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Hirata and Whiton [J. Acoust. Soc. Am. 118, 1647-1660 (2005)] found an invariant durational structure for
Japanese stop quantity distinction in two- and three-mora words across different speaking rates. The present
study examined whether their finding extends to include fricative and affricate quantity distinctions and three-
and four-mora words. Stimuli were stop, fricative, and affricate contrasts in four types of words, including (1) a
long vowel (e.g., ka.so.0 vs. ka.s.s0.0), (2) a moraic nasal (e.g., ji.se.n vs. ji.s.se.n), (3) CV sequence (e.g.,
ho.so.ku vs. ho.s.so.ku), and (4) shorter words (e.g., i.shi vs. i.s.shi), spoken in isolation at three speaking rates
by four native Japanese speakers. Duration of contrasting obstruents, words, and the interval between the onsets
of the first and the second vowels (VOI1) was measured. Results indicated durational patterns similar to those
found previously for stop contrasts. In addition, duration of words, regardless of their segmental composition,
reflected well the number of moras they contained. Finally, the ratio of the contrasting obstruent to the word and
the ratio of the VOII to the mean mora duration were useful in classifying the singleton and geminate categories
across rates. [Supported by Grant-in-Aid for Scientific Research, JSPS]

1 Introduction

This study aims at best characterizing the durational
structure of Japanese singleton and geminate consonants in
various lengths of words spoken in isolation at three
speaking rates. The study searches for an invariant
durational structure in spite of variability and specific
effects caused by factors such as speaking rate, word
length, and syllable types. Previous studies have reported
various durational effects of consonants, vowels, and
syllable types, as well as effects of pitch accent and other
non-durational variables on the acoustic structures of
singleton and geminate consonant distinctions. However, it
is not clear whether there is a single invariant durational
structure despite these various effects. Searching for an
invariant structure is important as it addresses not only
theoretical issues such as testing the acoustic invariance
theory [13], but also issues related to non-native speakers’
acquisition of Japanese speech timing [4, 8, 14]. If there are
only specific effects and ad hoc rules, we might wonder
whether non-native speakers have to learn all these specific
rules separately, or whether one single general rule exists
and this rule can encompass minimal and necessary tactics
that enable them to make these quantity distinctions
accurately. The latter case would be more useful and
parsimonious from non-native speakers’ practical points of
view. It is possible that effective training methods for non-
native speakers may simply fall out of our complete
understanding of native Japanese speakers’ production and
perception mechanisms.

The present study examined two durational ratios as well as
absolute duration of obstruents (stops, affricates, and
fricatives) contrasting in quantity. The first ratio examined
was duration of contrasting consonants over the entire word
(C/W ratio). The major purpose of examining C/W ratio
was to determine whether it can serve as a reliable indicator
for the distinction of singletons and geminates. In [5], C/W
ratio was the best indicator of stop quantity distinction
among the several measures examined. They proposed that
C/W ratio is a linguistically meaningful unit that is
predictable from the traditional mora weighting. For
example, C/W ratio of a singleton consonant in a CV.CV
word should be 0.25 (= 0.5 mora/4 moras), and that of a
geminate consonant in a CV.C.CV word should be 0.5 (=
1.5 moras/3 moras; a geminate is expected to weigh one
mora plus half of the next mora [2]). Thus, the C/W ratio
boundary that best classifies the two categories is expected
to be somewhere in between. The actual data showed that
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the C/W ratios were 0.24 for singletons and 0.48 for
geminates, and that the optimal boundary of 0.35 classified
the two categories with 96-98% accuracy. However, [5]
examined only quantity distinction for stops (/t/-/t/ and /k/-
/ki/) and only in disyllables (i.e., two- and three-mora
words) spoken in sentences. The present study sought to
find whether the results are replicable in different contexts,
examining a wider variety of obstruents contrasting in
quantity (/t() k() ¢() dz() f¢:) s(:)/) in longer words
containing three- and four-moras. According to the
traditional mora weighting, we would expect C/W ratio to
be 0.167 (= 0.5 moras/3 moras) for singletons in three-mora

words (CV.CV.CV, CV.CV.V, CV.CV.N; N=moraic
nasal), and 0.375 (= 1.5 mora/4 moras) for geminates in
four-mora words (CV.C.CV.CV, CV.C.CV.V,

CV.C.CV.N). We would expect, then, that the optimal
boundary to be around 0.27. The present study examined
whether these predicted ratios were indeed found in our
data, and whether this unit can serve as a good indicator of
quantity distinction across different speaking rates.

