A kinematic study of lingual coarticulation in VCV sequences
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Intra-articulator anticipatory and carryover coarticulation were assessed in both temporal and
spatial terms. Three subjects produced VCV sequences with velar stop consonants and back
vowels. Pulsed ultrasound was used to examine the vertical displacement, duration, and
maximum velocity of the tongue dorsum raising (VC transition) and lowering (CV transition)
gestures. Anticipatory coarticulation was primarily temporal for two subjects, with decreases in
the duration of the VC transition accompanying increases in displacement for the CV transition.
Carryover coarticulation was primarily spatial for all three subjects, with decreases in CV
displacement and maximum velocity accompanying increases in VC displacement. It is suggested
that these intra-articulator patterns can be accounted for in terms of an interaction between the
raising gesture and a vowel-specific onset time of the lowering gesture towards the vowel. The
implications of this kinematic characterization are discussed.

PACS numbers: 43.70.Bk
INTRODUCTION

Coarticulation comprises both anticipatory (right-to-
left) and carryover (left-to-right) effects. Both effects have
temporal and spatial aspects. When different articulators are
involved, whose gestures are more or less independent, coar-
ticulatory effects are observed primarily in terms of the tim-
ing relations among the articulators. When a single articula-
tor is considered, however, coarticulation may be evident in
the extent and timing of individual gestures. The present
study aims at a systematic description of coarticulatory ef-
fects in a single articulator, the tongue dorsum, with special
attention to possible differences in the spatio-temporal char-
acteristics of anticipatory and carryover effects.

Intra-articulator anticipatory effects have been demon-
strated in gestures of articulators such as the tongue, the jaw,
or the velum. Several studies have shown that tongue ges-
tures in the horizontal plane during an intervocalic stop con-
sonant closure tend to be in the direction of the tongue posi-
tion for the following vowel (Perkell, 1969; Kent and Moll,
1972a; Barry and Kuenzel, 1975; Butcher and Weiher, 1976;
Gay, 1977). These forward-backward gestures of the tongue
during closure also affect vowel-to-consonant and conso-
nant-to-vowel transitions, as indicated in the acoustic do-
" main by changes in the direction or frequency of the F 2 tran-
sition (Ohman, 1966; Bell-Berti and Harris, 1976; Fowler,
1981a, b). Examples of other intra-articulator anticipatory
effects are reductions in the extent of jaw elevation toward
bilabial intervocalic consonants as a function of the final
vowel openness in VCV sequences (Sussman et al., 1973},
and variations in the extent of velum raising and lowering
gestures as a function of either the lingual height of the fol-
lowing vowels or the type (oral versus nasal) of following
consonants (Ushijima and Hirose, 1974; Bell-Berti et al.,
1979, 1981).

Previous gestures of the observed articulator also affect
later movements in the sequence as is shown in the following
examples of intra-articulator carryover effects. The tongue
position or movement during an intervocalic consonant clo-
sure is affected by the lingual position for the previous vowel
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(Kent and Moll, 1969, 1972a; Barry and Kuenzel, 1975;
Butcher and Weiher, 1976). Also, the direction or extent of
consonant-to-vowel or vowel-to-consonant lingual gestures
varies as a function of previous lingual movements (Ohman,
1966; Gay, 1974; Bell-Berti and Harris, 1976; Gay, 1977;
Fowler, 1981a, b). MacNeilage and DeClerk (1969) showed
that variations in the EMG amplitude of tongue tip gestures
for front vowels depended upon the place of articulation of
preceding consonants (see also Bell-Berti and Harris, 1976).
Similarly, Sussman et al. (1973) showed decreases in the
EMG amplitude for jaw depression for the final vowel as a
function of the openness of the initial vowel in VCV se-
quences. The reduction in the EMG amplitude was accom-
panied by decreases in the extent of the lowering movement,
possibly as a result of a reduced jaw elevation for the intervo-
calic consonant. Carryover effects have also been demon-
strated as variations in the extent of velum movements de-
pending upon the lingual height of preceding vowels or the
type of preceding consonants (Bell-Berti et al., 1979, 1981).

The above findings suggest that an observed movement
of a given articulator is affected by the direction and extent of
the preceding and following gestures of the same articulator.
Both anticipatory and carryover effects, however, have been
described primarily in spatial terms. Thus, taken together,
these studies do not offer sufficient information concerning
both temporal and spatial aspects of intra-articulator, antici-
patory, and carryover effects. Our approach in this paper
was to present a detailed kinematic analysis of tongue dor-
sum coarticulation. The kinematic patterns of tongue dor-
sum coarticulation may provide some information about the
temporal and spatial characteristics of intra-articulator
coarticulation which can be tested further with other articu-
lators.

There are several aspects concerning the specific nature
of intra-articulator coarticulation in tongue movements that
remain unclear. Acoustical rather than kinematic analysis
has typically been used to assess anticipatory and carryover
effects in lingual vowel-to-consonant and consonant-to-
vowel transitions (e.g., Ohman, 1966; Bell-Berti and Harris,
1976; Fowler, 1981a, b). The temporal aspects of the coarti-
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culatory effects have usually been neglected in these intra-
articulator studies which focused on the spectral correlates
of spatial variations. However, there could be variations in
the duration of movements as a function of preceding or
following gestures. In addition, while the relationships
between lingual velocities and variables such as vowel
height, stress, and rate have been examined extensively
(Kent and Moll, 1969; Kent and Netsell, 1971; Kent and
Moll, 1972a; Kuehn and Moll, 1976; Ostry et al., 1983), the
assessment of coarticulatory effects in terms of kinematic
parameters such as lingual velocities have received less at-
tention. Also, the relationship between anticipatory and car-
ryover effects in intra-articulator coarticulation remains un-
clear. That is, in some studies, the carryover effect has been
shown to be stronger than the anticipatory effect (Bell-Berti
and Harris, 1976; Gay, 1977; Fowler, 1981a, b), while other
studies have shown the opposite relationship (Ohman, 1966;
Ushijima and Hirose, 1974; Butcher and Weiher, 1976). A
more complete kinematic analysis of lingual coarticulation
may provide a better understanding of these intra-articula-
tor effects.

