosen because the
shape of the velocity profile has been shown
to distinguish models of motor control that
differ in terms of which control variable is
optimized (e.g., movement time, energy, jerk;
see Hogan 1984; Nelson, 1983). By looking
at the velocity profiles across different speech
conditions, we can test whether any single
type of control exists for movements asso-
ciated with different linguistic contexts.

Three situations could be encountered.
First, velocity profiles coukd show no system-
atic relation to the manipulated variables,
reflecting instead some aspect of the move-
ment’s organization that is not under exper-
imental contral. Second, it may be that move-
ments of the speech articulators are controlled
in a manner that is unique to each particular
sound in a language’s repertoire so that the
system optimizes its control for the distinctive
generation of those sounds. This would argue
against the observance of any single pattern
among velocity profiles. Last, the velocity
profiles of speech movements could be similar
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across a number of linguistic contexts and
consequently across a range of movement
rates and amplitudes. This last result would
suggest that some single underlying basis could
exist for the arganization of speech move-
ments.

In Figure | a stylized velocity profile is
pertrayed with instantaneous velocity plotted
as a function of time. The apex of the curve
is the peak instantaneous velocity. The basc
of the curve corresponds to the duration of
the movement, and the area under the velocity
curve corresponds to the distance moved. To
test for velocity profile shape changes, we
made use of a simple relation among the
kinematic variables peak velocity (P), move-
ment amplitude (4), and movement duration
(T). It can be shown that if a series of velocity
profiles is geometrically similar {i.e., a scalar
family of curves), then

F/4 = C=1/T. (1

The parameter C in Equation [ serves as an
index of the velocity profile shape. Thus, if
two movements have the same  value, the
movements® velocity profiles are of a similar
form, regardless of differences in the ampli-
tudes or the durations of the movements (see
Appendix).

In the experiments that follow, velocity
profiles of laryngeal and tongue movements
are examined when stress, speech rate, and
consonant are varied. The framework outlined
above is used to assess the stability of the
velocity profile shape under these conditions.

General Method

Instrumentation

The data in both studies were collected with a com-
puterized ultrasound recording and analysis system. The
version of this system used in these experiments is
described in Keller and Ostry (1983). An updated version
of the system was reported by Ostry, Munhall, and
Parush (1983). The system consists of a Picker model
104 A-scan ultrasound unit and a Cromemco CS2 mi-
crocomputer for data collection, display, and analysis.

The ultrasound transducers are piaced benecath the
chin for measuring tongue movements and against the
thyroid lamina for laryngeal movements. The emitted
ultrasound pulses thus travel through soft tissue to the
articulator surface. Ultrasound has the property that part
of its energy is reflected at changes in acoustic impedance.
Reflections occur at changes in tissue density, with almost
all of the radiated acoustic energy being reflected at
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tissue-air boundaries. The interval between the emission
of the ultrasound pulse and the reception of the large
amplitude reflection from the tongue’s surface or the free
margin of the vocal fold is converted to a distance
estimate by assuming an average speed of ultrasound in
soft tissue of 1,540 m/s (Goss, Johnston, & Dunn, 1978),

Transducer Placement

The transducer placement for laryngeal recording is
determined using a through-transmission procedure
{Hamlet, 1981; Holmer & Rundqvist, 1975; Kaneko,
Uchida, Suzuki, Komatsu, Kanesaka, Kobayashi, &
Naito, 1981). The subject, seated in front of a stand that
holds a pair of matched transducers, has a transducer
placed on each side of the thyroid lamina below the
thyreid notch. Maximum through-transmission at this
level will occur when the folds are in contact. The
location of the vocal folds is identified when a discontin-
uous signal is observed during 2 sustained vowel, and no
signal is observed during noncontact laryngeal maneuvers
such as breathing. (Ampiitude modulated signals can be
observed during voicing at a number of locations on the
thyroid lamina, and the true location is indicated by
degree of modulation, not simply the detection of this
pattern.) Next the amplitude of the through-transmitted
ultrasound signal is maximized during repetitive syllable
production at the pitch and amplitude required for
testing, In the experimental trials the system is switched
to a pulsed-echo mode, and unilateral measures with a
single transducer are taken of the distance from the
transducer to the fold’s surface.

For the measurement of lingual gestures (Experiment
2), the transducer is placed externally below the chin just
anterior to the hyoid bone. The transducer is heki in
position by a modified sports helmet with an attached
Plexiglas holder for the transducer (see Keller & Ostry,
1983). The posterior placement allows the measurement
of back vowels and velar consonant articulations. Mea-
surement of the movement of more forward portions of
the tongue such as the tip, for example, is hindered by
the air cavity under the anterior tongue body. This air
cavity inhibits the passage of the ultrasound beam.

