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1. Introduction

Natural languages organize their utterances into
smaller rthythmical units; i.e. the observation which is
often referred to as “metrical organization”. The specif-
ic phonetic realizations of metrical organizations differ
from one language to another. For example, English
makes use of strong-weak rhythmic alternations by
way of stress (e.g. Liberman and Prince 1977, Prince
1983 et seq.), whereas Japanese primarily makes use of
pitch accent?. The acoustic correlates of English stress
include, for example, increased duration and larger in-
tensity (e.g. Fry 1955, 1958, Plag et al. 2011), whereas
Japanese pitch accent is primarily realized as changes
in FO (Beckman 1986, Poser 1984, Sugito 1998,
Weitzman 1970). The phonology of cross-linguistic
patterns of metrical organization is now well under-
stood largely owing to the development of Metrical
Phonology (e.g. Liberman and Prince 1977, Gordon
2011, Hayes 1995). How English stress is realized
acoustically is also well understood (e.g. Fry 1955,
1958, Gordon 2011, 2014, Plag et al. 2011).

Less well studied, however, are articulatory corre-
lates of metrical structure in natural languages. Several
recent works based on EMA (ElectroMagnetic Articulo-
graph) show that jaw displacement may reflect metri-
cal organization of utterances in English (Erickson et
al. 2012, 2014a, b, Menezes and Erickson 2013, see
also de Jong 1995, Kelso et al. 1985, Vatikiotis-Bateson
and Kelso 1993): the magnitude of metrical promi-
nence correlates well with the magnitude of jaw dis-
placement.

Building on this research program, this paper ex-
plores a yet even less studied area of research; that is,
how Japanese metrical structure is reflected in jaw dis-
placement patterns. We specifically investigate how
three aspects of Japanese metrical features—pitch ac-
cent, foot structure, and phrasal stress—manifest them-
selves in jaw displacement patterns.

2. Background and predictions

We start with a brief discussion of the three metrical
features of Japanese (or potential lack thereof), and
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why it is interesting to study how jaw displacement
patterns interact with them.

2.1 Pitch accent in Japanese

Japanese pitch accent, unlike English stress, pri-
marily manifests itself as a fall in FO, and effects on
other phonetic dimensions such as duration or inten-
sity are minimal, if not non-existent (Beckman 1986,
Pierrehumbert and Beckman 1988, Poser 1984, Sugito
1988, Weitzman 1970). Therefore, one issue addressed
in this research is how Japanese pitch accent is correlat-
ed with jaw displacement patterns; recall that jaw dis-
placement is correlated well with English stress
patterns in such a way that syllables with stronger stress
show larger jaw opening (e.g. Erickson et al. 2012,
2014a, b, Kelso et al. 1985, Menezes and Erickson
2013, Vatikiotis-Baterson and Kelso 1993).

Japanese words can in principle have pitch accent on
any syllable, and they can even remain unaccented (see
Kawabhara, in press, for a recent review). Pitch accent is
phonetically characterized as an HL tonal fall, where
the accented vowel receives H and the following vowel
receives L—accent is represented as ' after the accented
vowel. In addition, words in Tokyo Japanese receive an
LH phrasal initial rise, unless the initial syllable is ac-
cented. Given these characteristics, Japanese shows a
minimal triplet like (1):?

(1) A minimal triplet
a. /hashi-ga/ (LHH) “edge-NOM”
b. /ha'shi-ga/ (HLL) “chopstick-NOM”
c. /hashi'-ga/ (LHL) “bridge-NOM”

One characteristic of Japanese that is relevant to
our study is the fact that the accented H shows a higher
FO peak than the unaccented initial H; e.g. the second
syllable bearing an accentual H tone in /hashi'-ga/
“bridge-NOM” is higher than the second syllable bear-
ing a non-accentual H tone in /hashi-ga/ “edge-NOM”
(Beckman and Peirrehumbert 1988, Venditti 2005). It is
not unexpected, therefore, that the presence of pitch
accent may affect jaw displacement patterns in Japa-
nese, just as in English stress. On the other hand, since
Japanese pitch accent is primarily a matter of FO, it
would not be surprising either if it does not affect the
jaw displacement pattern.