In this experiment, the kinematics of tongue dorsum
movement were examined during the production of VCV
sequences. More specifically, we have examined the dis-
placement, duration, and maximum velocity of tongue dor-
sum movements from an initial back vowel to a velar stop
consonant, and from the consonant to a final back vowel.
The anticipatory effect of various final vowels upon the tran-
sition from the initial vowel to the consonant (RL effect), and
the carryover effect of various initial vowels upon the transi-
tion from the consonant to the final vowel (LR effect), have
been assessed in both spatial and temporal terms. The rela-
tive strength of the effects was also assessed. An explanation
based on the interaction between raising and lowering ges-
tures is suggested to account for these effects. Finally, the
implications of the kinematic characterization proposed
here are discussed.

i. METHOD
A. Instrumentation

Tongue dorsum movements and the acoustic speech
signal were simultaneously recorded by a computerized ul-
trasound system. The tongue dorsum displacement was
monitored at a rate of 1 kHz by a single pulsed-echo ultra-
sound transducer (3.5 mHz)} and a Picker model 104 A-scan
ultrasound generator and receiver. Ultrasonic reflections
from the tongue dorsum were sensed by the transducer
which was placed below the mandible. The distance from the
transducer to the tongue dorsum was calculated on the basis
" of the interval between the ultrasound emission and the re-
ception of the greatest-amplitude reflection. A Cromemco
CS-2 microprocessor was used for the recording and storage
of the data. The computer also sampled and stored the ac-
coustical signal with a 12-bit analog-to-digital converter.
This system is described in detail by Keller and Ostry (1983).

B. Transducer placement and méasurement axls

The ultrasound transducer was placed externally along
the inferior midline of the mandible, about 1-cm anterior to
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the hyoid bone. The orientation of the transducer was ap-
proximately perpendicular to the Frankfurt line, which is
parallel to the line between the anterior and the posterior
nasal spines (see Zemlin, 1981, Fig. 4-133, p. 388). The trans-
ducer was held fixed relative to the cranium by an adjustable
lightweight assembly mounted on a helmet worn by the sub-
jects. The head harness and transducer did not significantly
affect the extent of vertical jaw movements (Keller and
Ostry, 1983). The position and orientation of the transducer
for recording were determined such that the measured dis-
placement between the tongue position during the closure
for /k/ and the tongue zero-velocity position during /a/ was
maximized, and the magnitude of tongue dorsum displace-
ments for the three back vowels, /a, o, u/, corresponded to
the traditional order of vowel heights. A simultaneous x-
ray—ultrasound recording indicated that this placement pro-
cedure directs the ultrasound beam towards the place of clo-
sure for velar stops (Keller and Ostry, 1983, Fig. 3).

Figure 1(a) shows schematically the transducer in place
{(point A) and the path of the ultrasound beam (dotted line)
relative to the Frankfurt line (between points 1 and 2), the
hard palate, and the velum. Also shown are two tongue dor-
sum positions, one during the closure for a velar stop-conso-
nant (dashed tracing), and the other for a back open vowel
{solid tracing). Figure 1{b) shows the transducer and the ul-
trasound beam in relation to traditional tongue dorsum posi-
tions for three back vowels /a/, /o/ (diphthongal), and /u/.
The ultrasound axis is shown intersecting the tongue dorsum

(a)

(b)

FIG. 1. The ultrasound transducer (A) and the path of the ultrasound beam
{dotted line) relative to the cranium and various tongue positions. The top
figure shows the tongue position for a low back vowel (solid line) and for a
velar stop (dashed line). The Frankfurt line {see text) is indicated by the
dashed line between points 1 and 2. The bottom figure shows the traditional
tongue pasitions for the back vowels /a/, /o/ (diphthongal), and /u/.
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at points corresponding to the typical tongue pellet posi-
tions, in x-ray tracings, for the target positions of the vowels
/a/ and /u/ (e.g., Kent and Moll, 1972a, Fig. 1; Gay, 1974,
Fig. 2).

The preservation of vowel height order along the ultra-
sound axis can be seen in Fig. 2 with respect to the recorded
tongue dorsum displacements toward the final vowel. In all
three records shown in Fig. 2, the initial vowel is /a/ and the
stop-consonant is /k/. In Fig. 2(a), the final vowel is /a/, in
Fig. 2(b) 7o/, and /u/ in Fig. 2(c). It can be seen that the
recorded tongue dorsum displacements for the final vowel
correspond to the traditional order of vowel heights, /u/
having the smallest downward displacement from the posi-

- /aka/
W
Lo
[EX--)
gw;
-3
B«
a
S
«0.889 2.880 9.560 _  1.04¢ 1.120 1.200
(a) TIME (S)

vOICE
=
N

0.088 0.882 @.a50 1.048 1.12@ 1.200
TIME 19)
ﬁ /ako/
<Zase 2.130 2,‘.2‘3 g 2.298 2.372 2.458
(b) ] "
2.050 Z.13a 2.218 Z.299 2.378 2.450
TIME (S)
% /aku/
K W) 2.88a 2.950 1.048 1.120 1.208
(C) TIME (S)1
! L k
: W J‘n‘ml\'wl\“'“' T """W |
@.00a a.88a a.362 1 .B40 1.128 1.208

TIME [S)

FIG. 2. The vertical displacement of the tongue dorsum in cm and the corre-
sponding waveform plotted against time for the three VCV types: /aka/ (a);
/ako/ (b); /aku/ (c). Note that the units on the displacement ordinates cor-
respond to the distance in cm from the transducer to the dorsum of the
tongue.

1117 J. Acoust. Soc. Am., Vol. 74, No. 4, October 1983

tion for /k/, and /a/ the largest. It should be noted that
tongue dorsum displacements measured in this fashion cor-
respond to different positions along the axis of the ultra-
sound beam, and not to changes in the spatial coordinates of
tissue points. Consequently, tongue dorsum velocity refers
to rates of change along the measurement axis.

It is not always the case that the ultrasound axis inter-
sects the highest point of the tongue at the vowel position
{e.g., for /u/). Nevertheless, the use of a single axis of mea-
surement for vowels such as /a/ and /u/ is justified by both
static and dynamic aspects of articulatory and acoustic find-
ings. X-ray tracings show that tongue positions can be ac-
counted for by a single factor in the production of back vow-
els (e.g., Harshman et al., 1977) The traditional order of
vowel heights reported in these studies is preserved in the
ultrasound measurement as is shown in Fig. 2. In addition,
x-ray tracings of lingual trajectories indicate that there is a
comparable forward-directed gesture for vowels such as /a/
and /u/ (e.g., Kent and Moll, 1972a). Acoustically, /a/ and
/u/ have similar F 2 values and different F 1 values, both sta-
tically and dynamically. This indicates that these vowels are
distinct in the high-low dimension but similar in the back-
front dimension. These findings suggest that the lingual
movements in the back—front dimension during the produc-
tion of these vowels follow similar trajectories, and presuma-
bly have comparable effects upon measurements along the
vertical axis of the ultrasound beam. Finally, x-ray data (e.g.,
Perkell, 1969) indicate that the tongue behaves as a semirigid
body in vowel production, by assuming a basically invariant
shape. Thus movements along the ultrasound axis presuma-
bly preserve the dynamic relationships of the movements of
specific tissue points, even if the measurement axis is not the
exact axis of movement.

