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ABSTRACT 
The issue of acoustic invariance (Pickett et al., 1999) was explored with the question of whether 
a relative duration value can be found to reliably classify the Japanese phonemic short and long 
vowels produced across three speaking rates. Four native Japanese speakers read ten pairs of 
disyllabic real words in a carrier sentence at slow, normal, and fast rates three times each. The 
duration of short vowels in CVCV contexts and contrasting long vowels in CVVCV and CVCVV 
contexts, as well as word duration, was measured. The short vowels spoken at the slow rate 
and the long vowels spoken at the fast rate overlapped significantly in duration. Rate changes 
affected the duration of long vowels more than short vowels, and the duration difference 
between short and long vowels was greater for slower speech. In contrast with absolute 
duration, the ratios of the target vowel to the total word duration (means = short: 0.29; long: 
0.46) did not change across rates. The optimal boundary ratio that distinguished the two vowel 
length categories across three rates was found to be 0.38, and this ratio was identical to that 
obtained in Japanese nonwords with controlled segments in /mV(V)mV(V)/ contexts (Hirata, 
2003). The results support the view that relational acoustic invariance exists in the speech 
signal that remains stable across speakers and rates. 

INTRODUCTION 
A theory of acoustic invariance claims that there exists an invariant acoustic property that 
corresponds to a phonetic identity or feature (e.g., place of articulation) across contexts, 
speakers, and languages (Lahiri et al., 1984; Sussman et al., 1991; Pickett et al., 1999). The 
acoustic invariance theory also claims that the perceptual system is sensitive to these invariant 
properties. One way of evaluating the acoustic invariance theory, which is the focus of the 
present study, has been to examine temporal dimensions of speech that distinguish the two 
members of a contrast (e.g., voice onset time and phonemic short/long vowel duration) when 
speaking rate is varied (Boucher, 2002; Pickett et al., 1999; Pind, 1999). The form of acoustic 
invariance has been found to be relational in these studies. For example, in Pickett et al. (1999), 
the invariant acoustic properties in the distinction of single versus geminate Italian stops were 
found to be the ratios of the closure durations to the preceding vowels.    

The present study explored this issue with vowel length distinction in Japanese. The length of all 
five vowels in Japanese (/i/-/i:/, /e/-/e:/, /a/-/a:/, /o/-/o:/, and /u/-/u:/) is phonemic (e.g., /se ki/ 
‘seat’ vs. /se:ki/ ‘century,’ and /joko/ ‘side’ vs. /joko:/ ‘rehearsal’). The main acoustic correlate of 
the phonemic short and long vowel distinction is duration, although small differences have been 
observed in the formant frequencies of short and long Japanese vowels (Kondo, 1995; 
Tsukada, 1999). Long vowels are 2.4 to 3.2 times longer than short vowels at a given rate 
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examined (Han, 1962; Tsukada, 1999). The primary perceptual cue used to distinguish short 
from long vowels in Japanese is duration (Fujisaki et al., 1975) with formant frequency 
differences playing little perceptual role when the primary durational cue is present (Behne et 
al., 1999). Hirata (2003) examined duration of disyllabic nonsense words in Japanese 
(/mV(V)mV/ or /mVmV(V)/), and found that a vowel-to-word ratio of 0.38 (i.e., the vowel 
occupying 38% of the total word duration) classified with high accuracy the two Japanese 
phonemic vowel length categories across three speaking rates (optimal boundary). The results 
were supportive of the relational invariance. The present study examined disyllabic real words 
that contained various consonants and vowels, and addressed the following four questions.  

(1) Distribution of short and long vowels: Is there an overlap in duration between the two length 
categories when they are spoken at different speaking rates, and do rate changes affect the two 
length categories differently? (2) Ratio of short and long vowels: Does the ratio of short and long 
vowels remain stable across different rates? Although the ratio of short vs. long vowels has 
been found to be 1 : 2.4-3.2, it is not known whether changes in speaking rate affect this ratio. 
(3) Duration ratio of words: The duration of a Japanese word is highly dependent on the number 
of moras it contains (Homma, 1981; Port et al., 1987). According to Homma (1981) and Han 
(1994), the duration ratio of bisyllabic words with only short vowels, e.g., CV CV (two moras) vs. 
bisyllabic words with one long vowel, e.g., CV VCV or CV CVV (three moras) should be 2 : 3. If 
relational acoustic invariance exists in the duration ratio of Japanese words with short vs. long 
vowels, the ratio should remain unaffected by changes in speaking rate. (4) Vowel-to-word 
duration ratio: Is the long-vowel-to-word ratio consistently greater than the short-vowel-to-word 
ratio, and does a single ratio value distinguish short vs. long vowel categories across speaking 
rates (see Pickett et al., 1999)? Is the vowel-to-word ratio that optimally classifies the short and 
long vowel categories in this study the same as that found for the nonsense words with 
controlled segments (Hirata, 2003)?  

