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Abstract

Canadian English has two high front vowel phonemes (tense and lax) differing in spectral

properties and duration, and, allophonically, Canadian English vowels are considerably longer when

preceding voiced consonants than when preceding voiceless consonants. In contrast, Western

Japanese has two high front vowel phonemes (long and short), traditionally described as differing

in duration only, and allophonic duration differences due to post-vocalic consonant voicing are

small. Japanese listeners’ perception of the English and Japanese vowel contrasts was tested using

multidimensional edited speech continua. The English continuum varied in terms of vowel spectral

properties, vowel duration, consonant duration, and sentence duration. The Japanese continuum had

the same duration properties but no spectral dimension. The Japanese listeners’ English tense-lax

and Japanese long-short categorical boundaries were found to be in the same location. This was

consistent with the hypothesis that Japanese listeners assimilate the English tense vowel before a

voiced consonant to the Japanese long vowel category; assimilate the English tense vowel before

a voiceless consonant, and the English lax vowel before either a voiced or voiceless consonant to

the Japanese short vowel category; and identify vowels assimilated to the Japanese long category

as English tense vowels, and vowels assimilated to the Japanese short category as English lax

vowels. Mexican Spanish listeners were also tested on the English continuum. Spanish has only one

high front vowel and lacks any duration contrasts. The Spanish listeners did not have a categorical

boundary between the two English vowels, but made some use of vowel duration, consistent with

a category-goodness assimilation (Best’s Perceptual Assimilation Model) in which the English tense

vowel was a good match and the English lax vowel was a poorer match for the Spanish vowel.

Longitudinal results (one versus six months residence in Canada) were compatible with Flege’s

Speech Learning Model: There was no change in the Japanese listeners’ perception of the English

vowels, consistent with English vowels being perceived as “similar” to Japanese vowels, and the

formation of diaphone categories. Spanish listeners developed categorical perception based on

duration or spectral properties, consistent with the formation of a “new” category for the English

lax vowel.
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Chapter 1

Introduction

This thesis will investigate the influence of the Japanese long-short phonemic contrast on

Japanese listeners’ perception of the tense-lax phonemic contrast for high front vowels in Canadian

English. It investigates the claim that L2 sounds are perceived at a context sensitive allophonic level

(Brière, 1966; Flege, 1995). In particular, it examines the effect due to phonemic voicing of a

consonant on the perception of the preceding vowel. Since vowel duration is a cue to phonemic

voicing in a post-vocalic consonant in English (Chen, 1970), and the Japanese long-short vowel

contrast is cued by vowel duration, the state of phonemic voicing in the post-vocalic consonant has

the potential to affect Japanese listeners’ perception of English vowels. 

A specific hypothesis to be tested is that Japanese listeners identify English /i/ and //

according to the same duration criteria they use to identify Japanese /i/ and /i/; and that this results

in English /i/ before a voiced consonant being assimilated to Japanese long /i/ but English /i/ before

a voiceless consonant being assimilated to Japanese short /i/; English // before both a voiced and

voiceless consonant being assimilated to Japanese short /i/; and English vowels assimilated to

Japanese long /i/ being identified as English /i/, and English vowels assimilated to Japanese short

/i/ being identified as English //. This hypothesis was developed by Morrison (2002a). In this thesis,

a comparison of Japanese listeners’ Japanese /i/-/i/ and English /i/-// categorical boundaries will

be made to determine whether they are identical and thus consistent with this hypothesis.

Perceptual boundaries between vowel phonemes will be measured using multidimensional

edited-speech continua. Potential acoustic cues to be tested in the English continuum will be vowel

spectral properties, vowel duration, consonant closure duration, and speaking rate. The English

stimulus consonants will be phonetically voiceless, (i.e. have silent consonant closures) so that only

vowel duration and consonant duration are expected to be potential cues for phonemic consonant

voicing. Consonant duration may also have a contrastive effect on the perception of vowel duration

(Kluender, Diehl, & Wright, 1988). In addition, speaking rate cues recoverable from the larger

rhythmic structure of the sentence may have an influence on the perception of vowel and consonant

duration (Strange et al., 1998). Discriminant analyses will be used to construct statistical models

of the listeners’ stimulus-identification patterns. These models will provide a means of quantifying
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1A category-goodness assimilation in terms of Best’s (1995a) Perceptual Assimilation Model.

the position and the sharpness of the categorical boundaries between vowel phonemes.

If Japanese listeners have a duration based categorical boundary between English /i/ and //,

this could be due to transfer from the Japanese long-short vowel contrast, or could be due to a

general L2 learning strategy applied by all learners of English irrespective of the existence of a

duration contrast in their L1. In order to support the claim that the Japanese listeners’ results are

influenced by the Japanese long-short vowel duration contrast, a group of Spanish listeners will also

be tested: Japanese and Spanish have similar five-vowel-quality systems, but Spanish, as opposed

to Japanese, does not have a long-short contrast. Because of this difference, the Spanish listeners’

results are predicted to differ from those of the Japanese listeners. Spanish listeners are expected

to have difficulty perceiving the difference between English /i/ and //, but, in line with Bohn’s

(1995) Desensitisation Hypothesis, they are expected to make non-categorical use of vowel

duration.

The research in this thesis will also be longitudinal, allowing for an investigation of Flege’s

(1995) Speech Learning Model hypotheses regarding the development of “new” and “similar”

categories. Since the Japanese listeners are expected to perceive the English vowels as similar to

Japanese vowels, they are predicted to form diaphone categories whose eventual properties will be

intermediate between the properties of the L1 and L2 vowels contributing to those categories.

Hence, Japanese listeners are predicted to show only small changes in perception over the course

of the longitudinal study. In contrast, Spanish listeners are expected to assimilate both English /i/

and // to Spanish /i/, but English // is expected to be a poorer match for the Japanese category than

English /i/1 (Flege, 1991b; Flege, Munro, & Fox, 1994). It is therefore predicted that the Spanish

listeners will form a new category for English //, whose properties may eventually be the same as

for a native English speaker’s English //. Hence, Spanish listeners are predicted to show large

changes in perception over the course of the longitudinal study.
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Chapter 2

Literature Review

In this chapter, Section 2.1 presents a description of current models of cross-language speech

perception. This is followed in Section 2.2 by a review of studies dealing with vowel and consonant

duration as cues to post-vocalic consonant voicing. Section 2.3 reviews studies dealing with the

perception and production of high front vowels in English, Japanese, and Spanish. This section

focuses especially on vowel duration effects in cross-language studies. Section 2.4 provides a

summary of issues from the literature review which are central to this thesis. Finally, Section 2.5

presents a set of hypotheses to be tested in the remainder of the thesis.

2.1 Models for Cross-language Speech Perception and Production

2.1.1 Overview

The most influential paradigms in current cross-language speech perception research are

Best’s Perceptual Assimilation Model (PAM) (Best 1994, 1995a, 1995b) and Flege’s Speech

Learning Model (SLM) (Flege,1981, 1987, 1991a, 1992, 1995). The PAM is primarily concerned

with how adult listeners will perceive the sounds of an unfamiliar language, and with the

development of first language speech perception in infants. In contrast, The SLM is concerned with

the development of perceptual categories as adult second language learners become more familiar

with the second language (L2). The SLM also makes predictions regarding the production of L2

speech sounds. An additional model of particular interest to cross-language vowel perception is

Kuhl and colleagues’ Native Language Magnet model (NLM) (Kuhl, 1991; Kuhl et al., 1992;

Iverson & Kuhl, 1995; Kuhl & Iverson, 1995). The Perceptual Magnet Effect in the  NLM results

in vowels being perceived as closer to their prototypes than might be suggested by acoustic

properties alone. This implies that there is “reduced discrimination sensitivity” (Kuhl & Iverson,

1995, p131) in the area around a native, or first language (L1), vowel prototype, and that this hinders

the listener’s ability to distinguish two L2 vowels should both vowels be close to a single L1 vowel.

Another hypothesis related to listeners’ difficulty with L2 spectral differences is Bohn’s

Desensitisation Hypothesis (Bohn, 1995). The Desensitisation Hypothesis states that if a listener’s

L1 does not have multiple vowels in a particular part of the vowel space, the listener will not be
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sensitive to the spectral properties of multiple L2 vowels in that part of the vowel space, and will

instead use duration properties (if available) to distinguish those L2 vowels. Bohn claims that this

will be so whether or not phonemic duration is used in the L1. The remainder of section 2.1 presents

a description of aspects of these models and hypotheses that are relevant to the present study.

2.1.2 The Perceptual Assimilation Model

According to the Perceptual Assimilation Model (PAM) (Best 1994, 1995a, 1995b), a non-

native speech sound can be either assimilated to a native speech sound, assimilated as a speech

sound but not assigned to any native category, or not assimilated as a speech sound (perceived as

a non-speech sound). A non-native speech sound that is assimilated to a native category will either

be a good, acceptable but not ideal, or notably deviant example of that category (Best, 1995a,

1995b). Best (1995a) argues that almost all non-native speech sounds will be assimilated as speech

sounds, and only a few non-native sounds, such as clicks for speakers of non-click languages, are

likely to not be assimilated as speech sounds (Best, McRoberts, & Sithole, 1988). Assimilation can

be assessed by tests which require the listeners to categorise and give category-goodness ratings to

non-native sounds (Best, 1995a). 

The PAM also predicts that a pair of non-native speech sounds will be distinguished from

one another according to one of the following set of assimilation patterns (Best, 1994, 1995a,

1995b):

Two-category assimilation: If each sound is assimilated to a different native category,

discrimination is predicted to be excellent. Several studies have confirmed this prediction: Best &

Strange (1992) found evidence that Japanese listeners assimilated an English syllable-initial /w/-/j/

continuum to Japanese /w/ and /j/, and discriminated at the same level as native English listeners.

Polka (1992) found that some Farsi listeners assimilated Salish uvular versus velar ejectives (/q=/

versus /k=/) to voiced uvular and velar plosives in Farsi (// and //). These listeners reached a

native-like perception criterion. A study by Best, Faber, & Levitt (cited in Best, 1995b) found that

English listeners assimilated French /y/ versus /œ/ to English /u/ versus //, and assimilated French

/œ/ versus // to English // versus //. In both cases discrimination was very good. Likewise,

Norwegian high front in-rounded versus unrounded vowels were assimilated to English // versus

/i/, and discrimination was perfect. However, there appear to be some exceptions to the excellent

discrimination predicted for two-category assimilation: Polka (1991) found that English listeners
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assimilated initial position Hindi voiceless-unaspirated dental versus retroflex plosives (/t/ versus

/ /) to English // versus /d/ and discrimination was good. However, Hindi breathy-voiced dental

versus retroflex plosives (/d/ versus //) were assimilated to English /d/ versus /t/ and

discrimination was moderate.

Single-category assimilation: If both sounds are equally well assimilated to a single native

category, then discrimination is predicted to be poor. Several studies have found evidence

in support of this prediction: Best & Strange (1992) found evidence that Japanese listeners

assimilated an English syllable-initial /r/-/l/ continuum to Japanese /w/ and discrimination was poor.

Polka (1991) found that English listeners assimilated initial position Hindi prevoiced dental and

retroflex plosives (/d/ and //) to English /d/ and discrimination was at chance levels. Hindi

voiceless-aspirated dental and retroflex plosives (/t/ and / /) were both assimilated to English /t/

and discrimination was only slightly above chance levels. Best, Faber, & Levitt (cited in Best,

1995b) found that English listeners assimilated Norwegian high front out-rounded and unrounded

vowels to English /i/ and discrimination was poor.

Category-goodness difference: If both sounds are assimilated to a single native category but

differ in the degree to which they are good examples of that category, then discrimination is

predicted to be moderate to very good. Several studies have found evidence in support of this

prediction: Best & Strange (1992) found evidence that Japanese listeners assimilated an English

syllable-initial /w/-/r/ continuum to Japanese /w/ but that English /w/ was a better match and

discrimination was good. Polka (1992) found that some English listeners assimilated Farsi // and

// to English //, and those who reported that the Farsi // was a better match reached a native-like

perception criterion. Polka (1995) found that English listeners assimilated German /y/ and /u/ to

English /u/, with German /u/ as a good match and German /y/ a poorer match, and discrimination

was very good. 

Both uncategorisable: If both sounds are assimilated as speech sounds but not assigned to

native categories then discrimination is predicted to vary depending on how similar the sounds are

to each other and to native sounds. Several studies have found evidence in support of the concept

of uncategorisable sounds: Polka (1992) found that some English listeners assimilated Salish /q=/

and /k=/ to speech sounds but reported distinguishing the sounds on the basis of differences in the

following vowel or on the basis of acoustic differences such as differences in duration. The use of

such acoustic cues suggested that the sounds were not categorised. These listeners reached the
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native-like perception criterion used in Polka (1992). Guion et al. (2000) conducted classification

and goodness rating tests, and discrimination tests. In contrast to Best & Strange (1992) (see above

under single-category assimilation), they found that both English /r/[] and English /l/ were poor

fits for any Japanese sound and discrimination was poor. Individual listeners assigned the same

English sounds to different Japanese categories on different trials. The poor goodness of fit

suggested that these sounds were uncategorised.

Uncategorised versus categorised: If one sound is assimilated to a native category and the

other assimilated as a speech sound, but not assigned to a native category, then discrimination is

predicted to be very good. Several studies have found evidence in support of this prediction: Some

English listeners in Polka (1992) reported that for Farsi// versus //, the Farsi // sounded like an

English // and Farsi // sounded like a low-back vowel without an initial consonant. Best (1995b)

suggested  that this can be interpreted as evidence of a categorised versus uncategorised distinction.

Discrimination was above chance. In classification and rating tests, Guion et al. (2000)  found that

English /w/ was a fair fit for Japanese /w/, whilst English /r/ was a poor fit for any Japanese

category; discrimination was moderate to good. In the same study, English /s/ was a good fit for

Japanese /s/ whilst English // was a poor fit, falling between Japanese /s/ and the [] allophone of

/h/. Contrary to predictions, discrimination was poor. Guion et al. suggested that a revision of the

PAM may be needed to account for this result, obtained when an uncategorised sound was close in

phonological space to a categorised sound.

Nonassimilable: If neither sound is assimilated as a speech sound, discrimination is

predicted to be good to very good depending on acoustic differences between the sounds. One study

in particular has dealt with this situation: Best, McRoberts, & Sithole (1988) found that English

listeners did not assimilate Zulu clicks as speech sounds, describing them instead as, “‘clicks,’

‘plops,’ ‘pops,’ ‘percussion instruments,’ ‘water drips,’ ‘finger snap,’ and ‘clap,’ ... ‘tongue

popping,’ ‘tongue clucking,’ and ‘sounds coming from different areas in the mouth’” (Best,

McRoberts, & Sithole, 1988, p. 352) Discrimination scores for pairs of clicks  ranged from 80% to

99% and the differences in level of discrimination could be accounted for by the degree of acoustic

difference between the members of each pair. Best, McRoberts, & Sithole argued that the reason

listeners were able to make use of acoustic differences to differentiate the click sounds was precisely

because the clicks were not assimilated as speech sounds. They cited examples of similar acoustic

differences occurring in poorly identified non-native speech pairs that were single-category or
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category-goodness difference assimilated. They argued that because the clicks were not assimilated

to speech sounds, they were not subject to phonemic influences that would have blocked the

listeners from perceiving the acoustic differences. With respect to vowels, Best (1995b) notes that

it is most probably impossible for a vowel contrast to be nonassimilable (she argues that since low

vowels and stops, and labial and velar articulations are universal, all possible vowels fall within the

gesture based articulatory space which forms part of the theoretical background of her model).

2.1.3 The Speech Learning Model

The Speech Learning Model (SLM) developed by Flege (1981, 1987, 1988, 1991a, 1992,

1995) claims that a major cause of a foreign accent in production is inaccurate perception of L2

sounds. The SLM states that the production of a sound will eventually correspond to its perception-

based phonetic category, and that without accurate perception of the L2, the learner may be unable

to establish accurate phonetic categories on which to base L2 production.

The SLM states that  L2 sounds will be perceived at a context sensitive allophonic level, a

claim previously made by Brière (1966). Munro, Wang, & Li (2000) therefore argued that research

into the mapping of L2 sounds to L1 sounds should not be restricted to a single context.

Flege (1988) cited several studies that found no or little correlation between  length of

residence (LOR) in the L2 society and degree of foreign accent for adult L2 learners. Flege (1991b)

found no significant difference in the perception of L2 learners who had been resident in the L2

society for 6.8 years compared to 0.8 years. Flege (1992) observed that several segmental production

studies have found greater individual variation than variation between different groups with large

differences in LOR. He speculated that individual differences in vowel production may emerge and

stabilise within the first six months of learning. This implies that the properties of L2 perceptual

categories will be established and show the most rapid change during the first few months of L2

learning. Flege & Liu (2001), however, proposed that LOR would be a significant predictor for L2

perception if the L2 learners interacted extensively with native speakers of the L2 and were thus

exposed to large amounts of appropriate input. Chinese listeners’ perception of English word-final

consonants correlated with LOR for participants who were students, who had extensive interaction

with native English speakers, but not for participants who were non-students (primarily researchers),

who had relatively little interaction with native English speakers (participants were divided into

short-LOR, 0.5-3.8 years, and long LOR, 3.9-15.5 years, groups, and orthogonally into student and
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1“Prototypical” is used here as a convenient label and is not intended to imply that the theory or research
results necessarily support prototype theory. This thesis will, however, take the position that categorical boundaries
are a meaningful construct. 

non-student groups where there was no significant difference in LOR for student versus non-student

groups).

2.1.3.1 Similar sounds

By a principle first called phonological translation (Flege, 1981, based on Catford, 1965)

and later called equivalence classification (Flege, 1987, 1991a, 1992, 1995), L2 sounds that are

“similar” to an L1 sound are identified as examples of that L1 sound. Although  listeners may be

able to distinguish the acoustic differences between the similar sounds, equivalence classification

prevents them from making use of these differences in speech processing. When an L2 sound is

assigned to the same category as an existing L1 sound, a merger will occur creating a diaphone

category covering both the L1 and L2 sounds (Flege, 1995).

The SLM states that phonetic categories established for the L1 in childhood continue to

develop over a person’s life span. If phonetic learning continues, then experience with both L1 and

L2 sounds will act on a diaphone category and modify its phonetic properties. Over time the

cumulative effect of the differences between the L1 and L2 sounds will affect the boundaries or

prototypical1 values used to perceive the category. For this to occur, learners must be able to detect

within-category differences whilst still assigning sounds to particular phonetic categories. There is

evidence that within-category differences can be perceived. Flege (1984a) and Flege & Hammond

(1982) found that monolingual speakers could detect and produce certain within-category

differences which were indicative of foreign accents but still assigned the foreign accented speech

sounds to the appropriate categories.

