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Speech movements of the lower pharyngeal wall were recorded in two subjects using pulsed-echo 
ultrasound. The focus of the study was the pattern of coarticulation of pharyngeal wall 
movements. Using nonsense utterances as test material, both anticipatory and carryover 
coarticulatory effects were observed. The identity of. the final vowel in VCV sequences affected 
the kinematic characteristics of the initial VC transition. Both the amplitude and the duration 
of the movement between the initial vowel and the consonant were greater when the final vowel 
was/u/rather than/a/. Similarly, the initial vowel affected the kinematic characteristics of the 
final CV transition. The amplitude of the movement from the consonant to the final vowel was 
greater with the initial vowel/u/as opposed to/a/. The coarticulatory patterns observed in this 
study are similar to those previously reported for the tongue dorsum and upper pharynx [Parush 
et al., J. Acoust. Soc. Am. 74, 1115-1125 (1983); Parush and Ostry, J. Acoust. Soc. Am. 80, 
749-756 ( 1986)]. 

PACS numbers: 43.70.Bk, 43.70. Aj 

INTRODUCTION 

Several studies have suggested that the 'lower pharynx 
in the vicinity of the epiglottis may play a role in the pro- 
duction of constriction for back vowels (Perkell, 1969;.Per- 
kell and Nelson, 1982; Stevens, 1972; Wood, 1979). In the 
present study we have examined the coarticulatory pat- 
terns of the lower pharynx using pulsed-echo ultrasound. 
The work complements our earlier ultrasound studies of 
coarticulatory patterns of the tongue dorsum (Parush 
et al., 1983) and upper pharynx (Parush and Ostry, 1986). 
The aim was to assess similarities in the patterns of coar- 
ticulation in the three articulators. The strategy in each 
study has been to manipulate the identity of the initial or 
final vowel in a VCV sequence and examine the spatial and 
temporal effects on movements toward the other vowel. 
This procedure provides measures of anticipatory and 
carryover coarticulation for the three articulators which 
can be compared directly. 

There is a general narrowing of the lower pharynx for 
low back vowels such as/c•/that is achieved by lowering 
and retraction of the tongue dorsum, and by contraction of 
the pharyngeal walls (Lindquist and Sundberg, 1971; Per- 
kell, 1969; Wood, 1979). Several ultrasonic observations 
have indicated that there is inward movement of the lateral 

pharyngeal walls (the side walls of the pharynx) during 
the production of low back vowels (Kelsey et al., 1969a; 
Kelsey et al., 1969b; Minifie et al., 1970; Zagzebski, 1975). 
Conversely, little inward or medial movement of the pha- 
ryngeal walls has been observed during the production of 
high vowels such as/u/or/i/. These patterns have also 
been observed in lateral view x-ray studies (Kent and 
Moll, 1969; Perkell, 1969; Perkell and Nelson, 1982; 
Wood, 1979). 

Evidence for the participation of the pharyngeal walls 

in the production of vowels is found in the patterns of 
muscular activity of the pharynx. Electromyographic 
(EMG) activity is greater for low back vowels than for 
high vowels in the superior and middle constrictors (Bell- 
Berti, 1971; Minifie et al., 1974). Greater EMG activity 
has also been observed in the glossopharyngeal muscle for 
the vowel /o/ (Smith, 1971). In addition, EMG ampli- 
tudes are greater for low back vowels than for high vowels 
such as/u/in the activity of the palatopharyngeus (Bell- 
Berti, 1971; Fritzel, 1969). Overall, the activity patterns of 
pharyngeal muscles suggest that the pharyngeal walls have 
a role in articulatory constriction for low back vowels. 

Recordings of pharyngeal movements and the activity 
of pharyngeal muscles indicate that the pharynx functions 
as an articulator during vowel production. Coarticulation 
has also been reported in pharyngeal wall movement. 
Kelsey et al. (1969b) have shown that lateral pharyngeal 
wall movements during the production of the vowel/a/ 
vary as a function of the phonetic context in VCV se- 
quences. Perkell (1969) has shown that the pharynx begins 
to narrow, during the oral closure for the consonant/t/, 
anticipating the final vowel in /hatV/ sequences. Thus 
coarticulation has been demonstrated in pharyngeal wall 
movements, but there is little detailed information about its 
characteristics as phonetic context varies. 