METHOD 

1. Participants 
Four native speakers of Japanese in Hirata (2003), two males (M1 and M2) and two females 
(F1 and F2), participated in the present experiment. They were from Ibaraki, Gifu, Nagano, and 
Aichi prefectures respectively. All four participants reported speaking standard Japanese, and 
were students at the University of Alabama at Birmingham with a mean age of 31 (range: 24-
35). The four participants arrived in the United States at the average age of 27 (range: 19-32), 
and had lived in the United States for an average of 3 years (range: 2-5).  

2. Materials and procedure 
The materials consisted of 10 minimal pairs of real Japanese words containing short and long 
vowels. The words were all disyllabic, and contained two or three moras. There were two pairs 
of words for each of the five vowel types. One pair had the short/long vowel contrast in the 
accented syllable, e.g., /to o/ ‘books’ (two moras) vs. /to:o/ ‘the beginning’ (three moras), and 
another pair had the contrast in the unaccented syllable, e.g., /ka to/ ‘transition’ (two moras) vs. 
/ka to:/ ‘(surname)’ (three moras). Within each pair, the consonant preceding the short/long 
vowels was identical, but the other segments in the words varied. These real words were written 
with the combination of hiragana, katakana, and kanji with which they normally appear in 
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Japanese orthography. Participants read lists of the words in the carrier sentence /sokowa ____ 
to kaite arimasu/ ‘___ is written there.’ The speakers read each word in the carrier sentence 
three times for each of slow, normal, and fast speaking rates (Port, 1977). A total of 720 tokens 
(20 words x 3 rates x 3 repetitions x 4 speakers) were recorded. The recorded utterances were 
digitized at a 22.05 kHz sampling rate using the Kay Elemetrics’ Computer Speech Lab. 

Analysis of sentence duration confirmed that sentences were spoken with three distinct 
speaking rates [F(2, 6) = 18.22, p = 0.003]. Paired sample t-tests showed that the differences in 
mean durations of sentences between any two rates were significant [slow vs. normal (3.449 vs. 
2.179 s): t = 3.63, p = 0.036; normal vs. fast (2.179 vs. 1.384 s): t = 3.46, p = 0.041]. The 
duration ratio of slow vs. normal vs. fast was 1.58 : 1: 0.64.  

3. Analysis 
Two acoustic measures were made for each token: the duration of the target word, and the 
duration of each target vowel. There were a total of 720 measures on vowels (2 lengths x 2 
accents x 5 vowel types x 3 rates x 3 repetitions x 4 speakers). Three duration ratios were 
calculated: (1) the ratio of the long to the short vowels (CV VCV vs. CVCV) for the accented 
vowels; CV CVV vs. CVCV for the unaccented vowels), (2) the ratio of the three-mora (CV VCV 
or CVCVV) to the two-mora (CVCV) words with the value of the two-mora words standardized at 
2.00 (Han, 1994), and (3) the ratio of the contrasting vowel to the word for each token. 

RESULTS 

1. Vowel duration 
There was an overlap between the short vowels produced at the slow rate (M = 124 ms and 122 
ms, SD = 36 and 27, for accented and unaccented short vowels respectively) and the long 
vowels produced at the fast rate (M = 119 ms and 101 ms, SD = 12 and 6, for accented and 
unaccented long vowels respectively). A repeated-measures ANOVA was conducted on vowel 
duration with Rate (slow, normal, fast), Length (short, long), and Accent (accented, unaccented) 
as factors. A three-way interaction reached significance [F(2, 6) = 5.98, p = 0.037], as well as 
two two-way interactions (Rate x Length [F(2, 6) = 18.01, p = 0.003], Length x Accent [F(1, 3) = 
125.76, p = 0.002]). For both accented and unaccented vowels, the difference between the 
average short and long vowel durations was greater for slower rates (Fig. 1), and this effect of 
rate was greater for the accented than the unaccented vowels. Paired samples t-tests indicated 
no significant difference between the mean durations of the accented and the unaccented short 
vowels at any rate. However, long vowels were significantly longer when accented than 
unaccented at any rate (p < 0.05), and the difference was greater for slower speech.  

