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Abstract

This paper examines the durational characteristics of a corpus of Japanese speech from the point-of-view of the syllable-
timing hypothesis. Japanese is clearly a mora-timed language, but there is evidence of syllable- level timing control that
is comparable to that found for English. In particular, vowels stretch to fill the syllable frame and show accommodation
with the special mora that occupy the same syllable. We show that although syllable duration is affected to some extent by
changes in the phonemic composition, there is a strong top-down effect that governs individual segment durations. However,
unlike English, we show that consonants in Japanese are much more robust against durational change from the syllable level,
and that most of the accommodation is absorbed by the vowels in Japanese speech.
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1 Introduction - Higher-level Timing Control

The phonetic and pragmatic contexts in which speech sounds are realised can have considerable influence on
segmental timing. Part of the variation can be accounted for by the mechanical processes of speech production and
by taking into account the movements of the articulators involved. For example, the jaw is more massy and slower
in its movements than the tongue tip, so we can expect that sounds which depend on jaw movement, such as open
vowels, might tend on average to be longer in duration than those which require less jaw movement, such as close
vowels [1, 2]. Similarly, sounds which depend primarily on rapid articulator movements, such as flaps and dental
taps, might tend on average to be shorter in duration than those such as fricatives which require more prolonged
alignment of the articulators. We can thus account for a large part of the variation in speech timing processes
by phonetic factorisation according to place, manner, and context of articulation. However, it is not possible to
account for all the timing variation by phonetic considerations alone; mmch of the expression of meaning in speech
is controlled by prosodic variation, and higher-level timing control has been shown to play a large part in such
distinctions [3, 5, 6].

A model has been proposed to account for speech timing in English according to the joint principles of elasticity
and accommodation [7]. It shows that variation in the durations of individual speech sounds can be accounted for by
a multi-level process of accommodation in which syllable durations are first calculated from higher-level knowledge
about the discourse context and the syntactic and semantic composition of the utterance, and then their component
segments are accommodated into this syllable-level durational framework according to the principle of elasticity
[6]. Under the elasticity principle, individual segments are assumed to stretch or shrink uniformly in duration, so
that they conform to the higher-level timing framework.

In other words, phoneme durations are derived as a secondary process from the syllable durations, rather
than syllable durations simply being the sum of their independently-determined component phoneme durations.
This process is not inflexible though, and has been shown to include some two-way influences, such that syllables
composed of inherently longer phonemes tend to be slightly longer than predicted, and those composed of inherently

“shorter phonemes may be shorter. However, the overall rhythm determined by the syllable-level timing control
predominates. for text-to-speech synthesis, this model produces better timing control as it prevents prediction



errors from accumulating to disturb the rhythms of the speech, and isolates any errors within a given level.

In this paper, we will not be concerned with the prediction of higher-level timing patterns, since these require
access to information about the structure and intended meaning of each utterance, but will instead examine a
database of segmented Japanese speech and attempt to account for its durational variation under the syllable-level
accommodation framework. That is, we will take the syllable durations as given, and examine the evidence for
accommodation on the basis of local durational variation alone. Although the syllable-level timing model was
developed for English, we will show that similar accommodation can be seen in the data from the Japanese speech.

Japanese and English have very different durational characteristics, but they have many similarities at the seg-
mental level, and we will start by examining these. Section 2 presents a summary of English phoneme dirstibutions
and shows that similarly articulated sounds in Japanese have similar ‘inherent’ durations. Section § examines the
syllable structure of Japanese speech, with reference to the predominant moraic description, and shows that simi-
lar processes of accommodation can be seen. Section 4 shows the extent to which these durational characteristics
can be prdicted by statistical methods. The paper finishes with discussion of syllable influence on the timing of
Japanese speech.