I. METHODS 

Lateral pharyngeal wall movements at the level of the 
angle of the mandible were examined during the produc- 
tion of VCV sequences that were composed of back vowels 
and velar and labial intervocalic stop-consonants. The am- 
plitude and duration of the pharyngeal movement from the 
initial vowel to the consonant (the VC gesture) were ex- 
amined as a function of the final vowel (anticipatory coar- 
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ticulation). Similarly, the movement from the consonant to 
the final vowel (the CV gesture) was examined as a func- 
tion of the initial vowel (carryover coarticulation). Pha- 
ryngeal movement onsets times were also examined rela- 
tive to specific acoustic events. Thus, the general strategy 
was to seek evidence of coarticulation by manipulating one 
of the vowels in the VCV sequence and examining the 
effect on a number of kinematic and acoustical parameters 
of the other vowel which reflect eoarticulation. These par- 
ticular utterances and measurements were chosen because 

they result in the largest amplitude movements of this ar- 
ticulator and enable direct comparison with our earlier ul- 
trasound studies of tongue dorsum and velar coarticulation 
(Parush et al., 1983; Parush and Ostry, 1986). 

II. SPEECH SAMPLE AND SUBJECTS 

The speech sample consisted of 8 different VCV types. 
This inventory was made up of the back vowels/o/and 
/u/and the stop-consonants/k/and/p/. Each VCV was 
preceded by the sound /op/ and followed by /p•/ (e.g., 
/apokopa/). Subjects were instructed to stress both vowels 
equally. (The stress task was performed according to in- 
struction.) Ten tokens of each utterance type were re- 
corded. 

The experiment was divided into several blocks, with 
transducer placement unchanged within a block. Speech 
trials of approximately 3.5 s each were recorded. In each 
trial, subjects repeated a given VCV sequence two or three 
times. The order of the various VCV types was randomized 
within each block and was also randomized across sub- 

jects. Two male adults with normal speech served as sub- 
jects. Both subjects, PK and BW, were native Canadian 
English speakers. 

III. APPARATUS AND PROCEDURE 

Lower pharyngeal wall movements were recorded us- 
ing a single element pulsed ultrasound system (see Keller 
and Ostry, 1983; Ostry et al., 1983; Ostry and Munhall, 
1985; Parush et al., 1983; Parush and Ostry, 1986, for de- 
tails). Ultrasound signals were generated by a Picker 
model 104 ultrasonoscope with a 3.5-MHz transducer. The 
ultrasound and sound pressure signals were digitized si- 
multaneously at a 1-kHz rate. The low sampling rate for 
speech was sufficient for the identification of the points of 
acoustical signal onset and offset that were of interest in 
this study. 

The ultrasound transducer was placed against the ex- 
ternal neck side-wall, about 1 cm posterior to the angle of 
the mandible. This placement location was used previously 
by Minifie et al. (1970). Zagzebski (1975) compared the 
recordings obtained in this location to recordings obtained 
from higher placement locations along the external neck 
wall. He concluded that transducer placement posterior to 
the angle of the mandible corresponds to the level of the 
constriction location for low back vowels. The placement 
of the transducer relative to the subject's head is shown in 
Fig. 1. This position was used to record medial-lateral 
movements of the pharyngeal side-wall. 

FIG. 1. The ultrasound transducer against the external neck wall for the 
recording of the lower lateral pharyngeal wall movements. 