Carrect positioning for the measurement of tongue
dorsum movements was determined by first locating a
position and orientation that maximize the observed
tongue displacement during the production of the non-
sense syllable /ko/. Next the position of the transducer

Moximum instontaneous
velocity

Displocement or
extent of movement
{ area under the curve)

Instantaneous velocity

Movement duration

Time
Figure 1. Stylized velocity profile with instantaneous
velocity (on the ordinate) plotted as function of movement
duration.
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was adjusted to ensure that the traditional ordering of
tongue heights was maintained for the back vowels /u/,
/o/, and fa/. Once an appropriate position and orientation
were established, the transducer was fixed relative to the
cranium by means of the hetmet and Plexiglas holder.
This position was maintained for a complete session.
Simultaneous x-ray cinefluorography had indicated that
the positioning procedures vield reliable trapsducer
placements that ailow the measurement of the vertical
component of these pestures (Keller & Ostry, 1983).
Further, detailed videotape amalysis of subjects in the
apparatus has indicated that the transducer and holding
apparatus do not significantly alter the amplitude of jaw
movements in the test situation (Keller & Ostry, 1983).

Data Analysis

Natural cubic spline functions were fit to the raw data
(Johnson & Riess, 1977). Cubic splines are piecewise
polynomial functions that can be used to approximate 2
set of data points. These particular functions were chosen
for the present application because their piecewise form
makes no a priori assumptions about the overall shape
of the patierns in the data and enables the approximation
to follow these trends closely. Further, the functions are
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differentiable numerically, and thus values for velocity
and acceleration as well as position could be obtained.

The standard error due to system resolution is approx-
imately 0.1 mm of tissue (Ostry, Keller, & Parush, 1983},
The bandwidth of the spline approximation is 23 Hz.
This means that the measuremen! system js sensitive to
at least the third harmonic of a 6-Hz movement. The
average absolute error of the spline fit is approximately
0.2 mm for laryngeal movements and 0.3 mm for tongue
MOVEMents.

In both of the studies a standard set of kinematic
variables was examined. These variables are the duration
and amplitude of movement, the peak instantaneous
velocity, and the time from the initiation of movement
to peak instantaneous velocity. Figure 2 shows the tested
variables for the intervocalic consonant for the nonsense
syHable /ka-kak/ in laryngeal data. This figure will be
referred to in the results sections of the two experiments.

For the purpose of scoring these measures, the position,
instantaneous velocity, and acoustic waveform were dis-
played as a function of time on 2 videoscreen. Numerical
values were obtained with the aid of a moveable cursor
and digital readout. Selected values were stored on disk
for subsequent statistical analyses. The measurements
taken are described below.
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Figure 2. Ultrasound record (in seconds) of laryngeal movement amplitude {top panel), instantaneous
velocity (middle panel), and accompanying acoustic signal (lower pancl) for a single utterance of the
nonsense syllable /kakak/ showing standard measurement variables. (VEL = velocity; POS CM = posttion
of vocal folds in centimeters [distance from ultrasound transducer]. See text for explanation of intervals

and values [A-H].}



460

Interval E in Figure 2 is the amplitude of laryngeal
abduction defined as the distance between the zero
velocity point at the beginning of the movement and the
zero velocity point at the movement’s end. Interval F in
Figure 2 is the amplitude of laryngeal adduction defined
similarly by the zero velocity points. Intervals A and B
are the movement durations for the laryngeal abduction
and adduction movements defined as the temporal inter-
vals between the zero velocity positions at the beginning
and end of the movements. Points G and H are the peak
laryngeal abduction and adduction instantaneous velocities
defined as the highest absolute value in the velocity
profile within a given movement. The times to reach
peak velocity, the temporal interval between the zero
velocity point at the beginning of the movement and the
point of peak instantaneous velocity, are Intervals C and
D for laryngeal abduction and adduction.

Experiment 1

In ongoing speech the vocal folds are ap-
proximated during the production of vowels
but open and close rapidly to create the
appropriate aerodynamic conditions for the
production of certain consonants. In the
present study the velocity profiles of these
laryngeal opening (abduction) and closing
(adduction) movements were examined in
order to assess what similarities exist in speech
movement control across various linguistic
conditions. Lexical stress, speech rate, and
the phonetic identity of the segment associated
with an intervocalic (between two vowels)
laryngeal gesture were manipulated. Each of
these manipulations is known to affect the
acoustic durations in speech and hence might
alter velocity patterns.

The study of laryngeal adjustments is a
most suitable candidate for the assessment of
possible velocity profile invariance in speech.
Laryngeal timing is known to be precisely
controlled (Sawashima & Hirose, 1983), and
its temporal coordination with the activity of
other speech articulators is likewise closely
regulated to effect linguistic contrasts (Lisker
& Abramson, 1964, 1967). Further, the sim-
plicity of its articulatory maneuvers allows
detailed study without the complications that
a multidirectional and multiform articulator
such as the tongue introduces.