As a result of equivalence classification, the L2 learner will not develop L2 phonetic

categories which match native-speaker norms. Instead, because of the  merger of L1 and L2 sounds

in the diaphone category, the learner will produce the L2 sound with properties intermediate

between the properties of the L1 category and the norm for the L2 category. Equivalence

classification will therefore impose an upper limit on the degree to which an L2 learner can

approximate the phonetic norms for an L2 segment. 
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Several studies have found that similar L2 vowels are perceived and produced with

properties intermediate between the L1 and L2 vowel. Munro (1993) found that experienced Arabic

learners of English tended to produce English vowels with spectral values that were intermediate

between those of native-English vowels and similar Arabic vowels. Bohn & Flege (1990) found that

English /i/ and // were perceptually similar to German /i/ and //, and Bohn & Flege (1992) found

that German speaking learners of English tended to produce English /i/ and // with spectral values

that were intermediate between those of German vowels and the native-English vowels. The

duration of the Germans’ // was also intermediate between German and English norms. Bohn &

Flege (1992) also tested the production of English //, which is similar to German //. Experienced

German learners of English produced English // with properties  intermediate between German //

and native-English //. These findings are consistent with the theory that equivalence classification

blocks the full approximation of L2 vowels to L2 norms.

2.1.3.2 New sounds

According to the SLM, “new” L2 sounds are not assimilated to L1 sounds and are therefore

not subject to equivalence classification. The SLM predicts that L2 learners will set up new

categories for these L2 sounds, and that the properties of a new category will be based only on an

L2 sound, as produced by native speakers of the L2, rather than on a combination of an L1 and an

L2 sound. The properties of the new category may match the properties of the equivalent category

for a native speaker of the L2, in which case the L2 learner will succeed in producing new sounds

in a native-like manner, in contrast to a similar sound for which they will only partially approximate

native norms. The properties of the new category  will not match those of the equivalent category

for a native speaker of the L2, if the L2 learner uses different cue weighting (see Section 2.1.3.6)

or if the new sound is deflected: The SLM posits that bilinguals have a single phonetic space

covering both their L1 and L2, and that they strive to maintain contrasts between all speech sounds

from both the L1 and L2; hence, the SLM predicts that the properties of a new category and

neighbouring L1 categories will be subject to phonetic category dissimilation and will be deflected

away from each other.

One study which examined the difference between sounds perceived as new and sounds

perceived as similar was Flege (1987): He found that very experienced English speaking learners

of French produced the similar French /u/ with F2 values which were intermediate between those
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of monolingual English speakers and monolingual French speakers. In contrast, all but the least

experienced participants produced the new French /y/ with F2 values that were within the same

range as those produced by monolingual French speakers. It was not clear, however, that French /y/

was indeed a new category; inexperienced learners may simply have been confused as to which

word contained which phoneme. Flege, Shirru, & MacKay (in press) tested the production of

English vowels by Italian immigrants to Canada. They found that Italian participants who had a late

age of arrival in Canada and used a large amount of Italian (late-high) produced English /e/ with less

formant movement than English /e/ produced by native English speakers. This was consistent with

the late-high participants having perceived English /e/ as similar to Italian /e/  (which lacks formant

movement). Italian participants who had an early age of arrival in Canada and made little use of

Italian (early-low) produced English /e/ with significantly more formant movement than English /e/

produced by native English speakers. This was consistent with the early-low participants having

established a new category for English /e/ with exaggerated formant movement in order to maintain

phonetic contrast between this new English /e/ category and the existing Italian /e/ category.

2.1.3.3 Identical sounds

Early formulations of the SLM (Flege, 1987, 1988) included the category “identical”

alongside “similar” and “new”. Flege (1992) notes that:

... a “U” shaped rather than a linear function may describe better the effect of varying
differences between L1 and L2 sounds. An L2 sound may be pronounced
authentically if it is identical to a sound in the L1, or if it is so similar to an L1 sound
that the differences between it and the nearest L1 sound will go unnoticed if the L1
sound is substituted for the L2 sound. (p. 566)

2.1.3.4 What constitutes new and similar?

One problem in the SLM is the question of what constitutes “new” and “similar” sounds.

“New” and “similar” are discrete and there is no principled method for distinguishing the boundary

between them. The formulation of the SLM in Flege (1995) deals with the problem by referring to

likelihoods based on degree of perceived phonetic dissimilarity: A new category can be established

if a learner perceives at least some of the differences between the L1 and L2 sounds, and the greater

the perceived dissimilarity, the greater the chance that a new category will be established. Flege

(1995) discussed whether the phonetic distance between sounds should be measured in terms of
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acoustic difference, phonological features, or articulatory gestures but did not reach a definitive

conclusion. Flege (1991a) proposed that an accurate picture of what constituted new and similar

sounds would require phonetic distance scaling by participants in a laboratory setting.

2.1.3.5 No uncommited space

Rochet (1995) argued that all L2 sounds that are assimilated as speech sounds are perceived

as similar to some L1 sounds and so there is no uncommitted perceptual space. Flege (1992) had

suggested that an L2 vowel that appeared in a part of the vowel space that was “uncommitted” in

the L1 would be perceived as new. Rochet (1995) suggested that perceptual boundaries are more

important than perceptual prototypes and that all vowel categories expand as far as the limits of the

next category, leaving no uncommitted space and thus no room for new vowels. He found that

Canadian English and Brazilian Portuguese listeners divided a high vowel continuum into /i/ and

/u/, and did not have an uncommited space corresponding to Parisian French /y/. Note that the

formulation of the SLM in Flege (1995) (see section 2.1.3.4) does not require an L2 sound to be in

uncommitted perceptual space (i.e., assimilated as uncategorisable) in order for a “new” category

to be established.

2.1.3.6 Different cues or different cue weighting

The SLM states that an L2 learner may base a new category on criteria that are different or

weighted differently to those of a native speaker (Flege, 1995). Several studies have found that L2

learners give greater weight to vowel duration than vowel spectral properties (Bennett, 1968; Weiss,

1976; and Bohn & Flege, 1990). Bohn (1995) tested L2 learners on L2 vowel contrasts that did not

occur in their L1. He found that both Spanish-speaking and Mandarin-speaking learners of English

identified vowels on an English /i/-// continuum based primarily on duration, whereas native

English speakers primarily used spectral cues. German speaking learners of English also primarily

used duration to distinguish an English //-/æ/ continuum where native English speakers primarily

used spectral cues. Flege & Yang (unpublished study cited in Flege, 1995) found that Korean

learners of English produced English /i/ and // tokens that were poorly identified and had

substantial F1-F2 overlap, but that they produced a greater duration contrast between /i/ and // than

did native English speakers. Wang (1997) found that Mandarin learners of English produced

considerable spectral overlap between English /i/ and // but that their  English /i/ was longer than
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2Burnham made specific reference to VOT duration and spectral differences in place of articulation for stops.
The concept that in general duration differences are more robust than spectral differences would also account for the
results of the vowel studies cited above.

the English norm (even though Mandarin /i/ was shorter) resulting in an exaggerated duration

difference between /i/ and //. Munro (1993) also found that very experienced Arabic speaking

learners of English greatly exaggerated the duration differences between English tense and lax

vowels. Burnham (1986) proposed that duration-based contrasts were more robust and were lost

later by infants and more easily retrained than more fragile spectral contrasts.2 He related robustness

to psychoacoustic salience. 

2.1.4 Desensitisation Hypothesis

Bohn (1995) accounted for L2 listeners’ preference for duration cues over spectral cues  via

the Desensitisation Hypothesis:

This principle states that whenever spectral differences are insufficient to
differentiate vowel contrasts because previous linguistic experience did not sensitize
listeners to these spectral differences, duration differences will be used to
differentiate the non-native contrast. (p294)

Butcher (1976, cited in Bohn, 1995) found that English listeners perceived a greater

difference between cardinal // and cardinal /a/ than did German listeners. L1 developmental

changes were opposite in English and German: English speaking adults perceived a greater

difference than English speaking children, German speaking adults perceived less of a difference

than German speaking children. Butcher therefore suggested that English speakers are sensitised

and German speakers desensitised to spectral changes in the low-front part of the vowel space

because English vowels are acoustically closer together in that part of the vowel space than are

German vowels. Gottfried & Beddor (1988) found that US English speakers made greater use of

duration than French speakers when identifying a French /o/-// continuum. This may have been due

to spectral desensitisation since US English has fewer back vowels. Bohn’s (1995) finding that

German learners of English identified an English //-/æ/ continuum primarily on the basis of

duration may have been due to L1 transfer: German makes greater use of duration than English in

distinguishing vowel pairs. The finding that Mandarin and Spanish speaking learners of English

identified an English /i/-// continuum primarily on the basis of duration, could not, however, be due
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to L1 transfer: Neither Mandarin nor Spanish makes use of duration to distinguish vowels. Bohn

therefore accounted for the latter result via the Desensitisation Hypothesis.

2.1.5 The Perceptual Magnet Effect

The Perceptual Magnet Effect and Native Language Magnet Model (NLM) (Kuhl, 1991;

Kuhl et al., 1992; Iverson & Kuhl, 1995; Kuhl & Iverson, 1995), provide an alternative explanation

for why listeners may be unable to perceive spectral differences in certain parts of the vowel space.

Grieser & Kuhl (1989) and Kuhl (1991) found that infants and adult native speakers were good at

identifying prototypical sounds for native speech categories. Kuhl (1991) had English speakers rate

the prototypicality of over 100 /i/ tokens and then selected a prototypical and non-prototypical

exemplar. By altering F1 and F2, variants, equidistant in mels, were created centred on each

exemplar. The ability of six-month-old and adult native listeners to distinguish the variants from

the exemplars was measured. For both groups, variants the same distance from their respective

exemplars were more likely to be equated with the prototypical than the non-prototypical vowel.

Kuhl explained this by positing the Perceptual Magnet Effect whereby linguistic experience causes

the perceptual space around a category prototype to be distorted so that perceptual distance near the

prototype is reduced. This results in reduced discrimination sensitivity around category prototypes.

Kuhl et al. (1992) demonstrated that perceptual magnets may be established due to exposure to

particular languages. Six-month old Swedish infants showed a magnet effect for Swedish /y/ but

not English /i/, whilst infants in the US showed a magnet effect for English /i/ but not Swedish /y/.

The basis for vowel prototypes in the NLM has been challenged: Nakai (1997, 1999) had

Japanese and Greek listeners choose, from a grid of synthetic vowels, those vowels which they

perceived as closest to their L1 vowels /i e a o u/. With the exception of /a/, participants chose

vowels that had spectral properties which were more extreme than the mean F1 and F2 values of

their vowel productions. Thus the Perceptual Magnet Effect may be caused by vowel extremity

rather than by an established L1 category. Lotto (2002) presented evidence suggesting that both

factors are at work: in both human and animal tests he found that participants responded most

strongly to stimuli that were furthest from categorical boundaries and also to stimuli at the statistical

centroids for categories; e.g. peaks were found for the most peripheral /i/ stimuli and for stimuli

with spectral values which might be called prototypical for /i/.
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Although the Perceptual Magnet Effect is described in terms of prototypes, the NLM also

makes reference to boundaries. Kuhl & Iverson (1995) posited boundaries to be innate. Rather than

learning boundaries, infants learn to ignore innately specified boundaries which are not relevant to

the language they are exposed to. The magnets dominate areas circumscribed by the remaining

boundaries. This theory is therefore not necessarily incompatible with Rochet’s (1995) assertion that

perceptual boundaries are of more importance than prototypes. It also helps to explain why the

single boundaries between the Portuguese and English participants’ two high vowel categories fell

in approximately the same place as one of the two boundaries between the French participants three

high vowel categories, rather than falling midway so as to evenly divide the vowel space (the

Portugese /i/-/u/ boundary was in approximately the same place as the French /y/-/u/ boundary, and

the English /i/-/u/ boundary was in approximately the same place as the French /i/-/y/ boundary).

Kuhl & Iverson (1995) claimed that the boundaries do not completely disappear but are accessible

when the listener perceives sounds in non-speech mode, i.e., when the sounds are nonassimilated.

The establishment of perceptual magnets for the L1 explains why listeners have difficulty

discriminating L2 vowels that are spectrally close to L1 vowels. This surfaces in the assimilation

of L2 vowel to L1 vowels in the PAM, and in equivalence classification in the SLM.

2.2 Post-vocalic Consonant Voicing

Section 2.1 has presented a general description of current models of cross-language speech

perception. Sections 2.2 and 2.3 will review studies dealing with the particular phenomena to be

investigated in this thesis: Section 2.2 will review studies dealing with vowel and consonant

duration as cues to post-vocalic consonant voicing; and Section 2.3 will review studies dealing with

the perception and production of high front vowels in English, Japanese, and Spanish, focussing

especially on vowel duration effects in cross-language studies. 

Multiple cues have been found to signal post-vocalic consonant voicing: phonetic voicing

(i.e., vocal cord vibration) (Wardrip-Fruin, 1982), consonant closure duration (Denes, 1955; Lisker,

1957; Suen & Beddoes, 1974), release burst properties (Wolf, 1978; Repp & Williams, 1985);

preceding vowel duration (Denes, 1955; Zimmerman & Sapon, 1958; Peterson & Lehiste, 1960;

House, 1961; Chen, 1970; Cochrane, 1970; Raphael, 1972; Wolf, 1978; Hogan & Rozsypal, 1980),

vowel F1 offset (Wolf, 1978; Revoile et al., 1982; Walsh & Parker, 1983; Hillenbrand et al., 1984;

Fischer & Ohde, 1990), vowel formant steady state (Wolf, 1978; Summers, 1988), and the speed
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of transition from vowel to consonant (Parker, 1974; Summers, 1987; Walsh, Parker, & Miller,

1987). Kingston (in press) argues that the perception of the phonemic voicing contrast is due to the

perceptual integration of multiple cues: listeners do not hear the individual acoustic cues but

perceive a higher order auditory cue resulting from the combination of the acoustic cues. He also

argues  that speakers control independent articulations in order to produce combinations of cues

which optimise the contrast in each particular context.

Since this thesis is concerned with differences in L1 and L2 vowel duration perception, the

remainder of Section 2.2 will focus on vowel duration and its relationship with post-vocalic

obstruent voicing.

2.2.1 Vowel and consonant duration cues

Across languages, vowels preceding voiced consonants tend to be longer than vowels

preceding voiceless consonants (Chen, 1970). Various possible explanations for this phenomenon

are reviewed in Chen (1970) and Kluender, Diehl, & Wright (1988). In English the vowel duration

difference is greater than in other languages and may in itself be sufficient to cue the voicing

distinction. Fox & Terbeek (1977) found that US English vowels were significantly longer before

flaps that were underlyingly voiced than before flaps that were underlyingly voiceless. In utterance

final position English plosives may be phonetically devoiced  and lack a release burst, but English

listeners can use vowel duration (possibly in combination with spectral cues in the vowel) to reliably

identify whether the plosive is underlyingly voiced (Halle, Hughes, & Radley, 1957; Raphael, 1972;

Flege, 1989; Crowther & Mann, 1992). Parker (1974) presented anecdotal evidence that naïve native

English speakers are even consciously aware that in whispered speech vowel duration is a cue to

phonemic voicing. A vowel duration difference has also been observed for phonemically voiced and

voiceless final plosives in Russian (Chen, 1970) and German (Port et al., 1981, cited in Keating,

1985) even though word-final phonemic voiced plosives are phonetically devoiced, and the

phonemic contrast is usually considered to be neutralised in these languages.

For English, the vowel duration effect has been found to be greater before fricatives and

plosive-fricative clusters than before plosives (Peterson & Lehiste, 1960; Raphael, 1972). Hogan

& Rozsypal (1980) found that, in Canadian English, vowel duration was an effective cue to the

perception of word-final consonant voicing for phonemically long and high vowels combined with
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fricatives and plosive-fricative clusters, but not generally so for other combinations of vowels and

plosives.

Suen & Beddoes (1974) found that Canadian English speakers produced considerably longer

closures for post-vocalic voiceless versus voiced plosives. Lisker (1957) found that US English

intervocalic /p/ was longer than /b/ in the same context, and that listeners had a categorical boundary

when identifying a continuum varying in closure duration. Crystal & House (1982), however, found

that in connected speech there was no difference in the duration of the closure portion of voiced and

voiceless stops.

Denes (1955) found that consonant duration was a relevant cue to voicing an English /jus/-

/juz/ continuum. Consonant duration, however, varied systematically with vowel duration. Port

(1981) and Port & Dalby (1982) proposed that it was the ratio of vowel to consonant duration that

was relevant in the identification of post-vocalic consonant voicing in English. Port (1981) found

that all his participants had a larger V/C ratio for syllables ending in a voiced consonant than for

syllables ending in a voiceless consonant. In contrast, Luce & Charles-Luce (1985) found that

neither V/C duration ratio nor consonant closure duration were reliable cues to US English post-

vocalic plosive and fricative voicing in connected speech, but that vowel duration was a reliable cue.

Kluender, Diehl, & Wright (1988) cited studies attesting vowel duration differences before

voiced versus voiceless consonants in fourteen different languages belonging to various language

families. They reviewed earlier articulatory and auditory accounts for the vowel length effect, and

proposed their own auditory account. They claimed that the primary cues used to signal voicing in

medial and final consonants are the presence of glottal vibration during the closure interval, the

length of the closure interval, and the length of the preceding vowel. They proposed that speakers

could independently control each of these cues so that different languages could apply different

weighting to each cue. They also proposed that the different cues are not perceived independently

but have mutually reinforcing auditory effects. Of particular importance to Kluender, Diehl, &

Wright’s (1988) hypothesis was a contrast effect whereby a short consonant will be perceived as

even shorter when preceded by a long vowel, and a long consonant will be perceived as even longer

when preceded by a short vowel. They claimed that the vowel length effect exists in order to

enhance perception of the consonant closure duration which was the primary cue to the voicing

distinction in languages with a vowel duration effect. In support of their claim they cited Flege &

Port (1981), who found that in Arabic there was no difference in closure duration or preceding
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vowel duration for voiceless versus voiced final consonants; if consonant closure duration were not

a cue to voicing, then vowel duration would not be expected to vary either. Kluender, Diehl, &

Wright (1988) claimed that English was not fundamentally different to other languages in its use

of vowel duration as a cue to post-vocalic consonant voicing, and that the difference in degree of

the effect between English and other languages had been exaggerated. However, their study used

only English speakers and required the listeners to make a non-phonemic long-short response rather

than a phonemic voiced-voiceless response. This raises two possible problems with their

conclusions: first, native English listeners may behave very differently from natives of other

languages; second, listeners may have perceived a non-phonemically relevant cue using raw

acoustic information in non-speech mode. Perceptual tests requiring phoneme identification and

monolingual participants from various language backgrounds would be needed to fully test their

hypothesis.  Kluender, Diehl, & Wright’s (1988) hypothesis would fail to cover the situation in

English where a final plosive may be devoiced and have no audible release, hence no consonant

closure duration, but where phonemic voicing is still cued by vowel duration. 

House (1961) hypothesised that longer vowel duration in tense versus lax vowels, and before

voiced versus voiceless consonants is part of the phonology of US English, whilst longer vowel

duration in open versus close vowels, and before fricatives versus stops is due to universal

physiological constraints. Keating (1985) argued that whilst physiological constraints produce

default patterns, all aspects of phonetic control must be learnt. Physiological constraints predict that

utterance-final plosives will be voiceless. Inventory and allophonic preferences for word-final

devoicing in utterance-medial position, however, suggest that a process initially motivated by

physiological constraints has been transformed into a phonological rule. The physiological default

is for shorter vowels before voiceless versus voiced consonants but individual languages exert active

control to achieve three different patterns: 1. no duration difference (e.g., Czech and Polish [see

Keating, 1985]); 2. vowels shorter before phonetically voiceless consonants (e.g., French [see Mack,

1982]); 3. vowels shorter before phonemically voiceless consonants (e.g., German and Russian [see

Chen, 1970; Port et al., 1981, cited in Keating, 1985]). In addition a language may exaggerate the

duration difference which could result in a language where, in certain contexts, vowel duration

alone cues phonemic voicing for consonants (e.g., possible word finally in English). Such a situation

may even lead to a consonant voicing contrast being rephonemicised as a vowel duration contrast

as in Friulian (Baroni & Vanelli, 2000; Kingston, in press). No language is attested in which vowels
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3A similar hypothesis – that Japanese listeners’ perception of English vowels before voiced and voiceless
consonants is dependant on the position of the Japanese long-short vowel boundary – will be tested in this thesis (see
Section 2.3.3.2.2).

are shorter before voiced consonants. This is as predicted since it would not be a natural extension

of the physiological default.