Partly to address this question, Vatikiotis-Bateson
and Kelso (1993, pp. 252-253) studied how Japanese
H-L tones, some of which are associated with lexical
pitch accent, affect jaw displacement, and found that
H-toned syllables had smaller jaw displacement than
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L-toned syllables. However, they did not study the
effect of accent per se?, and did not include pairs that
are minimally different in terms of pitch accent in their
stimulus set. This issue therefore is still a completely
open, empirical question, which needs to be tested ex-
perimentally (see Fujimura 2000, 2003 for the view
that pitch control and jaw displacement may be inde-
pendent of one another).

2.2 Foot structure in Japanese

Feet, as metrical levels above syllables, were first
proposed to account for languages that show alternate
stress patterns (Hayes 1995, Liberman and Prince
1977, Selkirk 1980). It was not clear, however, until the
seminal work by Poser (1990), whether pitch-accented
languages like Japanese possess feet as a part of their
metrical organization. Poser (1990) showed that many
morphophonological word formation patterns in Japa-
nese are based on bimoraic feet. For example, Japanese
hypocoristics (diminutive name forms) are formed us-
ing a bimoraic template; e.g. from a name like /takumi/,
the possible hypocoristic forms include /taku/ + /chan/,
/taa/ + /chan/, and /tac/ + /chan/, but not */ta/ + /chan/.
This role of feet has then been discussed in later phono-
logical works extensively to account for several word
formation patterns in Japanese (Ito 1990, Kubozono
1999, Mester 1990), as well as the distribution of pitch
accent patterns (e.g. Ito and Mester 2012b, Kawahara,
in press, Kubozono 1997).

There is some phonetic evidence for bimoraic feet
in Japanese as well. Despite the bimoraic minimality
condition mentioned above, Japanese possess lexical
items that are monomoraic; e.g. /ki/ “tree”, /mi/ “con-
tent”, and /e/ “picture”. When these words appear in
isolation before a phrasal boundary, they are lengthened
to meet the bimoraic minimality requirement, as in
[(kii)(taoreta)] “The tree fell” (Braver and Kawahara
2014, Higuchi and Haraguchi 2006, Mori 2002). A
recent psycholinguistic experiment by Bennett (2014)
also suggests the existence of feet in Japanese metrical
organization.

Besides the lengthening phenomenon discussed
above, exactly how feet play a role in the phonetic im-
plementation of Japanese is not clear. Ota et al. (2003)
investigated the effect of final lengthening at the foot
level in Japanese, but did not find clear evidence for it.
However, they raised a possibility, though not conclu-
sively, that feet may function as a domain of durational
compensation in Japanese.

As far as we know, however, there are no studies that
investigated the role of feet in the articulatory organiza-
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tion of Japanese. Then, it would be informative to
explore if and how Japanese feet play a role in the
articulatory pattern of Japanese utterances.

2.3 Phrasal stress in Japanese?

The common and dominant view of Japanese proso-
dy is that Japanese deploys FO to express rhythms not
only at the lexical level, but also at phrasal and senten-
tial levels (Pierrchumbert and Beckman 1988, Poser
1984, Venditti 2005; see Igarashi, in press, for a recent
overview). Most researchers do not therefore posit any
English-like stress in the organization of Japanese pros-
ody, either at word-level or at phrasal level. A common
description of English and Japanese is something like
“English is a stress-based language, whereas Japanese
is a pitch-accent language”. It is often implied in this
sort of statement that Japanese does not possess stress
which involves some sort of strong phonetic promi-
nence (longer duration, larger intensity, or larger jaw
displacement).

One notable exception, however, is work by Fujimura
(2003). Fujimura argues that Japanese does possess
stress, in addition to and independent of pitch accent. In
particular, he posits phrase-initial stress in his model of
Japanese articulation. Many languages do show patterns
of phrasal stress—some metrical prominence at the
edges of phrases, and this hypothesis by Fujimura
(2003) has a conceptual appeal of putting Japanese on the
same footing as other languages. As Fujimura himself
often puts it (p.c.), “there are no languages without
stress”. Whether or not Japanese possess stress is an em-
pirical question, which should be investigated indepen-
dent of what is expected from other languages. In sum-
mary, it is an interesting question whether we would see
any evidence of phrasal stress in Japanese, and in this
study we do so through the lens of articulatory studies.