C. Speech sample and subjects

The speech sample consisted of 18 different VCV types.
This inventory was made up of all possible combinations of
the three back vowels: /a/, /o/ (diphthongal), and /u/, vary-
ing from low ta high, and the two velar stop consonants /k/
and /g/. Each VCV sequence was preceded and followed by
the bilabial stop-consonant /p/, and embedded within the
sentence “say pVCVp again.”

Three adults with normal speech served as subjects.
Subjects RF and DO were native speakers of Canadian Eng-
lish (Western and Ontario dialects, respectively). Subject AP
was a native Hebrew speaker and fluent in Canadian Eng-
lish. Subject RF was also a fluent speaker of Quebec French.
Two of the subjects (RF and AP) produced each sequence 34
times, and the third (DO) 22 times.

D. Experimental procedure

Once a satisfactory transducer placement was achieved
and verified by the procedure described above, subjects pro-
duced the 18 VCY types in randomized order. The sentences
were spoken at a normal rate, with the initial and final vow-
els in the VCV sequence equally stressed.

The experiment was divided into several sessions, with
the transducer placement unchanged during a session. The
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same placement procedure was employed in each session.
Speech samples were recorded in separate trials, each lasting
3.455 5. In each trial, subjects repeated a sentence twice with
the same VCV sequence. All 18 VCV sequences were pro-
duced and recorded between 46 times during each record-
ing session.

E. Data analysis

For the purpose of data analysis, the displacement and
acoustic records were transferred to a PDP-11/20 comput-
er. Natural cubic spline functions were employed to reduce
nonsystematic variation in the displacement data. These
functions are third-degree piecewise polynomials defined
over a specified number of intervals. They describe a smooth
curve approximating a set of data points (Chambers, 1977,
for a detailed discussion of natural splines, see Schumaker,
1981, pp. 309-316). In the analysis of the experiment, the
3.455-s duration of each trial was divided into equal inter-
vals, and the average displacements in the intervals were
used as knots (at the interval midpoints) for a spline fitting
program (the algorithm used here is from Johnson and Riess,
1977, pp. 200-209). The degree of smoothing of the data is
determined by the interval width; greater widths result in
smoother curves.

Spline functions have several distinct advantages as an
approximating solution. Their piecewise definition leaves
them freer geometrically to follow the shape of the curve
with no a priori assumptions about the overall form of the
function. In addition, these specific functions were selected
for the ultrasound measurement since they allow missing
data points. The approximating curve is differentiable, thus
permitting the calculation of kinematic parameters such as
velocity and acceleration.

An optimal spline function is one that minimizes the
error between the raw data and the spline-fitted curve, while
capturing the overall trend of the raw data. Averages of ab-

-solute error between the cubic spline and the raw data were
calculated over a wide range of interval widths. This proce-
dure indicated that interval widths below 45 ms had no sig-
nificant effect upon the average difference between the raw
data and the spline (Keller and Ostry, 1983, Fig. 4). The
choice of 43.2 ms (80 knots) as the averaging interval for
calculation of the spline resulted in an average absolute error
between the raw data and the spline function of less than 0.03
cm. The points of extreme difference between the raw data
and the spline were found mostly at the onset of the conso-
nant closure. (For an example of raw data and the corre-
sponding spline-fitted curve see Keller and Ostry, 1983, Fig.
6).

, Instantaneous velocities were calculated as first deriva-
tives of the spline-fitted displacement data. Displacements,
velocities, and the corresponding acoustic waveform were
then displayed on a videoscreen for the purpose of obtaining
numerical values from the records. Values from each of the
records were obtained at several points along the time axis
and were used to compute six variables for each VCV se-
quence. The six variables, three for each movement direc-
tion, are displayed in Fig. 3.

In Fig. 3(a), the distance from the transducer to the
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FIG. 3. The vertical displacement in cm (a), maximum velocity in cm/s (b),
and the corresponding waveform (c}), plotted against time for a single VCV
sequence. The zero-velocity line is indicated by the dashed line across the
middle panel. Note that the units on the displacement ordinate correspond
to the distance in cm from the transducer to the tongue dorsum.

tongue dorsum is plotted against time. The unidimensional
displacement of the tongue dorsum from vowel to consonant
or consonant to vowel was computed as the difference
between tongue heights at the points of zero velocity. D 1, the
vertical displacement from the initial vowel to the intervoca-
lic stop-consonant, was calculated as the difference between
tongue height at zero-velocity during vowel production and
the zero-velocity point during the consonant closure. T' 1, the
duration of the transition from the initial vowel to the conso-
nant, was calculated as the time interval between the same
two zero-velocity positions. In Fig. 3(b), instantaneous ve-
locities in cm/s are plotted against time. MV 1 is the maxi-
mum raising velocity of the tongue dorsum during the VC
transition.

Vertical displacement, duration, and maximum veloc-
ity for the lowering movement are also shown in Fig. 3(a) and
(b). D2, the vertical displacement from the consonant to the
final vowel, was calculated as the difference between tongue
heights at zero velocity during the consonant closure and the
vowel. T2, the duration of the consonant-to-final-vowel
transition, was calculated as the time interval between these
two zero-velocity positions. MV2 is the maximum lowering
velocity of the tongue dorsum from the consonant to the
final vowel.

A numerical procedure was used to assess the effect of
different degrees of smoothing (i.e., different interval widths
for the spline function) on the estimated points of movement
onset and offset (zero-velocity points). These points were ob-
tained by varying the spacing between knots for a given VCV
sequence from 27.6 to 49.3 ms. The analysis indicated that
within this range different degrees of smoothing had no sys-
tematic effect on the estimation of onset or offset points. The
standard error of 12 movement onset point estimates was 0.6
ms; the standard error of an equal number of offset point
estimates was 1 ms.