2.2.2 Interaction with phonemic vowel duration

Flege & Port, (1981), and Mitleb (1984) found that native Arabic speakers did not produce

a significant vowel duration difference before Arabic voiced versus voiceless obstruents. Similarly,

Port & Mitleb (1983), Mitleb (1984), and Munro (1993) found that Arabic speakers produced a

difference in vowel duration before English voiced versus voiceless consonants that was

significantly smaller than that produced by native English speakers. Turning to perception, Flege

(1984b) found that both English and Arabic listeners were quite sensitive to vowel duration as a cue

to fricative voicing. Thus there appeared to be a lack of parallelism between perception and

production. Flege (1984b) suggested that the perceptual results could be accounted for if the Arabic

listeners had mapped English vowels before voiced fricatives to long Arabic vowels, and English

vowels before voiceless fricatives to short Arabic vowels. In order to ascertain whether such a

hypothesis is tenable, it would be necessary to determine whether in the peas - peace tokens used

by Flege (1984b), the duration difference between English /i/ before voiced /z/ versus voiceless /s/

straddled the categorical boundary between Arabic long /i/ and short /i/.3 

The fact that Arabic does not have vowel duration differences before voiced versus voiceless

consonants may be related to the existence of phonemic vowel duration, i.e., if a language uses

vowel duration differences to cue phonemic vowel duration, then it may not be possible for that

language to also use vowel duration to cue consonant voicing. Whilst the existence of phonemic

vowel duration contrasts may block vowel duration differences due to consonant voicing, it is not

a necessary condition: Keating (1985) found no significant duration difference before voiced versus

voiceless word-medial consonants in Czech, a West Slavic language with contrastive vowel

duration, or in Polish, a West Slavic language without contrastive vowel duration. 

Flege & Hillenbrand (1986) had Swedish, and Finnish listeners identify members of an

English peace-peas continuum in which vowel duration and consonant duration were varied

independently. Neither Swedish nor Finnish has a /s/-/z/ contrast, but both have a phonemic contrast
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between long and short vowels and consonants. Fricative duration had no systematic effect on the

Swedish and Finnish participants’ perception of voicing in the English contrast, but vowel duration

was found to have an effect. Flege & Hillenbrand (1986) suggested that the Swedish and Finnish

listeners may have assimilated the vowel duration differences in the stimuli to long and short vowel

categories in their L1s, and then given responses based on this distinction. Finnish listeners who had

never lived in an English speaking country were more sensitive to vowel duration differences than

those who had. This suggests that the more experienced learners of English had learnt that

differences in English vowel duration, such as those due to the voicing contrast, were not identical

to the Finnish vowel duration contrast. Flege & Hillenbrand (1986) suggested that although fricative

duration was also contrastive in Swedish and Finnish, the participants had not responded to fricative

duration differences because vowel duration differences are intrinsically more salient and L2

learners may have difficulty integrating multiple acoustic cues.

2.2.3 English, Japanese, and Spanish post-vocalic obstruent voicing

In certain contexts such as in utterance final position, phonemic voiced English obstruents

may be partially or fully devoiced so that phonetic voicing is not a cue to phonemic voicing. The

phonemic voicing contrast is maintained, however, as a difference in vowel duration. 

In Japanese, obstruents are always followed by vowels, and the phonetic voicing contrast

is always maintained. Japanese also has a contrast between singleton and geminate consonants.

Usually only voiceless obstruents can be geminate but voiced geminates occur in loan words and

onomatopoeic words. The singleton - geminate contrast is realised phonemically by a difference in

the duration of the consonant closure.

Spanish does not have a phonemic voicing contrast for fricatives. Intervocalically the

phonetic voicing contrast for plosives is maintained and phonemic voiced stops are realised as

voiced approximants, e.g., /bota/  [bota], /boda/  [boa]. Phonemic voiced word final plosives

are realised as voiced or voiceless fricatives, e.g., /bit/  [bit], /bid/  [bi] or [bi] (D’Introno,

Del Teso, & Weston, 1995). Spanish does not have a singleton-geminate contrast for obstuents.

2.3 English, Japanese, and Spanish vowels

This section begins with a description of the vowel systems in General Canadian English,

Western Japanese, and Mexican Spanish. This is followed by a review of research dealing with the
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4Gregg (1975) claimed that tense-lax pairs do not differ in duration in Vancouver English, but failed to present
any acoustic data in support of this claim. Duration data based on acoustic measurements of English /i/ and // produced
by a Vancouver English speaker are given in Chapter 3 of this thesis. This speaker did produce duration differences
between the lax and tense vowel.

perception and production of vowel duration in Japanese and Spanish, and with Japanese and

Spanish speakers’ perception and production of English vowels. The review focuses primarily on

high front vowels.

2.3.1 Vowel systems

2.3.1.1 General Canadian English vowels

The term “General Canadian English” refers to a relatively homogeneous dialect spoken in

western and central Canada. In terms of phonemic monophthongs, the vowel system has five tense

vowels /i e  o u/, five lax vowels /  æ  /, and a reduced vowel (schwa) // (Avis, 1975; Gregg,

1975; Walker, 1975). In identical contexts, the tense vowel /i/ is both more peripheral in the vowel

space and longer than the lax vowel //.4 Avis (1975), and Gregg (1975) noted that /i/ may be

diphthongised moving upwards in the vowel space. Nearey & Assmann (1986) found no significant

formant movement in /i/ but did find significant formant movement in // moving downward and

backward in the vowel space. This  formant movement was such that when the nucleus and offglide

sections of the vowel were reversed, listeners primarily identified the vowel as /e/ [ej] instead of

//. Formant movement, however, did not appear to be essential for // identification since correct

identification scores were still relatively high when the offglide section was replaced by a repetition

of the nucleus. Assman, Neary, & Hogan (1982) found that when isolated Canadian English vowels

were “gated” so as to remove duration and dynamic spectral properties, native listeners’ rates of

confusion for vowel identification increased from 5 to 12%, a statistically significant but relatively

small difference. In a discriminant analysis,  a cross-validated correct classification score of 93%

was obtained using (normalised) steady-state spectral information. The score rose by only one

percentage point when duration and dynamic spectral information were included. On the basis of

these results, steady state spectral properties appear to be the primary cue for Canadian English /i/

and // perception.
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2.3.1.2 Western Japanese vowels

Standard eastern and western dialects of Japanese have five short vowels /i e a o u/ and five

long vowels /i e a o u/, associated with one and two morae respectively. The high back vowels

are unrounded in eastern dialects but slightly rounded in western dialects (Shibatani, 1990).

Confusion of /i/ with /e/ has been reported in the Tokyo (eastern) dialect but not in western dialects

(Shibatani, 1990). The long and short vowels are traditionally described as having identical spectral

properties (Akamatsu, 1997). All these vowels are phonetically monophthongs with no evidence

of F1 or F2 movement (Fitzgerald, 1996). Pitch accents may occur so that the second mora of a long

vowel has a lower pitch than the first or vice versa (Shibatani, 1990).

2.3.1.3 Mexican Spanish vowels

Most Spanish dialects, including Mexican Spanish, have five vowels /i e a o u/ with no

tense-lax or long-short distinctions. All these vowels are considered monophthongs. Vaquero de

Ramírez (1996) noted that in colloquial American dialects both stressed and non-stressed /i/ may

be pronounced as [e]. Navarro Tomás (1965) claimed that there were open and close allophones of

the non-low vowels, and back and front allophones of the low vowel. Whilst his description of the

allophones of the high front vowel suggest that Spanish speakers have experience with an

allophonic contrast in Spanish that may be similar spectrally to the tense-lax contrast in English,

there is little evidence to support the claim that these allophones exist. From spectral analysis

Martínez Celdrán (1994) concluded that there was insufficient evidence to confirm the claims of

Navarro Tomás (1965) although he did find that stressed vowels were slightly more peripheral than

non-stressed vowels. Morrison (2002b) also failed to find a spectral difference between the putative

mid vowel allophones, a difference which Navarro Tomás had claimed was more perceptable than

that for the high vowel allophones.

2.3.1.4 Cross-language vowel inventory comparison

With respect to vowel quality, Japanese and Spanish speakers have similar five-vowel

systems, and in learning Canadian English are faced with the problem of learning a system with

twice as many vowels. Japanese and Spanish differ in that Japanese, but not Spanish, has a

phonemic long-short vowel distinction. English /i/ and // differ in both spectral and duration

properties in a part of the vowel space where Japanese has /i/ and /i/ traditionally described as
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5There is little, if any, reason to expect a different result for Canadian English /i/-//. Canadian English /æ/-//,
however, are better differentiated spectrally and so duration differences may not be as important as in US English (M.
J. Munro, personal communication, 30 April 2002).

differing in duration but not spectral properties. Spanish has a single vowel /i/ not contrasting in

duration or spectral properties with any other vowel in the high-front part of the vowel space. 

2.3.2 English speakers’ perception of English vowel duration

Hillenbrand et al. (2000) found that when the vowels in /hVd/ words were lengthened and

shortened, US English listeners shifted their identification of /æ/-// and //-//-//, but did not shift

their identification of /i/-//, /u/-//, and //-/e/-//. They proposed that the reason for this was that

high and front-mid vowels had considerable spectral separation making vowel duration differences

redundant, whereas the low vowels had spectral overlap so that duration was a pertinent cue to

vowel identification.5  Hence although English lax-tense vowel pairs differ in duration and spectral

properties, native English listeners are expected to ignore the duration cues as long as spectral cues

are maintained.

2.3.3 Japanese speakers’ vowel perception and production

2.3.3.1 Perception and production of Japanese vowel duration

2.3.3.1.1 Phonemic long-short distinction

Japanese vowels may be phonemically short, associated with 1 mora on the prosodic tier,

or long, associated with 2 morae on the prosodic tier. Akamatsu (1997) analysed a long vowel as

a sequence of two identical vowels. He emphasised that there is no difference in quality between

a single vowel and a sequence of two identical vowels, and that there is no difference in quality or

intensity between each of the two vowels in sequence. Fitzgerald (1996), however, found that,

although there was considerable overlap, the mean F1-F2 frequencies for long vowels were more

peripheral compared to those of short vowels. Short vowels were also more susceptible to

allophonic variation due to consonant context; however, very little allophonic variation was

observed for either  /i/ or /i/.

Japanese listeners have a sharp categorical boundary for the perception of long and short

vowels (Enomoto, 1992). Fujisaki & Sugito (1977, cited in Takahashi, 1987) found that the

categorical boundary between short and long vowels was in the region of 150-160 ms. The boundary
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was longer when the word was embedded in a carrier sentence than when it was presented in

isolation, e.g., 168 ms versus 156 ms for the /o/-/o/ boundary. Toda (1999) had native Japanese

listeners indicate the just noticeable duration difference on (C)VCV - (C)VCVV continua (presented

both as “rising” series in which vowel duration was gradually increased, and as “falling” series in

which vowel duration was gradually decreased). Doubling the duration of the first vowel had a

statistically significant effect on the position of the categorical boundary for the final vowel;

however, the categorical boundary value increased by a relatively small amount, in the order of

10%. When the first vowels were set to 70% of their natural durations, the long-short boundaries

for the final vowels ranged from 231 to 245 ms, and when the first vowels were set to 140%, the

range was 245 ms to 267 ms.

Several production studies have examined the difference in duration between long and short

Japanese vowels. Han (1962) found that the long-short vowel duration ratio was 2 when not

preceded by a consonant, 2.5 when preceded by a voiced consonant, and 3 when preceded by a

voiceless consonant. Vowel durations were such that CVV syllables were twice as long as CV

syllables.  Fitzgerald (1996) found that for /C_Ca/ words in a carrier sentence, the mean long-short

vowel duration ratio was 2.04 (73-150 ms), with individual speakers ranging from 1.97 (73-143 ms)

to 2.10 (65-138 ms). Vowel duration also varied with vowel height: lower vowels were longer than

high vowels. For a given long-short vowel pair, a minimum 1.5 duration ratio was maintained by

each speaker. The mean duration ratio for /i/-/i/ was 1.90 (137-72 ms). Across speakers and

consonant contexts, however, duration overlaps were possible: the longest short vowel, a /ia/ by

one speaker, was 116 ms, and the shortest long vowel, a /biba/ by another speaker, was 102 ms. It

may be that differences in speaking rate had contributed to this overlap (Fitzgerald did not provide

speaking rate data).

The presence of a pitch accent on a vowel, realised as a drop in pitch in the middle of the

vowel, has also been found to cue the perception of two morae (i.e., a long vowel) (Baba et al.,

1996; Kozasa, 2002). Experiments in the present thesis will be restricted to stimuli words which do

not have a pitch change in the vowel, and the thesis will not address pitch accent as a cue to vowel

duration in Japanese.

In summary, the studies reviewed above indicate that Japanese speakers maintain a long-

short vowel contrast ratio of 1.5 to 3 depending on phonetic context. Across speakers and contexts
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absolute durations for long and short vowels may overlap. Speaking rate has only a small effect on

the location of the perceptual boundary between long and short vowels.

2.3.3.1.2 Allophonic duration differences due to consonant voicing

A small duration effect has been found for Japanese vowels preceding voiced versus

voiceless plosives and fricative, with the effect being greater preceeding fricatives. Tsukada (1996,

1999) investigated the production of Japanese long and short vowels in  isolated /C_to/ and /C_do/

words. Vowels were longer before /d/ than /t/; however, the difference was relatively small, the

mean  ratio being 1.06. Average absolute differences were 13.7 ms for female speakers and 3.4 ms

for male speakers. The mean long-short vowel duration ratio was approximately 3. A large ratio was

maintained even when phonemic duration was confounded by the consonant voicing effect: the

mean durations for kado and kaato were 90 ms and 210 ms respectively. Takahashi (1987) found

that in the Japanese words /susi suzi isu izu/, the vowels preceding the voiced fricatives were

longer than those preceding the voiceless fricatives by  ratios ranging from 1.18 to 1.38, and  the

voiceless fricatives were longer than the voiced fricatives by a mean ratio of 1.45. Fricative voicing

had no effect on the vowels following the fricatives. 

Homma (1973, 1981), and Maeda (1979, cited in Takahashi, 1987) also found that vowels

were longer before voiced versus voiceless consonants, but that the lengthening effect was greater

for vowels that followed voiced versus voiceless consonants. In Homma (1981) the preconsonantal

difference was 10 ms (12%), and the postconsonantal difference 28 ms (36%). Port et al. (1980)

found that in Japanese CVCV words, both the preconsonantal and postconsonantal vowels were

longer if the second consonant was a voiced as opposed to a voiceless stop. The voiced stop was

also shorter than the voiceless stop. There was thus an inverse relationship between vowel and

consonant duration such that the length of the two-mora word remained unchanged. This led Port

et al. (1980) to posit word timing as well as segment timing control. The same effect was found

across manners of articulation so that a word had almost the same duration whether the second

consonant was intrinsically long, e.g., /s/, or short, e.g., /r/. Homma (1981) found the same

compensatory lengthening and word timing in CVC(C)V words with voiced and voiceless

consonants. In contrast, Beckman (1981, cited in Takahashi, 1987) and Takahashi (1987) did not

find such compensatory lengthening, but Beckman did find that Japanese vowels were longer before

voiced than voiceless consonants. According to Port el al.’s (1980) timing model, preconsonantal
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vowel duration does not vary to cue consonant voicing as in English but varies as part of a

compensatory system which maintains equal duration for words with the same mora count. Since

voiced consonants are shorter than voiceless consonants, vowel duration will vary with consonant

voicing. Vowel duration, however, will be interpreted by native listeners as a cue to the moraic

structure of the word rather than as a cue to consonant voicing.

In summary, the studies above indicate that in Japanese, vowel duration effects due to

postvocalic plosive voicing are small compared to phonemic vowel duration differences. Duration

differences due to postvocalic fricative voicing are somewhat larger than those due to plosive

voicing. Port el al. (1980) theorised that the vowel duration effect in Japanese is not particular to

postvocalic voicing, but is part of a word-timing system that adjusts the duration of individual

segments in order to maintain equal duration for words with equal mora counts.

2.3.3.2 Japanese Speakers’ Perception and Production of English vowels

2.3.3.2.1 Assimilation of English vowels to Japanese categories

Ingram & Park (1997) had Japanese listeners classify Australian English vowels in terms

of Japanese categories. The vowels were /i  e æ a/ presented in isolated /h_d/ words. The stimuli

had been produced by two native speakers of Australian English, one of whom spoke faster than the

other resulting in different vowel durations: one speaker’s // and  /i/ vowels were approximately

75 and 255 ms respectively, and the other’s were 165 and 390 ms. All vowels were consistently

assimilated to long or short Japanese categories irrespective of the between-speaker duration

differences. Japanese listeners assimilated English /i/ to Japanese /i/ at a rate of 100% and

assimilated English // to Japanese /i/ at a rate of 90% (10% as /i/). Ingram & Park hypothesised that

the Japanese listeners were able to normalise for inter-speaker speaking rate differences because of

the phonemic vowel duration contrast in Japanese. Korean participants, however, were not able to

normalise for speaking rate differences (modern Korean does not have a vowel duration contrast).

Strange et al. (1996) and Strange et al. (1998) had Japanese listeners with limited exposure

to English categorise US English vowels in terms of Japanese categories. The listeners also rated

the English vowels for goodness of fit with the Japanese category. The vowels were produced by

four speakers and presented in a /h_b/ context both in isolation and embedded in a carrier sentence.

Strange et al. divided the English vowels into two groups according to duration; vowels in the long

group (/i e æ   o u/) were 30-45% longer than those in the short group (/   /). Long English
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6 These findings are at odds with the finding of Fujisaki & Sugito (1977, cited in Takahashi, 1987) that the
long-short boundary was longer when the word was embedded in a carrier sentence than when it was presented in
isolation.

vowels were assimilated to Japanese long vowels more often in the sentence condition than the

isolated word condition (85 versus 42%). Short English vowels were assimilated to Japanese short

vowels more often in the isolated word condition than in the sentence condition but the magnitude

of the difference was much smaller than for the long vowels (94 versus 83%).6

Strange et al. (1998) hypothesised that the difference in assimilation patterns between

conditions might have been due to the final // vowel in /h_b/ being longer in the isolated word

condition than in the sentence condition. The test was repeated using isolated word stimuli in which

the final // was truncated, but this had little effect on the assimilation of the target vowels. Guion

et al. (2002) obtained similar results, finding no significant difference in the assimilation of English

vowels to Japanese long and short categories in isolated /b_bo/ words in which the final /bo/ had

two durations based on different speaking rates. There appear to be three possible explanations for

these results:

1. The duration differences in the final part of the stimuli (// in Strange et al., 1998; and

/bo/ in Guion et al., 2002) may not have been enough to signal a speaking rate against which

the listeners could calibrate their Japanese long-short vowel boundary. They would then

have presumably used some default boundary value applicable to words in isolation. 