The transducer was held in a fixed position and orien- 
tation against the subject's neck by an adjustable position- 
ing apparatus that was fixed relative to the ground. The 
subject's head was not fixed and could be rotated about the 
transducer to obtain a suitable testing position. Initially, 
the ultrasound echoes from the lateral pharyngeal wall 
were detected through nonspeech gestures such as swal- 
lowing. The final position and orientation for recording 
were obtained by maximizing the measured distance be- 
tween the pharyngeal wall positions for the vowels/o/and 
/u/. This was achieved by having the subject slowly rotate 
his head against the transducer while repeating /o/ and 
/u/ or /kcx/ and /ku/. Repetitions of this maneuver were 
recorded several times to verify that a maximum pharyn- 
geal position difference was observed between the vowels 
/o/and/u/. An example of lateral pharyngeal wall move- 
ment during the positioning maneuver is displayed in Fig. 
2. In the recording position, the head was not noticeably 
turned. However, some error may have been introduced by 
head orientations which were not orthogonal to the long 
axis of the ultrasound transducer, that is, by orientations in 
which the head was slightly turned rather than straight 
forward. Head orientation was not monitored in this study. 

The distance from the transducer to the lateral pha- 
ryngeal wall for repetitions of/ko-ku/ is plotted in the 
upper panel of Fig. 2. The corresponding speech waveform 
is shown in the bottom panel. The higher peaks in the 
pharyngeal record indicate more medial positions of the 
pharyngeal wall. It can be seen that there was greater in- 
ward movement during the production of the low back 
vowel/o/than the high vowel/u/. The more medial po- 
sition for/o/corresponds to a narrowing of the pharynx 
for low vowels and can be contrasted with a wider pharynx 
for high vowels. 

It should be noted that this technique measures the 
distance along the axis of the ultrasound beam from the 
transducer head to the lateral pharyngeal wall. It does not 
measure the changing position of specific points on the 
pharyngeal wall. As a consequence, error may be present in 
the measured distances if different tissue points lie along 
the axis of the ultrasound beam over the course of a trial. 

However, to the extent that the transducer position is or- 
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/ka/ /ku/ Time (msec) 

FIG. 2. Lateral pharyngeal wall movements and the corresponding acoustic waveform during repetitions of the syllables/ko-ku/. (The units on the 
ordinate correspond to the distance in cm between the ultrasound transducer and the lateral pharyngeal wall.) 

thogonal to the external neck wall and that movements of 
individual points are primarily in a single plane, the mea- 
sured distances will be correlated with changes in the spa- 
tial coordinates of tissue points. 

The signals were smoothed with natural cubic spline 
functions (Johnson and Riess, 1977). In this experiment, 
each recording trial was divided into 80 equal intervals of 
43.2 ms and the average value of the measurements in each 
interval was used as a knot for the spline interpolation 
program. In order to determine the spacing of knots, av- 
erage absolute differences between the spline and the raw 
data were calculated for a range of interval widths. It was 
found that when knots were calculated on the basis of 

interval widths of less than 45 ms, there was little effect on 

the average absolute difference between the raw data and 
the spline. The choice of 43.2 ms (80 kn) as the averaging 
interval for calculation of the spline resulted in an average 
absolute difference between the raw data and the spline 
function of approximately 0.03 cm per measurement point 
(Keller and Ostry, 1983; and Munhall and Ostry, 1985). 

IV. MEASUREMENTS 

For analysis purposes, each VC V sequence was exam- 
ined in terms of the VC and CV gestures. The amplitude, 
duration and movement start time relative to specific 
acoustic events were calculated for each gesture. In Fig. 3 
(top panel), the distance from the transducer to the lateral 

•6.310 8.396 0.482 0.586 6.654 9.749 

B 

396 6. 482 0 ß 566 0 ß 65,4 

Time (sec) 

FIG. 3. Distance of the lateral pharyngeal wall from the ultrasound transducer and the corresponding acoustic waveform for a single VCV sequence. 
( DI and D2 indicate distance or movement amplitude; TI and T2 indicate duration; A, B, and C indicate the onset of movements relative to acoustic 
events. ) 
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pharyngeal wall is plotted against time for the VCV se- 
quence /opo/. DI, the distance moved from the initial 
vowel to the intervocalic consonant, was calculated as the 
absolute value of distance between the zero-velocity point 
for the initial vowel and the zero-velocity point during the 
consonant oral closure. T1, the duration of the initial VC 
gesture, was calculated as the time interval between the 
two zero-velocity points. D1 and T1 were assessed as a 
function of the final vowel and thus provided spatial and 
temporal measures of anticipatory coarticulation. It should 
be noted that the pharyngeal wall did not always reach 
zero velocity during the consonant production. In such 
cases, the point of minimum velocity was taken as the 
position for the consonant. Thus, two different criteria 
were used as an index of consonant position. 