Method

Subjects.  The subjects were the first two authors, who
are native monolingual speakers of Canadian English
{Ontario dialect) with no known speech abnormalities.

Speech sample. Each of the subjects repetitively

K. MUNHALL, D. OSTRY, AND A. PARUSH

produced the nonsense utterance /teCet/, having either
/s/ or jt/ as the intervocalic consonant, at two rates, the
subject’s preferred rate (slow} and a subject-chosen faster
rate (fast), with either the first or second vowel receiving
the primary stress. The stress manipulation was similar
to that observed in the English word conduct when
spoken as either a noun or a verb. Thus, in total, eight
experimental conditions were tested (2 consonants X 2
rates X 2 stress levels).

Nonsense utterances were chosen as stimuli because
they allow the testing of full factorial designs for stress,
rate, and phonemic manipulations. Natural speech utter-
ances rarely enable such designs to be tested, and with
the additional restrictions that the ultrasound measure-
ment places on the suitable corpus, it was not possible
to use natural language productions for these tests. This
design thus sacrifices some generality for experimental
control. [t should be noted that this stimulus choice does
not overly simplify the articulations we measured. The
production of nonsense utterances still requires the se-
quencing of complex vocal tract configurations as well
as the temporal and spatial coordination of the various
articulatory systems involved in any speech utlerance.
Although we cannot claim to be studying real language
production per se, we are nevertheless studying a complex
act of speech motor control.

Procedure. The data were collected by recording a
number of 3.5-s trials of vocal fold movements. The
subject repeated the same token for a complete 3.5-s
trial. The transducer placement was held constant for
one trial in each of the eight conditions {2 rates X 2
stress conditions X 2 consonants). Twenty to 30 utterances
were recorded in each condition.

Results and Discussion

The data were partitioned in terms of the
temporal and spatial variables that are dis-
played in Figure 2. As can be seen, only the
gestures related to the production of the
intervocalic consonants were analyzed.

Kinematics of the intervocalic abduction
and adduction gestures. Differences in the
movement duration in milliseconds (Entervals
A and B in Figure 2), movement amplitude
in millimeters (Intervals E and F in Figure
2), and the maximum instantaneous velocity
{Points G and H in Figure 2) were examined
for both abduction and adduction as a func-
tion of consonant, rate, and stress. Average
values for these variables are presented in
Table 1.

Although there is some individual vari-
ability in these movement measurements, the
reliable kinematic differences were consistent
with findings obtained in different linguistic
populations and with different instrumenta-
tion (e.g., Sawashima, 1970). The measured
glottal movement was larger in the prestress
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position than the poststress context for Subject
KM. This was accompanied by higher average
peak velocities for the larger movements. For
Subject KM the average laryngeal adduction
movement was also larger for fricatives than
for stops. Both subjects produced longer du-
ration closing movements in the stressed con-

Table 1
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dition than the unstressed, and Subject DO
also had longer duration movements in the
slow condition than the fast.

Relation between movement duration,
maximum velocity, and movement amplitude.
Peak velocity/amplitude correlations were
calculated individually for each of the 32

Average Movement Amplitude, Duration, and Peak Velocity Values as a Function

of Stress Rate and Consonant

Stressed Unstressed
Fast Slow Fast Slow
Measure M SE M SE M SE M SE
Subject KM
Abduction
/S/
Amplitude 109 003 .168 .012 104 o1l .095 .01
Duration 102 3 126 b1 111 5 109 6
Peak velocity 1.84 13 242 .19 1.57 15 1.54 A7
v
Amplitude 120 009 174 011 061 .005 063 004
Duration 97 3 117 3 85 4 94 5
Peak velocity 2,08 .15 2.53 A5 1.19 10 117 .08
Adduction
18/
Amplitude 126 008 150 015 103 010 097 009
Duration 133 8 125 8 117 7 114 7
Peak velocity 1.87 A2 2.33 .25 1.52 15 1.52 13
v
Amplitude 101 008 .142 012 059 093 056 004
Duration 115 6 114 6 90 5 106 4
Peak velocity 1.64 17 2.25 .22 1.04 .09 0.96 .08
Subject DO
Abduction
1S/
Amplitude 143 .008 136 008 134 018 213 022
Duration 109 4 117 8 113 6 134 9
Peak velocity 2.16 12 2.10 15 2.12 .28 3.00 49
T/
Amplitude 110 010 173 015 134 .015 A7 023
Duration 101 4 137 5 97 5 106 R
Peak velocity 1.86 .16 2.22 .21 2.40 .32 297 .44
Adduction
S/
Amplitude 182 .021 170 010 .143 016 191 015
Duration 158 9 139 6 105 8 114 9
Peak velocity 2.22 .35 2.28 .16 2.55 37 313 .30
T/
Amplitude 123 014 176 .013 139 016 .188 .026
Duration 116 7 162 11 93 6 110 9
Peak velocity 1.73 21 1.92 21 271 37 291 .28