2 Segmental Duration Characteristics

To the casual observer the timing patterns of Japanese and English sound very different: we have the impression of
fast, regular, almost clipped speech in the former and of “waves of prominence’ in the latter, and the two languages
have been cited as polar examples of quite different stress-based and syllable-based timing structures [9]. However,
direct comparison of the segmental durations of the two languages fails to reveal much about these differences, and
it is in their syntagmatic structuring, rather than in any inherent or paradigmatic characteristics that the difference
can be found.

Figure 1 (from [8]) shows the durational distributions of four male and four female Japanese speakers reading
503 phrase and sentence-length excerpts from Japanese newspapers and magazines, and compares them with
equivalent durations measured from two male and two female speakers of British English (RP) reading 200 similarly
constructed sentences. There appears to be surprisingly little difference at this level between the two languages.

Figure 3 about here

In order to visualise the more abstract ‘timing’ effects separately from the physical ‘durations’, which are
dependent on phone type and local phoretic context, we can employ a procedure of normalisation borrowed from
the social sciences. The ‘z-score’ transform allows us to factor out predictable contextual differences by expressing
the durations on a scale from ‘long’ to ‘short’, with the ‘average’ being the centre-point. This measure of lengthening
is independent of any phoneme-specific features of length. By calculating the averages separately for each class of
context we factor out predictable effects such as the longer duration of an /a/ compared to that of an an /u/, and
consider instead the ‘lengthening’ they undergo in common as a result of higher-level contextual effects.

To determine the z-score for each segment, means and standard deviations are first calculated for each phoneme
type, then the means subtracted from the individual durations and the differences expressed in terms of the standard
deviations. By expressing lengthening in terms of position within a distribution, or as z-scores, the raw millisecond
durations are transformed into unitless values, and comparison can be made not only within each type but also
between phones of different types. A positive value of z represents lengthening, and a negative value shortening,
relative to the mean duration observed for all tokens of the same type-in the database. With normally distributed
{Gaussian) data, 68% of the tokens can be expected to fall within & 1 SD, and 99% between & 3 SD.

z score = (raw durationyen — figpe)/ Tiype (1)

where g4y, is the mean duration observed from all tokens of that phone type, and oy, is their standard deviation.
The skew observed in most distributions of raw segmental durations is reduced towards Gaussian by taking the log
of each duration instead of its raw value.

Figure 2 (also from [8]) shows durations and equivalent z-scores for the 5 vowels and 10 consonants of Japanese.
The boxes in the plot are drawn with horizontal lines indicating the 25th, 50th and 75th percentiles. Vertical lines
extend above and below the boxes to one-and-a-half times the upper and lower interquartile ranges respectively.
The width of each box is proportional to the log of the number of tokens in each sample, and the notches indicate
significance at the 5% level in the difference of the distributions if they show no overlap. Differences in the raw
durations are all significant (except perhaps between /e/ and /o/), but the z-score normalisation removes such
phone-specific dependencies.



Figure 2 about here

For this study, we examined the segmental durations of one speaker, a female professional announcer FTK (not
included among those of Figure 1), reading the same list of 503 phonemically-balanced sentences [10] extracted
from a large corpus of newspaper and magazine articles. The corpus has been prosodically labelled according
to the J-ToBI conventions [11, 12}. Although we do not have access to morphological, semantic, or syntactic
information about the utterances, the prosodically-relevant boundaries are available from the break index labels,
so phrasing and and accenting distinctions are available. Table 1 lists the phonemic labels that were used and
indicates minimum and maximum durations observed, with gquantile durations and the number of tokens for each
label type.

Table 1 about here

3 Syllable-based speech timing

The syllable-timing hypothesis was proposed by Campbell & Isard [6] and expanded further in Campbell 1992
[7] to account for the interaction between higher and lower levels of timing control. It shows the function of the
syllable as an intermediate level of timing control and offers a way to map the effects of lingnistic and semantic
contexts onto the physiological constraints of speech sound production. It shows how all segments in a syllable can
share the available space equally as a function of their elasticity and that when lengthening is viewed in variance
rather than percentage terms both consonants and vowels have similar lengthening characteristics.