The interval between the zero-velocity point for the 
initial vowel and the implosion of the intervocalic conso- 
nant, shown in Fig. 3 as interval A, provided a further 
index of anticipatory coarticulation. Longer intervals indi- 
cated earlier movement onsets relative to consonant implo- 
sion. In a another measure of anticipatory coarticulation, 
the start of pharyngeal movement away from the initial 
vowel was examined relative to the voice onset of the final 

vowel, shown in Fig. 3 as interval B. Both intervals A and 
B were used to assess the effects of the final vowel on the 

initiation of movement away from the initial vowel. Thus, 
intervals A and B provided measures of anticipatory coar- 
ticulation based on both acoustical and kinematic events. 

The timing of acoustical events was measured using an 
interactive graphical display program. For scoring pur- 
poses, consonant implosion was defined as the end of the 
periodic sound pressure signal. 

The amplitude, duration, and onset of the pharyngeal 
gesture between the consonant and the final vowel are also 
shown in Fig. 3. D2, the CV amplitude, was calculated as 
the absolute value of the distance between the zero-velocity 
position during the consonant production and the zero- 
velocity position for the final vowel. T2, the CV duration 
was calculated as the time interval between these two zero- 

velocity positions. In addition, the onset of the final CV 
gesture was examined relative to the implosion of the in- 
tervocalic consonant, shown in Fig. 3 as interval C. This 
interval was used to examine the effect of the final vowel on 

the onset time, during the consonant closure, of the move- 
ment toward that vowel. D2 and T2 were assessed as a 

function of the initial vowel in order to obtain measures of 

carryover coarticulation. Interval C, provided a temporal 
measure of coarticulation based on the start time of move- 

ment to the final vowel during consonant closure. 

V. RESULTS 

A. Overall characteristics 

As in previous reports, we observed a larger amplitude 
inward directed or medial movement of the lateral pharyn- 
geal wall for low back vowels (narrow pharyngeal cavity) 
and a smaller amplitude inward movement for high vowels 
(wide pharyngeal cavity). The width of the pharynx was 
observed to increase for voiceless stop consonants such as 

/øpø/ 

,re .310 0.396 I•. 492 Igl. 5E9 1•.6S4 19.74•1 
(o) 

lB. •l I lB lB .396 B. 4g[2 0.556 g.fiS4 0.741gl 

Time {sec) 

/ apu / 

•6.3581 I• .439 •.519 9.599 9.679 •.759 

T 

9.5 L 0 g. 599 9.676 9. 756 

Time (see) 

E c? 

vO.BT9 8.696 

(c) 

/ upa / 

•. 77e 6.656 •'. 9:•6 I 

9.610 9.690 6'. 716 9'. 659 9.9•50 I .910 
Time (sec) 

FIG. 4. Lateral pharyngeal wall movements and the corresponding 
speech waveform for VpV sequences: /apa/ (a); /apu/ (b); /upo/ (c). 
(The units on the ordinates correspond to the distance between the trans- 
ducer and the lateral pharyngeal wall.) 

/p/ and /k/ (e.g., Perkell, 1969). Figure 4 is an illustrative 
example of the lateral pharyngeal wall movements ob- 
served in this study. Note that whereas most vowel related 
lateral pharyngeal wall movements are in an inward or 
medial direction, in some cases lateral or outward directed 
vowel-related movements are observed [Fig. 4(b)]. 