Note. Movement amplitude values are in centimeters; duration values are in milliseconds; peak velocity values are in

centimeters per second.
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Figure 3. Scattergram showing the ratio of maximum velocity to movement amplitude (on the ordinate)
as a function of the duration of the movement (in seconds) for Subject KM’s laryngeal abduction gestures.
(The data represent individual productions of the intervocalic gesture in the nonsense syllables /tetet/ and
fteset/, with speech rate and stress being manipulated.)

cells (2 subjects X 2 rates X 2 stress levels X
2 consonants X 2 movement directions). In
30 of the 32 comparisons the correlations
were reliable (p < .01), with the two excep-
tions having probabilities of p < .05. The
average value for the 30 reliable comparisons
was r = 843, indicating that the two variables
are strongly linked in the present data. This
relation has been found to hold for eve
movements (Carpenter, 1977), tongue move-
ments (Ostry, Keller, & Parush, 1983), jaw
movements (Stone, 1981), and flexions and
extensions about the elbow (Cooke, 1980,
1982).

To examine the changes in the individual
velocity profiles, the ratio of maximum ve-
locity to movement amplitude was calculated
for each movement (Equation 1). In Figures
3 through 6 scattergrams of these ratios plot-
ted against the duration of the movements
are displayed for all treatment combinations
for both abduction and adduction and for
both subjects. It can be seen that the ratio
increases systematically as duration of the
movement decreases.

The linear and quadratic terms of the
polynomial regression were reliable for both
subjects and for both abduction and adduction
(p < .01) across conditions. The overall pro-
portions of the variance accounted for were
89% and 86% for abduction and 76% and
83% for adduction for Subjects KM and DO,
respectively.

In order to test whether the shape of the
velocity profile varied across conditions, es-
timates of C were calculated for each individ-
ual movement and analyzed by analysis of
variance. The average values can be seen in
Table 2.

Analyses of variance of these C values
revealed reliable differences for Subject KM’s
adduction gestures as a function of consonant,
F(1, 151)'= 10.83, p < .01, and stress level,
F(1, 151) = 10.60, p < .01, with the /s/ and
stressed conditions having higher values than
the /t/ and unstressed conditions. No other
main effects or interactions were reliable.

It is important to note that a single function
can account for a large proportion of the
variance associated with changes in duration
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Figure 4. Scattergram showing the ratio of maximum velocity to movement amplitude {on the ordinate)
as a function of the duration of the movement (in seconds) for Subject KM's laryngeal adduction gestures.
(The data represent individual productions of the intervocalic gesture in the nonsense syliables /tetet/ and

fteset/, with speech rate and stress being manipulated.)
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Figure 5. Scattergram showing the ratio of maximum wvelocity to movement amplitude (on the ordinate)
as a function of the duration of the movement (in seconds) for Subject DO’s laryngeal abduction gestures.
{The data represent individual productions of the intervocalic pesture in the nonsense syllables /tetet/ and

[teset/, with speech rate and stress being manipulated.)
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Figure 6. Scattergram showing the ratio of maximum velocity to movement amplitude (on the ordinate)
as a function of the duration of the movement (in seconds} for Subject DO's laryngeal adduction gestures,
(The data represent individual productions of the intervocalic gesture in the nonsense syllables ftetet/ and
feset/, with speech rate and stress being manipulated.)

as well as the basic form of the velocity
profile across a number of linguistically sig-
nificant manipulations. The best-fit estimates
for C provided very good fits to the ratio of

Table 2

peak velocity to movement amplitude as a
function of 1/T (Equation 1). The percentages
of variance accounted for were 88, 74, 83,
and 82 for Subject KM (abduction and ad-

Mean Values of the Velocity Profile Parameter, C. for Abduction and Adduction as a Function

of Rate, Stress, and Consonant

Stressed Unstressed
Fast Slow Fast Slow
Measure M SE M SE M SE M SE
Subject KM
15/
Abduction 1.69 02 1.80 .07 1.68 04 1.77 05
Adduction 1.96 N} 1.90 .08 1.72 06 1.79 04
IT/
Abduction 1.67 .02 1.71 03 1.65 .03 1.69 03
Adduction 1.78 .05 1.73 04 1.65 03 1.66 06
Subject DO
1S/
Abduction 1.65 .04 1.75 .05 1.79 .05 1.72 .06
Adduction 1.81 .06 1.86 15 1.66 08 1.80 07
[T/
Abduction 1.67 .03 1.75 .08 1.64 .03 1.77 .06
Adduction 1.63 .08 1.68 15 1.71 03 1.74 05
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duction) and Subject DO (abduction and
adduction), respectively. Although it is clear
from Figures 3 to 6 that the residuals increase
as the duration of the movement increases,
the overall fit is still good.