The phonology of Japanese classifies speech sounds in terms of morae [13, 14, 15], where each mora consists of
a vowel and an optional conscnantal onset, with special-morae being additionally related. These include the nasal
mora (/N/) which follows the vowel, doubling or compounding of vowels (/V2/), and gemination of consonants
(/Q/). Velarisation of consonantal onsets is also encountered but is not considered to affect the mora count (we
use the notation /CyV/ to indicate velarisation). The sound sequence /kya/ is considered to be a single mora,
/N/, /be/, and /ru/ likewise. The name ‘Campbell’ is therefore pronounced as a sequence of 4 morae in Japanese.
‘Nick’ is composed of 3 morae; /ni/, the doubling geminate /Q/, and /ku/ (transcribed as nikku).

Under the syllable view, these names would be considered as tri- and bi-syllabic in their Japanese pronunciation.
If we use the symbols V(vowel) C(consonant) N{moraic nasal) and y(velarisation) to denote the syllable components,
then the names are composed of CyVN4+CV+CV and CV+QCV respectively. Table 2 lists the syllable types in
the above notation, as found in the 503-sentence corpus, sorted in order of frequency of occurrence.

Table 2 about here

There is considerable evidence for the moraic structure of speech timing in Japanese [16, 17, 18], and the moraic
structure closely corresponds to the kana alpahabets which Japanese children first learn to read from. In young
childrens’ reading we can clearly hear a one-to-one character-to-timing relationship. However, as they mature, their
articulation becomes habitual, more sophisticated and more co-articulated, and there is evidence of the influence
of syllabic structuring on the speech articulation and timing. Below, we will compare the influence of these two
underlying structures, the mora and the syllable, as expressed in the durational characteristics of adult speech.

3.1 The moraic nasal

In normal Japanese speech, the moraic nasal can be phonetically difficult to distinguish or segregate from the
vowel it is supposed to ‘follow’. It is therefore as feasible to consider the syllabic nucleus as being nasalised as it
is to consider the bi-moraic syllable as being constructed of two sounds in sequence. A simple way to distinguish
between these two competing views is to examine the durations of the segments; if the timing of the sequence is
equivalent to the sum of both the vowel duration and the nasal duration then we can accept the concatenative
view; if less, then we should consider the overlaying view. Since other infliences on the durations can never be
completely factored out, the solution in practice is not so simple, but the results are clear: As we can see from
Table 2, the median length of a V syllable is 90 ms, and a VN syllable is 223 ms, A CV syllable has median duration
of 142 ms and a CVN syllable 251 ms. The moraic nasal is therefore confirmed as an independent moraic unit.



Table 3 about here

For comparison, the dental nasal /n/ which is arguably phonetically related but always co-exists in a moraic
frame with an associated following vowel has observed durations which are approximately half those of the moraic
nasal (see Table 3 bottom). The relative shortening observed in the duration of the /N/ in the CVN syllables is
not significant t750 = 1.18.

However, this simple view is complicated somewhat by the lengthening of the preceeding vowel, and by what
appears to be a compensatory adjustment in the duration of the following nasal mora. Tables 3 and 4 show that
vowels are significantly longer when followed by a nasal mora (or a /N/ in the same syllable). Furthermore, the
nasal mora itself undergoes significant lengthening when the previous vowel is short. There is a negative correlation
of 0.46 between the two sets of V and N durations. This is consistant with the view that they both occupy a space
within the same higher-level framework, accommodating to each other to optimally fill the frame. Thus, the
syllable-level view also appears justified.

Table 4 about here

3.2 Gemination of consonants

In a similar way, we can test the same-syllable influence of another ‘special mora’, often transcribed by /Q/, which
is marked in our corpus by doubling or gemination of consonants. The name transcribed as /ni+kku/ above is
expressed in Japanese as a three-mora sequence (/ni+Q+ku/). We can see from Table 5 that the Q-mora (realised
as a longer closure of the plosive or extended frication of the /s/) occupies a vowel-length timing slot, with an
average of 80 ms difference between the simple and geminate forms of each consonant.

