


ment from the first to the second vowel. The following words
were used: /kami, kammi/ �“god,” “sweets”�, /kamee,
kammee/ �“participation,” “impression”� /kema, kemma/
�“Kema, place name,” “polish”�. The linguistic material was
organized into randomized lists and presented to the subjects
in Japanese writing, with the words occurring in a short
frame sentence. Fifty repetitions of each word were recorded.

C. Movement recording

The movements of the lips, the tongue, and jaw were
recorded using a three-transmitter magnetometer system
�Perkell et al., 1992�. Receivers were placed on the vermil-
ion border of the upper and lower lip, on three positions of
the tongue, referred to as tip, blade, and body, and on the
lower incisors at the gum line. Two additional receivers
placed on the nose and the upper incisors were used for the
correction of head movements. Two receivers attached to a
plate were used to record the occlusal plane by having the
subject bite on the plate during the recording. All data were
subsequently corrected for head movements and rotated to
bring the occlusal plane into coincidence with the x-axis.
This rotation was performed to obtain a uniform coordinate
system for all subjects �cf., Westbury, 1994�.

The articulatory movement signals were sampled at
500 Hz after low-pass filtering at 200 Hz. The resolution for
all signals was 12 bits. After voltage-to-distance conversion,
the movement signals were low-pass filtered using a 25 point
triangular window with a 3-dB cutoff at 14 Hz; this was
done forwards and backwards to maintain phase. To obtain
the instantaneous velocity of the tongue receivers, the first
derivative of the position signals was calculated using a
three-point central difference algorithm. For each tongue re-
ceiver, its speed ��=��ẋ2+ ẏ2�� was also calculated. The ve-
locity and speed signals were smoothed using the same tri-
angular window. The acoustic signal was pre-emphasized,
low-pass filtered at 4.5 kHz and sampled at 10 kHz.

The horizontal and vertical positions of the tongue body
during the first and second vowels were defined algorithmi-
cally in the tongue body speed signal as minima during the
first and second vowels, see Fig. 1�a�; Fig. 1�b� shows the
movements of all receivers during this interval. They corre-
spond to the onset and offset of the tongue movement be-
tween the two vowels. We should note that at these points in
time, the horizontal and vertical velocities of the tongue are
usually not zero. This is partly because the kinematic signals
are expressed in a maxilla-based coordinate system, thus the
recorded tongue body movement also includes the contribu-
tion of the jaw. Such a coordinate system is appropriate when
we are interested in the tongue as the end effector

T-tests were used to assess differences between the long
and short consonants for each subject. Given the large num-
ber of comparisons, an �-level of 0.001 was adopted based
on dividing the standard alpha level of 0.05 by the number of
comparisons.

III. RESULTS

The duration of the oral closure for the labial consonant

showed a robust difference with no overlap between the val-
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ues for the short and long ones. The range of durations for
the short consonants was 54–95 ms, while that for the long
ones was 119–165 ms �Löfqvist, 2006�.

A. Tongue body position during the first vowel

Figure 2 presents the tongue body positions during the
first vowel. According to the hypothesis, there should be a
difference in the tongue positions between the long and short
vowel contexts. In particular, it was expected that the tongue
would be in a higher and more front position in the words
with a short consonant /kami, kamee/ than in the words with
a long consonant /kammi, kammee/ due to the influence of
the front second vowel. In the words /kema, kemma/, the
hypothesis predicts a lower and more retracted tongue posi-
tion for the first vowel in /kema/ than in /kemma/ due to the
influence of the second, back, vowel. An inspection of Fig. 2
suggests that the prediction for the words /kami, kammi,
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FIG. 1. �a� Audio and tongue body signals for the word /kami/ with arrows
showing the points used in the speed signal for defining the onset and offset
of the tongue movement between the two vowels. The baseline in the bot-
tom panel with the speed signal represents zero speed. �b� Articulatory
movements from the first to the second vowel in “kami.” The gray line
represents a tracing of the hard palate.
kame, kammee/ is partly supported: The unfilled circles and
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squares are in a lower and more posterior position than their
filled counterparts for four of the subjects 1, 2, 4, and 5. That
is, the vowels in the words with a long consonant are less
influenced by the second vowel than those in the words with
a short consonant. However, for subject 3, the opposite is the
case. For the words /kema, kemma/, the prediction is not
supported for most subjects, since the filled triangles
�/kema/� tend to be in a higher and more anterior position
than their unfilled counterparts for subjects 2, 3, 4, and 5.
The statistical analysis for /kami, kammi/ showed a signifi-
cant difference in horizontal tongue position for subjects 1,
2, 3, and 4 �t=6.4, 10.89, −7.97, 4.32, with p�0.001 in all
cases�. Note however, that for subject 3, the results are op-
posite to the predicted ones. Subject 5 showed no statistical
difference �t=−0.62 ns�. For the vertical tongue position, all
subjects showed a significant difference �t=4.81, 7.3, −5.81,
7.73, 7.28, p�0.001�, again with the results of subject 3
opposite to the predicted ones.