In the analysis of the average C values,
only Subject KM’s adduction gestures showed
any reliable differences between experimental
conditions. Although this implies that strict
scalar equivalence of the velocity profiles has
not been abserved for this subject, it is inter-
esting to note that the condition means do
not differ greatly. Realistically the parameter,
C, could vary from slightly abave | to well
above 2, depending on the physical limitations
on acceleration and jerk, As can be seen in
Table 2, the values of C vary around overall
means of 1.74 and 1.72 for Subjects KM and
DO, respectively.

The data as a whole suggest that over a
variety of manipulations, a single function
accounts for changes in the ratio of peak
velocity to movement amplitude over changes
in movement duration. The scalar or near
scalar adjustments to the velocity profile im-
plied by this function suggest that a single
principle may underlie the control of these
various speech movements.

Previous research (e.g., Cooke, 1980; Feld-
man, 1980a, 1980b) has suggested that bio-
mechanical characteristics of muscles and
joints change with the behavioral demands
of the movement. For example, Cooke (1980)
has shown that when the elbow is modeled
by a linear second order system, changes in
the duration of movements can be brought
about by changes in the static stiffness of the
joint. The kinematic concomitants of this
increase in stiffness are that the ratio of peak
velocity to movement amplitude increases
and movement duration decreases (i.e., higher
stiffness corresponds to shorter duration
movements and greater peak velocity/move-
ment amplitude ratios).

In the present data the ratio of peak velocity
to movement amplitude increased as move-
ment duration decreased. This i1s consistent
with studies of imb movements (Cooke, 1980;
Ostry & Cooke, in press) and other speech
gestures (Ostry, Feltham, & Munhall, 1984,
Ostry, Keller, & Parush, 1983; Ostry & Mun-
hali, 1985). This pattern in the data suggests
that durational changes associated with dif-
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ferences in speech rate, stress, and consonant
may all be produced by altering the overall
stiffness of the glottal articulators while pre-
serving the form of the base velocity function.

Experiment 2

Even casual observation of the movements
involved with the production of speech sug-
gests that the articulators are intimately in-
terrelated. Not only do their offsets and onsets
of movement show systematic relations (e.g.,
Tuller, Kelso, & Harris, 1982) but also their
trajectories of movement must be related. A
number of recent reports attest to this inter-
articulator coupling.

When the position of the jaw is fixed by
the use of a bite block, other articulators (the
tongue and lips) can compensate to provide
normal acoustic output (Gay, Lindblom, &
Lubker, 1981; Gay & Turvey, 1979; Lindblom,
Lubker, & Gay, 1979; Kelso & Tuller, 1983).
When brief unanticipated perturbations are
applied to the jaw during speech {Abbs &
Gracco, 1984; Folkins & Abbs, 1975, 1976;
Folkins & Zimmermann, 1978; Kelso, Tuller,
Bateson, & Fowler, 1984), the lips and tongue
have been shown to provide immediate com-
pensation so as to preserve not only the
timing but the acoustic quality of the artic-
ulation. Although it is clear that some ma-
nipulations to the vocal tract are less easily
compensated for (e.g., Hamlet & Stone, 1978)
than others, it is also clear that individual
speech movements are produced against a
backdrop of interarticulator linkages (Abbs,
Gracco, & Cole, 1984),

In principle, this coordination could be
simplified if the movements of the different
articulators shared movement control param-
eters. For example, if changes in the move-
ment amplitude and duration of different
articulators’ movements were produced by
changing a single parameter or by changing
parameters that were systematically related,
compensatory adjustments would be com-
putationally less demanding. Such a situation
could exist if the velocity profiles of different
articulators were derivable from some com-
mon base form.

In the present experiment the similarity of
tongue and vocal fold kinematics was assessed
directly. The working assumption here is that
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similarities in the kinematics point to simi-
larities in the overall dynamics and, ulti-
mately, in the control structure itself.

Method

Subjects. The subjects were 2 fluent speakers of
English with no known speech abnormalities. Subject
KM is a native Canadian English (Ontario dialect) speaker,
whereas Subject AP is a native Hebrew speaker.