Table 5 about here

Again, these data reveal cross-mora influences, and if we examine the durations of the vowels coming before
the geminate, we find a significant lengthening (Table 6) 41796 = 19.98p < 0.001, This might be attributable to
segmentation differences in the labelling of the waveform, but the same criteria of formant energies are used, and
the following phonetic context is quite similar in each case, so other explanations should be sought.

Table 6 about here

The lengthening of the vowel before the longer geminates runs counter to the accommodation principle, which
would predict a shortening of vowels sharing the same syllable with a longer consonant. However, the duration
of vowels following the geminated onsets (see Table 7.) confirms the expected shortening for vowels occupying
the same higher-level frame as the lengthened consonant i.e., the vowel following the longer consonant is typically
shortened. This timing shift is difficult to account for in terms of a sequence of individual morae, but if we suppose
that the previous syllable is closed by the /Q/ and the following syllable is opened by the lengthened /C/ (which
.is consistent with the principle of maximal onset of syllables) then these duration characteristics can be explained.
Figure 3 shows that the preceeding vowel lengthens slightly into the /Q/ and the geminated consonant exerts a
shortening force on the following vowel which is in the same mora (or syllable) frame.

Table 7 about here

Figure 3 about here



3.3 Lengthening and plosives

In English, when a vowel is followed by a voiced plosive (/b/,/d/, or /g/) in the same syllable it is generally longer
than an equivalent vowel followed by an unvoiced plosive of the same place of articulation (/p/, /k/ or /t/)[4]. In
Japanese, as can be seen from Figure 4, there is also a very clear separation of effects on vowel length according
to the manner of voicing of the following plosive. By grouping together the z-scores for the vowels {which all by
defimition have zero mean) and displaying only values for that subset which is followed or preceeded by a plosive,
further factored in the figure according to the type of plosive, we can ignore any differences in vowel type and
see instead the general effects of the environment. The left-hand side of the figure shows the plosive durations in
millioseconds. The right-side plot shows the distribution of z-scores for all vowels in pre-plosive contexts. There
are significant differences in the lengthening according to the type of following plosive but in this case the effect
known for English appears to be reversed and although separation can be seen according to the voicing class of
the following plosive, the vowels appear to be shorter relative to their mean duration when the following plosive
is voiced. It is only when viewed in the context of the higher-level framework that this discrepancy is resolved.
All becomes clear if we look at the distribution of lengthening of vowels when they follow a plosive. In J apanese,
vowels show significant lengthening when they follow a voiced plosive and shortening after an unvoiced one.

Figure 4 shows the difference in lengthening clearly for the two types of voicing. If we think just in terms of
sequential order effects then the two languages appear to be in contradiction. The difference, however, is in the
higher-level structuring of the languages rather than in the linear segmental organisation. In Japanese, a plosive
following a vowel is in a different mora, while one that precedes the vowel is more closely affiliated in terms of
moraic (CV) organisation. Seen in terms of the higher-level unit, the lengthening characteristics of vowels in both
languages are consistent and, as in English, the vowel simply stretches to share the available space with the other
segment(s) in the syllable. The amount of space it can have is determined by higher-level factors and the elasticity
of the segments.

Figure 4 about here

4 Syllable normalisation

Syllable durations can be similarly normalised. We assume as a working hypothesis that the main influence on
syllable duration is its phonemic composition. Thus a syllable of type QCyVN can be expected to be longer than
one of type CV, which in turn can be expected to be longer than one consisting of a vowel alone (V). Since phonemic
durations are also type-specific, we can expect a single-vowel syllable of type /a/ to be longer than one of type
/u/. Table 8 shows the mean durations for each syllable type and confirms that in general this is indeed the case.