2. The duration differences in the final part of the stimuli may have been sufficient to

indicate a speaking rate difference which affected the Japanese long-short vowel boundary,

but the change in boundary duration did not affect the classification of the target vowels. For

example, If there were two target vowels of duration 100 ms and 150 ms and a boundary of

140 ms at the slow speaking rate and 110 ms at the fast speaking rate, then there would be

no difference in identification of these vowels across speaking rates. 

3. Changes in speaking rate may not affect or may have only a minimal effect on the position

of the Japanese long-short vowel boundary. As mentioned in section 2.3.3.1.1 above, Toda
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(1999) found that doubling the duration of the first vowel in Japanese CVCV words only

resulted in the long-short boundary being 10% greater.

Strange et al.’s (1998) second hypothesis was that the difference in assimilation patterns

between isolated word and sentence conditions was due to acoustic differences in the target vowel.

Their acoustic analysis revealed that vowels in the sentence condition were on average longer than

those in the isolated word condition. For stimuli produced by two of the four English speakers,

however, differences in assimilation could not be attributed to relative duration differences between

conditions, nor for one of these speakers could they be attributed to absolute duration. Strange et

al. (1998) concluded that “the Japanese listeners appeared to have some uniform standard across

speakers for judging the cross-language similarity in temporal structure” (p. 337). They suggested

that duration differences in stimuli could only partially account for  differences in assimilation and

that the participants may have been using the larger rhythmic pattern of the sentence to calibrate

their responses.

The pattern of assimilation of English /i/ and // to Japanese vowel categories is shown in

Table 2.1 (the data extracted from Strange et al., 1996, are from the same experiments described in

Strange et al., 1998). The duration based assimilation of English /i/ reflects the general assimilation

pattern reported above for long English vowels. The high category goodness ratings for English /i/

likely indicate that it is spectrally close to Japanese /i/ and /i/. English /i/ durations do not seem to

have affected category goodness ratings once the English vowel was assimilated to either a long or

short Japanese category. This may indicate that the Japanese listeners ignored duration when

assigning category goodness scores, or that an acceptable vowel duration in Japanese is almost any

duration that is not exactly at the categorical boundary; e.g., a long vowel is a good long vowel

whether it be 25 or 50 ms longer than the long-short boundary. English // was assimilated to both

Japanese /i/ and /e/ with relatively low category goodness ratings. This likely indicates that the

spectral properties of English // are intermediate between these two Japanese categories. The rate

of assimilation to Japanese /i/ was greater in the sentence condition. This may be because the

listeners were able to adjust their responses relative to the spectral properties of the other vowels

in the sentence.
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Table 2.1 Assimilation of English /i/ and // to Japanese vowel categories in Strange et al. (1996).
Assimilation rates given as percentages. Category goodness ratings (maximum 7) are given in parenthesis.

English
Stimulus Condition 

Japanese Response

i i e

i Sentence 83 (6) 17 (6)

Isolated word 40 (6) 59 (6)

 Sentence 77 (4) 16 (4)

Isolated word 58 (3) 39 (4)

Guion et al. (2002) also had Japanese speakers with limited exposure to English classify US

English vowels according to Japanese categories. /b_bo/ words were produced by eight different

speakers of US English and presented in isolation. Effects due to speaking rate were not significant.

The pattern for the assimilation of English /i/ and // to Japanese vowel categories is shown in Table

2.2. The assimilation pattern for English /i/ was similar to that in Strange et al. (1996) and Strange

et al. (1988). The assimilation pattern for English // was, however, different in that it was almost

always assimilated to Japanese /e/. The difference may have been due to dialectal or ideolectal

differences between the speakers who produced the stimuli (/e/ responses in Strange et al., 1988,

were disproportionally higher for the productions of one speaker). Alternatively, the difference may

have been due to differences in the surrounding segments /b_bo/ versus /h_b/.

Table 2.2 Assimilation of English /i/ and // to Japanese vowel categories in Guion et al. (2002).
Assimilation rates given as percentages. Category goodness ratings (maximum 7) are given in parenthesis.

Condition 
English

Stimulus 

Japanese Response

i i e e

Isolated
word

i 36 (4.3) 60 (4.8)

 7 (3.5) 87 (4.7)
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Nozawa & Flege (2000) tested two groups of Japanese learners of English, one living in

Japan and one living in the US, on their ability to discriminate US English vowels in /b_t/ words.

For both groups, discrimination ability was high for the /i/-// contrast and the groups did not differ

significantly. For the //-// contrast, the discrimination ability of the group living in the US was

significantly greater than that for the group living in Japan. This suggests that these English //

stimuli may have been assimilated, along with English // stimuli, as the poorer member of a

category-goodness assimilation to Japanese /e/, the more experienced listeners being better at

distinguishing the within-category difference.

In summary, the studies reviewed above suggest that the spectral properties of English /i/

are such that it is assimilated to Japanese /i i/. English // is spectrally a poor match for any

Japanese category but is assimilated as Japanese /i/ or /e/. The choice of /i/ or /e/ may be affected

by the phonetic context in which the English // occurs, and by the dialect of the English speaker

producing the //. The duration of English // is such that it is assimilated as a short Japanese vowel.

English /i/ is assimilated to Japanese /i/ at greater rates in a sentence context than in an isolated

word, and Japanese listeners may calibrate their long-short responses using the larger rhythmic

pattern of the sentence. Finally, speaking rate has little effect on Japanese listeners’ assimilation of

vowel duration. The latter statement can be interpreted in two contradictory ways: 

1. Speaking rate has a minimal effect on the position of the long-short categorical boundary

for Japanese vowels (Strange et al., 1998; Guion et al., 2002). 

2. Japanese listeners are able to adjust their perceptual use of duration to normalise for

different speaking rates (Ingram & Park, 1997). 

The question of which of these interpretations is correct will be addressed below.

2.3.3.2.2 Identification of English vowels by Japanese listeners

Ingram & Park (1997) had Japanese listeners identify non-back Australian English vowels

in terms of English categories. The vowel stimuli were the same isolated /h_d/ words used in the

Japanese assimilation test described in Section 2.3.3.2.1. Experienced Japanese learners of English

made only one error, and inexperienced Japanese learners of English made eight errors (an error rate

of only 3.2%). Ingram & Park hypothesised that the Japanese listeners were able to obtain high

correct-classification scores because they used duration to distinguish /i/ and //, and further that
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they were able to compensate for speaking rate differences because of their experience with the

Japanese long-short vowel duration contrast. Presumably the Japanese participants also made some

use of spectral cues since they correctly identified the English // tokens at a higher rate (they made

only one error) than the rate at which they were assimilated to Japanese short /i/.

Minnick Fox & Maeda (1999) had Japanese learners of English discriminate US English /i/

and // in a two-alternative forced choice task. The vowels were contained in words spoken by

several speakers. The vowels were modified in different ways: natural (unmodified), long (double

length), short (half length), and uniform (all vowels made 140 ms long). The participants were given

computer mediated perceptual training using stimuli produced by a different set of speakers from

those used in the test. One group of participants was trained using natural stimuli, and another group

was trained using uniform stimuli. Some of the results were difficult to interpret given that there

was an imbalance between group scores in the pre-test. For sake of simplicity, the numerical data

presented here are the result of averaging the values which Minnick Fox & Maeda report separately

for each group. Training appeared to be successful since the correct-identification rates for natural

stimuli rose between the pretest and post-test (see Table 2.3). In the pretest, correct-identification

rates for the long // and short /i/ stimuli were around chance level, i.e., close to 50%. Since correct-

identification rates for natural stimuli were considerably higher, this indicates that the participants

were using vowel duration as the primary cue to distinguish /i/ and //. In the post-test, correct-

identification rates for the long // and short /i/ stimuli were almost as high as those for natural

stimuli. The improvement in correct identification rates indicates that the participants had learnt to

distinguish English // and /i/ using spectral cues.



31

Table 2.3 Identification of English /i/ and // in Minnick Fox & Maeda (1999). Correct-identification rates
given as percentages.

English
Stimulus Condition 

Correct Identification Rate

Pretest Post-test

i Natural 75 88

Short 45 82

 Natural 77 89

Long 56 87

Morrison (2002a, 2002c) had Japanese and Spanish listeners identify Scottish / Northern

English vowels in isolated CVC words. In one group of words, both consonants were (phonetically)

voiced, and in another group, both were voiceless. The Japanese participants’ response patterns for

English /i/ and // are shown in Table 2.4. Japanese participants had a high correct-identification rate

for English // in both voiced and voiceless consonant conditions. They also had a high correct-

identification rate for English /i/ in the voiced consonant condition, but the majority of responses

in the voiceless consonant condition were //. To account for this finding, Morrison (2002a)

proposed that English /i/ before a voiced consonant is assimilated to Japanese long /i/ but

assimilated to Japanese short /i/ before a voiceless consonant; that English // before both a voiced

and voiceless consonant is assimilated to Japanese short /i/; that English vowels assimilated to

Japanese long /i/ are identified as English /i/, and that English vowels assimilated to Japanese short

/i/ are identified as English //. This requires that the Japanese long-short vowel boundary fall

between the longest duration for an English /i/ stimulus in the voiced consonant condition or for an

English // stimulus in either condition (whichever be the greater), and the shortest duration for an

English /i/ stimulus in the voiceless consonant condition. Comparison with the data in Tsukada

(1996) and Ingram & Park (1997), see Figure 2.1, suggested that the Japanese long-short vowel

duration boundary did indeed fall within this range. Morrison’s (2002a) English /i/ stimuli in the
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voiced consonant condition had durations of 262-275 ms, and English /i/ stimuli in the voiceless

consonant condition and English // stimuli in both conditions had durations of 44-113 ms.

Table 2.4 Identification of English /i/ and // by Japanese listeners in Morrison (2002a).  Identification rates
given as percentages.

English
Stimulus

Consonant
Condition 

English Response

i  

i Voiced 95 5

Voiceless 27 72

 Voiced 92 5

Voiceless 93 5

In Morrison (2002a), Japanese participants did not always identify English /i/ stimuli before

voiceless consonants as English //.  He hypothesised that this may have been the result of secondary

use of spectral cues, i.e., if the duration was ambiguous, or the spectral properties were extreme, or

the listeners’ attention shifted for some reason, or there was a contrast effect with the vowel in the

preceding stimulus, then the listeners would use spectral cues to identify the vowel instead of the

duration cues which they normally used.

Morrison (2002a) suggested that the near 100% correct identification rate for English /i/ and

// in Ingram & Park (1997) was not due to an ability to normalise for speaking rate differences as

Ingram & Park had hypothesised. Rather, he proposed that the results were due to almost all the

English // stimuli in Ingram & Park (1997) being short enough to be assimilated to Japanese /i/ and

all the English /i/ stimuli being long enough to be assimilated to Japanese /i/ (see Figure 2.1). This

was so because they had used an /h_d/ word frame in which the vowels occurred before a voiced

consonant. Morrison also noted that Ingram & Park had presented the words in isolation, a context

in which there would be few cues to speaking rate even if the Japanese participants had the general

ability to normalise for speaking rate. 
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Figure 2.1 Adapted from Morrison (2002a). Duration ranges for English /i/ before a voiceless consonant and English // before voiced
and voiceless consonants (left) and for English /i/ before a voiced consonant (right) from Morrison (2002a). Duration ranges for
Japanese /i/ (left) and /i/ (right) from Tsukada (1996); and for English // (left) and /i/ (right) from Ingram & Park (1997). The dashed
line represents a categorical boundary that would account for the identification patterns of Japanese participants in Ingram & Park
(1997) and Morrison (2002a). 

Crowther & Mann (1992) found that  Japanese learners of English produced a much smaller

vowel duration difference (mean 26 ms) in the English words pot /pt/and pod /pd/, than did native

US English speakers (mean 76 ms). In their perception experiment, Japanese participants were

affected more than native English participants when the closure and release burst of the final

consonants in natural pot and pod stimuli were removed so that the only cues for voicing remained

in the vowel. The Japanese participants’ correct-identification scores, however, remained relatively

high (78% in the edited condition compared to 89% in the unedited condition), indicating that they

were able to extract consonant voicing information from the vowel. Their correct-identification

score for the edited tokens was also significantly higher than for Mandarin participants. In a

perception experiment using synthetic stimuli in which vowel duration varied, Japanese participants

again outperformed Mandarin participants but did not perform as well as native English participants.

Crowther & Mann (1992) suggested that Japanese and Mandarin participants made less use of

vowel duration than English participants because of the lack of final consonants in their L1s and that

the Japanese participants made more use of duration than the Mandarin participants because of

experience with phonemic vowel duration in Japanese. It seems unlikely, however, that the Japanese

participants used the Japanese long-short vowel contrast to distinguish the English consonant-
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voicing contrast: In the synthetic stimuli test, Japanese participants had a roughly linear relationship

between vowel duration and percentage of voiced responses rather than an S-curve which would

be expected for categorical perception (Coren, Ward, & Enns, 1994). In the production test, mean

durations for the Japanese participants’ English vowels before voiced versus voiceless consonants

were 141 versus 116 ms; although it may be possible for the Japanese long-short vowel categorical

boundary to fall within this range, the difference is not typical of either the ratio or absolute duration

difference between Japanese long and short vowels (see review of literature above). An alternative

interpretation of Crowther & Mann’s suggestion is that the existence of phonemic duration

distinctions in Japanese indirectly contributed to the Japanese participants’ perception by giving

them a general sensitivity to duration differences; however, this would be unexpected since it would

suggest that Japanese listeners were sensitive to within-Japanese-category duration differences.

In summary, the studies reviewed above suggest that Japanese listeners identify English /i/

and // via assimilation to long and short Japanese vowels. English // is assimilated to Japanese /i/,

English /i/ preceding a voiceless consonant is assimilated to Japanese /i/, and English /i/ preceding

a voiced consonant is assimilated to Japanese /i/. Further, that English vowels assimilated to

Japanese /i/ are identified as English /i/, and English vowels assimilated to Japanese /i/ are

identified as English //. These studies also suggest that Japanese listeners attend to duration

differences at the onset of L2 English acquisition, but can be trained to attend to spectral differences.

2.3.3.2.3 Production of English vowels by Japanese speakers

When Ingram & Park (1997) had Japanese learners of English produce non-back Australian

English vowels in isolated /h_d/ words, they observed considerable spectral overlap for /i/ and //.

A discriminant analysis with the normalised F1 and F2 values as independent variables correctly

classified only 60% of /i/ tokens and 63% of // tokens. The Japanese speakers, however, clearly

distinguished English /i/ and // using duration. This is compatible with the participants’ two-

category assimilation of English // and /i/ to Japanese /i/ and /i/ (see section 2.3.3.2.1 above).

Kewley-Port, Akahane-Yamada, & Aikawa (1996) had native US English listeners identify

English non-back vowels produced by Japanese learners of English. Vowels were spoken in

isolation and embedded in /b_t/ words, and words were spoken in isolation and in a carrier sentence.

Correct identification rates were higher for vowels in words than for isolated vowels (68%
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compared to 58%), but there was no difference in correct-identification rates for words in sentences

compared to isolated words. Identification rates for /i/ and // averaged over all conditions are shown

in Table 2.5. Correct-identification rates for the Japanese speakers’ English /i/ vowels were very

high, but their English // vowels were primarily identified as /i/. In a two-way forced choice task,

spectrally dissimilar vowel pairs (e.g., /i æ/) were correctly identified at higher rates than spectrally

similar vowels (e.g., / e/). In contrast, vowel pairs of similar and dissimilar duration were both

identified at relatively high rates. It therefore appeared that the English listeners primarily used

spectral properties and made little use of duration when identifying the vowels. The Japanese

participants had produced significant duration differences between English /i/ and //, but had

produced only small spectral differences. Kewley-Port et al. (1996) suggested that they had

produced appropriate duration differences due to transfer of the Japanese long-short vowel contrast.

Since the English listeners attended to spectral properties rather than duration, the Japanese

speakers’ use of duration to distinguish English /i/ and // was not effective.

Table 2.5 Identification of Japanese speakers’ English /i/ and // by US English listeners in Kewley-Port,
Akahane-Yamada, & Aikawa (1996). Identification rates given as percentages.

English
Stimulus

English Response

i  e 

i 97 1 2

 64 28 6 1

Tsukada (1996, 1999) investigated the production of Australian English vowels by Japanese

learners of English (participants were the same as in the Japanese vowel production tests described

in section 2.3.3.1.2). Vowels were produced in isolated /C_t/ and /C_d/ words. The Japanese

speakers produced a vowel duration difference before voiced versus voiceless vowels with a mean

ratio of 1.25. This was smaller than the difference produced by native Australian English speakers

(1.59) but greater than the difference they produced in Japanese (1.06). The English  participants

produced a greater duration difference for phonemic long English vowels, such as /i/, compared to

phonemic short English vowels, such as //, whereas the Japanese participants produced duration
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differences that were relatively similar across vowels. The durations of the Japanese and English

high-front vowels are shown in Figure 2.2. The duration of the Japanese speakers’ English /i/

productions were almost the same as their Japanese /i/ productions; this would be consistent with

assimilation of English /i/ to Japanese /i/. The Japanese participants produced English // vowel

durations that were quite similar to those produced by Australian English participants, but

significantly longer than their Japanese /i/ and shorter than their Japanese /i/. This suggests that

English // may have been perceived as a new vowel.