Il. RESULTS AND DISCUSSION
A. Kinematics In symmetric VCV sequences

The kinematics of the vowel-to-consonant and conso-
nant-to-vowel transitions were first examined in the sym-
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TABLE 1. Means and standard errors (SE) for the displacement (D; in cm), duration (T} in seconds), and maximum velocity (MV; in cm/s) in symmetric VCV

sequences.
Vowel
/a/ /o/ /u/
Subject Direction Variable Mean SE Mean SE Mean SE
D 0.8 0.015 0.6 0.019 03 0.016
Raising MV 10.8 0.3 7.8 0.2 40 02
T 0.130 0.003 0.140 0.004 0.145 0.006
RF
D 0.8 0.016 0.6 0.020 0.3 0.010
‘ Lowering MV 8.6 02 6.9 0.3 39 03
T 0.180 0.005 0.144 0.004 0.120 0.008
D 0.8 0.017 0.7 0.012 04 0.020
Raising - MV 8.3 0.2 712 0.2 4.6 0.2
T. 0.183 0.005 0.214 0.005 0.140 0.004
AP
D 0.8 0.016 0.7 0.012 03 0.014
Lowering MV 84 0.2 8.3 02 40 0.2
T 0.192 0.005 0.149 0.002 0.137 0.004
D 09 0.040 0.8 0.030 0.5 0.040
Raising MV 89 0.6 84 0.5 51 0.5
T 0.167 0.004 0.165 0.005 0.193 0.011
DO
D 0.8 0.040 0.7 0.020 03 - 0.020
Lowering MV 89 0.3 8.6 04 43 03
T 0.167 0.006 0.136 0.005 0.140 0.006

metric VCV sequences. The purpose of this analysis was to
verify that known kinematic relationships were preserved in
the ultrasound measurement. The means and standard er-
rors of displacement, duration, and maximum velocity of the
raising and lowering movements of the tongue dorsum are
displayed in Table L. In order to simplify the presentation of
the results, the data are pooled across both consonants in all
the tables and figures that follow.

A three-way ANOVA (3 vowels X2 movement direc-
tions X 2 consonants) was performed on each of the kinemat-
ic variables. The analysis enabled the examination of differ-
ences in displacement, duration, and maximum velocity as a
function of the vowel, the movement direction in the sym-
metric sequence, and the consonant. Overall, highly signifi-
cant differences (p <0.001) in the tongue dorsum displace-
ment and maximum velocity were obtained for the different
vowels. Figure 4(a) shows the mean displacement for the
vowels /a/, /0/, and /u/ for both raising and lowering ges-
tures in the symmetric VCV sequences. It can be seen that
the mean displacement for both the raising and lowering
gestures decreased as the vowel shifted from low to high.

These effects were accompanied by an interaction
between the displacement for the vowel and the movement
direction (raising versus lowering), F'(2,218) = 7.69,p <0.01;
F(2,396) = 4.04, p <0.05; F(2,116) = 4.10, p < 0.05, for sub-
jects RF, AP, and DO, respectively. The interaction between
the vowel factor and the movement direction is also shown in
Fig. 4(a). Lowering movements from closure toward the
vowels /o/ and /u/ tended to have less displacement than
the raising movements from the same vowels toward closure.
However, for the open vowel /a/, raising and lowering
movements were different in terms of their vertical displace-
ment only for subject DO, and similar for subjects RF and
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AP. The interaction is thus indicated by the increasing dif-
ference between the mean displacement of the raising and
lowering gestures as the vowel shifted from low to high.
The ANOVA also indicated that there were significant
interactions between the duration of the raising and lowering
transitions and the vowel factor. These interactions are sum-
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FIG. 4. 'i'he mean displacement (a), and duration (b) of the raising (VC) and
lowering (CV) transitions shown for the three symmetric VCV types: /aCa/,
/0Co/, and /uCu/. The means are pooled across both consonants.
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marized in Fig. 4(b). This figure shows the mean durations of
the raising and lowering gestures for each of the vowels in the
symmetric VCV sequences. It can be seen that the mean
duration of the lowering movement decreased as the final
vowel shifted from low to high. However, there was no con-

sistent pattern across subjects to the interaction between the
movement direction and the vowel.

The results indicate that the ultrasound measurement
preserves the traditional order of back vowel heights for both
the initial and the final vowels in the symmetric VCV se-
quences. In addition, there are differences in the extent of
tongue dorsum raising and lowering movements, with
greater differences for /o/ and /u/ than for /a/. Several
studies have shown that the raising and lowering movements
of the tongue in symmetric VCV sequences describe a rough-
ly circular or elliptical trajectory, having horizontal and ver-
tical components (Perkell, 1969; Kent and Moll, 1972a; Gay,
1977; Alfonso and Baer, 1982). The asymmetry between the
raising and lowering gestures observed here for /o/ and /u/
could perhaps be attributed to such effects. One possibility is
that the vertical displacement of specific tongue dorsum tis-
sue points was similar for both raising and lowering gestures
for all vowels, but there was a greater horizontal component
in the elliptical trajectory for /o/ and /u/ than for /a/. This
could result in less displacement for the lowering gestures for
/o/ and /u/ along the measurement axis, which captures
only the vertical component of the movement. However, this
possibility is not compatible with x-ray findings which indi-
cate that the forward-directed gestures for /a/ and /u/ are
comparable (Kent and Moll, 1972a). Another possibility is
that the vertical displacement of specific tongue dorsum tis-
sue points is not similar for the raising and lowering gestures
{e.g., Kent and Moll, 1972a, Fig. 6). Such asymmetry could
result from the interaction between the horizontal compo-
nent and the vertical extent of the lowering gesture.

The intervocalic consonant had some effect upon the
displacement, F(1,396) = 12.02, p <0.01, for subject AP,
and the maximum veloeity, F(1,218)=6.08, p <0.05;
F(1,116) = 4.08, p <0.05, for subjects RF and DO, respec-
tively. There was less displacement and maximum velocity
for the gestures to and from /k/ as compared to /g/. Kent
and Moll (1969), and Ostry et al. (1983) report similar ten-
dencies. A possible explanation is that the depression of the
hyoid bone for the voiced stop may pull the mass of the
tongue downward. Consequently, greater displacement may
be required in order for the tongue to reach the vowel target
position. It is not clear, however, whether this explanation
can account for the raising gesture too.

Relationships among kinematic variables were also as-
sessed, for each subject, by a set of correlations. The average
correlation between displacement and maximum velocity
for the three subjects was 0.89 for the raising movement, and
0.92 for the lowering movement (p <0.001). Significant cor-
relations were not found between either displacement or
maximum velocity and the duration of the movement. These
patterns, observed for all three subjects, follow previous
findings indicating a strong relationship between displace-
ment and velocity and no systematic relationship between
either displacement or maximum velocity and the duration
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of the gesture (Kent and Moll, 1969, 1972a; Kent and Net-
sell, 1971; Kuehn and Moll, 1976; Ostry et al., 1983).