Table 8 about here

By applying z-score normalisation to the syllable durations, calculated from the sum of their component phone
durations, according to syllable type (QCyV2N, but ignoring phonetic distnctions) we can factor out structural
complexity differences and simplify the analysis of durational lengthening which arises from context differences.

Linear regression has been shown to be effective for the prediction of both segmental and syllable durations
[7, 19, 20]. In this section we employ a simple least-squares method [21] to determine the contribution of various
factors to the observed timing characteristics. Predicting syllable duration from the QCyV2N syllable-type classes
(a rough indicator of syllabic complexity)} yields a Multiple R-Squared value of 0.69, accounting for almost 70%
of the variation and justifying our initial assumption for the normalisation. This model predicts durations with
a median error of 5 ms and an interquartile error of approximately 20 ms, which is less than 10% of the average
syllable duration.

Predicting a syllable’s duration from the number of phones it includes is less effective. Coding a V syllable as
length 1, 2 CV or a V2 sylllable as length 2, CVN, QCV, or CV2 as length 3, etc., allows us to predict only 51%
of the variance. However, this is an Interesting way to confirm the infuition that velarisation does not affect mora
count: we can code CyV as either three phones or two, depending on whether we classify the /y/ as an independent
consonant or as a feature of articulation on the consonant-vowel combination. The former (incrementing by one the
count of all syllable types that include velarisation) yields an r-squared value of 0.473, which indicates a significantly
worse prediction of syllable duration when the velarisation is given independent consonantal status.



The amount of stretch undergone by a syllable as a result of differences in phonemic composition can be
calculated from the multiple r-squared vaiue produced by an analysis of variance of the regression results, Syllable
z-scores (syl-z) fitted by syllable type (QCyV2N) yield a multiple r-square of zero (6.39e-27), confirming that no
relationship can be found between the composition of the syllable and iis stretch. This is because we originally
factored according to composition and simply verifies the accuracy of the normalisation procedure. However, fitting
vowel-type to syl-z yields an r-squared value of 0.12 (a correlation of about 0.34 between predicted and observed)
which suggests that 12% of the variance in the stretch of the syllable lengthening can be accounted for by the
nature of the syllabic peak, confirming that in Japanese longer vowels such as /a/ produce longer syllables, on
average, than those composed of shorter vowels, such as /u/) (see also Table 5).

The influence of consonantal composition on the syllable lengthening can be similarly computed. Fitting syl-z
by two factors, nature of the vowel and the type of onset consonant, accounts for 18% of the syllable stretch. The
remaining variation is left to be explained by factors at levels higher than the phonetic, such as phrasal position,
overall speaking rate, semantic type, focus, pragmatic force, etc., which are beyond the scope of this paper (but
see for example [22]).

Conversely, we can model the phoneme durations from consideration of the syllable composition and the stretch
it undergoes in a given context. Predicting onset consonant durations, we can account for 78% of the variation by
consonant type alone, 80% by consonant type and vowel type together, and 86% if we include syl-z as a factor.
Predicting vowel durations however, we can only account for 21% of the variance from vowel type alone, 28% if we
include consonant type, and 30% if we also include coda information (whether it is followed by a nasal mora), but
this increases to 74% if we include syl-z.

5 Conclusion

This paper has presented an analysis of segmental durations of Japanese under the framework of sylllable-level
accommodation, and has shown that this view is not unfounded. There is clear evidence for moraic structuring
from the durational characteristics of the speech, but there is also evidence of interactions that can better be
explained within the syllable framework.