The second ratio examined was the duration of a vowel
onset interval over the mean mora duration (VOI1/Mmora).
The mean mora duration was calculated by the word
duration divided by the number of moras it contained. If
vowel onsets form the fundamental unit that clearly
indicates equal beats of moras in Japanese, the
VOI1/Mmora values should roughly correspond to 1 and 2
for those including singletons and geminates, respectively.
In this vowel onset mora hypothesis, “VC” is a basic unit of
timing in CVCV... sequence, and contrasts with the
traditional notion that “CV” is a unit of mora that should
indicate equal length. There are several reasons for
investigating this “VC” unit as a possible index of
durational invariance [9, 10]. In [9] vowel onsets, but not
offsets, were found to be used in native speakers’ detection
of speaking rates when hearing Japanese words. [10] also
noted the crucial role of VC as a perceptual timing unit for
Japanese. Other studies [1, 3] examined the vowel onset
intervals in native speakers’ production of Japanese
disyllables, and found that they reflected the structure of
moras clearly. The present study extended this investigation
to include words of longer lengths.

In addition to the two ratios described above, the present
study examined absolute duration of words and consonants
contrasting in quantity. Absolute duration is useful to
measure because it is expected to reflect speaking rate
variations, as well as to indicate the amount of overlap
between the contrasting consonant duration.



2 Methods

2.1 Stimuli

Stimuli were 58 words that contrast in consonant quantity.
These words fell into four word types: CV, VV, N, and SH.

CV included 16 three-syllable words: CV.(C.)CV.CV. The
singleton words in this word type included three moras in
them, and the geminate words included four moras. The
geminate consonant always appeared between the first and
the second syllables, e.g., /hos:oku/.

VV included 24 two-syllable words in which the last
vowels were always long: (C)V.(C.)CV.V. The singleton
words in this word type had three moras, e.g., /kaso:/, and
the geminate words had four moras, e.g., /kas:o:/.

N also included 8 two-syllable words in which the last
segment was always the moraic nasal: (C)V.(C.)CV.N. The
singleton words had three moras, e.g, /iken/, and the
geminate words had four moras, e.g., /ik:en/.

SH (which stands for shorter numbers of moras;
[(C)V.(C.)CV]) included 10 two-syllable words, and the
singleton and geminate words had two and three moras,
respectively, e.g., /satfi/ and /satf:i/.

All of these four types had pairs of words that contrast in
stops, affricates, and fricatives, except for type N lacking
affricate pairs. These words were spoken by two female and
two male native speakers of Japanese who are
professionally trained. These speakers spoke all of the
above words in isolation at three speaking rates: slow,
normal, and fast. Thus, a total of 696 tokens (= 29 pairs x 2
lengths x 4 speakers x 3 rates) were analyzed.

2.2 Analyses

For each of the above 696 tokens, duration of words,
contrasting consonants, and the interval between the onsets
of the first and the second vowels (VOI1) was measured.
For details of measurement criteria, see [6]. The criteria
were similar to those used in [5] to which this study was
compared, but there was one notable difference between the
two studies. Duration of stop consonants /t(), k(:)/ in the
present study included the stop closure and voice onset time
(VOT), but in [5], it only included the stop closure. VOT
does not significantly differ between singleton and
geminate stops, and Japanese VOTs are middle-lag [12].
Therefore, this measurement difference would yield only
small differences, if any, in comparing the two studies.