2.4 Summary

To summarize, the current research addresses how
Japanese metrical features are reflected in the articula-
tion, focusing on the following three questions in (2):

(2) The current research questions
a. Does pitch accent affect articulatory patterns

of Japanese?

b. Do metrical feet affect articulatory patterns in
Japanese?

c. Do we see evidence for phrasal stress in Japa-
nese?

The current project started to investigate these ques-

tions using EMA (ElectroMagnetic Articulograph),
which allows us to quantitatively track jaw displace-
ment patterns. We report two experiments that collec-
tively address the questions in (2).

3. Method

The current project took place in two phases: Exper-
iment [ and Experiment II. Experiment II was a fol-
low-up of Experiment I, including all the stimuli
recorded in Experiment I, in addition to some additional
materials. These two experiments are reported together.

3.1 EMA

In this project 3D EMA (Carstens AG500, Japan Ad-
vanced Institute of Science and Technology (JAIST))
was used to measure the amount of jaw displacement
for each syllable in the sentence. One sensor was placed
between the lower medial incisors, and four additional
sensors (upper incisor, nasion, left and right mastoid
processes behind the ears) were used as references to
correct for head movement. The occlusal plane was
estimated using a biteplate with three additional sen-
sors. The articulatory and acoustic data were digitized
at sampling rates of 200 Hz and 16 kHz, respectively.
In post-processing, the articulatory data were rotated
to the occlusal plane and corrected for head movement
using the reference sensors after low-pass filtering at
20 Hz.

The stimuli, together with stimuli for other experi-

Figure 1 A sample mview from Speaker J06. The utter-
ance is /aka-pajama da/ (ut. 8). The bottom panel
shows the jaw displacement. Measurements
were taken for each vowel at the time of maxi-
mum jaw opening, represented by vertical lines.
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ments, were presented sentence-by-sentence in a ran-
domized order on a PowerPoint screen in front of the
speaker. The speaker pronounced each stimulus 6
times, but due to tracking errors or mispronunciation
errors, sometimes number of tokens varied. Custom
software (mview, Haskins Laboratories) was used to
analyze the data. The lowest vertical position (maxi-
mum displacement) of the jaw® with respect to the
biteplane was located for each target syllable of each
utterance. A sample mview screen is shown in Figure 1
to illustrate the measurement procedure. The tracing in
the bottom panel shows the jaw displacement pattern.
For each vowel, we measured where the jaw was most
open. Maximum jaw opening sometimes occurs near
the beginning of the vowel (the first three vowels), or
near the end (the fourth and sixth vowel), or near the
middle (the fifth vowel). The (mis)alignment of maxi-
mum jaw opening and acoustic signals is an interesting
issue (see e.g. Erickson et al. 2014c¢), but the current
research focused on the degree of maximum jaw open-
ing, not its timing.

3.2 Stimuli

Since the magnitude of jaw displacement is non-
trivially affected by vowel height (Kawahara et al.
2014, Keating et al. 1994, Menezes and Erickson 2013,
Recasens 2012, Williams et al. 2013), all of the stimu-
lus sentences were controlled for vowel quality. In
order to examine the effect of pitch accent on jaw dis-
placement (and lack thereof), the stimulus set included
the triplet (inspired by Fujimura 2003) given in (3).
Recall that ' represents the presence of pitch accent on
the preceding vowel.

(3) Accent triplet

a. hashi-ga aru
edge-NOM exists
“There is an edge.”

b. ha'shi-ga aru
chopstick-NOM exists
“There is a chopstick.”

c. hashi'-ga aru
bridge-NOM  exists
“There is a bridge.”