B. Anticipatory and carryover coarticulation in
asymmetric VCV sequences

The assessment of anticipatory and carryover coarticu-
latory effects was performed in two steps. First, the effects of
the vocalic context, in either the initial or final transition,
upon the kinematic characteristics of the opposite transition
were examined with two-way ANOVAs (3 initial vowels X3
final vowels). Second, stepwise multiple regression was em-
ployed to assess the specific nature of the effect for each
vowel separately. This second analysis was different from
the ANOV A in several respects: (a) while the ANOVA indi-
cated the overall pattern of variations, the regression analy-
sis allowed the assessment of coarticulation in the conven-
tional way of having one vowel constant and varying the
vowels across the intervocalic consonant; (b) the stepwise
procedure enabled the identification of the kinematic pa-
rameter of a given VC or CV transition which was most
affected by different vowels in the opposite transition; (c) the
displacement to or from the vowel was used as a quantitative
measure of vowel height as opposed to the use of vowels as
nominal variables in the ANOV A; (d) the regression analysis
provided some indices of the relative strength of the various
effects.

1. Anticipatory effects

_ a. Overall vocalic context effect. Previous studies (e.g.,
Ohman, 1966; Sussman ez al., 1973; Fowler, 1981b) have
found that the identity of final vowels in VCV sequences has
some effect upon the movement, of either the tongue or the
Jaw, from the initial vowel to the consonant. To assess the
effects of different final vowels upon the initial transitions,
the displacement, duration, and maximum velocity of the
VCtransition were used as dependent variables in a two-way
ANOVA. If different final vowels affected the kinematic pa-
rameters of the VC transitions, then there should have been
significant differences between the means of these param-
eters as a function of the final vowels. The overall F values
were all significant (p <0.01) except in the case of the VC
duration for subject DO and maximum velocity for RF.

Figure 5 shows the mean duration, displacement, and
maximum velocity of each of the three VC transitions, plot-
ted for each of the three final vowels. Overall, it can be seen
that the means of all three parameters of the initial transition
tended to increase as the final vowel shifted from low to high.
This trend was particularly clear when the initial vowel was
/a/ (solid lines). In other words, the identity of the final vow-
el had an effect upon the kinematics of the transition from
the initial vowel to the consonant, although the relative
strength of these effects differed among the specific measure-
ment parameters. The observed displacement differences, al-
though small, are similar to the pattern reported by Sussman
et al. {1973) in which the extent of jaw elevation from the
initial vowel to the consonant was progressively reduced as
the final vowel shifted from high to low. It is not clear
whether the displacement differences observed here were be-
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FIG. 5. The mean duration, displacement, and maximum velocity of the
three VC transitions shown for each of the three final vowels. The means are
pooled across both consonants.

cause the initial movement started from a higher position
when the final vowel was low or it reached a somewhat lower
position during the consonant closure. This second possibil-
ity will be discussed later.

b. Specific vowel-related effects. In order to assess the
specific anticipatory effect, the conditions in which the ini-
tial vowel was constant and the final vowel varied were ana-
lyzed. If different final vowels differentially affected the
kinematic parameters of a given VC transition, then the dis-
placement of the final transition should account best for ei-
ther the displacement, duration, or maximum velocity of the
initial transition. Stepwise multiple regression was per-
formed between the kinematic parameters of the initial tran-
sition and the displacement of the final transition. The most
consistent patterns were found when the initial vowel that
was held constant was /a/. The stepwise regression indicat-
ed that the displacement of the final transition accounted
best for the duration of the VC transition for subjects AP and
RF, and the maximum velocity of this transition for subject
DO. The pattern of the results is displayed in Fig. 6 with
respect to the parameter of the /aC/ transition best account-
ed for by the CV displacement.

Figure 6(a) shows the VC duration plotted against the
CY displacement for subjects AP and RF. Figure 6(b) shows
the YC maximum velocity plotted against the CV displace-
ment for subject DO. In both figures the initial vowel is /a/
and the final vowels were /a/, /o/, and /u/. Note that this
figure does not show the actual regression lines. Although
the parameters of the initial transition best accounted for by
the displacement of the final transition were different among
the subjects, the trend was similar. The duration and the
"maximum velocity of the initial transition were inversely re-
lated to the displacement of the final transition; in other
words, with increases in displacement in the final transition,
there were decreases in duration [Fig. 6(a)] and maximum
velocity [Fig. 6(b)] in the initial transition. These relation-
ships were similar for both /k/ and /g/.
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FIG. 6. The mean duration (a) and maximum velocity (b) of the /aC/ transi-
tion plotted against the mean displacement of the three CV transitions. The
means are pooled across both consonants.

Based on the analysis of the effects of vocalic context
described in the ANOVA above, all three kinematic param-
eters of the initial transition change as a function of different
final vowels. To this extent, the results agree partly with
previous reports in which intra-articulator anticipatory ef-
fects have been demonstrated as spatial effects. However, the
regression analysis indicates that it is the duration (for sub-
jects RF and AP) and the maximum velocity (for subject DO)
that changed most significantly and consistently relative to
the other parameters of the initial transition. It should be
noted that the results for subject DO were less reliable, in
comparison to subjects RF and AP, in terms of the standard
errors and the proportion of variance accounted for, in both
the ANOVA and the regression analysis (these indices will
be presented later in Table IT). The procedure or data do not
provide a sufficient explanation for this difference among the
subjects. The different result for subject DO may indicate
individual differences in anticipatory strategies.

2 Carryover effects

a. Overall vocalic context effect. To assess the effects of
different initial vowels upon the final transition, the kine-
matic parameters of the CV transition were used as depen-
dent variables in a two-way ANOVA. If different initial
vowels affected the kinematic parameters of the CV transi-
tions, then there should have been significant differences
between the means of these parameters as a function of the
initial vowels. The overall F values were all significant
(p <0.01) except in the case of the CV duration of subject RF.

Figure 7 shows the mean duration, displacement, and
maximum velocity of each of the three CV transitions plot-
ted for each of the three initial vowels. Overall, it can be seen
that the means of the CV displacement and maximum veloc-
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FIG. 7. The mean duration, displacement, and maximum velocity of the
three CV transitions shown for each of the three initial vowels. The means
are pooled across both consonants.

ity increased as the initial vowel shifted from low to high.
This trend is less consistent in the case of the CV duration. In
other words, different initial vowels had a highly significant
effect upon the displacement and maximum velocity of the
final transition. Different initial vowels had a relatively
small and inconsistent effect upon the duration of the final
transition, and in the case of subject RF the effect was non-
significant. This is consistent with the overall pattern that
variations in displacement were accompanied by corre-
sponding variations in maximum velocity but not by syste-
matic differences in duration.

b. Specific vowel-related effect. In order to assess the
specific carryover effect, the conditions in which the final

TABLE II. Partial correlation coefficient (), proportion of variance ac-
counted for (), and standard error of estimate (SEE} for the relationships
indicating anticipatory and carryover effects. The dependent variables are
duration (T'), displacement (D), and maximum velocity (MV).