Two ratios were calculated: C/W ratio and VOI1/Mmora.
C/W ratio was the durational ratio of the contrasting
consonants to the entire words. VOI1/Mmora was the ratio
of VOI1 to the mean mora duration. The mean mora
duration was calculated by dividing the word duration by
the number of moras in the word.
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3 Results

3.1 Word duration

Port et al. [11] and others have shown that duration of
words in Japanese corresponds closely with the number of
moras the words contain. There have been abundant data
showing that duration of words increases proportionately to
the number of moras, and not to the number of syllables.
From these previous studies, we predicted for our data that
word duration should be longer for the greater numbers of
moras in the words (i.e., four-mora words > three-mora
words > two-mora words). We also predicted that duration
should be similar within the words of the same number of
moras, despite the differences in their segmental
compositions. That is, duration of three-mora words, for
example, (C)V.C.CV (including geminates), CV.CV.CV
(all short segments), CV.CV.V (including a long vowel),
and CV.CV.N (including the moraic nasal), should all be
similar. These predictions were indeed found to be the case,
as Fig. 1 indicates. Within the three-mora words, word type
VV,ie., (C)V.CV.V, was longer than the other word types,
and word type N had the shortest word duration. A similar
pattern was found for the four-mora words. However, these
differences across word types were rather small, compared
to the differences by the number of moras of the words.

1200

1000 +

800 -

600 -

Word duration (ms)

400 +

200 +

Fig.1 Duration of words as a function of the number of
moras. Dark, striped, and white bars represent duration of
words with two, three, and four moras (2M, 3M, and 4M),

respectively. Vertical bars represent one standard deviation
from the mean. The diagonal line across the entire panel
shows the word duration mean for each number of moras.

3.2 Contrasting consonant duration
3.2.1. Effects of rate, quantity, and word type
Analysis of variance (ANOVA) was conducted on duration

of consonants that contrast in quantity. Word Type (CV,
VV, N, SH), Rate (slow, normal, fast), and Quantity
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Contrast duration (ms)

(singleton, geminate) were repeated-measures factors. A
significant main effect of Quantity assured that geminate
consonants were, on average, significantly longer than
singletons. A main effect for Rate was found, indicating
that consonant duration reflected the three distinct speaking
rates: duration of consonants was longer for the slow than
normal rate, and longer for the normal than fast rate. In
addition, a significant Rate x Quantity interaction was
found. The durational difference between the geminates and
singletons was greater for slower speaking rates (Fig. 2).
The geminate consonants lengthened with slower speaking
rates to a greater extent than the singletons did.

The ANOVA also showed a significant effect of Word
Type. The mean duration of the contrasting consonants was
242 ms for VV, 241 ms for SH, 229 ms for N, and 206 ms
for CV. Multiple comparisons (LSD) indicated that the
consonant duration for word type CV was significantly
shorter than that in all the other word types. The consonant
duration in word type VV was longest among the four, and
it was significantly longer than that in N and CV, but not
significantly longer than that of word type SH. There was
no significant difference between the consonant durations
for word types SH and N. However, the durational
differences among the word types were smaller, compared
to the other effects. For example, all of the mean durations
were longer for VV than CV (the left 12 bars), but this
difference was small, compared to the robust Rate and
Quantity interaction.

Another point worthy of note in Fig. 2 is that absolute
duration of geminates and singletons can overlap when
comparing across the three rates. For example, the mean
duration overlaps between the fast geminates and the slow
singletons approximately in the 180-220 ms range. Thus, if
we are to search for invariant durational structures that are
reliably associated with singletons, on the one hand, and
geminates, on the other, absolute duration is not a good
indicator. This problem motivates examination of
durational ratios as other (and perhaps better) indices.

Contrast duration by word type, rate, and quantity
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Fig.2 Contrast duration by word type (CV/VV/N/SH), rate
(slow/normal/fast), and quantity (S=single / G=geminate).

3.2.2. Optimal
duration

boundaries for contrasting consonant

Before moving on to the examination of ratios, it is
important here to determine how well the contrasting
consonant duration alone can serve as an indicator for
classifying the singleton and geminate categories across
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different speaking rates. For this, optimal boundaries were
computed by counting the number of misclassified tokens
according to each criterion millisecond value within the
range of overlap between singletons and geminates. We
determined optimal boundaries separately for each word
type in order to find whether similar values could be
obtained. The results are shown in the top third rows of
Table 1. Classification accuracy was in the range of 87.8-
90.6% if absolute duration alone was used to classify the
single and geminate categories. The optimal boundaries
differed across different word types. These results will be
compared with those based on ratio values in subsequent
sections.