In order to examine the effect of phrasal stress, the
stimulus set also included sentences having only sylla-
bles with /a/:

(4) All/a/ sentences
a. aka-gasa da
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red-umbrella COPULA
“That’s a red umbrella.”
b. aka-pa'jama  da

red-pajima (6(0)
“That’s a red pajama.”

c. da'kara ma'na wa atama'-ga
that’s why ~ Mana-TOPIC  hair-NOM
sarasara da
smooth COP

“That’s why Mana’s hair is smooth”

In addition to those stimuli used in Experiment I ((3)
and (4)), additional stimuli were prepared for Experi-
ment II. In particular, we added sentences with /a/,
which do not end with the declarative /da/ particle®.

(5) All /a/ sentences

a. da'kara ma'na wa atama'ga
that’s why ~ Mana-TOP head
kata'katta
hard-PAST
“That’s why Mana was so stubborn.”

b. da'kara ma'na-wa atama'ga
that’s why ~ Mana-TOP head
kata'katta  ka?

hard-PAST QUESTION
“Is that why Mana was so stubborn?”’

3.3 Speakers

For Experiment I, one female speaker of Japanese in
her 20’s participated. Although she grew up in Hakata,
Kyushu, she speaks Tokyo Japanese in her daily life
without people generally noticing a Kyushu accent. For
Experiment II, two native speakers of Japanese, both
in their 30’s, participated: one male (JO7), a native
speaker of Tokyo Japanese and one female (JO8), a
native speaker of Kanazawa dialect®. All speakers
produced the standard Tokyo accentual patterns for
the hashi triplet”. In terms of their English proficiency,
JO6 was an advanced intermediate, JO7, an advanced
bilingual, and J08, a poor speaker of English.

4. Results

4.1 The accent triplet

Starting with the effect of accent on jaw displace-
ment, Figures 2-4 (J06, JO7, JO8) show the jaw dis-
placement patterns of the minimal hashi-triplet that
differs from one another only in terms of accents. The
y-axis represents the amount of jaw displacement in
mm, measured as a distance from the placement of
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ha'shi (chopstick) hashi’ (bridge) hashi (edge)
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Figure 2 The Jaw displacement patterns of the accentual-
ly minimal triplet by Speaker J06. Y-axis repre-
sents the degree of jaw displacement (mm). The
error bars represent standard errors. To show
observed jaw displacement patterns, different
figures in this paper use different y-axis scale.
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Figure3 The jaw displacement patterns of the accent
triplet, Speaker JO7.

lower incisor and the bite plane. In this figure and oth-
ers throughout this paper, the error bars represent the
standard errors of the means®.

We observe that for none of the speakers are there
any substantial differences among the three sub-figures.
The first syllables in the leftmost sub-figures are ac-
cented, but they are not substantially larger than the
first syllables in the other two figures for these speak-
ers. For Speaker J06, in fact, the first syllable shows the
largest opening in the rightmost sub-figure.

As for Speaker JO8 (Figure 4), the initial syllable is
slightly higher in the left most panel (accented) than the
other two, and the middle syllable is slightly higher in
the mid panel (accented) than the other two. To test
whether these small differences are substantial, jaw
displacement was regressed with accentedness, vowel
quality, and their interactions as independent variables.
The result shows that only vowel quality had a signifi-
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Figure 4 The jaw displacement patterns of the accent
triplet, Speaker J08.

cant effect (t =—7.6, p < .001),not accent (t = 1.5, n.s.)
or the interaction (¢ = —0.5, n.s.). It seems safe to con-
clude that accent patterns per se do not affect jaw dis-
placement pattern.

The small jaw displacement of the second syllable
with respect to the first and third syllables in these
figures may come from the fact that the vowel is a
closed, high vowel /i/, compared to the other two vow-
els /a/ (Erickson et al. 2013, Kawahara et al. 2014,
Menezes and Erickson 2013, Williams et al. 2013). It
may alternatively be that initial and final syllables
receive some sort of prominence, a possibility that we
address with the next set of data.

4.2 Metrical structure and phrasal stress

The following is a discussion of metrical structure
and phrasal stress based on analysis of sentences (4)
and (5), sentences with all /a/.