With respect to /i/ and //, Australian English is quite different to American and European

English where spectral differences are of primary import. In a review of earlier work, Tsukada

(1998, 1999) observed that spectral overlap is characteristic of Australian English  /i/ and //, and

that duration is essential to distinguishing them. She also noted that Australian English /i/ is

characterised by a long onglide which may also be a cue to vowel identity. Tsukada (2001) found

less of an overlap for /i/ and // in spontaneous Australian English speech, consistent with the lax

vowel being more susceptible to reduction than the tense vowel. Tsukada (1999) actually found that

Japanese speakers produced greater spectral separation between /i/ and // than did native Australian

English speakers. In Tsukada (1996, 1999), both Japanese speakers and Australian English speakers

produced almost complete overlap in F1 and F2 for /i/ and //. In addition, the native Australian

English speakers’ // before /d/ and /i/ before /t/ had similar durations: The mean durations were 153

and 163 ms respectively, and five of the twelve English participants produced an overlap in // and

/i/ durations (similar results had been found by Peterson & Lehise, 1960; and Ichizaki, 1997, cited

in Tsukada, 1999). One may propose that vowel duration may still be an effective cue to vowel

identity for Australian English if it is a context sensitive cue: e.g., a high front vowel with a duration

of around 155 ms will be identified as /i/ if it precedes a /t/, but as // if it precedes a /d/. Such an

approach also requires that there be sufficient duration difference in vowels preceding voiced versus

voiceless consonants: // preceding /t/ must be short enough that it not be confused with /i/

preceding /t/; /i/ preceding /t/ has the same duration as // preceding /d/; therefore // preceding /t/

must be short enough to be distinguished in duration from // preceding /d/. Since native Australian

English speakers did maintain a relatively large vowel duration difference before voiced versus

voiceless consonants,  their vowels could be distinguished in the manner described above. Japanese

speakers, however, produced relatively small duration differences, suggesting that they did not
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7The fact that the Japanese speakers’ English vowels were longer than their Japanese vowels may in part be
due to the difference in prosodic structure: CVC in English and CVCV in Japanese.
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Figure 2.2 Durations (in milliseconds) of high front vowels produced in /C_t(o)/ (solid fill) and /C_d(o)/ (striped fill) context by Japanese
(black fill) and English (white fill) speakers in Tsukada (1996).

perceive the English vowels in this way. The Japanese speakers’ production pattern would instead

be consistent with the perception pattern hypothesised by Morrison (2002a) (see Section 2.3.3.2.2

above): English /i/ preceding a voiced consonant is similar in duration to Japanese /i/, resulting in

productions that are intermediate in duration between the L1 vowel and L2 allophone; English /i/

preceding a voiceless consonant and English // preceding either a voiced or a voiceless are similar

in duration to Japanese /i/, resulting in productions that are intermediate in duration between the L1

vowel and the three L2 allophones. This is consistent with the pattern seen in Tsukada’s (1996,

1999) production data in Figure 2.2.7

Takahashi (1987) investigated the production of English vowel duration before voiced and

voiceless fricatives. Japanese learners of English took part in a longitudinal study in which data was

collected on five occasions over a period of ten months starting within a week of the participants’

arrival in the US. In the first test, the Japanese speakers produced a vowel duration ratio before

voiced versus voiceless fricatives of 1.14. This was smaller than the vowel duration ratio for native

US English speakers (1.60), and for the vowel duration ratio for Japanese speakers’ Japanese vowels
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(1.23). Likewise, the Japanese speakers produced a voiced versus voiceless fricative duration ratio

of 1.06 that was smaller than that produced by native English speakers (1.29), and that produced by

the Japanese speakers for Japanese fricatives (1.32). The difference between the Japanese

participants’ English and Japanese production may have been related to the fact that the prosodic

structures of the Japanese words were VCV and CVVCV whilst the English words were CVC. In

terms of absolute duration, the Japanese speakers produced essentially the same vowel duration

difference in English (26 ms) as they did in Japanese (27 ms). The absolute vowel durations of the

Japanese speakers’ English vowels were intermediate between the durations of their Japanese

vowels and the native English speakers’ English vowels. This suggests that the Japanese participants

assimilated English vowels as similar to Japanese vowels and had developed a diaphone category.

There was no significant difference between the Japanese participants’ vowel and fricative

duration ratios in the first and final tests, and the non-significant difference was towards smaller

ratios in the final test. There was  therefore no evidence that, as a group, the Japanese participants

had learnt to produce a more English-like vowel duration contrast before voiced versus voiceless

fricatives. At the beginning of the study, one participant had a considerably lower score on an

English proficiency test than the other participants. This participant produced more English-like

duration ratios in the final test than in the initial test. It is therefore possible that the other

participants had reached the most English-like state they would ever attain and fossilised (Selinker,

1972) prior to their involvement in the study.

In summary, the studies reviewed above indicate that Japanese speakers produce small

spectral differences but large duration differences between English /i/ and //. The duration contrast

produced by Japanese speakers between English /i/ and // is consistent with them having

established one diaphone category based on English /i/ preceding a voiced consonant, plus Japanese

/i/, and another diaphone category based on English /i/ preceding a voiceless consonant, plus

English //, plus Japanese /i/. Japanese speakers produce a small vowel duration contrast before

voiced versus voiceless consonants and do not easily learn to produce an English-like contrast.

Since US English listeners rely on spectral differences to distinguish /i/ and //, and Australian

English listeners distinguish /i/ and // on a context-sensitive basis that requires a large consonant
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voicing effect on vowel duration, Japanese speakers do not produce an effective contrast between

the two vowels.

2.3.4 Spanish Speakers’ vowel Perception and Production

2.3.4.1 Perception and Production of Spanish vowel duration

Several studies have found a duration difference for Spanish vowels preceding voiced versus

voiceless consonants, but this difference is generally smaller than that for English. Navarro Tomás

(1916) reported a duration ratio of 1.11 for /i/ before voiced versus voiceless fricatives in Peninsular

Spanish. Marín Gálvez (1995) found a vowel duration ratio of 1.05 before voiced versus voiceless

consonants in a read corpus of Peninsular Spanish. Quilis & Esgueva (1983) found that, in carrier

sentences, Peninsular and American Spanish speakers’ vowels were longer in b_bV(CV) words than

in p_pV(CV) words by a ratio of 1.31. The larger ratio in this study is likely due to the fact that this

is not only a post-vocalic voicing contrast: the preceding consonant also contrasted in voicing, and

the following consonant contrasted in both voicing and plosive versus approximant manner,

[b_ ] versus [p_p]. Zimmerman & Sapon (1957) found a vowel duration difference before voiced

versus voiceless consonants (including stop pairs realised as voiceless plosives and voiced

approximants) that was much smaller for American Spanish than US English (18 versus 83 ms).

Part of the difference may have been due to the fact that the prosodic structure was CVCV in

Spanish and CVC in English, and that multiple vowels were included in Spanish test words but only

/i/ was included in English.

2.3.4.2 Assimilation of English vowels to Spanish categories

Flege (1991b) had American Spanish listeners classify natural US English vowels (in

isolated /bVt/ words) in terms of Spanish vowel categories. The results shown in Table 2.6 show

that English /i/ was perceived as similar to Spanish /i/. Monolingual Spanish listeners primarily

assimilated English // to Spanish /i/, but also gave a number of /e/ and “not a Spanish vowel”

responses. This suggests a category-goodness assimilation in which English /i/ is a good match, and

English // a poor match, for Spanish /i/. As Spanish speakers learn English they appear to realise

that English /i/ and // are distinct: Compared to monolinguals, Spanish learners of English had a

greater tendency to equate English // with Spanish /e/, or not equate it with any Spanish vowel. The

most experienced learners also appeared to have realised that English // and Spanish /e/ are distinct;
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8This conclusion was based on the assumption that “new” vowels would be those that occurred in vowel space
that was uncommitted in the L1; see Section 2.1.3.5 for an argument against this assumption.

they had a greater tendency to not equate English // with any Spanish vowel. Since the majority of

English // stimuli were still assimilated to Spanish vowels, it did not appear that the Spanish

participants had established a new English category. Since the number of “not a Spanish vowel”

responses was relatively low, Flege concluded that there was no strong evidence that the participants

had treated any English vowel as new.8

Imai, Flege, & Wayland (2002) presented Spanish listeners with natural Spanish and US

English vowels (in isolated /bVt/ words), and within each trial had them classify and give goodness

ratings in terms of Spanish vowel categories. There was no significant difference between the

goodness rating given to English /i/ and Spanish /i/, indicating that Spanish listeners were not able

to distinguish these vowels (the spectral properties of the two vowels were also very similar).

Table 2.6 Assimilation of English /i/ and // to Spanish vowel categories in Flege (1991b).  Mean
assimilation rates given as percentages. Spanish participants were grouped into a monolingual group and
inexperienced and experienced learners of English. Figures not in bold are estimated from graphs in Flege
(1991b).

English
Stimulus

Participant
Group 

Spanish Response

i e
not a

Spanish vowel

i Monolingual 94 5

Inexperienced 84 8

Experienced 88 3 9

 Monolingual 68 19 12

Inexperienced 41 38 18

Experienced 34 24 42
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2.3.4.3 Spanish Speakers’ Identification of English vowels

Flege, Bohn, & Jang (1997) investigated the perception of US English /i/ and // in /bVt/

words by American Spanish learners of English. The Spanish participants were divided into two

groups according to their level of experience with English. The participants’ perception was

measured using a synthetic /i/-// continuum which varied in spectral and duration properties.

Spectral and temporal effect scores were calculated by subtracting the percentage of /i/ responses

at one extreme of the continuum from the percentage of /i/ responses at the other extreme. If a

Spanish participant had a reversal, i.e., gave more /i/ responses at the extreme where native English

participants gave fewer /i/ responses, the Spanish participant’s score was given a negative value.

Table 2.7 shows mean spectral and temporal effect scores for the native English and Spanish groups.

A large unsigned mean and small signed mean would indicate that members of the group had large

effect scores but some members had reversals. As can be seen in Table 2.7, native English listeners

identified vowels primarily on the basis of spectral cues. In contrast, Spanish participants gave

approximately equal weight to spectral and duration cues and had a large number of reversals. On

the basis of the inexperienced learners’ unsigned scores, Bohn (1995) claimed that the Spanish

listeners primarily relied on duration. The 6 point difference is, however, quite small and not

statistically significant (standard deviations were 36 and 32 percentage points for spectral and

temporal effects respectively). The results indicate that the Spanish participants’ ability to

distinguish English  /i/ and // was poor. This would be compatible with a single-category or

category-goodness assimilation of both English vowels to Spanish /i/. There was a great deal of

individual variation, with some participants making considerable use of duration and little use of

spectral cues, whilst other participants made considerable use of spectral cues and little use of

duration cues. There was a trend for more of the experienced learners to make greater use of spectral

than duration cues (6 of 10 for experience learners compared to 4 of 10 for inexperienced learners).

This suggested that greater experience resulted in more English-like perception.
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Table 2.7 Spectral and temporal effect scores (see text) for the identification of an English /i/ and //
continuum by Spanish and English participants in Flege, Bohn, & Jang (1997). Spanish participants were
grouped into experienced and inexperienced learners of English.

Participant
Group

Spectral Effect Temporal Effect

Signed Unsigned Signed Unsigned

English 88 88 9 11

Spanish Experienced -6 50 16 46

Spanish Inexperienced 13 44 46 50

Escudero (2000, 2001a) hypothesised that Spanish speakers learn the English /i/-// contrast

in four stages: Stage 1, no contrast; Stage 2, exclusive use of duration; Stage 3, primary use of

duration and secondary use of spectral properties; Stage 4, native-like primary use of spectral

properties and secondary use of duration. She conducted an experiment using synthetic Scottish

English /i/-// continua. The vowels occurred in /Vp/ words and both spectral and duration

properties were varied (vowel durations were enhanced to cover the same range as Southern English

vowels). There were a total of 30 participants from Spain and America. On the diagonal continuum

(short duration and //-like spectral properties, to long duration and /i/-like spectral properties) 21

Spanish listeners had a categorical boundary similar to that of native Scottish English listeners. The

majority of the participants had perceptual patterns consistent with the developmental patterns

hypothesised by Escudero; see Table 2.8. Four participants had reversals, i.e., identified long or

spectrally /i/-like stimuli as //. Since the study was not longitudinal it was not possible to

demonstrate that the four patterns did indeed represent different developmental stages. 

Scottish English makes almost no use of duration to distinguish /i/-//. In contrast, Speakers

from the south of England (hereafter “Southern English speakers”) produce relatively large duration

differences and smaller spectral differences (Escudero & Boersma, 2001).  Escudero (2001b) tested

Southern English listeners’ perception of the synthetic /i/-// continua which had been used with the

Scottish and Spanish listeners in Escudero (2000, 2001a). The relative weighting of spectral and

duration cues for each group are shown in Table 2.9. Scottish listeners overwhelmingly used

spectral cues to distinguish /i/ and //, Southern English listeners primarily used spectral cues, and
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Spanish listeners primarily used duration cues. Some English listeners, mostly Scottish English

listeners, relied exclusively on spectral cues. As reported in Escudero (2000, 2001a) individual

Spanish listeners had different perceptual patterns. The dialect of English that the Spanish listeners

had been exposed to was found to be a possible factor affecting their use of perceptual cues in

identifying /i/ and //. The Spanish listeners who relied exclusively or primarily on duration had

been exposed only to Southern English. Four (of six) Spanish listeners who relied exclusively on

spectral properties had been exposed only to Scottish English. Escudero (2001b) therefore

hypothesised two developmental sequences, one leading to spectral reliance and the other to

duration reliance. She theorised that the developmental pattern that Spanish learners of English

followed depended on the dialect of English to which they were exposed.

Table 2.8 Number of Spanish participants in Escudero (2000, 2001a) who fitted into hypothesised
developmental stages for English high front vowel perception.

Stage
Number of
Participants

1: No contrast 5

2: Exclusive use of duration 7

3: Primary use of duration and secondary use of spectral properties 6

4: Primary use of spectral properties and secondary use of duration 8

Reversals 4

Table 2.9 Relative weighting for spectral and duration cue use by Scottish English, Southern English, and
Spanish participants in the identification of English /i/ and // in Escudero (2001b).

Group

Cue Weighting

Spectral Duration

Scottish English 90 10

Southern English 70 30

Spanish 42 58
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Flege, Munro, & Fox (1994) had Spanish and English listeners rate the degree of

dissimilarity between English-English, Spanish-Spanish, and Spanish-English vowel pairs (US

English and Mexican Spanish). For non-adjacent English-English and Spanish-English pairs (e.g.,

English /i/- English //, English //- English //, and Spanish /i/- English //) mean dissimilarity

scores assigned by the English and Spanish listeners were not significantly different. This was as

predicted because all groups were expected to perceive each member of the pair as a different L1

phoneme. For adjacent English-English and Spanish-English pairs (e.g., English /i/- English //,

English /e/- English //, and Spanish /e/- English //) mean dissimilarity scores assigned by the

English participants were significantly greater than those assigned by the Spanish participants. This

supported the prediction that the larger number of phonemic categories in English would cause the

English participants to perceive greater dissimilarity between members of adjacent vowel pairs.

Adjacent vowel pairs were expected to be perceived as different phonemes in English but not in

Spanish. Comparison of Spanish /i/-English /i/ and Spanish /i/-English // results suggest that both

Spanish and English listeners perceived Spanish /i/ as being more similar to English /i/ than to

English //. Although English experience did not appear to affect Spanish participants’ perception

of vowel dissimilarity, a correlation was found between perception of dissimilarity and an estimate

of an individuals’ overall proficiency in English pronunciation. This would be consistent with the

more proficient learners of English having established new categories for English vowels.

Fox, Flege, & Munro (1995) used multidimensional scaling to analyse the data from Flege

et al. (1994). They found that the English listeners used three dimensions to rate the dissimilarity

of the vowels, whilst the Spanish listeners used only two dimensions. Both English and Spanish

listeners had dimensions which correlated with vowel height and centrality in the vowel space.

However, the English listeners’ dimension which correlated with vowel height correlated more

highly with vowel duration. The English listeners also had a dimension which correlated with vowel

backness. Neither of the Spanish listeners’ dimensions correlated with duration. This finding

suggests that, contrary to the studies above, the Spanish listeners did not use duration to distinguish

English /i/ and //. This may, however, be an artifact of the experiment. Listeners were presented

with a mixture of English and Spanish vowels and not instructed to attempt to differentiate them

according to English criteria. Under such circumstances the listeners may have understood their task

as rating the spectral dissimilarity of vowels, especially since their native vowel system does not

include duration contrasts. Guion et al. (2002) found that almost half the Japanese participants in
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their study had understood that they were to differentiate vowels according to spectral differences

even though the investigators had expected them to use both spectral and duration cues.  

In summary, the studies reviewed above suggest that Spanish listeners at the outset of L2

English acquisition may be unable to distinguish English /i/ and //. In the first developmental step

in learning to distinguish the vowels, they may use duration differences alone. Later steps may

involve a progressive increase in the use of spectral differences. The developmental pattern and

ultimate weighting for the spectral and duration cues may be influenced by the cue weighting in the

English dialect to which the Spanish listeners are exposed. The first two steps suggest a category

goodness assimilation to Spanish /i/, with English /i/ as a good match, and English // as a poor

match. The developmental pattern suggests that English // is identified as a new vowel category.

2.3.4.4 Spanish Speakers’ Production of English vowels

Contreras Oller (1997) found that the mean F1, F3, and duration differences between English

/i/ and // produced by Venezuelan learners of English were similar to the differences produced by

native RP English speakers. The Venezuelan Spanish participants’ mean F2 difference, however,

was only 75 Hz compared to 250 Hz for the native English listeners. Their mean F1 values were

also  higher than those of native English speakers and close to F1 values for Spanish /i/ and /e/. This

suggests that the Venezuelan Spanish participants had assimilated English /i/ and // to Spanish /i/

and /e/ respectively.  

Hammond (1986) found that in Cuban Spanish speakers’ spontaneous English speech, all

occurrences of English // were mispronounced as /i/. This suggest that English // had been

assimilated to Spanish /i/.

Flege, Bohn, & Jang (1997) investigated the production of US English /i/ and // in /bVt/

words by American Spanish learners of English. The Spanish participants were divided into two

groups according to their level of experience with English. The participants read the stimulus words

in a carrier sentence, and results were obtained by measuring the acoustic properties of the vowels

and by having native English listeners identify the vowels. The identification results are shown in

Table 2.10. Correct-identification rates were generally low. Compared to the inexperienced group,

the experienced group had a higher correct-identification rate for // but a lower correct-
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identification rate for /i/. There was considerable spectral overlap between the Spanish participants

English /i/ and //, both vowels had mean spectral values close to native English speakers’ /i/. The

experienced learners’ vowels were closer to native English speakers’ // than were the vowels of the

inexperienced learners. The perception and acoustic results are compatible with a single-category

assimilation of English /i/ and // to Spanish /i/ resulting in a diaphone category which develops

properties intermediate between the three vowels.

Table 2.10 Identification of Spanish participants’ English /i/ and // by native English listeners in Flege,
Bohn, & Jang (1997). Identification rates given as percentages. Spanish participants were grouped into
experienced and inexperienced learners of English.

English
Stimulus

Participant
Group

English Response

i  

i Experienced 57 42

Inexperienced 69 24 7

 Experienced 39 61

Inexperienced 49 51

Flege, Munro, & Skelton (1992) found that English speakers produced mean vowel duration

differences in utterance final /CVt/ versus /CVd/ which were longer than those produced by

experienced Spanish learners of English, which were in turn longer than those produced by

inexperienced learners. Duration differences were 87 ms (48%), 55 ms (36%), and 37 ms (25%)

respectively. Although not statistically significant, English speakers also produced a larger

consonant closure duration difference than experienced Spanish learners of English, who in turn

produced a larger consonant closure duration difference than inexperienced learners. Duration

differences were 39 ms, 18 ms, and 7 ms respectively. Group results suggested that experienced

learners had been partially successful at learning the English vowel and consonant duration

distinctions which cue consonant voicing. There was a great deal of individual variation and there
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was evidence that some Spanish participants had learnt to produce duration distinctions within the

range for the native-English norm.

McAllister, Flege, & McKay (1999) found evidence that Spanish speakers will not learn an

L2 vowel duration contrast to L2 norms. They investigated the production and perception of long

and short Swedish vowels by very experienced American Spanish learners of Swedish (at least 10

years residence in Sweden). Spectral differences are the most important cue in high and low

Swedish long-short vowel pairs, but duration is the most important cue in mid vowels (McAllister,

Flege, & McKay, 1999). Compared to native Swedish speakers, the Spanish participants produced

only a small duration difference between long and short vowels (a ratio of 1.18, and an absolute

difference of 26 ms for Spanish speakers, compared to 1.55 and 83 ms for Swedish speakers). Their

ability to correctly identify long and short vowels was also considerably poorer: correct-

identification scores were 62% for mid vowels and 74% for non-mid vowels compared to almost

100% for native Swedish participants. The Spanish participants’ performance was better when they

had access to a combination of duration and spectral cues as in non-mid vowels than when they only

had access to duration cues as in mid vowels. Irrespective of which cues were available, the Spanish

participants fell far short of reaching Swedish native norms.