The distance from the transducer to the pharyngeal 
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FIG. 6. The mean interval between the movement onset of the pharyngeal 
CV gesture and the implosion of the consonant, for each oœ four VkV 
types. + 1 standard error is indicated. 

FIG. 5. The mean duration (a) and amplitude (b) of the pharyngeal VC 
gestures. The consonant shown is/k/. ñ 1 standard error is indicated. 

wall and the corresponding speech waveform are shown in 
Fig. 4 for VpV utterances that include the vowel/o/. In 
Fig. 4(a) the sequence is/opa/,/opu/in Fig. 4(b), and 
/upa/in Fig. 4(c). In all three sequences it can be seen 
that there was greater absolute movement amplitude for 
/o/than for/u/. Pharyngeal wall retraction or relaxation 
accompanied the intervocalic consonant /p/. A similar 
pattern was observed for the VCV sequences with the con- 
sonant/k/. 

The amplitude of the CV gesture associated with the 
vowel/u/was significantly less than the amplitude associ- 
ated with the vowel/o/[F(1,68) = 327, p < 0.001, for both 
consonants, for subject PK, and F(1,46)=98, p<0.001, 
for the consonant/p/, for subject BW]. The CV movement 
amplitude in the sequences /uku/ and /upu/ was the 
smallest, for both subjects. 

B. Anticipatory coarticulation 

1. Movement amplitude and duration 

In order to assess anticipatory effects in lateral pha- 
ryngeal wall movements, the amplitude and duration of the 
VC gesture were examined as a function of the final vowel. 
These effects were tested in a three-way ANOVA (2 initial 
vowels X 2 final vowels X 2 consonants) in which the VC 
amplitude and duration were used as dependent variables. 
Significant variations in VC amplitude and duration were 
observed as a function of the final vowel. 

Figure 5 shows the VC duration (T1 in Fig. 3) and 
movement amplitude (D1 in Fig. 3) as a function of the 
final vowel for each of the initial vowels when C=/k/. 

With the exception of movement amplitude for/oku/vs 
/oko/for BW, it can be seen that both duration and dis- 

tance from the initial vowel to the position during conso- 
nant production increased as the final vowel shifted from 
low to high. Kelsey et al. (1969) have also shown that the 
pharyngeal wall movements during/a/vary as a function 
of the phonetic context. 

The reduced duration of the VC gesture when the final 
vowel is /a/ can also be expressed in terms of the onset 
time of the gesture from the consonant position toward the 
final vowel, during the consonant closure (indexed by in- 
terval C in Fig. 3). The movement onset times of the CV 
gesture relative to the/k/implosion are shown in Fig. 6, 
for each of the four sequences. Note, again that this inter- 
val enables the examination of the effect of the final vowel 

on the start time during consonant closure of the move- 
ment toward that vowel. There was a significant variation 
in the interval between the CV movement onset point and 
the consonant implosion as a function of the final vowel, 
for both subjects [F(1,68) =20.6, p <0.01 for subject PK 
and F(1,85)=93.3, p<0.01 for subject BW]. It can be 
seen in Fig. 6 that movements towards the vowel /o/ 
started earlier, indicated by the shorter intervals, than 
movements toward/u/. Note, that only data for/k/are 
presented here since, in general, there was less intersubject 
variability for/k/than for/p/. 

2. Movement onset 

The onset time of the gesture away from the initial 
vowel was examined as a function of the final vowel. This 

provided a temporal measure of anticipatory coarticula- 
tion. The movement onset points were assessed relative to 
the implosion point of the intervocalic consonant, and rel- 
ative to the voice onset of the final vowel, shown as inter- 

vals A and B, respectively, in Fig. 3. 
The VC movement onset times relative to the/k/and 

/p/ implosion are shown in Fig. 7, for each of the four 
sequences. There was a significant difference in the move- 
ment onset time between the two consonants, for both sub- 

jects [F(1,68)=8.3, p<0.01 for subject PK, F(1,85) 
=68.5, p <0.01 for subject BW]. This interval (A in Fig. 
3) did not vary significantly as a function of the final 
vowel, for either subject. Overall, it can be seen that the VC 
gestures started earlier when the intervocalic consonant 
was /p/ rather than /k/, indicated by longer intervals, 
regardless of the vocalic context. 
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FIG. 7. The mean interval between the movement onset of the pharyngeal 
VC gesture and the implosion of the consonant, for each of the eight VCV 
types. •- I standard error about each mean is shown. 