Word Optimal Percentage  Classification
Type  Boundary  Misclassified Accuracy
CV  148-150 9.4% 90.6%
Conso- vy 203-204 12.2% 87.8%
nant
Dur. N 205-208 10.4% 89.6%
(ms)
SH  250-253 11.7% 88.3%
le\% 0.25 1.0% 99.0%
oW vV 0.30 5.6% 94.4%
ratio N 031-034  2.1% 97.9%
SH  0410r042 11.7% 88.3%
CV  1.32-1.51 0% 100%
vorl/ VV  1.48-1.50 0.7% 99.3%
Mmora ;1 .54.1.59 1.0% 99.0%
SH 1.63 0% 100%

Table 1 Optimal boundaries for contrasting consonant
duration, C/W ratio, and VOI1/Mmora computed in each of
the four word types

3.3 C/W ratio

3.3.1. Effects of rate, quantity, and word type

The first two goals of examining C/W ratio were (1) to
determine whether and how this unit is affected by the
speaking rate and the word type, and (2) to determine
whether the predicted ratios of 0.17 and 0.38 were indeed
found in our actual data of three- and four-mora words, as
well as the predicted ratios of 0.25 and 0.50 for two- and
three-mora words. ANOVA was conducted with Word
Type (CV, VV, N, SH), Rate (slow, normal, fast), and
Quantity (singleton, geminate) as repeated-measures
factors. Results indicated that the two factors, Quantity and
Word Type, significantly affected the C/W ratios. As
expected, values were consistently greater for geminates
than singletons. Since word type SH was of two- and three-
moras and the other word types were of three- and four-
moras, we had expected that the C/W ratios were greater for
SH than for the others, and this was found to be the case.
Among word types, CV, VV, and N, the mean C/W ratios



were greatest for N (0.32), second greatest for VV (0.30),
and smallest for CV (0.26). A significant Word Type x
Quantity interaction was found. Fig. 3 shows the mean C/W
ratios for singletons and geminates for each word type. The
dashed lines show the predicted ratios from the traditional
mora weighting for two/three-mora words (right; 0.25 for
singletons; 0.50 for geminates) and for three/four-mora
words (left; 0.17 for singletons; 0.38 for geminates). The
values for singletons were somewhat greater than expected,
but those for geminates were close to the expected values.
The solid horizontal lines in Fig. 3 show the expected
boundaries between the singleton and geminate categories
for two/three-mora words (right) and for three/four-mora
words (left). ANOVA also revealed no significant main
effect for Rate, indicating that speaking rate did not have a
major role in characterizing the quantity distinction with
C/W ratios. This is a good thing if we are to look for an
invariant, reliable classifier in the face of speaking rate
variations. A Rate x Quantity interaction was found to be
significant, indicating that the C/W ratios were affected by
speaking rates more for geminate words (0.42, 0.40, and
0.39 for slow, normal, and fast rates, respectively) than for
singleton words (0.24, 0.24, and 0.25). However, as these
values indicate, the difference was quite small.

0.6

C/W ratios

A%
Word types and quantity

Fig.3 C/W ratios for each word type. The two horizontal
dashed lines above CV, VV, and N represent the predicted
ratios of 0.17 and 0.38 for singletons and geminates in
three- and four-mora words, respectively, and the solid line
represents the predicted boundary of 0.27. The two
horizontal dashed lines above SH represent the predicted
ratios of 0.25 and 0.50 for singletons and geminates in two-
and three-mora words, respectively, and the solid line
represents the predicted boundary of 0.38.

3.3.2. Optimal boundaries for C/W ratio

The third goal of examining C/W ratio was to determine
whether this unit can serve as a good indicator for
accurately classifying the singleton and geminate categories
across different speaking rates. Just as done for absolute
duration in the previous section, optimal boundaries for
C/W ratio were computed. Table 1 (in the middle rows)
shows the classification accuracy with C/W ratio optimal
boundaries for four word types. The highest accuracy of
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99.0% was obtained for CV word type. Compared with the
accuracy based on absolute duration, C/W ratio served as a
better indicator of the quantity distinction for word types
CV, VV, and N, and this result is consistent with those in
[5]. Compared with the predicted C/W optimal boundary of
0.27 for three- and four-mora words, the obtained optimal
boundaries were somewhat greater for VV (0.30) and N
(0.31-0.34), and smaller for CV (0.25).