2.4 Summary

The following issues raised in the literature review will be central to the thesis:

• Native English listeners have been found to distinguish English /i/ and // primarily on the basis

of spectral cues (section 2.3.2).

• English /i/ is longer than English // in the same phonetic context. English vowels are considerably

longer before voiced than before voiceless consonants (Section 2.2.1).

• Japanese listeners distinguish Japanese /i/ and /i/ primarily on the basis of vowel duration (Section

2.3.3.1.1).

• Vowel duration differences due to post vocalic consonant voicing are small in Japanese compared

to English (Section 2.3.3.1.2).

• Several studies have concluded that Japanese listeners assimilate English vowels to long and short

Japanese vowel categories, and make use of the Japanese long short contrast when identifying

English vowels (Section 2.3.3).
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• Morrison (2002a) hypothesised that English /i/ before a voiced consonant is assimilated to

Japanese long /i/ but assimilated to Japanese short /i/ before a voiceless consonant; that English //

before both a voiced and voiceless consonant is assimilated to Japanese short /i/; that English

vowels assimilated to Japanese long /i/ are identified as English /i/, and that English vowels

assimilated to Japanese short /i/ are identified as English //. This requires that the Japanese long-

short vowel boundary fall between the longest duration for an English /i/ stimulus in the voiced

consonant condition or for an English // stimulus in either condition (whichever be the greater), and

the shortest duration for an English /i/ stimulus in the voiceless consonant condition. (Section

2.3.3.2.2)

• The above hypothesis claims that Japanese listeners’ perception of English /i/ and // is influenced

by the Japanese /i/-/i/ long-short contrast. One form of evidence to support this claim would come

from comparison with listeners whose L1 has a similar vowel system but lacks a long-short contrast,

i.e., Spanish.

• Because of the Perceptual Magnet Effect (Section 2.1.5) and the Desensitisation Hypothesis

(section 2.1.4), Spanish listeners are predicted to have difficulty distinguishing the spectral

differences between English /i/ and // and are expected to use duration cues instead. Several studies

have found results consistent with this prediction (Section 2.3.4).

• When identifying English /i/ and //, if Spanish listeners’ use of duration is different to Japanese

listeners’ use of duration, then this will be consistent with Morrison’s (2002) hypothesis.

• The most rapid stage of learning for L2 sounds is expected to be during the first six months

following arrival in the L2 society (Section 2.1.3).

• The Speech Learning Model predicts that L2 sounds that are perceived as similar to L1 sounds will

form diaphone categories, the properties of which will eventually be intermediate between the

norms for the L1 and L2 sound (Section 2.1.3.1). The results of several studies are consistent with

Japanese listeners perceiving English /i/ and // as similar to Japanese /i/ and /i/ (Section 2.3.3).

Therefore, relatively little change the Japanese listeners’ perception of English /i/ and // is expected

during the first six months living in an English speaking society.

• The Speech Learning Model predicts that new categories will be formed for L2 sounds that are

perceived as new, that sounds will be perceived as new if listeners perceive at least some of the

differences between the L2 sound and the closest L1 sounds, and that the new categories will have

properties close to the L2 norm for that sound (Section 2.1.3.2). Several studies have found results
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consistent with Spanish listeners assimilating English /i/ and // to Spanish via a category goodness

assimilation to Spanish /i/, with English /i/ as a good match, and English // as a poor match

(Section 2.3.4). Therefore, Spanish listeners are predicted to form a new category for English // and

a relatively large change in their perception of English /i/ and // is expected during the first six

months living in an English speaking society.

2.5 Research Questions and Hypotheses

The following hypotheses and research questions will be tested in this thesis.

Hypothesis 1: Japanese listeners with limited exposure to English will identify English /i/ and //

according to the same duration criteria they use to identify Japanese /i/ and /i/. English /i/ before

a voiced consonant is assimilated to Japanese /i/; and English /i/ before a voiceless consonant, and

English // are assimilated to Japanese /i/. English vowels assimilated to Japanese /i/ are identified

as English //, and English vowels assimilated to Japanese /i/ are identified as English /i/.

This is the hypothesis developed in Morrison (2002a) (see Section 2.3.3.2.2) and found to

be consistent with the findings of Strange et al. (1998) on the assimilation of English vowels to

Japanese categories (see Section 2.3.3.2.1), and the findings of Tsukada (1996, 1999) on the

production of English vowels by Japanese speakers (see Section 2.3.3.2.3). The present study will

test the first part of Hypothesis 1 via Research Question 1; an affirmative answer will be consistent

with the hypothesis.

Research Question 1: Do Japanese listeners distinguish English /i/ and // using a duration-based

categorical boundary in the same location as their categorical boundary between Japanese /i/ and

/i/? 

Hypothesis 2.  Experience with English will have little effect on Japanese listeners’ perception of

English /i/ and //. The assimilation pattern in Hypothesis 1 results in two diaphone categories: (1)

English /i/ before a voiceless consonant plus English // plus Japanese /i/; and (2) English /i/ before

a voiced consonant plus Japanese /i/ (see Figure 2.3). The properties of the diaphone categories will

initially be close to the norms for the Japanese vowels, but will eventually be intermediate between

the norms for the Japanese and English vowels which contribute to each diaphone. Since English

/i/ and // allophones are assimilated to Japanese /i/ and /i/ according to Japanese vowel duration
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criteria (Strange et al.,1998, see Section 2.3.3.2.1), English vowel allophones contributing to a

diaphone have duration properties within the range for the Japanese vowel contributing to that

diaphone. Hence, all vowel allophones contributing to this diaphone categories have the same

duration properties as Japanese /i/ or /i/, and the duration properties of the diaphone categories will

continue to be identical to Japanese /i/ and /i/. One diaphone consists of Japanese /i/ and an

allophone of English /i/; since these vowels have very similar spectral properties (Strange et al.,

1998, see section 2.3.3.2.1; Kewley-Port, Akahane-Yamada, & Aikawa, 1996, see Section 2.3.3.2.3)

there will be no change in the spectral properties of this diaphone. The other diaphone consists of

Japanese /i/, an allophone of English /i/, and English //; although English // differs spectrally from

Japanese /i/, movement of the properties of the diaphone category towards  English // will be

tempered by English /i/ which is spectrally very similar to Japanese /i/. Hence the spectral properties

of this diaphone category will remain close to Japanese /i/ and move only slightly towards English

//.

The present study will test Hypothesis 2 via Research Question 2; an affirmative answer will

be consistent with the hypothesis.

Research Question 2: With increased exposure to English, will Japanese listeners categorical

boundary between English /i/ and // maintain its initial duration properties and shift slightly

towards more English-like use of spectral properties?

Figure 2.3 Hypothesised category formation for Japanese listeners.
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Hypothesis 3. Spanish listeners with limited exposure to English will not perceive the English /i/-//

contrast categorically. They will assimilate English /i/ and // to Spanish /i/ via a category-goodness

assimilation pattern, with English /i/ as a good match for Spanish /i/ and English // a poor match

(see Figure 2.4). Spanish listeners’ ability to distinguish English /i/ and // will be poor.

The situation described in this hypothesis  is the initial stage in the developmental pattern

hypothesised by Escudero (2000, 2001a) (see Section 2.3.4.3). It is consistent with the findings of

Flege, Bohn, & Jang (1997), and Flege, Munro, & Fox (1994) on the perception of English vowels

by Spanish listeners (see Section 2.3.4.3), and with the findings of Flege, Bohn, & Jang (1997), on

the production of English vowels by Spanish speakers (see Section 2.3.4.4). The present study will

test Hypothesis 3 via Research Question 3; a negative answer will be consistent with the hypothesis.

Research Question 3: Do Spanish listeners have a categorical boundary between English /i/ and //?

Figure 2.4 Hypothesised assimilation and category formation for Spanish listeners.

Hypothesis 4. Experience with English will improve Spanish listeners’ ability to distinguish English

/i/ and //. Since English /i/ is very similar to Spanish /i/, these two vowels will form a diaphone

category. Since English // is only a poor match for Spanish /i/, a new category will be established
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for English // (see Figure 2.4). The new category will develop first duration and then spectral

properties that are close to the English norm for //.

This hypothesis reflects the non-initial stages in the developmental pattern hypothesised by

Escudero (2000, 2001a) (see Section 2.3.4.3). Following Flege’s (1992) suggestion (see section

2.1.3), this category development is expected to occur primarily during the fist six months of

massive exposure to English. The present study will test Hypothesis 4 via Research Question 4; an

affirmative answer will be consistent with the hypothesis.

Research Question 4: During their first six months’ of exposure to English in an English-speaking

society, do Spanish listeners develop a categorical boundary between English /i/ and //, and does

this boundary match that of native English speakers?
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Chapter 3

Methodology

3.1 Participants

Listeners were 7 native Canadian English speakers (CE), 7 Japanese learners of English (JP),

and 5 Mexican Spanish learners of English (SP). Participants reported no hearing problems. 

Canadian English participants (3 women and 4 men) were students and graduates recruited

on the campuses of Simon Fraser University and the University of British Columbia. They had lived

until age 16 in an Anglophone region of Canada west of Quebec, and immediately prior to data

collection had lived for a period of at least 1 month in an Anglophone region of Canada west of

Quebec. The group had a mean age of 30 (range 25-38).

Japanese and Spanish participants had lived until age 16 in Japan/Mexico. As children, they

had not been immersed in a language other than Japanese/Spanish (e.g., they had not been brought

up in English due to one or both parents being native English speakers, and they had not attended

a school were English was the language of instruction). They had never lived in a non-

Japanese/Spanish speaking country for a continuous period of more than three months, and had not

lived in an English speaking country during the year prior to their arrival in Vancouver. They had

lived in Vancouver for a period of less than 2 months prior to the first stage of data collection, and

remained in Vancouver until the final stage of data collection approximately 5 months later. They

had not received (and between the initial and final tests did not receive) pronunciation training on

English vowels or the consonant-voicing effect.

Japanese participants (4 women and 3 men) were students attending the University of British

Columbia on an exchange programme from Ritsumeikan University in Kyoto. Their academic

programme included content-based language instruction, but no courses in English pronunciation.

Four came from Nara, one from Osaka, one from Kyoto, and one from Kobe (all within the western

dialect area). The group had a mean age of 20 (range 19-22). They had started studying English at

age 13 or 14 and had studied English in school for 7-9 years. 

Four of the Spanish speaking participants were students attending the University of British

Columbia on an exchange programme from the Monterrey Institute of Technology (Instituto

Tecnológico y de Estudios Superiores de Monterrey, ITESM) in Mexico. One participant was a
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former student at ITESM and an undergraduate student at Simon Fraser University. They all took

regular undergraduate courses and did not take ESL classes. Three came from Mexico City and two

from Monterey. The group consisted of 3 women and 2 men with a mean age of 20 (range 18-22).

Four had started studying English at age 6 and one at age 4. They had studied English in school for

12-15 years.

Several studies (Flege, 1991b; Flege, Munro, & Skelton, 1992; Flege, Bohn, & Jang, 1997;

Escudero, 2000, 2001a, 2001b) have used Spanish speakers from a number of countries; however,

Godínez (1978) and  P. Escudero (personal communication, 11 June 2001) found that there were

considerable differences in the production and perception of Spanish vowels by speakers of different

Spanish dialects. It was therefore decided to recruit Spanish speaking participants from a single

country in order to minimise dialectal variation. Mexican Spanish was chosen because there were

more Mexican participants available than participants of any other nationality.

Although the Japanese and Spanish groups were not matched for amount of English training

in their home countries, they were matched for age of arrival and length of residence in Canada.

Also, for both groups this was their first massive exposure to English.

3.2 Stimuli

Perceptual stimuli in the present study were constructed using edited natural speech. Edited

natural speech allows for exact control over the acoustic properties of interest whilst holding all

other acoustic properties invariant. The stimuli were based on the productions of two model

speakers, a 34 year-old male monolingual English speaker who had lived most of his life in

Vancouver, and a 38 year-old male native speaker of Japanese who had lived most of his life in

Fukuoka. Recordings were made in a soundproofed room using a Sony MZS-R5ST Mini Disc

recorder and a Sony ECM-MS907 microphone. The speakers read randomised lists of stimulus

sentences at normal, slow, and fast speaking rates.

3.2.1 Target segments

English target words were “bit, beat, bid, bead” /bt bit bd bid/. These words were chosen

to exemplify the English vowels /i/ and // in a stressed position followed by both a voiced and

voiceless plosive. The consonants /d/ and /t/ following the target vowel were chosen since they both
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1Although Japanese speakers often substitute [z] for [d ƒz] (resulting in a merger of /zu/ and /du/)
(Akamatsu, 1997), during the recording of the model sentences, the model Japanese speaker consistently pronounced
the segments as [d ƒz].

have the same place of articulation, differing only in terms of voicing, and allowed for the

construction of real English words in combination with the target vowels. 

The initial consonant of the word and the remainder of the carrier sentence were held

constant so that any results attributable to phonetic differences in the stimuli could be due only to

differences in the target segments. A carrier sentence was used since data obtained from citation

forms may not be generalisable to continuous speech. As discussed in Chapter 2, the use of a carrier

sentence, as compared to the presentation of target words in isolation, can have a significant impact

on perception of the duration properties of stimuli (Strange et al., 1998).

Since responses to English and Japanese stimuli were to be compared, the segment

immediately following the English target word had to match the parallel segment in the  Japanese

stimuli. Japanese consonants may be followed by vowels, but there is a tendency in Canadian

English for intervocalic /t/ and /d/ to be flapped [], especially  when the first vowel is stressed

(Avis, 1975, Gregg, 1975; Wells, 1982). Pilot tests on potential model Canadian English speakers

revealed that flapping eliminated the phonetic voicing distinction between /t/ and /d/, and the

duration difference in the preceding vowel (contrary to the vowel duration findings of Fox &

Terbeek, 1977 for US English). Because duration differences were of key interest to the present

study a context which would induce flapping could not be used. Given Japanese phonotactics, the

choice of segment following the target word was now highly restricted. /s/ was selected, resulting

in voiceless affricated release for English /t/ and /d/. This corresponded to the Japanese affricate [t ƒs]

which is phonemically a single segment occurring as an allophone of Japanese /t/ before the high

back vowel []. It was not possible in Japanese to exactly match the English voiced alveolar plosive

with voiceless affricated release, in Japanese both parts of the affricate are voiced, i.e. [d ƒz].1 The

Japanese target words read by the model speaker were therefore “bitsu, biitsu, bittsu, bidzu, biidzu”

exemplifying possible combinations of short and long vowels with voiced and voiceless singleton

and geminate consonants. The model speaker read the long vowels with a high pitch, i.e. there were

no pitch accent changes between the first and second mora. The words “biddzu, biittsu, biiddzu”

were added as possible response categories in the perception test. The first word contains a

geminated voiced consonant which may only occur in non-Chinese loan words (Itô & Mester, 1995,
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2The long vowel before a voiceless geminate is possible, e.g., tootta ‘passed,’ but rare. Vance (1987) pp. 72-73
notes that a long vowel in this context may shorten with the result that it does not contrast phonetically with a short
vowel.

3Matching the phonetic context of the Japanese stimuli to the phonetic context of real words in English was
given priority over using real Japanese words.

e.g., beddo from English bed). The latter two words are of marginal acceptability in Japanese2 but

were included in the perception test since some of the stimuli had properties that combined typical

long vowel and geminate consonant durations. 

The English carrier sentence was “What they’re wearing are beat suits.” The carrier sentence

put the target word in semantic and prosodic focus position. Most importantly, the carrier sentence

was constructed in unison with a matching Japanese carrier sentence, “motteiru mono wa bitsuutsu”

(What I have is a [nonsense word3]-suit). The English and Japanese sentences matched each other

closely in terms of length, and certain acoustically similar events were synchronised: The non-

release of the English /t/ before // in “what they’re” parallelled prolonged closure of the Japanese

geminate /t/ in “motteiru”; the English vowel in “are” // parallelled the low Japanese vowel /a/ in

“wa”; the vowel of the final Japanese “tsu” was devoiced (Vance, 1987; Shibatani, 1990; Akamatsu,

1997) producing a similar acoustic/auditory effect to the affricated ending of the English “suits.”

3.2.2 Acoustic properties of stimuli

The recordings of the model speakers were digitally transferred to computer and analysed

using Praat (Boersma & Weenink, 2001). The investigator manually labelled the beginning and end

points of the sentences, and the target vowels and consonants. An automated script then calculated

the sentence, vowel, and consonant closure durations, and measured the first, second, and third

formant values at the midpoint of the vowels using an LPC formant tracking algorithm. For each

target word, the script displayed a spectrogram overlayed with the segment boundaries provided by

the investigator  and formant tracks calculated by the LPC tracking algorithm; this allowed the

investigator to adjust algorithm parameters or take manual measurements if the automatic process

did not produce formant tracks that coincided with the formants visible in the spectrogram. Duration

and spectral properties for the model segments and sentences are given in Figures 3.1 through 3.3,

and Table 3.1.
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Figure 3.1 Mean vowel durations (in milliseconds) from model speakers’ production. Sentences were read at slow (upright triangles),
normal (circles), and fast (inverted triangles) speaking rates. The consonants following the vowels were /d/ (filled shapes), /t/ (non-
filled shapes), and /tt/ (non-filled shapes with dots). 
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Figure 3.3 Model speakers’ mean sentence durations (in seconds) excluding the durations of target segments. Sentences were read
at slow (upright triangles), normal (circles), and fast (inverted triangles) speaking rates.

Table 3.1 Mean spectral values (in Hertz) measured at the mid-points of the target vowels produced by
the model English speaker.

  Vowel    

   i  
  

Speaking
rate

consonant consonant  

Formant t d t d 
F1 slow 410 372 250 253 

 normal 413 371 256 256 

 fast 406 369 257 256 

F2 slow 1758 1819 2262 2290 

 normal 1748 1821 2240 2275 

 fast 1707 1761 2253 2253 

F3 slow 2466 2567 2896 2963 

 normal 2464 2583 2902 2896 

 fast 2492 2605 2888 2876 
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A multidimensional continuum was created in which acoustic properties varied along the

following dimensions: vowel spectra (5 points), vowel duration (7 points), plosive closure duration

(5 points), speaking rate (2 points). The dimensions can be visualised as the cuboids shown in

Figure 3.4: 

• Vowel duration (durv) is on the front-to-back axis. Point 1 has the shortest vowel duration

and point 7 the longest.

• Vowel spectral properties (spec) are on the right-to-left axis. Point 1 has //-like spectral

properties and point 5 has /i/-like spectral properties.

• Plosive closure duration (durc) is on the bottom-to-top axis. Point 1 has the shortest

consonant closure duration and point 5 the longest.

• Speaking rate (spd) is represented by the series of two cuboids. The cuboid on the left has

the slow speaking rate and the one on the right the fast speaking rate.

Typical values for the model English speaker’s /bt bit bd bid/ are shown as the triangles in Figure

3.4. 

Figure 3.4 Cuboids representing the dimensions along which the English stimuli vary. Vowel duration (durv) from front to back: 1 is
shortest and 7 longest. Vowel spectral properties (spec) from right to left: 1 is most //-like and 5 most /i/-like. Consonant closure
duration (durc) from bottom to top: 1 is shortest and 5 longest. Speaking rate: left cube is slow and right cube is fast. Dots represent
individual stimuli. The triangles represent the position of typical “bit, beat, bid, bead” produced by the model speaker.