Figures 5-7 show jaw displacement patterns of
/aka-gasa da/ and /aka-pajama da/. All speakers show
the largest jaw opening in initial and final syllables for
both sentences. It seems likely that this large jaw open-
ing represents the existence of initial and final stress in
Japanese (as argued by Fujimura 2003)°. For possible
evidence of a phrase-final prominence from Japanese
speakers’ L2 speech, see Erickson et al. (2014b).

Regarding the patterning of the non-final syllables,
one idea to model their patterns is to say that initial syl-
lables are highest, and they decline gradually, just like
FO declination (Fujisaki and Hirose 1984, Pierrehumbert
and Beckman 1988, Poser 1984). An alternative idea
that we would like to entertain is that these syllables
(moras) are grouped into bimoraic feet, within which a
strong-weak relation is assigned. By assigning a strong-
weak relationship between feet, we can model the ob-
served pattern. The Liberman and Prince (1977) style of
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akagasa-da
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Figure S5 The jaw displacement patterns of /aka-gasa da/
and /aka-pajama da/, Speaker J06.
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Figure 6 The jaw displacement patterns of /aka-gasa da/
and /aka-pajama da/, Speaker J07.
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Figure 7 The jaw displacement patterns of /aka-gasa da/
and /aka-pajama da/, Speaker JO08.

prosodic phrasing (see also Prince 1980, Selkirk 1980),
as shown in Figure 8, captures these patterns well !9,
One virtue of this approach is that it allows us to
account for the slightly larger opening of /ma/ in the
/aka-pajama da/ sentence with respect to the preceding
/ja/, by positing a metrical organization illustrated in

LESS

et N

L —

kla pa jla rrLa da

Figure 8 Possible foot-based analyses of the jaw displace-
ment patterns in Figures 5,6 and 7. “s” = strong;
“w” = weak. /da/ is the strongest of all, perhaps
receiving special phrasal stress, and therefore it
remains unmarked.

Figure 8(b)—/ma/ may be metrically stronger than
/ja/"V. Admittedly this evidence for the effect of feet on
jaw displacement is post-hoc and does not offer a
conclusive argument, but we would like to suggest this
possibility for future discussion.

Figures 9—11 show the jaw displacement patterns of
long sentences consisting of /a/ (recall that Speaker JO6
produced only one sentence of this type). These sen-
tences are less straightforward to interpret than the
other two simple sentences. We start with the first two
speakers, Speakers JO6 and JO7.

Overall, both of the speakers behave similarly in that
sentence-final jaw opening is larger than phrase-final
jaw opening (no matter what the final syllable), sug-
gesting that Japanese possesses sentence-final stress.

For the sake of analysis, let us posit the following
phrasing' in (9) for Speakers J06 and JO7, which
makes sense from the syntactic perspective: the first
phrase contains topic phrases; the second phrase con-
tains the nominative phrases; the final phrase contains
the predicates.

(€))
a. (dakara mana wa)(atama ga)(sarasara da)
b. (dakara mana wa)(atama ga)(katakatta)
(dakara mana wa)(atama ga)(katakatta ka)

Given these phrasings, we observe that both speakers
show final prominence at the end of each phrase,

dakara manawa atamaga sarasara da

Jaw displacement (mm)

18 20 22 24

flasaliaiizemnl

Figure 9 The jaw displacement pattern of /dakara mana-wa atama-ga sarasara-da/, Speaker J06.
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dakara manawa atamaga katakatta ka?
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Figure 10 The jaw displacement patterns of the long sentences consisting of /a/, Speaker J07.

although the sentence-final stress is stronger. Concrete-
ly, we observe some prominence on /wa/, /ga/, and
/da, ta, ka/. Among these three syllables, the sentence-
final prominence on /da, ta, ka/ is largest, suggesting
that Japanese possess phrase-final stress, as well as
sentence-final stress, the latter of which is stronger.

However, unlike those in Figures 5-7, they do not
show clear phrase-initial jaw opening, except in sen-
tence-initial position: in the second and third phrases,
none of the initial syllables show clear large jaw open-
ing. Also for these speakers, the first two sentence-
initial syllables (i.e., /daka/) show large jaw opening.
It may be the case that there is sentence-initial stress,
but not phrase-initial stress.