Speech sample. Both subjects produced the nonsense
uiterance /kakak/ repetitively, with either the first or
second vowel receiving the primary stress. This particular
sequence was used because the ultrasonic measurement
of the tongue 1s limited to posterior articulations by the
air cavity below more anterior tongue positions. As in
Experiment | the stress alternation was similar to that
observed in the English word conduct when spoken as
either a verb or a noun.

Procedure. Each articulator was measured separately
within the same session. The subjects produced the same
speech utterance repetitively during 3.5-s trials at a self-
paced speed. The experimental conditions (first vs. second
vowel stressed) were randomized across trials. Twenty to
30 cbservations were obtained in each condition.

K. MUNHALL, D. OSTRY, AND A. PARUSH

Results and Discussion

As in the previous experiment, the data
were analyzed by using regression and analysis
of variance. Only the intervocalic laryngeal
adduction and tongue lowering data will be
presented.

Kinematics of laryngeal adduction and
tongue lowering. The movement amplitudes,
durations, peak velocities, and times to reach
peak velocity were compared for the two
stress levels, separately for the laryngeal and
tongue data. Figures 7 and 8 show the mean
values and standard errors for these compar-
isons. Reliable movement duration, ampli-
tude, and time to reach peak velocity effects
were abserved for both articulators and sub-
jects, with the stress condition showing larger
values. The peak velocity value varied only
with the stress manipulation for Subject AP’s
laryngeal adduction although there was a
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Figure 7. Average movement duration in milliseconds (top panel) and movement amplitude in millimeters
{bottom panel} for the intervocalic consonant in /kakak/, with either the first or second second vowel
being stressed. (Values for both subjects and articulators are plotted.)
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consistent ordering of the means for all four
comparisons (2 subjects X 2 articulators).
Greater stress levels showed higher average
peak velocities.

Relation between peak velocity, movement.
duration, and movement amplitude. As in
the previous experiment, peak instantaneous
velocity and movement amplitude were found
to be strongly related within conditions. The
average r? values (across the two stress levels
and articulators) were .71 and .69, for Subjects
KM and AP, respectively.

The ratio of peak wvelocity to movement
amplitude was again calculated and plotted
as a function of movement duration. Equation
1, which models this ratio in terms of Cx1/
T, accounted for large proportions of the
variance. (Subject KM: tongue lowering, 78%;
laryngeal adduction, 69%. Subject AP: tongue
lowering, 57%; laryngeal adduction, 80%.)

90
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70
60
50
40

TIME TO PEAK
VELOCITY IN MSEC
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For each gesture the parameter C was
calculated (Figures 9 through 12). Analysis
of variance indicated that for both subjects
there was a main effect of stress level—
Subject KM, F(1, 89) = 14.39, p < .01; Sub-
ject AP, F(1, 138) = 17.36, p < .01—with
both subjects showing a higher value for C
with increased stress. There were no reliable
differences in the value of the parameter for
either subject as a function of articulator,
though Subject KM showed a small Stress X
Articulator interaction, F(1, 89) = 5.73, p <
.05, which was due to the large average C
value abserved for the laryngeal stressed con-
dition (Table 3).

Although stress seems to influence the
shape of the velocity profile, it does s¢ in a
similar fashion for the two articulators. The
parameter C increased with stress in both
cases. The same pattern was observed for

KM AP

TONGUE LOWERING

Stres

10.0
9.5
9.0
8.5
8.0
7.5
7.0

PEAK INSTANTANEOUS
VELOCITY IN CM/SEC

KM AP
LARYNGEAL ADDUCTION

sed Unstressed

2.0

1.6

1.0

TONGUE LOWERING

Figure 8. Average duration of the interval between

KM AP
LARYNGEAL ADDUCTION

the initiation of movement and peak velocity in

milliseconds {top panel) and the value of the peak instantaneous velocity in centimeters per second (bottom
panel) for the intervocalic consonant in fkakak/, with either the first or second vowel being stressed.

(Values for both subjects and articulators are plotted.)
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Subject KM’s laryngeal gestures in Experi-
ment 1. The overall similarity in the velocity
patterns of the tongue and the vocal folds
suggests that the tongue and vocal folds share
common principles of control.

General Discussion

In the two experiments reported here vari-
ables were manipulated that were known to

vield durational and amplitude changes in
individual speech movements as well as pro-
duce changes in the accompanying acoustic
waveform. It was shown that these manipu-
lations (speech rate, lexical stress, phonemic
identity) produced little change in the overall
shape of the movement velocity profile, but
they did alter the movement amplitudes and
durations. In both experiments the ratio of
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Figure 10. The velocity profile parameter, C—(PT)/4A—on the ordinate plotted as a function of
movement amplitude (in millimeters) for Subject AP's laryngeal adduction data. (Each symbol represents

an individual movement.)
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individual movement.}

peak velocity to movement amplitude was
found to vary systematically as a function of
movement duration, This relation was inter-
preted as indicating a uniform basis for the
motor _control of a wide range of laryngeal
and tongue articulations.