Sound
To play sound files - click on triangles in figure
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Table 3.2 Spectral values at the midpoints of the vowels in the English stimuli.

Endpoint
vowel

Dimension
point 

F1 F2 F3

Hz mel Hz mel Hz mel

 1 410 496 1700 1433 2465 1793

2 370 454 1834 1503 2569 1836

3 330 412 1974 1572 2676 1878

4 292 370 2121 1642 2786 1921

i 5 255 328 2275 1712 2900 1964

The F1, F2, and F3 values at the midpoints of the vowels in the English stimuli are given

in Table 3.2. The spectral values of the endpoints were the mean spectral values from the model

English speaker’s /i/ and //. There were no differences in F1 offset other than those associated with

differences in the F1 frequency over the whole vowel. The five points were evenly spaced on the

mel scale (steps of 42 mel for F1, 70 mel for F2, and 43 mel for F3). The mel scale was used since

it has a linear relationship to human frequency perception whereas the Hertz scale does not

(Harrington & Cassidy, 1999). The mel - Hertz conversion formulae are: 

fmel = (1000 / log 2) log(fHz / 1000 + 1)

fHz = 1000 (10 fmel / (1000 /  log 2) - 1)

The vowel and consonant closure durations used in the English and Japanese stimuli are

given in Table 3.3. The range of durations for the English stimuli was actually expanded to cover

the same range as the Japanese durations. The values of the duration endpoints were based on the

mean values from contexts resulting in the longest and shortest vowels and consonants produced

by the Japanese model speaker. The duration points were evenly spaced on a logarithmic scale. This

method of dividing the duration continuum was used by Escudero (2000, 2001a, 2001b) predicated

on the concept that duration is perceived logarithmically (Turk, cited in Escudero, 2000).

Conversions between stimulus point values and milliseconds can be made using the following

formulae:
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vowel duration t = 60 × 1.2(P-1) P = log1.2(t / 60) + 1

consonant closure duration t = 40 × 1.45(P-1) P = log1.45(t / 40) + 1

where t = time in milliseconds P = dimension point value

Differences in the English target consonants consisted only of differences in silent closure duration.

No phonetic voicing was included during the closure.

Table 3.2 Durations (in milliseconds) of the vowels and consonants in the English and Japanese stimuli.

Dimension point 1 2 3 4 5 6 7

Vowel duration 60 72 86 104 124 149 179

Consonant closure duration 40 58 84 122 177

Comparison of the model sentence durations revealed that the sentences spoken at normal

speaking rate by the Japanese speaker were approximately the same duration as those spoken

quickly by the English speaker (see Figure 3.3). Likewise the sentences spoken slowly by the

Japanese speaker were most similar in length to those spoken at normal speaking rate by the English

speaker. Stimulus sentence durations were therefore the means of the normal-rate Japanese and fast

English pair, and the slow Japanese and normal-rate English pair. Excluding the duration of the

target segments, sentence durations for the slow and fast speaking rates in the stimulus sentences

were 1.541 and 1.265 seconds respectively.

Multidimensional Japanese continua were created with the same duration properties as the

English continuum. The Japanese continua had no spectral dimension since Japanese high front

vowels differ only in duration. The spectral values for the Japanese stimuli (F1, F2, F3 = 318, 2126,

3115 Hz) were those of a model vowel which had spectral values close to the mean values across

all vowels, consonant conditions, and slow and normal speeds. Since Japanese phonemic voicing

is always cued by phonetic voicing, two continua were created, one with, and one without phonetic

voicing. The dimensions can be visualised as the rectangular matrices shown in Figure 3.5: 
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• Vowel duration (durv) is on the left-to-right axis. Point 1 has the shortest vowel duration

and point 7 the longest.

• Consonant closure duration (durc) is on the bottom-to-top axis. Point 1 has the shortest

consonant closure duration and point 5 the longest.

• Consonant voicing (vce) is represented by the horizontal series of rectangles. The

rectangles on the top are voiceless and those on the bottom voiced.

• Speaking rate (spd) is represented by the vertical series of rectangles. The rectangles on

the left have the slow speaking rate and those on the right the fast speaking rate.

Typical values for the Japanese model speaker’s “bittsu, bitsu, biitsu, bidzu, biidzu” are shown as

the triangles in Figure 3.2. 

Figure 3.5 Rectangular matrices representing the dimensions along which the Japanese stimuli vary. Vowel duration (durv) from left
to right: 1 is shortest and 7 longest. Consonant closure duration (durc) from bottom to top: 1 is shortest and 5 longest. Speaking rate:
rectangles on the left are slow and those on the right fast. Consonant voicing: rectangles on the top are voiceless and those on the
bottom voiced. Dots represent individual stimuli. The triangles represent the position of typical “bittsu, bitsu, biitsu, bidzu, biidzu” tokens
produced by the model speaker.

Sound
To play sound files - click on triangles in figure
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3.2.3 Stimuli editing procedures

The edited natural speech stimuli were created using Cool Edit Pro LE (Johnston, 1999) and

Praat (Boersma & Weenink, 2001) software. A single English sentence was chosen from which to

create all the English stimuli. This sentence was spoken at normal speed and the target word was

“beat.” The target vowel had a clear steady state with smooth formant tracks as shown in Figure 3.6.

The target vowel and consonant were extracted from the carrier sentence. A glottal source and a

formant filter were derived from the target vowel using LPC analysis. The formants of the filter

were raised or lowered to the midpoint values given in Table 3.2 (formants were raised or lowered

by the same amount over the whole extent of the vowel, i.e., no special treatment was given to onset

and offset transitions). The source and modified filters were then combined to produce vowels with

the desired spectral properties. LPC echos were removed and the vowel intensity envelope was

corrected to match that of the original vowel. Vowel and sentence duration were modified using the

“manipulation” feature of Praat. The resulting vowels were deemed acceptable if their duration and

spectral properties were within 2.5% of the values given in Tables 3.2 and 3.3. Consonant closure

durations consisted of periods of silence. A Praat script was written which automatically

concatenated the carrier sentences and target segments.

The Japanese stimuli were based on a Japanese sentence spoken at normal speed and

containing the word “biitsu.” The target vowel had a clear steady state with smooth formant tracks

as shown in Figure 3.6. The latter part of the voiced consonant series was based on a sentence

spoken at normal speed containing the word “biidzu.” Stimulus editing procedures were the same

as for the English stimuli except that there was no spectral modification of the vowel and the voiced

consonant closure was based on the duration-modified closure extracted from “biidzu.”

      English           Japanese

Figure 3.6 Spectrograms of original vowels and consonant closures used to create stimuli. Left: English “beat.” Right: Japanese
“biitsu.”
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3.3 Data Collection

Canadian English participants were tested once. Japanese and Mexican-Spanish participants

were tested on English perception approximately one month after their arrival in Canada and again

approximately five months later. Japanese participants were also tested on Japanese perception

approximately one month after their first English test.

Participants were tested one at a time in a soundproofed room. English perception testing

took approximately 30 minutes (preparation and a production test conducted during the same

session took approximately 30 minutes for the initial test and 15 minutes for the final test).

Participants listened to the English stimuli presented in random order via MEDS computer software

(Kendall, 2001) over Optimus HP340 headphones; volume was adjusted to a comfortable level by

the listener. Listeners used a mouse to respond to each stimulus by clicking on one of five pictures

on the computer screen shown in Figure 3.7. Four of the pictures represented the words “bit, beat,

bid, bead” (see below for details). The fifth picture, an “X,” was a null response which the

participants were instructed to use if they heard a word other than one of the four target words.

Participants were told that almost all the words should sound like one of the four target words. They

were instructed to choose the picture that was closest to the word they heard, and were encouraged

to guess if not sure. Instructions were given in English both orally and in written form. The

computer played a stimulus once and did not proceed until the participant had given a response.

Figure 3.7 Screen shot of English perception test in MEDS software. The order of the pictures was assigned randomly in each trial.
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There was a 500 ms pause between the response and the beginning of the next trial. The order of

the pictures was assigned randomly for each trial. This prevented participants from associating raw

acoustic properties in the stimuli with locations on the screen. A subset of 24 stimuli taken from

different parts of the continuum was used as a warm-up before presenting the full set of 350 stimuli,

each of which was identified once.

Pictures were used as response tokens in order to avoid confusion which may have arisen

from orthographic representations of the target words: The letter “i” in English “bit” and “bid”

represents English // but in Spanish and romanised Japanese orthography “i” represents vowels

which are closer to English /i/. Participants were trained to interpret the pictures before the

perception test. The investigator used the preliminary picture key shown in Figure 3.8 to elicit the

words “ship” and “sheep.” The investigator then moved on to the main picture key shown in Figure

3.9 which contained a picture of a “bit” of pie, a musical “beat,” someone making a “bid” at an

auction, and some “bead”s. Underneath each picture was written “b_t” or “b_d” as appropriate. The

picture keys used with Japanese and Spanish participants had a translation of the target word beside

each picture. The investigator elicited the target words from the participants using sentences such

as: “this is a piece of pie, or a something of pie,” and “when someone wants to buy something at

an auction, they make a . . .” If participants had difficulty guessing the correct words, the

investigator pointed out what the first and last consonant of each word was, and indicated which

words had the same vowels as one of the words from the preliminary picture key. At no point did

the investigator say the target words, or the target vowels or consonants in isolation. Before the

perception test, participants took part in a production test which involved  reading randomised lists

of target sentences in which the target words were replaced by the pictures. The results of the

production test will be reported elsewhere.

Figure 3.8 Preliminary picture key. Pictures of a ship and a sheep exemplifying the English vowels // and /i/.
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b_t b_t

b_d b_d

trozo tiempo

ofrecer
(remate)

cuenta

Figure 3.9 Main picture key. Pictures exemplifying the English words bit, beat, bid, and bead /bt, bit, bd, bid/.

The Japanese perception test was conducted using the same procedures as the English test

except for the following differences: The eight response options “bittsu, biitsu, bitsu, biittsu, biddzu,

bidzu, biidzu, biiddzu” written in katakana appeared on the computer screen shown in Figure 3.10.

The order of pictures was systematic and fixed rather than randomised between trials.

Randomisation may have caused unnecessary confusion since there were a relatively large number

of response categories. The Japanese participants would have been aware of the systematic

relationship between the Japanese response categories, but as native speakers were expected to

identify the tokens phonemically rather than according to raw acoustic properties. The smaller

number of stimuli in the Japanese continua meant that multiple identifications of each stimulus item

could be obtained without fatiguing the listeners. The full set of 140 stimuli were presented as a

series of two randomisations. Japanese perception testing took approximately 20 minutes

(preparation and a production test conducted during the same session took approximately 20

additional minutes).
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Figure 3.10 Screen shot of Japanese perception test in MEDS software. Response items are written in katakana.
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Chapter 4

Results and Discussion

Only the results for the vowel perception tests are reported in this thesis. Results from

consonant perception tests and production tests conducted as part of the larger study will be reported

elsewhere. A full set of individual vowel perception results is given in the appendix.

4.1 Statistical Analysis Procedures

Research questions from Chapter 2 are repeated here for convenience.

Research Question 1: Do Japanese listeners distinguish English /i/ and // using a duration-based

categorical boundary in the same location as their categorical boundary between Japanese

/i/ and /i/? 

Research Question 2: With increased exposure to English, will Japanese listeners categorical

boundary between English /i/ and // maintain its initial duration properties and shift slightly

towards more English-like use of spectral properties?

Research Question 3: Do Spanish listeners have a categorical boundary between English /i/ and //?

Research Question 4: Do Spanish listeners develop a categorical boundary between English /i/ and

//, and does this boundary match that of native English speakers?

In order to address these research questions it was necessary to determine whether each

language group perceived a categorical distinction between English /i/ and //. It was also necessary

to determine the relative weighting of acoustic cues used to perceive this distinction. Of particular

interest was  a comparison of the cue weighting used by each language group and whether the cue

weighting used by the Japanese and Spanish participants was more English-like in the final test than

in the initial test. Also of interest was whether the categorical boundary for the Japanese

participants’ perception of English /i/ and // was in the same location as the categorical boundary

between their Japanese /i/ and /i/ perception.

Discriminant analyses were applied to each groups’ data in order to determine the position

of categorical boundaries between phonemes. The procedure described below (based on information

in SPSS, 1999; Brown & Wicker, 2000; and Stevens, 2002) was carried out using SPSS software.
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1a point for a model with one variable, a plane for a model with three variables etc.

A discriminant analysis takes cases which are labelled as belonging to known groups, and estimates

the coefficients of predictor variables that best characterise the differences between the groups. The

linear combination of variables is known as a discriminant function. A single discriminant function

describes the difference between two groups. Given predictor variables x, y,  ..., n a discriminant

function value z is calculated as follows:

z = Cx x + Cy y + ... + Cn n + Cconstant (1)

where Cx, Cy, ..., Cn and Cconstant are the

coefficients generated by the analysis

The analysis also calculates the within-group means which are the values of the discriminant

function at the group centroids. Let zα be the value of the discriminant function at the centroid of

group α, and zβ be the value of the discriminant function at the centroid of group β. If, for given

values of x, y, ..., n the value of z is closer to zα than zβ, then the model derived from the discriminant

analysis will classify a case with those x, y, ..., n values as a member of group α. 

Of interest in the present study is the categorical boundary between the two groups, which

in the example above this may be defined as the line described by  x, y, ..., n values such that the z

value is exactly half way between zα and zβ. For a model with two variables, this is the line1 such that

the probability that the case is a member of group α is 0.5 (and 0.5 for group β). To obtain an

indication of the sharpness of the categorical boundary between the groups, lines can be calculated

for x, and y combinations with 0.1 and 0.9 probability of being assigned to group α (0.9 and 0.1 for

group β). A small distance between the 0.1 and 0.9 probability lines would indicate a sharp

boundary (assuming that a linear model is appropriate), a large distance would indicate a fuzzy

boundary. In the present study, listeners’ perception will be deemed categorical only if the distance

between the 0.1 and 0.9 probability points/lines/planes is less than half the range of spectral and

duration properties tested (i.e. less than 3 for durv [range 1 to 7], and less than 2 for spec and durc

[range 1 to 5]. The 0.1 and 0.9 probabilities were chosen as values which would clearly characterise

robust identification of a given category whilst allowing for random errors due to non-linguistic
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factors such as fatigue. Posterior probabilities for assignment to group α can be calculated using the

following formula:
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Formula 2 can be transformed into Formula 3 in order to obtain the z value for a given probability

p.
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Formula 1 can be transformed into Formula 4 so that for given values of y, ..., n it is possible to

calculate an x value:

x = (z - Cconstant - Cy y - ... - Cn n) / Cx (4)

An example of an application of the above process would be the derivation of a categorical

boundary between English // and /i/ based primarily on spectral properties. The discriminant

analysis is applied to the predictor variables spec (vowel spectral properties), durv (vowel duration),

durc (consonant closure duration), and spd (speaking rate). durv, durc, and spd are systematically

varied from 1-7, 1-5, and 1-2 respectively and substituted into Formula 5 to produce corresponding

values for spec.

spec = (z - Cconstant - Cspd·spd - Cdurc·durc - Cdurv·durv) / Cspec (5)

Cspec,  Cdurv, Cdurc, Cspd, and Cconstant are coefficients generated by the discriminant analysis. z is

calculated from Formula 3 in which zα and zβ, the discriminant function values at the // and /i/ group

centroids respectively, are generated by the discriminant analysis. The values 0.1, 0.5, and 0.9 are
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substituted for p (the probability of a case being assigned to the // group). The spec, durv, durc, and

spd values are then graphed in the four dimensional space defined by the continuum dimensions (see

Figure 3.4).

Other information supplied by the discriminant analysis includes Wilks’s lambda, chi-square

and classification results. Wilks’s lambda (Λ) is the ratio of within-group variability to total

variability in the discriminator variables. Values close to 1 indicate that almost all the variability

is dues to within-group differences; values close to 0 indicate that almost all the variability is due

to group differences. A chi-square (χ2) test indicates whether the variability related to group

differences is statistically significant. Classification results indicate the success of the model at

assigning cases to the group to which they actually belong. High correct-classification scores would

indicate that the boundary is sharp and linear. Low correct-classification scores may indicate that

the boundary is fuzzy or that it is non-linear. Cross-validated correct-classification scores are

derived by determining the classification of each case by a model including all cases except the case

being tested (i.e. a jackknife, leave-one-out, or U-method procedure).

The discriminant analysis also supplies standardised canonical discriminant function

coefficients which indicate the relative weight of the contribution of each variable in the model.

Standardised coefficients will compensate for the differences in the range of values of the predictor

variables in the present study, e.g., durv has values from 1 to 7 but spd only has values of 1 and 2.

In order to determine which variables were significant contributors to the listeners’ vowel

identification, variables were entered into the model in a stepwise manner. At each step the variable

which maximised the smallest F ratio between the groups was entered or removed from the model.

Variables were only entered if they had an F ratio significance of .05 or less and removed if they

had an F ratio significance of .10 or more. Stepwise methods may include too many variables in the

model (see Stevens, 2002, Section 7.7); therefore the last variables entered into the model

(corresponding to the variables with the lowest weighting in the results below) may in fact not be

relevant factors in the listeners’ perception.

In order to focus on the categorical boundary between the two vowel categories in each

continuum, and to maintain a simple two category model, “none” responses were not included in

the calculation of the discriminant functions. 

Discriminant analysis assumes multivariate normal distributions, although the procedure has

been found to be robust to violations of this assumption. The data in the present study did not
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always conform to the normal-distribution assumption, e.g., the English listeners’ spec data had an

essentially bimodal distribution, and the distribution curve of the Spanish listeners’ durv data rose

towards the long and short extremes and was then truncated. The data, however, always had mirror

image symmetry. This ensured that the calculation of the 0.5 probability boundary would be

appropriate. 0.1 and 0.9 probability boundaries calculated on the assumption of normal distributions

were closer to the 0.5 probability point  than if the model had taken into account the skew in the

distribution. Although for the Spanish durv data an arcsine transformation could reduce the degree

of skew, no transformation was effective for the English spec data. It was therefore decided to use

untransformed data throughout with the understanding that the model would consistently

underestimate the distance between the 0.1 and 0.9 probability boundaries for the Spanish data.

4.2 Canadian English Participants

A discriminant analysis was conducted on the native English listeners’ group results to

determine their categorical boundary between English /i/ and //. The variables entered into the

model were spectral properties, vowel duration, and consonant closure duration, but not speaking

rate. This suggests that speaking rate did not affect the English participants’ vowel perception. The

model was highly successful at categorising the English participants’ responses, resulting in a cross-

validated correct classification rate of 95.5%; see Table 4.1. Λ = .234 and χ2(3, N = 2101) =

3045.365, p < .0005.

Figure 4.1 shows the planes describing the categorical boundary derived from the

discriminant analysis of the English participants’ /i/ and // perception. The spectral values of the

planes were calculated by substituting the coefficients and function values in Table 4.2 into

Formulae 3 and 4. The centre plane represent 0.5 probability of // identification, indicating the

position of the categorical boundary. The outer planes represent 0.9 and 0.1 probability of //

identification. The distance between these planes provides a measure of the sharpness of the

categorical boundary. The planes are almost perpendicular to the spec axis indicating that the native

English participants based their vowel identification overwhelmingly on the spectral properties of

the vowel. The spectral value at the centre of the planes, i.e. the mean spectral value of the boundary

between /i/ and //, was 3.07 (F1, F2, F3 = 415, 1568, 1875 mel; 333, 1964, 2668 Hz). The spectral

distance between 0.1 and 0.9 probability of // identification was 0.44 (∆F1, ∆F2, ∆F3 = 18, -30,
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-19 mel; 17, -62, -47 Hz [Hertz values were calculated at the centre of the planes]) indicating a

sharp boundary.