Subject Consonant Variable r I SEE
Anticipatory effects
RF /k/ T —0.38 0.15 0.21
/8/ T -062 038 0.20
/k/ T —0.41 017 0.25
AP
V74 T —0.38 Q.15 0.28
bo 8/ MV —031  0.09° 0.24
Carryover effects
RF 7k/ MV —0.62 0.39* 0.15
8/ MV - 053 0.28* 0.18
AP 7%/ D —0.53 0.28* 0.22
Vi 74 D —0.56 0.30° 0.22
DO /k/ MV —0.62 0.38 0.15
4%
*p<0.01.
*p <0.05.
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vowel was constant and the initial vowel varied were ana-
lyzed. If various initial vowels differentially affected the
kinematic parameters of a given CV transition, then the dis-
placement of the initial transition should account best for
either the displacement, duration, or maximum velocity of
the final transition. Stepwise multiple regression was per-
formed between the kinematic parameters of the final transi-
tion and the displacement of the initial transition. The most
consistent patterns for all subjects were obtained when the
final vowel that was held constant was /a/. The stepwise
procedure indicated that the displacement of the initial tran-
sition accounted best for the displacement, for subject AP,
and the maximum velocity, for subjects RF and DO, of the
final transition. These results can be viewed as similar for the
three subjects, since displacement and maximum velocity
were strongly related. The pattern of the results is displayed
in Fig. 8 with respect to the parameter of the /Ca/ transition
best accounted for by the VC displacement.

Figure 8(a) shows the displacement of the CV transition
plotted against the VC displacement, for subject AP. Figure
8(b} shows the maximum velocity of the CV transition plot-
ted against the VC displacement, for subjects RF and DO. In
both figures, the final vowel was /a/ and the initial vowels
were /a/, /o/, and /u/. As in Fig. 6, this figure does not
show the actual regression lines. The displacement and max-
imum velocity of the final transition were inversely related to
the displacement of the initial transition. In other words,
greater displacement from the initial vowel to the consonant
was accompanied by less displacement [Fig. 8(a)] and maxi-
mum velocity [Fig. 8(b)] for the final transition, and vice
versa. These patterns were similar for both mtervocallc con-
sonants.

These carryover effects are consistent with typlcal in-
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FIG. 8. The mean displacement (a) and maximum velocity (b) of the /Ca/
transition plotted against the mean displacement of the three VC transl—
tions. The means are pooled across both consonants.
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tra-articulator observations reported previously. That is, the
carryover effects were reflected-in displacement or target-
position variations. The trend of inverse relationships
between the initial and final transitions has also been ob-
served previously (Kent and Moll, 1972b; Sussman et al.,
1973; Gay, 1974).

An elliptical trajectory which is not reflected in a single
axis measurement could be offered as an explanation for the
inverse relationship observed here. However, there are rea-
sons to assume that these results are not the product of ellip-
tical tongue dorsum trajectories. X-ray tracings of tongue
dorsum trajectories for /a/ and /u/ indicate that the extent
of anterior-posterior gestures for these vowels is similar
{e.g., Kent and Moll, 1972a). In addition, acoustical analysis
indicated that the carryover effects of /a/ and /u/ upon the
F 2 values for asubsequent vowel were similar (Bell-Bertiand
Harris, 1976; Fowler, 1981b). These observations suggest
that there are comparable trajectories for /a/ and /u/ and
these should presumably have similar anterior—posterior ef-
fects on a single axis measurement. Thus an elliptical trajec-
tory alone would not account for the differential effects of
various initial vowels upon the displacement of the final
transition observed here. An explanation based on different
tongue heights as a function of the preceding vowel will be
discussed later.

3. Comparison between anticipatory and carryover effects

Since the anticipatory effects were primarily temporal
and the carryover effects primarily spatial as shown by the
stepwise regression, a direct comparison of the magnitude of
the effects was not possible. However, the effects could be
compared in terms of the strengths of the relationships
between the initial and final transitions which indicated
these effects. Several indices were computed for the kinemat-
ic parameters of a given transition, which the regression
analysis indicated as being best accounted for by the dis-
placement of the opposite transition (see previous section).
These indices are presented in Table I1.

The partial correlation coefficients for the relationship
between the variables are presented in Table II. The partial
correlations for the carryover effects were higher in most
cases than those for the anticipatory effects, and as reported
above, were negative in all cases. In addition, it can be seen

that the proportion of variance accounted for () was less for -

the anticipatory than for the carryover effects. The standard
errors of estimate (SEE) for the carryover effects were less
than those for the anticipatory effects. These indices show
that the relationships between the initial and final transitions
which indicate the carryover effects, for all three subjects,
were stronger relative to the relationships indicating the an-
ticipatory effects. This asymmetry in the relative strength of
coarticulatory effects agrees with previous reports which
were based on a more direct comparison of the magnitude of
the effects (Bell-Berti and Harris, 1976; Fowler, 1981a, b).
To summarize: The most consistent anticipatory effect,
for two subjects, can be described as a temporal shortening of
the VC transition as a function of the final vowel. The dura-
tion of the initial transition is progressively shortened as the
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final vowel goes from high to low. The anticipatory effect for
the third subject, which was less reliable, can be described as
decreases in the maximum velocity of the initial transition
with increases in the displacement of the final transition. The
most consistent carryover effect, for all subjects can be de-
scribed as the spatial shortening of the CV transition as a
function of the initial vowel. The vertical displacement of the
final transition is progressively reduced as the initial vowel
goes from high to low. The carryover effects were found to be
stronger than the anticipatory ones. In addition, all the ef-
fects were similar for both intervocalic consonants.

lll. GENERAL DISCUSSION

Theanticipatory and carryover effects between the rais-
ing and lowering gestures of the tongue dorsum, for VCV
sequences with back vowels and velar consonants, are char-
acterized by two main features. The first is the different kine-
matic nature of the anticipatory and the carryover effects.
The anticipatory effect, for two subjects, was primarily tem-
poral, while the carryover effect, for all three subjects, was
primarily spatial. The second feature is the pattern of both
effects. Regardless of the nature of the effect, spatial or tem-
poral, the corresponding kinematic parameter decreased
with greater displacement for the preceding (carryover) or
following (anticipatory) transition. We would like to suggest
that both features may result from factors related to vowel-
specific onset times of the lingual movements toward the
final vowel.