The possibility that the use of repetitive
stimuli could have introduced a uniformity

into the velocity profiles that is not normally
present should be considered. In principle,
the form of rhythmical movements could be
greatly influenced by the rhythm itself and
not reflect the strategies used in normal
speech control. This does not appear to be
the case in the present data. The utterances
were not composed of simple cycles of uni-
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Figure 12. The velocity profile parameter, C—(PsT)/4—on the ordinate plotted as a function of
movement amplitude (in millimeters) for Subject KM's laryngeal lowering data. {Each symbol represents

an individual movement.)
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Table 3
The Veiocity Profile Parameter, C, as a Function
af Articulator and Stress Level

Unstressed Stressed
Subject and movement M SE M SE
KM
Tongue lowering 172 02 178 05
Laryngeal adduction 1.71 02 193 05
AP
Tongue lowering .69 .02 1.81 02
Laryngeal adduction 167 04 L7303

form amplitude and period. The utterances
in both experiments were modulated by the
stress pattern, and half of the stimuli in
Experiment 1 involved a consonantal alter-
nation. The stimuli thus had sufficient inher-
ent complexity to rule out any simple rhyth-
mical explanation of the findings.

As a further check, we reanalyzed tongue
gestures (Parush, Ostry, & Munhali, 1983} in
which the utterances were spoken in the
carrier phrase “Say /pVCVp/ again.” Subjects
produced both /g/ and /k/ as the intervocalic
consonant and /u/, jo/, and /o/ as the sur-
rounding vowels. In these data the same
pattern of results was obscrved as in the
experiments presented here. The subjects
produced € values close to 1.7 with the same
tendency for C to increase slightly with move-
ment duration (see also Ostry & Munbhall,
1985).

Some departures from the strict equivalence
of velocity profiles were evident in the present
data. Changes in lexical stress, in particular,
seemed 1o alter the base velocity profile sys-
tematically. It is not clear from the experi-
ments presented here whether these small,
albeit reliable, differences in the movement
patterns are significant in a control sense. As
Yates {1982} suggests, it is difficult to know
what degree of constancy and stability should
be expected from biological systems. In the
present speech data the nervous system may
have acted as if the velocity profile shape was
constant and as if the scaling was linear over
the full extent of its operating range with few
serious repercussions from small nonlineari-
ties or deviations from strict scalar adjust-
ment. :
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There may be many reasons why this de-
parture from scalar equivalence is observed.
Evolution may act according to a “‘good
enough”™ principle where ¢volving changes
are judged by their efficacy in the usual
working range, not by their optimality across
the whole functional range (Partridge, 1982).
Further, optimal solutions may be too costly
for the received benefits. In the present data
it may be possible to maintain the form of
the velocity profile across all durational ad-
justments, but the acoustic consequences of
this may be insignificant. If there are some
costs in energy output, for example, in main-
taining strict velocity profile constancy, slight
deviations that are acoustically irrelevant may
be preferabie. A finding consistent with this
suggestion is Perkell and Nelson’s (1982, 1984)
demonstration that tongue dorsum position
variation in the production of various vowels
is greater in acoustically irrelevant directions.

Lastly, these departures from scalar equiv-
alence may indicate that geometric similarity
cannot hold over a large range of movement
speeds. In rapid movements, the damping
requirements may be sufficiently different
from those in slower movements that the
velocity profile is altered. The need to prevent
terminal oscillations may thus supercede geo-
metrical similarity of the velocity profile.

In speech production and some other com-
plex motor activities, equivalence of velocity
profiles might aid in the coordination between
articulators. Freund and Budingen (1978)
have made a similar suggestion based on their
cbservation of constant electromyographic
rise time for maximally rapid movements.
Consistent with this suggestion is the dem-
onstration by Kelso and his colleagues (Kelso,
Putnam, & Goodman, 1983; Kelso, Southard,
& Goodman, 1979) that in simultaneous
two-armed movements both limbs show sim-
ilar movement durations and trajectories even
when the movement demands differ across
hands.

The question semains, however, as to the
nature of the physiclogical coherence isolated
by these manipulations and of the physiolog-
ical nature of the scaling process itself. In the
present data a kinematic index of mass-
normalized stiffness (P/A4) was seen to increase
systematically as the duration of the move-
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ment decreased. Differences in speech rate,
lexical stress, and phonetic identity were all
found to produce changes along this function
(Equation 1). To the extent that this ratio is
an adequate index of articulator stiffness, the
data indicate that stiffness differs for various
speech manipulations. Further, the data sug-
gest that velocity profiles can be held constant
or nearly constant when stiffness is altered to
affect durational change. To a first approxi-
mation, this pattern is consistent with the
notion of speech articulators being controlled
as lumped parameter second-order systems
in which stiffness can be specified (Ostry &
Munhall, 1985).