For the prediction of segmental and syllablic durations in a text-to-speech synthesis system, the use of relatively
simple linear regression techniques is not optimal and more sophisticated statistical methods such as artificial neural-
networks or tree-based classification are to be recommended, but the newer statistical models are less amenable to
post-hoc analysis and for the purposes of this paper we prefer the well-established analysis of variance methods for
distinguishing the contributions of individual factors,

We found that only 18% of syllable stretch can be accounted for by segmental variation, and that linear models
predict 86% of the variance for consonants and 74% for vowels if syllable stretch is included.. This is in accordance
with the elasticity hypothesis described in Section 1, under which phoneme durations accommodate to the syllable
frame, but also confirms the difference that was clear in Figure 1; although the vowels and consonants of Japanese
and English appear to occupy the same space in terms of duration and variability, the significant difference between
the two languages lies in the flexibility of the consonants. It appears that Japanese consonants are much less
susceptible to influence from the syllable stretch than are their English counterparts, and that Japanese vowels
accommodate as much to the surrounding context as to the syllable lengthening,.
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Table 1: Labels used in the FTK 503-sentence corpus, showing minimum, maximum, quartile and median durations
in milliseconds. (I,U: devoiced vowels, N: the moraic nasal). The last column shows the count of tokens for each
type in the corpus.

min | 1Q [ med | 3Q | max | count
35| 80 90 ] 107 | 220 | 3654
40 [ 90| 105 | 120 | 240 | 3514
26| 65 80 | 100 | 197 | 2438
20| 60 75| 90| 204 | 2085
35| 80 95 | 110 | 225 | 1952
20| 50 62| 75| 190 | 1304
15 | 45 50| 60| 110 | 1252
10 20 25 | 35 99 | 1129
221 45 b5 | 68| 110 315
19| 39 49 | 61 | 104 305
15 | 40 bb | 711{ 1580 916
27| 65 84 | 104 | 180 891
20| 55 60 | 70| 113 804
20| 45 35 | 66| 108 691
23| 67 80| 94| 165 660
16 | 40 45 | 54 30 592
22| 74 91 { 115 | 197 541
20 | 48 60| 76| 125 428
20| 35 40 | 45 82 413
23| 50 60 | 68| 105 408
271 b4 656 | 77| 148 354
25| 45 55 | 65| 105 354
31| 65 78 | 100 | 168 250
30| 66 80 | 100 | 170 248
60 | 130 | 162 | 210 | 335 228
33 51 60| 70| 125 214
20| 40 53] 61| 110 150

N a7 E=¥ Ren SR CCE E-H Ry BB E-RER (Y =R B FEN oy P PR N P N - O PP

ky 50 | 84 | 105 | 129 | 180 98
P 21| 44 85 | 70 ¢ 100 66
PP 70| 120 | 136 | 151 | 190 60
kk 85 | 125 | 155 | 165 | 260 83
gy 51 | 87 99 | 105 | 128 33
ny 58 | 96 | 100 | 120 | 145 29
hy 66 | 104 | 111 | 120 | 157 28
ry 40 | 66 76| 90| 136 41
ssh 66 | 145 | 158 | 183 | 232 33
by 55 | 93 | 110 | 117 | 148 12

cch 80| 128 | 151 | 170 | 209 12
88 97 | 131 | 146 | 169 | 198 10
kky | 145 | 166 | 170 | 178 | 108 6
my 70| 75| 100 | 120 | 135
‘ppy | 130 | 155 | 159 | 197 | 200
dd 91 ) 103 | 115 | 126 | 137
py 83 | 88 90 | 94 98
tts | 158 | 167 | 176 | 185 | 195
dy | 75 7| Th 73

= b b L2 ot T




Table 2: Syllable-level labels from the 503-sentence corpus, showing minimum, maximum and quartile and median
- durations in milliseconds. (C: consonant, Q: gemination, V: vowel, 2: vowel doubling, Y: velarisation, N: nasal
mora). The last column shows the count of tokens for each type in the corpus.