The three-way ANOVA revealed a main effect of Rate [F(2, 6) = 15.70, p = 0.004], indicating 
that rate affected the vowel duration (slow 214 ms > normal 127 ms > fast 82 ms). A main effect 
was obtained for Length [F(1, 3) = 106.38, p = 0.002] (long198 ms > short 84 ms). A main effect 
was also obtained for Accent [F(1, 3) = 46.85, p = 0.006] (acc. 149 ms > unacc. 133 ms).  
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2. Vowel duration ratio 
The average ratio of long to short 
vowels across all speakers at all rates 
was 2.51 (range: 1.39-6.18) for 
accented, and 2.22 (range: 1.28-
3.71) for unaccented vowels. These 
ratios were submitted to a repeated-
measures ANOVA with Rate and 
Accent as factors. A main effect was 
obtained for Rate [F(2, 6) = 10.40, p 
= 0.011], indicating that rate affected 
the long/short ratios. Paired t-tests 
indicated that the ratios were greater 
for slow than fast speech (2.53 vs. 
2.10) [t = 10.85, p = 0.002], and for 
normal than fast speech (2.47 vs. 
2.10) [t = 3.21, p = 0.049]. There was 
no significant difference between the 
ratios of normal and slow rates [t = 
0.50, p = n.s.]. A main effect was also 
obtained for Accent [F(1, 3) = 10.66, p 
= 0.047] (accented 2.51 > unaccented 
2.22). No other effects were found in 
this ANOVA. In summary, the results 
indicated that the ratios of long to short vowels at the slow and the normal rates did not 
significantly differ, but were significantly greater than those at the fast rate. 

3. Word duration ratio 
The ratios of three-mora words to two-mora words (CVVCV to CVCV and CV CVV to CV CV) 
were calculated with the value of two-mora words standardized at 2.00. The average ratios 
across four speakers were 2.95 for the slow, 2.91 for the normal, and 2.70 for the fast rates, 
indicating that the ratios of two- vs. three-mora words were 2 : 2.70-2.95. These values were 
submitted to a repeated-measures ANOVA with Rate (slow, normal, fast) and Word Type 
(CVVCV, CVCVV). No effects or interactions were found in this ANOVA. Neither the speaking 
rate nor the word type (contrasting vowels accented: 2.81, unaccented: 2.89) affected the ratios 
of three-mora to two-mora words. 

4. Vowel to word duration ratio 
In order to determine whether the long-vowel-to-word ratios were consistently greater than the 
short-vowel-to-word ratios across rates (Fig. 2), the ratios of vowel to word duration were 
calculated. The average ratios were 0.29 (SD: 0.08) and 0.49 (SD: 0.10) for the accented short 
and long vowels respectively, and 0.28 (SD: 0.07) and 0.42 (SD: 0.08) for the unaccented short 
and long vowels. These ratios were quite similar to those found for the nonsense words in 
Hirata (2003). In Fig. 2, slope values were close to zero, indicating that the vowel-to-word ratios 
were little affected by the rates. 

Figure 1. Four speakers’ mean duration of 
vowels in real words spoken at three rates. 
Circles, triangles, and squares represent 
slow, normal, and fast rates respectively. The 
symbols with solid and dotted lines represent 
mean durations of accented and unaccented 
vowels respectively. The error bars represent 
one standard error from the mean. 
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5. Optimal boundary 
The fourth question of the present study 
was whether a single ratio value 
distinguishes short vs. long vowel 
categories across speaking rates. The 
method of finding an “optimal boundary” 
(Miller et al., 1986) was adopted. Vowel-to-
word ratios for all tokens were sorted into 
30 bins, and the value that optimally 
separated the two length categories was 
identified. An optimal boundary is the ratio 
at which incorrectly classified tokens would 
be minimum.  

The optimal boundary was found to be 
0.38, which means that the short and long 
vowel tokens were classified most 
accurately at the boundary of the vowel 
occupying 38 % of the total word duration. 
Using this boundary ratio, 14.0% of a total 
of 720 tokens would be incorrectly 
classified as short or long vowel ranges 
(i.e., accuracy 86%). An interesting finding 
is that this optimal boundary ratio of 0.38 
was identical to the boundary ratio found 
separately for nonsense words in Hirata 
(2003).  

DISCUSSION AND CONCLUSIONS 
Compared to absolute vowel duration, 
relational values were much less affected 
by speaking rate. First, the two of the three 
rates (slow and normal) remained stable 
across rates. Second, higher-order 
relational values of word duration ratios and 
vowel-to-word duration ratios were not 
affected by the speaking rates. Third, a vowel-to-word ratio of 0.38 was found to optimally 
distinguish the two vowel categories in the real words examined here, as well as in the 
nonsense words with controlled segments in Hirata (2003). The results support the view that 
relational acoustic invariance exists in the speech signal that remains stable across speakers 
and rates. Future research needs to investigate whether native Japanese speakers’ perceptual 
system is sensitive to this value in their vowel length distinction. 
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Figure 2. Vowel-to-word duration 
ratio as a function of word duration in 
real words spoken by all four 
speakers. Dark filled circles represent 
tokens including short vowels, and 
white unfilled circles represent tokens 
including long vowels. 
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