Although the present proposals account for
the observed P/A pattern and the relative
invariance of the velocity profile, they do not
address the issue of why a particular velocity
profile is observed. Nelson (1983) has shown
that velocity profiles differ, depending on the
nature of the optimized control variable. For
example, when energy output is minimized,
Nelson showed that the velocity profile re-
sembled a partial sinusoid. Although the
present experiments do not identify the vari-
able responsible for the velocity profile shape,
some recent evidence from the study of limb
movements is relevant. Velocity profiles sim-
ilar in shape to those in the present experi-
ments have been observed in both single joint
(Ostry, Cooke, & Munhall, 1984; Ostry &
Cooke, in press) and multijoint arm move-
ments (Soechting, 1984). This suggests that
the velocity profile form may reflect optimi-
zations that are motoric rather than linguistic.

Changes in the shape of the velocity profile
warrant further study. First, the variation in
the velocity profile with increased movement
amplitude or duration, such as caused by the
stress manipulation in these experiments,
should be examined. The study of size and
its consequences has proved to be a useful
window into the processes that govern bio-
logical form (Gould, 1966), and a more for-
mal characterization of changes in the scale
of movement amplitudes and durations may
yield similar insights. Secondly, manipulations
that cause large changes in the velocity profile
should be explored. For example, Soechting
(1984) has recently shown that when the
accuracy requirements for arm movements
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are manipulated, the velocity profile varies
in form. Differences between discrete and
repetitive movements may also provide an
interesting contrast.
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Appendix

Instantanacus velocily

T-------J

Time
Figure Al. Four hypothetical scalar families of velocity
profiles. (The curves within each of the four families can

be transformed into one another by expansion or con-
traction on one or both axes.)

The parameter, C, in Equation 1 serves as an
index of the form of the velocity profile. For
example, Figure Al shows four hypothetical scalar
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families of velocity profiles. The upper left profiles
are triangular in form (i.e., acceleration is constant),
and as movement duration decreases, the peak
velocity increases so as to keep the distance moved
constant. The upper right profiles are partial si-
nusoids in which peak velocity is constant, and
thus the distance moved decreases as the duration
of movement decreases. The bottom left profiles
are semicircular; the movement duration equals
the circle diameter, and the peak velocity equals
the circle radius. The bottom right profiles are
square wave (i.e., acceleration is instantaneous),
and, as with the depicted partial sinusoids, the
maximum velocity is constant as movements
change in duration. These families of velocity
profiles were chosen for the purpose of illustration,
not because they have any specific role in modeling
movement data. However, the partial sinusoid is
the velocity profile predicted by a second order
linear mass-spring system with negligible damping
(Munhall & Ostry, in press), and the square-wave
family of curves is quite similar to the velocity
pattern observed for slow bowing movements in
violin playing (Nelson, 1983).

Each of these families can be fit by Equation 1
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Figure A2. The ratio of peak velocity (P) to movement amplitude (4; in seconds) plotted as a function of
movement duration (7% in milliseconds) for the four hypothetical scalar families of velocity profiles shown
in Figure Al. (2/T = triangular velocity profile; #/2T = sinusoidal velocity profile; 4/#T = semicircular
velocity profile; 1/T = square-wave velocity profile. When durational change is accomplished by scalar
adjustment of a base velocity profile () on the time axis, the functions are of the form P/4 = C»1/T,

where (' varies with the shape of the base function.)
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with different C values. This can be seen in Figure
A2. In this figure the predicted curves for the
1atios of peak velocity to movement amplitude are
shown as a function of movement duration for
each of the hypothetical families of velocity profiles.
For each of the predicted functions, the velocity
profile characteristics remain unchanged across
different movement durations; that is, each function
characterizes a base velocity profile that is being
scaled on the time or on both axes. The value of
the parameter () varies with the shape of the
base velocity profile for the family. Thus, triangular
velocity profiles will always have a constant C =
2, partial sinusoids will have a constant C = #/2,
and so forth. Note that this is true independent of

K. MUNHALL, D. OSTRY, AND A. PARUSH

the manner in which the height of the velocity
profile changes with movement duration. The tri-
angular velocity profiles in Figure Al could have
decreased in height and therefore in peak velocity,
or peak velocity could have remained constant as
the movement duration decreased, and the value
of C in Equation 1 would still be 2. Taking the
ratio, P/A, removes any variation due to height
scaling and thus reduces the dimensionality of the
data by transforming velocity profiles to the height
of the standard curve.
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