min | 1Q | med | 3Q | max | count

CV: 40 | 125 | 142 | 160 | 345 | 7592
CV2: 191 | 289 | 312 | 340 | 498 | 1385
V: 33| 75 90 | 110 | 191 775
CyV: 60 | 147 | 170 | 195 | 362 765
CVN: 163 | 230 | 251 | 276 | 365 727
QCV: 60 | 130 | 166 | 244 | 468 610
QCV: 109 | 169 | 199 | 245 | 480 207
V2 122 | 163 | 185 | 212 | 278 106

QCVN: 205 | 296 | 390 | 488 | 833 48
CyVN: 225 | 267 | 284 | 314 | 391 37
VN: 140 | 180 | 203 | 219 | 242 35
CV2N: 279 | 314 | 324 | 350 | 399 22
QCyV: 165 | 206 | 223 | 255 | 275 19

VIN: 138 | 157 | 158 | 162 | 224 13
QCyVN: | 200 | 341 | 372 | 391 | 493 8
QCyV2: | 221 | 230 | 254 | 272 | 335 6
QCV2N: | 346 | 346 | 346 | 346 | 346 1

Table 3: Vowel durations when followed by a nasal mora (The dental nasal /n/ is included for comparison).

vowel nasal
min | 1Q | med | 3Q | max | count | min | 1Q | med | 3Q | max
v 3B 7 90 | 110 | 191 775 - - - - -

VN | 50| 95| 108 | 124 | 144 | 35| 48| 79| 861100 | 150
CV | 19| 75| 90107 ] 240 7502 | -] -] -] - B
CVN | 52 | 100 | 110 | 120 | 178 | 7271 27 65| &4 | 104 | 180
Tn/ T - - - - | 1281 | 15| 45| 50| 57| 110

Table 4: The difference in the duration of the nasal mora is significant in all cases.
(after /a/ vs. after /o/: tass = 10.62 p < 0.001, after /u/ vs. after /o/: tsg = 7.56 p < 0.001)

vowel | V| V(N)| N
a 103 | 115 | 83
1 80 | 100 | 83
u 73 100 | 90
e 92| 110 | 83
o) 90 109 | 87




Table 5: Duration statistics for single and geminate consonants.

min | 1Q | med | 3Q | max n

k 20 [ 50 62| 75 190 | 1304
kk 85 | 125 | 155 | 1656 | 260 53
P 21 | 44 55 | 70| 100 66
PP 70| 120 [ 135 | 1561 | 190 60
t 15 | 40 86 | 71| 150 [ 916
tt 60| 130 | 162 | 210 | 335 228
8 23 | 67 80| 94| 165 | 660
8s 97 | 131 | 146 | 159 | 198 10
sh 22| 714 91 | 115 | 197 | b4l
ssh | 66 | 145 | 158 | 183 | 232 33

‘T'able 6: Vowel durations before geminates:

min | 1Q | med | 3Q | max n
V-(CV) 19 | 70 85 | 105 | 235 | 7592
V-(QCV) 27 | 90| 105 | 120 | 205 | 658
V-(CV2) 23| 75 95 | 110 | 235 | 1385
V-(QCV2) | 27| 94| 105 [ 120 | 201 | 207

Table 7: Vowel durations after geminates:

min | 1Q | med | 3Q | max n

(C)V 19| 75 90 | 107 | 240 [ 7592
(CCYWV 20 | 50 70| 95| 206§ 658
{CO)V(V) 34| 80 90 [ 108 | 188 | 1385
(COYV(V) | 35| 67 79 95| 160 307

Table 8: Syllable durations factored by voﬁel type

vowel type I

U

a

[+

i

O

mean syldur | 117.5

111.6

186.3

179.6

147.6

165.3

156.8
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Figure 1: Japanese and English segmental durations from multiple speakers’ data, showing mean durations for
cach phone (msec) plotted against the coeflicient of variance. Machine-readable phonemic symbols are shown in
the plot to identify the phones.
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Figure 2: Segmental durations and equivalent z-scores for Japanese.
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Figure 3: Vowel durations before and after a geminate
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Figure 4: Vowel lengthening before and after a plosive
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