Perkell (1969) presented some evidence that the pha- 
ryngeal cavity begins to widen later for /p/ than /k/. 
However, his analysis was based on a single token of each 
utterance and the utterance materials were different from 

the ones reported here. The discrepancy between Perkell's 
observation and the results reported here may also be due 
to the different measurements used in the two studies. Per- 

kell (1969) measured pharynx width by monitoring the 
horizontal movements of the tongue dotsum, while phar- 
ynx width was measured here by monitoring lateral pha- 
ryngeal wall movements. 

The onset of the movement away from the initial 
vowel was also examined relative to the voice onset of the 

final vowel (interval B in Fig. 3). This onset time is shown 
in Fig. 8, for all sequences. Overall, the onset time was 
affected by the final vowel, with earlier onsets for move- 
ments toward/u/than/a/, regardless of the intervocalic 
consonant [F(1,68)=8.8, p<0.01 for subject PK 'and 
F(1,85) =41.6, p <0.01 for subject BW]. 

C. Carryover coarticulation 

In order to assess the carryover effects in the lateral 
pharyngeal wall movements, the movement amplitude and 
duration of the gesture from the consonant to the final 
vowel, were examined as a function of the initial vowel. 
The amplitude of the CV gesture varied significantly as a 
function of the initial vowel when the consonant was/k/ 

[F(1,68)=115, p<0.01 for PK, F(1,85)=30.5, p<0.01 
for BW]. These patterns are displayed in Fig. 9 for the CV 
sequence/ka/. It can be seen that the final CV amplitude 
increased as the initial vowel shifted from low to high. 
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upu 
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:::::::::::::::::::::::::::::::::::::::::::: 

PK 

BW 

0'.11 ' O'.13' O:i5' 0'.17' 0'.19' 0'.21' 
VC onset relotive to V2 voice onset in sec 

FIG. 8. The mean interval between the onset of the pharyngeal VC 
gesture and the voice onset of the final vowel, for each of eight VCV types. 
Standard errors are shown. 

The CV duration varied significantly as a function of 
the initial vowel only for subject BW, [F( 1,46)= 19.5, 
p < 0.01]. The duration of the CV gesture was shorter when 
the initial vowel was/o/. 

Vl. DISCUSSION 

Both anticipatory and carryover coarticulation were 
observed in lower lateral pharyngeal wall movements. The 
anticipatory effects were both spatial and temporal in na- 

0,31 

E 
o 0,27 
.c_ 

0.23 -- 0,19 
.•_ 

> 0.15 

o. II C = /k/ 

o u 

V• 

FIG. 9. The mean amplitude of the pharyngeal/ka/gesture for the two 
initial vowels. :e I standard error is indicated. 
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ture. The carryover effects were spatial for both subjects; 
only one subject (BW) showed temporal carryover effects. 

Vowel related movements of the lower pharyngeal 
walls were observed in the present study. The magnitude of 
the lower pharyngeal constriction depends on the identity 
of the back vowel. The pharynx is more constricted for low 
vowels and less constricted for high vowels (e.g., Perkell, 
1969; Kent and Moll, 1969; Wood, 1979). Pharyngeal wall 
positions for consonants have been shown by other re- 
searchers to vary as a function of the vocalic context (Per- 
kell, 1969; Zagzebski, 1975) and with individual differ- 
ences (e.g., Johansson et al., 1984). 