There are several indications that during the contact
period for a velar stop, the tongue dorsum will start moving
sooner for a following open vowel, as compared to a closed
vowel. In an electropalatographic examination of VCV se-
quences, Butcher and Weiher (1976) assessed linguo—palatal
contact durations for different vowels. Their results show
shorter closure durations when the second vowel was /a/, as
compared to /u/, irrespective of the identity of the first vow-
el (Butcher and Weiher, 1976, p. 64, Table I). This would
seem to indicate earlier movement onset of the tongue to-
ward an open vowel relative to the beginning of the closure.
In a separate analysis of the data reported here (Parush and
Munhall, 1982), the period between the acoustic offset of the
first vowel and the movement onset for the second vowel
(during the consonant closure), was related to the total dis-
placement for the second vowel. Highly significant negative
correlations indicated an earlier movement onset toward an
open vowel as compared to a closed vowel. In a cinefluoro-
graphic investigation of VCV sequences, Gay (1977) too
found that movements of the tongue body toward the final
vowel were under way before the consonant release. He re-
ported a tendency for an earlier opening gesture to occur for
a following open vowel. Overall, these findings indicate that
the tongue dorsum tends to move earlier, during the conso-
nant closure, toward a lower vowel.

In intra-articulator anticipatory effects, the identity of
the final vowel does not greatly affect the vertical displace-
ment from the initial vowel to the consonant, however, it

. affects the duration of this transition. Changes in tongue

dorsum height which are due to the final vowel have been
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shown to start only toward the consonant release (Gay,
1977). Alfonso and Baer (1982) suggested that anticipatory
movements for the vowel, in /epVp/ sequences, occur pri-
marily in the horizontal direction and very little in the verti-
cal direction. In other words, the vertical vowel-related
movements of the tongue start while the horizontal gestures
are already under way. All these findings suggest a small
effect of the final vowel upon the vertical displacement from
the initial vowel. However, the tongue starts to move earlier
toward a final open vowel (Butcher and Weiher, 1976; Gay,
1977). This early movement onset shortens the duration of
the transition from the initial vowel to the consonant (which
is measured as the period between movement onset toward
closure and movement onset toward the final vowel). When
the final vowel is high, the movement towards it starts later,
resulting in a longer duration for the VC transition.

In intra-articulator carryover effects, the identity of the
initial vowel does not greatly influence the duration of the
transition from the consonant to the final vowel, however, it
affects the vertical displacement of this transition. The find-
ings here show that the duration of the CV transition was not
systematically affected by the identity of the initial vowel.
Previous findings indicate that durations of lingual CV tran-
sitions are affected only slightly by the vocalic context of this
syllable (Kent and Moll, 1969; Kuehn and Moll, 1976).
These findings suggest then that the duration of CV transi-
tions is relatively independent of the preceding vocalic con-
text. However, the position of the tongue dorsum, in the
vertical dimension, during a consonant closure has been
shown to be affected by the preceding vowel. Kent and Moll
(1969) found that the tongue height is lower, during closure,
in /a/ context as compared to /i/. Similarly, Gay (1977)
showed that at the initial part of the consonant closure, the
tongue dorsum is higher for a preceding /u/ as compared to
a preceding /a/. Butcher and Weiher (1976) found that the
carryover effect of the initial vowel, either /a/ or /u/, ex-
tends up to 40% of the closure time. All these findings sug-
gest that the height of the tongue dorsum for the preceding
vowel affects its height during the initial part of a velar con-
sonant closure. The earlier movement onset of the tongue
dorsum, during closure, toward a lower final vowel (e.g.,
/a/), could occur while the tongue height is still affected by
the preceding vowel. If the preceding vowel is /u/, the
tongue dorsum can start moving toward the final vowel at a
higher position than if the preceding vowel is /a/. This will
result in a greater vertical displacement toward the final
vowel, following an initial high vowel, and less displacement
following an initial low vowel. This explanation can also ac-
count for the fact that the most systematic effects of the
initial vowel on the final transition were found when the final
vowel was /a/. If the final vowel is /u/, it is less likely that
movement towards it will start when tongue height is still
affected by the preceding vowel. This will result in less syste-
matic effects as a function of the preceding vowel.

The notion of vowel-specific onset time is similar to the
notion of an articulator-specific onset time in a temporal
model proposed by Bell-Berti and Harris (1981). The vowel-
specific onset times of the lingual gestures toward the vowel
can be achieved in the following way. Different muscles,
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which can be viewed as antagonistic, are activated for the
raising and lowering gestures of the tongue. The raising ges-
tures toward a velar stop are achieved by the palatoglossus
(Bell-Berti and Hirose, 1973). The lowering gestures are
achieved by contraction of the styloglossus and the posterior
genioglossus for the high back /u/ (Perkell, 1969; Hirose et
al., 1979; Alfonso and Baer, 1982; Alfonso et al., 1982), and
the hyoglossus and the middle pharyngeal constrictor for the
low back /a/ (Alfonso et al., 1982; Wood, 1979). It is possible
that the different lowering muscles have different activity
onset times relative to the raising gesture of the tongue, re-
sulting in different movement onset times for the various
vowels.

The vowel-specific onset times of lingual movements
may reflect the constraints upon the tongue dorsum in pro-
ducing different acoustical results for the CV component of
the VCV sequence in different contexts. Such acoustical re-
sults can be different VOT values in the temporal domain, or
different F'1 values in the spectral domain, for the different
vowels, and could be partially due to different onset times of
the tongue dorsum from the consonant to the different vow-
els. It should be noted that the acoustical consequences are
not produced by the tongue alone. Lip rounding is critical
for the acoustical characteristics of /u/, which jaw lowering
contributes to the acoustics of /a/ (e.g., Lindblom and Sund-
berg, 1971). The late onset of the lingual movement toward
/u/ may be accompanied by an early lip rounding. In con-
trast, an early movement onset toward /a/ may offset a delay
in jaw lowering for this vowel. Other examples of compensa-
tory articulation have been demonstrated in studies in which
normal movements of speech articulators were perturbed
(e.g., Folkins and Abbs, 1975; Abbs, 1979; Gay and Turvey,

1979).
The characterization proposed here cannot be general-

ized without further intra-articulator research to find
whether the specific nature of the coarticulatory effect is
similar across articulators. It is also not clear whether the
vowel-specific onset time is present in the kinematic patterns
of other articulators. However, the overall features of a kine-
matic characterization such as the one observed here can be
tested in different articulators and provide more information
about the spatio-temporal aspects of intra-articulator coar-
ticulation and their relation to inter-articulator coordina-
tion.

ACKNOWLEDGMENTS

This research has been supported by grants to the sec-
ond author from the Natural Sciences and Engineering
Council of Canada and the FCAC program of the Quebec
Department of Education. A version of this paper was pre-
sented at the 103rd meeting of the Acoustical Society of
America, Chicago, April, 1982.