The results of SH word type differed from the other three
word types in that its classification accuracy did not
improve with C/W ratios, compared to the accuracy based
on absolute duration values (both 88.3%). With the optimal
boundary of 0.41, eight out of 60 singleton tokens would be
incorrectly classified because their values were above 0.41.
Those eight were tokens of the word /ifi/. The inherently
long duration of /f/ and the inherently short duration of /i/ in
this word must have contributed to the greater-than-average
C/W ratios. Some of these discrepancies between the
present results and those of [5] might be the contexts in
which these words were spoken (isolated words in the
present study vs. words in a carrier sentence in [5]).
Overall, a follow-up study with a greater number of words
with more balanced segments might clarify this
inconsistency.

3.4 Vowel onset interval / mean mora

3.4.1. Effects of rate, quantity, and word type

For VOI1/Mmora, a significant main effect of quantity was
found, and indicated that the ratio was greater for geminates
than singletons: 2.01 vs 1.11. Note that these mean values,
respectively, roughly correspond to their numbers of moras
in the intervals, i.e., 2 vs. 1. A main effect of rate was not
significant, indicating that the above mean ratios were not
affected by speaking rates. There was a significant main
effect for Word Type. The VOI1/Mmora ratios were 1.68
for word type N and 1.61 for word type SH, significantly
greater than 1.56 for word type VV. The ratio for word type
VV, in turn, was significantly greater than word type CV
(1.41). Note that these mean VOI1/Mmora ratios were the
average of geminate and singleton words, and therefore,
falling between 2 and 1. There was also a significant Word
Type x Quantity interaction. Fig. 4 shows the mean
VOI1/Mmora values separately for singleton and geminate
words for each word type. The difference between the
values of singleton and geminate words was greatest for
word type N (0.96), then second greatest for word type CV
(0.92), third for word type SH (0.90), and the smallest for
word type VV (0.84). As seen in Fig. 4, however, all of the
word type values for singleton words were close to 1 (this
predicted value is marked with the lower dashed line), and
those for geminate words were close to 2 (the upper dashed
line), and the differences were those of a small degree. Fig.
4 also shows the boundary of 1.5 (marked with a solid line)
between the singleton and geminate words. The boundary
line clearly distinguished the two categories.

3.4.2. Optimal boundaries for VOI1/Mmora

To further investigate how accurately VOI1/Mmora can
distinguish the two categories of singleton and geminate
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words, optimal boundaries were computed. Investigation of
optimal boundaries was concerned with accurately
classifying not only the means but also every token into the
two categories. Table 1 (the bottom rows) shows the results
of optimal boundary for each of the word type. The optimal
boundaries for all of the four word types were close to 1.5,
and with those boundary values, the two categories of
singletons and geminates were classified with 99.0-100%
accuracy. This accuracy is higher than those obtained from
C/W ratio and absolute duration of contrasting consonants
(upper rows in Table 1). This means that VOI1/Mmora is
the most useful measure in characterizing the singleton and
geminate categories across different speaking rates and
different word types.

g
NN
>0.5% \ \

i s ‘ G| S ‘ G| S ‘ G

Word types and quantity

Fig.4 The mean values of VOI1/Mean Mora for all word
types. The lower and upper dashed lines represent the
predicted ratios of 1 and 2 for singletons and geminates,
respectively, and the middle solid line represents the
predicted boundary of 1.5.

4 Conclusions

In summary, absolute duration of words and contrasting
consonant was well structured within each rate, as well as
reflecting their speaking rates. There was also a significant
amount of overlap between singleton and geminate words,
although this overlap was not as much as that found in [5].
An overlap in absolute duration is problematic in
characterizing two phonemic categories of singletons and
geminates. However, less overlap was found when C/W
and VOIl/Mmora ratios were examined. Accuracy with
C/W ratio was higher than that with absolute duration of
contrasting consonants in three of the four word types (CV,
VV, and N). Furthermore, VOI1/Mmora classified the two
phonemic categories with highest accuracy (99.0-100%) for
all of the four word types. Although small differences of
VOI1/Mmora were found across word types, it worked well
to classify the two categories clearly. Further studies are
necessary to examine this production results in comparison
with perceptual proclivity [7].
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