Now let us consider Speaker JO8, who shows slightly
different patterns. As shown in Figure 11, she shows
consistent large jaw opening on /ra/ at the end of
/dakara/. This speaker may have phrased /dakara/ sepa-
rately from /mana-wa/. Also, she does not show large
opening at the end of the nominative phrase /atama ga/.
It is possible that Speaker JO8 groups the nominative
phrase and the predicate in the same phonological
phrase, as in (10).

(10)
a. (dakara)(mana wa)(atamaga sarasara da)
b. (dakara)(mana wa)(atamaga katakatta)
c. (dakara)(mana wa)(atamaga katakatta ka)

We acknowledge that it is dangerous to speculate
on phrasal patterning for each speaker based on jaw
displacement patterns, and argue for the effect of phras-
ing on jaw displacement patterns at the same time.
Nevertheless, what is consistent across the three speak-
ers is large opening on those vowels that end a syntactic
phrase, hence, likely a phonological phrase (/dakara/,
/mana-wa/ and sentence-final particles), rather than
elsewhere. We do not observe prominence in any sylla-
bles that are in the middle of syntactic/phonological
phrasing (e.g. /na/ in /manawa/ or /ta/ in /atama/).

To summarize, in all sentences that consist of /a/ we
observed phrase-final large prominence, in particular,
in sentence-final position. We tender this as evidence
that Japanese possesses phrase-final and sentence-final
stress. All the sentences recorded in this experiment
also show evidence for sentence-initial stress, but per-
haps not phrase-initial stress.
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dakara manawa atamaga sarasara da
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dakara manawa atamaga katakatta

17 18 19 20

Jaw displacement (mm)
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a ta ka tta

dakara manawa atamaga katakatta ka?

20

Jaw displacement (mm)
16

a

Figure 11

One question raised by John Kingston (p.c.) regard-
ing the current conclusion is whether this “stress”
shows similar phonetic correlates as contrastive focus,
as contrastive focus realizes by way of strong promi-
nence, e.g., phrasal stress in languages like English. We
find this to be a very interesting question. Erickson et
al. (2000) report an experiment that addresses this is-
sue. They found that (i) Japanese jaw displacement is
not exaggerated as much as English, but that (ii) /a/ and
/e/ do show magnified jaw displacement when focused,
whereas /i/ does not. These patterns seem to be compat-
ible with what we observe in the current study, and
hope to investigate this issue further.

5. General discussion

Our current study is exploratory, as there has not
been much work on the relationship between metrical
structure and jaw displacement in Japanese. Therefore,
our conclusions remain tentative.

However, despite the limited number of speakers

a ta ka tta ka

EElfsEesssessEEE

The jaw displacement patterns of the long sentences consisting of /a/, Speaker J08.

who participated in this study, we found some patterns
that are consistent across speakers. First, we observed
little if any effects of pitch accent on jaw displacement.
This result may not be a surprise because Japanese
pitch accent is primarily a matter of FO; Fujimura
(2003) also explicitly modeled the implementation of
FO patterns and jaw movement patterns separately. At
any rate, we have found an intriguing cross-linguistic
difference: whereas English stress is known to affect
jaw displacement patterns, Japanese pitch accent does
not (for the effect of English stress on jaw displacement,
see Erickson et al. 2012, 2014a, b, Kelso et al. 1985,
Menezes and Erickson 2013, Vatikiotis-Bateson and
Kelso 1993, de Jong 1995).