Abbs, J. H. (1979). “Speech motor equivalance: The need for a multi-level
control model,” in The Proceedings of the 9th International Congress of
Phonetics (Copenhagen, Norway), Vol. 2, pp. 318-324,

Alfonso, P. J., and Baer, T. (1982). “Dynamics of vowel articulation,” Lang.
Speech 28, 151-173.

Parush et a/. : Lingual coarticulation 1124



Alfonso, P. J., Honda, K., Baer, T., and Harris, K. S. (1982). “Multi-chan-
nel study of tongue EMG during vowel production,” J. Acoust. Soc. Am.
Suppl. 1 71, S54.

Barry, W., and Kuenzel, H. (1975). “Co-articulatory airflow characteristics
of intervocalic voiceless plosives,” J. Phonet, 3, 263-282.

Bell-Berti, F., and Hirose, H. (1973). “Patterns of palatoglossus activity and
their implications for speech organization,” Haskins Lab. Status Rep.
Speech Res. SR-34, 203-209.

Bell-Berti, F., and Harris, K. S. (1976). “Some aspects of coarticulation,”
Haskins Lab. Status Rep. Speech Res. SR-45/46, 197-204.

Bell-Berti, F., Baer, T., Harris, K. S., and Niimi, S. (1979). “Coarticulatory
effects of vowel quality in velar function,” Phonetica 36, 187-193.

Bell-Berti, F., Henderson, J., and Honda, K. (1981). “Velar coarticulation
in oral and nasal vowel environments,” J. Acoust. Soc. Am. Suppl. 1 69,
S55.

Bell-Berti, F., and Harris, K. S. (1981). “A temporal model of speechi pro-
duction,” Phonetica 38, 9-20.

Butcher, A., and Weiher, E. (1976). “An electropalatographic investigation
of coarticulation in VCV sequences,” J. Phonet. 4, 59-74.

Chambers, J. M. (1977). Computational Methods for Data Analysis (Wiley,
New York). :

Folkins, J. W., and Abbs, J. H. {(1975). “Lip and jaw motor control during
speech: Responses to resistive loading of the jaw,” J. Speech Hear. Res.
18, 207-220. :

Fowler, C. A. (1981a). “A relationship between coarticulation and compen-
satory shortening,” Phonetica 38, 35-50.

Fowler, C. A. (1981b). “Production and perception of coarticulation among
stressed and unstressed vowels,” J. Speech Hear. Res. 46, 127-139.

Gay, T. (1974). “A cinefluorographic study of vowel production,” J.
Phonet. 2, 255-266.

Gay, T. (1977). “Articulatory movements in VCV sequences,” J. Acoust.
Soc. Am. 62, 183-193.

Gay, T., and Turvey, M. (1979). “Effects of efferent and afferent interfer-
ence on speech production: Implications for a generative theory of speech
motor control,” in The Proceedings of the 9th International Congress of
Phonetics (Copenhagen, Norway), Vol. 2, pp. 344-350.

Harshman, R., Ladefoged, P., and Goldstein, L. (1977). “Factor analysis of
tongue shapes,” J. Acoust. Soc. Am. 62, 693-707.

Hirose, H., Kiritani, S., Ushijima, T., and Kjellin, O. (1979). “Lingual elec-
tromyography related to tongue movements in Swedish vowel produc-
tion,” J. Phonet. 7, 317-324.

Johnson, L. W., and Riess, R. D. (1977). Numerical Analysis (Addison-Wes-

1125 J. Acoust. Soc. Am., Vol. 74, No. 4, October 1983

ley, Reading, MA).

Keller, E., and Ostry, D. J. (1983). “Computerized measurement of tongue
dorsum movement with pulsed-echo ultrasound,” J. Acoust. Soc. Am.
73, 1309-1315.

- Kent, R. D., and Moll, K. L. (1969). “‘Vocal-tract characteristics of the stop

cognate,” J. Acoust. Soc. Am. 46, 1549-1555.

Kent, R. D, and Netsell, R. (1971). “Effects of stress contrasts on certain
articulatory parameters,” Phonetica 24, 23—44.

Kent, R. D., and Moll, K. L. (1972a) “Cinefluorographic analysis of select-
ed lingual consonants,” J. Speech Hear. Res. 15, 453—473.

Kent, R. D., and Moll, K. L. {1972b). “Tongue body articulation during
vowel and diphthong gestures,” Folia Phoniat. 24, 278-300.

Kuehn, D., and Moll, K. L. (1976). “A cineradiographic study of VC and
CV articulatory velocities,” J. Phonet. 4, 303-320.

Lindblom, B. E. F., and Sundberg, J. E. F. (1971). “Acoustical conse-
quences of lip, tongue, jaw, and larynx movement,” J. Acoust. Soc. Am.
50, 1166-1179.

MacNeilage, P. F., and DeClerk, J. L. (1969). “On the motor control of
coarticulation in CVC monosyllables,” J. Acoust. Soc. Am. 45, 1217-

1233.

Ohman, S. E. G. (1966). “Coarticulation in VCV utterances: Spectographic
measurements,” J. Acoust. Soc. Am. 39, 151-168.

Ostry, D. J,, Keller, E., and Parush, A. (1983). “Similarities in the control of
the speech articulators and the limbs: Kinematics of tongue dorsum
movements in speech,” J. Exp. Psychol.: Human Percept. Perf. 9{4), 622
636.

Parush, A., and Munhall, K. G. (1982). “Lingual kinematics and acoustic
durations,” J. Acoust. Soc. Am. Suppl. 1 72, S$103.

Perkell, J. S. (1969). “Physiology of speech production: Results and implica-
tions of a quantitative cineradiographic study,” in Research Monograph
No. 53 (MIT, Cambridge, MA). '

Schumaker, L. (1981). Spline Functions: Basic Theory (Wiley, New York).

Sussman, H. M., MacNeilage, P. F., and Hanson, R. J. (1973). “Labial and
mandibular dynamics during the production of bilabial consonants: Pre-
liminary observations,” J. Acoust. Soc. Am. 16, 397-420.

Ushijima, T., and Hirose, H. (1974). “Electromyographic study of the ve-
lum during speech,” J. Phonet. 2, 315-326.

Wood, S. (1979). ““A radiographic analysis of constriction locations for vow-
els,” J. Phonet. 7, 25-43.

Zemlin, W. R. (1981). Speech and Hearing Science: Anatomy and Physiology
(Prentice Hall, Englewoad Cliffs, NJ).

Parush et a/.: Lingual coarticulation 1125