It was observed that when the initial vowel was held 

constant, the pharyngeal position during the consonant 
was affected by the position of the pharynx required for the 
final vowel. For example, when the final vowel was/o/, 
the consonant was articulated with a more narrow phar- 
ynx, whereas, when the final vowel was/u/, the consonant 
was produced with a more open pharynx. Consequently, 
the amplitude of the initial VC transition was affected by 
the identity of the final vowel. Similarly, the amplitude of 
the final CV transition was affected by the initial vowel. 
When the initial vowel was/a/, the consonant was pro- 
duced with a more narrow pharynx than when the initial 
vowel was/u/. This affected the magnitude of the transi- 
tion from the consonant to the final vowel. 

The effects of movements between vowels on pharyn- 
geal position during the consonant production were also 
seen in the temporal measures. The onset time of the ges- 
ture away from the initial vowel was related to the final 
vowel. The movement started earlier, relative to the voice 
onset of the final vowel, when the vowel was/u/. In addi- 
tion, the duration of the VC gesture was affected by the 
position of the pharynx during consonant production. 
When the consonant was produced with a more narrow 
cavity (e.g., when the final vowel was/a/), the duration of 
the gesture from the initial vowel to the consonant was 
shorter. The finding that the consonant position was 
reached earlier when the final vowel was/o/is reflected in 

the interval between the position for the consonant oral 
closure and the position for the vowel. Overall, the tempo- 
ral aspects of the movement away from the initial vowel 
were related to the identity of the final vowel. 

One must be careful about making generalizations 
from a small set of nonsense utterances produced by two 
subjects. Nevertheless, it may be noted that the basic kine- 
matic patterns reported here for the lower pharynx are 
similar to those that we have reported previously for 
tongue and upper pharyngeal wall coarticulation (Parush 
et al., 1983; Parush and Ostry, 1986). 

In each of these studies, anticipatory effects were as- 
sessed by holding constant the identity of the initial vowel 
in a VCV sequence and varying the identity of the final 
vowel. Thus we were able to examine the amplitude and 
duration of the initial VC transition as a function of the 

amplitude of the movement from the consonant to the final 
vowel. In all three articulators, we found that the magni- 
tude and duration of the initial VC transition was greater 
when a small amplitude movement was required from the 

consonant to the final vowel (e.g.,/oCu/vs/oCa/for the 
tongue dorsum). A very similar pattern was observed for 
carryover effects. We found that, in all articulators, the 
amplitude of the movement from the consonant toward the 
final vowel was greater when small amplitude movement 
was required for the initial ¾C transition (e.g.,/uCo/vs 
/oCo/for the tongue dorsum). 

The similarity of the present findings to those of our 
two previous ultrasound studies (Parush etal., 1983; 
Parush and Ostry, 1986) suggests that coarticulation re- 
flects a rather basic process associated with orofacial mo- 
tions. In this context, we will consider two general classes 
of models that have been suggested to account for coartic- 
ulation: The "look-ahead" model (e.g., Henke, 1966) and 
the coproduction model (Ohman, 1966; Fowler, 1980; also 
see Bell-Berti and Krakow, 1991 ). We will focus on the 
extent to which features of upcoming movements are taken 
into account in planning the current movement. 

According to the coproduction view, coarticulation re- 
flects the superposition of gestures as a result of temporal 
overlap in their production. This permits a rather simple 
control scheme in which intraarticular coarticulation can 

be described as the result of the superposition of indepen- 
dent central commands (Munhall and L/Sfqvist, 1992). 
Mathematical formulations of schemes such as this have 

been successful in predicting the kind of kinematic blend- 
ing which is observed in speech coarticulation (Flash and 
Henis, 1991; Flanagan et al., in press). 

Alternatively, the acoustical goals of speech produc- 
tion may require modification to the simple superposition 
rule, for example, in cases where strict superposition would 
distort speech. In such situations, central commands for 
individual gestures would have to take account of upcom- 
ing motions and the acoustical consequences of superposi- 
tion. This is an essential notion of look-ahead views of 

coarticulation. The need to consider context may depend 
on factors such as the position of the articulators in the 
oral cavity in combination with the magnitude and direc- 
tion of the required orofacial motions. 
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