In the words /kamee, kammee/, only subjects 2 and 3
showed a difference in the horizontal position �t=4.81 and
−8.71, p�0.001�, but not subjects 1, 4, and 5 �t=1.17, 0.26,
and −1.85 ns�. Again, the results for subject 3 are opposite to
the predicted ones. For the vertical position, only subjects 2
and 3 showed a significant difference �t=5.94, and −5.06,
p�0.001� but not subjects 1, 4, or 5 �t=3.22, 2.55, 0.94 ns�.
Finally, for the words /kema, kemma/, the horizontal position
was different for subjects 3, 4, 5 �t=10.13, 8.62, and 4.49,
p�0.001�, but not for subjects 1 and 2 �t=−1.17, and
−2.53 ns�. For the vertical position, subjects 2, 3, 4, and 5
showed a difference �t=6.68, −8.46, 12.66, 15.87, p
�0.001�, but not subject 1 �t=−0.34 ns�. Note, however, that
this difference was opposite to the predicted one.

The results for the first vowel thus show that for the low
back vowel /a/, three of the subjects showed some qualified
support for the hypothesis that there would be less vowel-to-

FIG. 2. Tongue body positions during th
vowel coarticulation across a long consonant. However, for
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the front vowel /e/, the opposite pattern was found in four
subjects. Overall, the support for the hypothesis is very
weak.

B. Tongue body position during the second vowel

Figure 3 shows the tongue body position during the sec-
ond vowel. Here, the prediction is that the front vowels /i, e/
would have a lower and more retracted tongue position in the
words /kami/ and /kamee/ due to the influence of the low
back first vowel. For the low back vowel /a/ in /kema,
kemma/ the prediction is that it will have a higher and more
advanced tongue position due to the influence of the first
vowel /e/.

The overall results suggest that there is no reliable dif-
ference in the tongue position during the second vowel as a
function of consonant length. Subject 2 showed the horizon-
tal positions in the words /kamee, kammee/ to be signifi-
cantly different �t=−3.77, p�0.001�. For subject 3, there
was a significant difference in the horizontal position for the
words /kame, kammee/ �t=4.46, p�0.001�, and also for the
horizontal position for the words /kema, kemma/ �t=4.58,
p0.001�. Subject 4 had differences in the horizontal position
for the words /kame, kamme/ �t=−3.48, p=0.001�, and the
vertical position for the words kema, kemma/ �t=5.15, p
�0.001�. Finally, subject 5 only showed a difference in the
horizontal position for the words /kema, kemma/ �t=8.89,
p�0.001�. Of these statistically reliable differences, only
three of them were in the predicted direction, subjects 2, 4,
and 5, but in no case was the difference found for both the
horizontal and vertical positions. For subject 3, the two reli-
ably different results were opposite to the predicted ones.
Overall, the results for the second vowel show no consistent
differences in tongue position as a function of consonant

t vowel �mean and standard deviation�.
length.
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IV. DISCUSSION

This study examined the influence of consonant duration
on vowel-to-vowel coarticulation in Japanese. It was hypoth-
esized that a short intervocalic labial consonant would allow
more coarticulation than a long consonant, in particular since
the duration of a long consonant is about twice as long as
that of a short consonant. The overall results do not show any
strong support for this hypothesis, however. Three of the
subjects showed the expected influence of a following high
vowel on a preceding low back vowel, but one subject
showed the opposite results. There were no effects on the
second vowel. Thus, there was some limited evidence for
more anticipatory influences than carryover effects.

The most likely reason for the small effects is that Japa-
nese speakers adjust the speed of the tongue movement to
maintain a similar, but not identical, coordination of lip and
tongue movements for long and short consonants �Löfqvist,
2006�. That is, the onset of the tongue movement occurs
before the oral closure for the consonant, and its offset oc-
curs after the oral release. As a consequence, the tongue po-
sitions for the vowels in the context of the long and short
consonants are very similar. A further consequence is that the
duration of the tongue movement between the two vowels is
longer when the intervening consonant is long than when it
is short. The magnitude of the movement path between the
two vowels did not vary systematically with consonant du-
ration. Not modulating the speed of the tongue movement
would result in the tongue reaching the intended target for
the second vowel well before the release of the long conso-
nant and it might then have to stop moving. Such a move-
ment pattern would involve successive accelerations and de-
celerations of the tongue that would involve a higher cost of
effort. Thus, speakers avoid excessive accelerations and de-
celerations of the tongue by keeping it moving.

FIG. 3. Tongue body positions during the
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