Also, for (short) sentences with /a/, we observed
some sort of “declination” in which jaw opening starts
large and decreases gradually. We entertained a possi-
bility that this apparent declination pattern may arise
from the foot structure of Japanese, although we need
to remain tentative about this hypothesis. There is a
simple, equally plausible declination analysis as well.
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Finally, the current experiments seem to find good
evidence for phrase-final and sentence-final stress in
Japanese, in that we constantly observe large jaw open-
ing in the final syllables; the evidence for phrase-initial
prominence was less consistent but nevertheless ob-
served in some sentences. In sentences that consist of
multiple phrases, we found large jaw opening at the end
of each phrase, and the sentence-final stress is more
prominent than sentence-internal prominence. We
found these final prominence patterns throughout our
results, regardless of the type of sentence-final parti-
cles. Japanese, then, is possibly a language with stress,
as envisioned by Fujimura; “there are no languages
without stress”.
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Notes

1) Sometimes within a single language (like English),
the term “stress” is used to refer to word-level promi-
nence, whereas the term “pitch accent” is used to refer
to phrase- or utterance-level prominence (see Gordon
2014 for an overview). This paper uses “stress” for the
prominence observed both at word- and phrasal-level (in
English and Japanese), and uses “pitch accent” to refer to
Japanese lexical accent.

2) For the sake of exposition, this paper uses romaji-
transcription instead of IPA transcriptions. We use phe-
nomic // marks to represent sounds, except when phonet-
ic details are relevant.

3) It seems that they did not distinguish between H*L
accent which are associated with lexical accent and other
phrasal accent (e.g. initial LH). They say “in this study,
tone level rather than accent is treated as the relevant
binary variable analogous to the stress distinctions used
for French and English” (p. 235). Our experiment differs
from this strategy in that it directly tests the effect of
pitch accent by making a triplet that differs only in pitch
accent.
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4) By measuring the distance from the occlusal plane
to maximum amount of jaw opening in the syllable, we
account for differences in palate shape across different
speakers. Also, we do not average jaw displacement
across speakers, since we are interested in differences
across the speakers.

5) Also included were sentences with syllables /e/, /o/ and
/i/. (We were unable to create natural Japanese sentences
consisting of only syllables with /u/.) However, these
sentences are not discussed here due to space limitation.

6) JO7 is the first author of this paper, and this is partly
due to the fact that it is difficult to find a speaker who is
willing to participate in an EMA experiment. While we
admit that this use of our own speech is not ideal, we also
assume that we cannot consciously control details of jaw
displacements. Again we interpret JO7’s results cautious-
ly, and invite the readers to replicate our results.

7)  We checked against the pitch contours, although we
cannot show them in this paper due to space limitation.
8) We feel it is important to continue to use bargraphs,
instead of line graphs, to display the results, since we
are working within the framework of the C/D model
(Fujimura (2000), see also Erickson et al. (2012) and oth-
er related works), in which patterns of jaw displacement
represent syllable pulse patterns, reflecting patterns of

syllable magnitude in an utterance.

9) This sentence-final jaw-opening is observed in Fig-
ure 2 of Vatikiotis-Bateson and Kelso (1993). Their data,
which shows reiterant speech on /ma/ for the sentence
/obaasan wa momo o hirotte, ie ni motte kaerimashita/,
is consistent with our data.

10) The recursive footing of /pajama/ in Figure 5(b) is not
what is usually assumed in the phonological literature; it
is often assumed that /paja/ are footed, and /ma/ is direct-
ly attached to the PrWd (Ito and Mester 1992/2004). On
the other hand, it does not seem to us that positing this
recursive footing is too radical either. However, we also
reiterate that our proposal about using feet to explain the
pattern in Figure 8(b) is tentative.

11) An alternative explanation emerged from another
research of ours (Kawahara et al. 2014): coronals inhib-
it more jaw displacement than labials, and obstruents
inhibit more jaw displacement than sonorants (see also
Vatikiotis-Bateson and Kelso 1993: 240). Given this, the
larger jaw displacement of /ma/ with respect to /ja/ may
come from these consonantal effects.

12) There is a question about exactly which phrase of met-
rical organization that this “phrase” refers to. Since there
are a number of different, competing theories on prosodic
organization in Japanese, we would like to remain neutral
about it, although we suggest that we are talking above
a phrase that is right above Word; i.e. Minor Phrase
(McCawley 1968), accentual phrase (Pierrehumbert and
Beckman 1988, Venditti 2005), or simply, (phonological)
phrase (Ito and Mester 2012a).
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