Figure 4.1 Planes describing the categorical boundary between /i/ and // derived from the linear discriminant function carried out on
the identification responses of native English participants. Axes: spec = spectral properties, durv = vowel duration, durc = consonant
closure duration; see section 3.2.2. 

The standardised canonical discriminant function coefficients, see Table 4.2, indicate that

the relative weighting given by the English participants to the different variables were 84% for

vowel spectral properties, 11% for vowel duration, and 5% for consonant closure duration. The use

of secondary cues is also apparent from the slight slopes visible in the planes in Figure 4.1. The

small effect for vowel duration is predictable since tense /i/ is longer than lax //, all else being equal

(see section 2.3). The slight effect for consonant closure duration is also predictable since a long

consonant closure will create the perceptual contrast effect of a shorter vowel (Kluender, Diehl, &

Wright, 1988).

Further patterns of perception were observed by graphing the raw results of individual

speakers. Figure 4.2 shows a typical vowel identification pattern for an individual native English

speaker. None responses, i.e. none of bit, beat, bid, bead, were often given for stimuli with spectral

value 3. These stimuli would have been ambiguous since they were on the categorical boundary
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between /i/ and //. Five of the seven native English listeners also gave some none responses to

stimuli with long vowel durations and spectral values of 1 and 2. These had //-like spectral

properties but vowel durations that were extremely long compared to natural // vowels. That native

English speakers were systematic in their use of the none response is also reflected in the

classification results from the discriminant analysis: The majority of none responses were assigned

to the // group; see Table 4.1.

In summary, native English listeners clearly identified stimuli as containing /i/ or //

according to the spectral properties of the vowel with a sharp categorical boundary between the two

vowels. The results strongly suggested that they paid little attention to vowel and consonant closure

duration differences, and no attention to speaking rate.

Figure 4.2 A typical vowel identification pattern for a native English participant in the initial test.
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Classification Results b,c

1003 29 1032

62 1008 1070

265 83 348

97.2 2.8 100.0

5.8 94.2 100.0

76.1 23.9 100.0

1000 32 1032

62 1008 1070

96.9 3.1 100.0

5.8 94.2 100.0

Actual Group
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

i
none



i
none



i



i

Count

%

Count

%

Original

Cross-validated a

 i

Predicted Group
Membership

Total

Cross validation is done only for those cases in the analysis. In cross validation, each
case is classified by the functions derived from all cases other than that case.

a. 

95.7% of original grouped cases correctly classified.b. 

95.5% of cross-validated grouped cases correctly classified.c. 

Table 4.1 Classification results for discriminant analysis carried out on the identification of /i/ and // by
native English listeners. Model includes all variables.

Table 4.2 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of /i/ and // by native English listeners.

Coefficients Centroid Values

Unstandardised Standardised  i

spec 1.395 1.002
-1.840 1.775

durv 0.064 0.128

durc -0.046 -0.065

constant -4.431
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4.3 Japanese Participants - Initial English Test

A discriminant analysis was conducted on the Japanese listeners’ group results to determine

their categorical boundary between English /i/ and //. The results of one participant, JP09, were

radically different to the results of the remainder of the Japanese participants (details will be given

in section 4.7.2.1 below) and were therefore not included in the general analysis of the Japanese

participants’ responses. The variables entered into the model were spectral properties, vowel

duration, and consonant closure duration, but not speaking rate. This suggests that speaking rate did

not affect the Japanese listeners’ vowel perception, and is in accordance with the results of other

studies (Strange et al., 1998; Guion et al., 2002, Ingram & Park, 1997) that found little effect due

to speaking rate on Japanese listeners’ identification of English lax versus tense vowels. The

discriminant-analysis model was moderately successful at categorising the responses, resulting in

a cross-validated correct classification rate of 85.9% (see Table 4.3). Λ = .468 and χ2(3, N = 1907)

= 1446.863, p < .0005.

Figure 4.3  Planes describing the categorical boundary between English /i/ and // derived from the linear discriminant function carried
out on the identification responses of Japanese participants in the initial test.
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Figure 4.3 shows the planes describing the categorical boundary derived from the

discriminant analysis of the Japanese participants’ /i/ and // perception. The duration values of the

planes were calculated from the coefficients and function values in Table 4.4. The orientation of the

planes indicates that the Japanese participants based their vowel identification primarily on the

duration properties of the vowel. The standardised canonical discriminant function coefficients, see

Table 4.4, indicate that the relative weighting given by the Japanese participants to the different

variables were 63% for vowel duration, 28% for vowel spectral properties, and 9% for consonant

closure duration. The duration value at the centre of the planes, i.e. the mean duration of the

boundary between /i/ and //, was 4.22 (108 ms). The vowel duration distance between 0.1 and 0.9

probability of // identification was 1.49 (29 ms at the centre of the planes) indicating a relatively

sharp boundary. The slopes due to the use of secondary cues resulted in a considerable range for the

duration value of the boundary: The duration range for the 0.5 planes was 2.98 to 5.46 (86 to 135

ms), and for the 0.1 and 0.9 planes 2.24 to 6.20 (75 to 155 ms).

These results support the prediction in Hypothesis 1 that Japanese listeners would identify

/i/ and // primarily according to vowel duration. The Japanese participants also made some use of

vowel spectral properties. Inspection of the graphs of individual participants’ data indicates that the

linear solution derived from the discriminant analysis may not be an ideal description of the

categorical boundary. The individuals’ graphs, see example in Figure 4.4, showed an  incursion of

// responses into the long duration - //-like spectral value quadrant but not into the long duration

values - /i/-like spectral value quadrant. One explanation for this pattern may be that, like native

English listeners, Japanese listeners consider long vowels with /i/-like spectral values to be the best

examples of English /i/, and recognised long vowels with //-like spectral values as having

conflicting spectral and duration cues. However, relative to the native English speakers who gave

priority to the spectral properties of these conflicting stimuli (resulting in either // or none

responses), the Japanese listeners gave greater weight to the duration properties of the conflicting

stimuli (resulting in /i/ as well as // and none responses). For shorter vowels the Japanese listeners

gave priority to duration cues resulting in // responses irrespective of spectral properties. An

alternative explanation may be that the Japanese listeners were sensitive to the spectral properties

of the vowels, but only if the spectral information was available for a sufficient length of time. Long

vowels provide a larger quantity of spectral information and also allow more time for the listener

to process the information. Thus, they would only distinguish spectral properties and give both //



79

JP04 - initial test - fast speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
R
R
W R

R
R
W
W R

R
R
R
R R

R
R
R
R R

R
R
R
W R

W
R
R
R R

W
R
R
R

W
W
R
W
W W

W
W
R
W W

W
W
W
W W

R
W
W
W R

A
R
R
R A

R
R
R
R R

W
R
R
A

W
W
W
W
W A

W
W
W
W A

W
W
W
W R

W
A
W
R A

W
A
A
A A

A
A
W
A A

A
A
A
A

W
W
W
W
W R

W
W
W
W A

A
A
W
W A

A
A
A
W A

A
A
A
A A

A
A
A
A A

A
A
A
A

W
W
W
W
W W

R
W
W
W A

A
A
A
W R

A
A
W
W A

A
A
A
A A

A
A
A
A A

A
A
W
A

JP04 - initial test - slow speaking rate
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and /i/responses if the vowels were sufficiently long. The latter possibility was suggested in a cross-

language study by Weiss (1976). It would also be consistent with studies reviewed by Repp (1984)

that indicated that monolinguals’ discrimination performance was higher for vowel stimuli with

longer durations than for otherwise identical vowel stimuli with shorter durations.

Figure 4.4 A typical English vowel identification pattern for a Japanese participant in the initial test.

The Japanese participants’ use of spectral properties may be a result of learning English.

Although still relying primarily on transfer of L1 duration criteria they may have realised that

English /i/ and // differ spectrally and may have begun to shift their cue weighting towards greater

use of spectral properties. L1 experience, however, may also have caused sensitivity to spectral

properties: Fitzgerald (1996) found that Japanese speakers’ long vowels were more peripheral in

the vowel space than their short vowels. He found that, with only F1 and F2 as independent

variables, a discriminant analysis on all vowels correctly classified 77% of /i/ and 69% of /i/

vowels. The spectral differences may exist due to articulatory constraints (i.e. undershoot in short

vowels). The existence of spectral differences leads to the possibility that spectral properties may

in fact be a secondary cue differentiating long-short vowel pairs in Japanese. Further research is

planned to determine whether this is the case.



80

A further pattern of perception was observed in the graphs of individual speakers’ raw

results. Four of the seven participants showed a tendency to give none responses to stimuli with

spectral value 1, and to a lesser extent to stimuli with spectral value 2 (see Figure 4.4). When asked

what they had heard when they gave none responses, these participants indicated that they had heard

“bed.” Hence, it appears that Canadian English // was sufficiently low to be perceived as a version

of Japanese /e/, or of English // which may have formed a diaphone with Japanese /e/. Such a

response is not unexpected given that Yamada, Akahane-Yamada, & Strange (1995) found that

natural US English // tokens were transcribed as the phonetic symbol /e/ at a rate of 48% by

monolingual Japanese listeners. Strange et al. (1998) also found that natural US English // tokens

were assimilated to Japanese /e e ei/ at a rate of 18% in a sentence condition and at 41% in an

isolated word condition. Guion et al. (2002) found that US English // was assimilated as Japanese

/e/ at a rate of 87% (and 7% as /e/). Tsukada (1999) also found considerable spectral overlap of

Japanese /e/ with Australian English /i/ and //. It should be noted, however, that pictures of a bed,

a bird, and a bat were provided in the perception-test instructions as examples of other words that

might be heard, this may have biassed the participants towards reporting that they heard “bed” rather

than reporting that they were merely unable to identify the vowel.

In summary, the Japanese listeners clearly identified stimuli as containing English /i/ or //

according to the duration properties of the vowel but paid some attention to spectral properties. The

predominantly duration-based identification pattern was radically different to the almost exclusively

spectral identification pattern used by the native English speakers.
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Classification Results b,c

900 164 1064

105 738 843

111 82 193

84.6 15.4 100.0

12.5 87.5 100.0

57.5 42.5 100.0

Actual Group
Membership


i
none



i
none

Count

%

Original /
Cross-validated

 i

Predicted Group
Membership

Total

85.9% of original grouped cases correctly classified.b. 

85.9% of cross-validated grouped cases correctly classified.c. 

Table 4.3 Classification results for discriminant analysis carried out on the identification of /i/ and // by
Japanese listeners.

Table 4.4 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of /i/and // by Japanese listeners.

Coefficients Centroid Values

Unstandardised Standardised  i

spec 0.324 0.436
-0.949 1.198

durv 0.688 0.996

durc -0.102 -0.143

constant -3.444

4.4 Japanese Test

A discriminant analysis was conducted on the Japanese listeners’ group results to determine

their categorical boundary between Japanese /i/ and /i/. The variables entered into the model were

vowel duration, consonant voicing, and speaking rate, and the model had a cross-validated correct

classification rate of 88.6% (see Table 4.5). Λ = .409 and χ2(3, N = 1960) = 1749.070, p < .0005.

The mean intra-listener consistency rate, i.e. the proportion of Japanese stimuli that each Japanese

listener identified as being the same vowel in both randomisations, was 86.6%. Hence the
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discriminant analysis was highly successful at modelling the Japanese listeners’ perception. The

standardised canonical discriminant function coefficients from the discriminant-analysis model, see

Table 4.6, indicate that the relative weighting given by the Japanese participants to the different

variables were 81% for vowel duration, 13% for consonant voicing, and 5% for speaking rate. This

suggests that the Japanese listeners based their identification of /i/ and /i/ primarily on vowel

duration. The small effect due to consonant voicing is consistent with the findings of Homma (1973,

1981), Maeda (1979, cited in Takahashi, 1987), Port et al. (1980), Takahashi (1987), and Tsukada

(1996, 1999) (see section 2.3.3.1.2). The small effect for speaking rate is consistent with the results

of  Toda (1999) who found only a small effect for speaking rate on Japanese listeners’ identification

of Japanese long versus short vowels.

Figure 4.5  Points describing the categorical boundary between Japanese /i/ and /i/ derived from the discriminant analysis carried
out on the identification responses of Japanese participants.

The categorical boundary points between the Japanese participants perception of /i/ and /i/

shown in Figure 4.5 were calculated from the coefficients and function values in Table 4.6. The

mean duration of the boundary between /i/ and /i/ was  4.07 (105 ms). The vowel duration distance

between 0.1 and 0.9 probability of /i/ identification was 1.16 (22 ms when centred on the mean

duration for the 0.5 probability boundary) indicating a relatively sharp boundary. Due to the effects

of consonant voicing and speaking rate, the duration range for the 0.5 planes was 3.89 to 4.25 (102

to 108 ms), and for the 0.1 and 0.9 planes 3.31 to 4.83 (91 to 121 ms).
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Classification Results b,c

1002 141 1143

83 734 817

87.7 12.3 100.0

10.2 89.8 100.0

response
i

i

i

i

Count

%

Original /
Cross-validated

i i

Predicted Group
Membership

Total

88.6% of original grouped cases correctly classified.b. 

88.6% of cross-validated grouped cases correctly classified.c. 

In summary, as might be expected, the Japanese listeners identified Japanese short /i/ and

long /i/ primarily according to vowel duration and had a sharp categorical boundary between the

two vowels.

Table 4.5 Classification results for discriminant analyses carried out on the identification of /i/ and /i/ by
Japanese listeners.

Table 4.6 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of /i/ and /i/ by Japanese listeners.

Coefficients Centroid Values

Unstandardised Standardised i i

durv 0.776 1.003
-1.016 1.421

voicing -0.149 -0.166

spd 0.130 0.065

constant -2.928
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4.5 Comparison of English and Japanese Test Results

Research Question 1 asks whether Japanese listeners distinguish English /i/ and // using a

duration-based categorical boundary in the same location as their categorical boundary between

Japanese /i/ and /i/. Whilst the Japanese participants did make some use of spectral cues in their

identification of the English vowels, their primary cue was vowel duration.

Since the responses of JP09 were not included in the derivation of the Japanese group’s

categorical boundary between English /i/ and //, their English boundary should be compared with

the Japanese /i/-/i/ boundary calculated excluding JP09’s responses. Likewise, since the English

stimuli all had silent consonant closures, comparison should be made between the English boundary

and the Japanese /i/-/i/ boundary based only on the responses to silent-consonant-closure stimuli.

In addition, the Japanese boundary should be compared with the English /i/-// boundary based on

stimuli with the same spectral properties as the Japanese stimuli. The formant frequencies of the

Japanese stimuli (F1, F2, F3 = 318, 2126, 3115 Hz) were closest in terms of F1 and F2 to the

English stimuli with spectral value 4 (F1, F2, F3 = 292, 2121, 2786 Hz). 

A discriminant-analysis model based on responses to Japanese silent-consonant-closure

stimuli and excluding the responses of JP09 resulted in a cue weighting of 92% for vowel duration

and 8% for consonant closure duration. Discriminant function coefficients and centroid values for

this model are given in Table 4.7, and classification results are given in Table 4.8. Λ = .415 and

χ2(2, N = 412) = 359.579, p < .0005. The mean Japanese /i/-/i/ categorical boundary (0.5 probability

of /i/ identification) was 4.13 (106 ms). The vowel duration distance between 0.1 and 0.9 probability

of /i/ identification was 0.99 (19 ms when centred on the mean duration for the 0.5 probability

boundary) indicating a relatively sharp boundary. Due to the effects of consonant closure, the

duration range for the 0.5 planes was 3.98 to 4.29 (103 to 109 ms), and for the 0.1 and 0.9 planes

3.31 to 4.83 (94 to 120 ms).

A discriminant-analysis model based on the Japanese listeners’ responses to English // and

/i/ stimuli with spectral value 4, excluding the responses of JP09, resulted in a cue weighting of 84%

for vowel duration and 16% for consonant closure duration. Discriminant function coefficients and

centroid values for this model are given in Table 4.9, and classification results are given in Table

4.10. Λ = .359 and χ2(2, N = 840) = 856.666, p < .0005. The mean English //-/i/ categorical

boundary (0.5 probability of // identification) was 3.82 (100 ms). The vowel duration distance

between 0.1 and 0.9 probability of // identification was 1.20 (22 ms when centred on the mean



85

2No economical method is available to determine the statistical significance of the difference.

90 100 110 120

Probability of English lax vowel / 
Japanese short vowel identification

Japanese

English

0.9 0.5 0.1

vowel duration

duration for the 0.5 probability boundary) indicating a relatively sharp boundary. Due to the effects

of consonant closure, the duration range for the 0.5 planes was 3.45 to 4.18 (94 to 107 ms), and for

the 0.1 and 0.9 planes 2.85 to 4.78 (84 to 119 ms).

A graphical representation of the mean categorical boundary values for the Japanese

listeners’ Japanese /i/-/i/ and  English //-/i/ perception is given in Figure 4.5. The 6 ms difference

between the mean English and Japanese 0.5 probability points falls within both the English and

Japanese 0.1 to 0.9 probability ranges. From these results it can be concluded that the Japanese

participants’ use of vowel duration in identifying English // and /i/ was similar to their use of vowel

duration in identifying Japanese /i/ and /i/. Their categorical duration boundary between English

// and /i/ was very close to their categorical duration boundary between Japanese /i/ and /i/.2

Figure 4.6 Comparison of the Japanese listeners’ mean categorical duration boundary (in milliseconds) for Japanese /i/ - /i/ (silent-
consonant-closure stimuli only) with their mean duration boundary for English /i/ -// (spectral-value-4 stimuli only).

Table 4.7 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of Japanese /i/ and /i/ silent-consonant-closure stimuli by Japanese listeners
(excluding JP09).

Coefficients Centroid Values

Unstandardised Standardised i i

durv 0.832 1.001
-1.227 1.450

durc -0.065 -0.091

constant -3.133
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Classification Results b,c

413 42 455

43 342 385

90.8 9.2 100.0

11.2 88.8 100.0

Actual Group
Membership
i

i

i

i

Count

%

Original /
Cross-validated

i i

Predicted Group
Membership

Total

89.9% of original grouped cases correctly classified.b. 

89.9% of cross-validated grouped cases correctly classified.c. 

Table 4.8 Classification results for discriminant analyses carried out on the identification of Japanese /i/
and /i/ silent-consonant-closure stimuli by Japanese listeners (excluding JP09).

Table 4.9 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of English // and /i/ spectral-value-4 stimuli by Japanese listeners (excluding JP09).

Coefficients Centroid Values

Unstandardised Standardised  i

durv 0.770 1.003
-1.331 1.053

durc -0.139 -0.196

constant -2.657
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3Since each stimulus was identified only once, it was not possible to calculate an intra-speaker consistency
rate. Given the large number of stimuli, it was not possible to obtain multiple responses without fatiguing the listeners.

Classification Results b,c

164 18 182

24 206 230

4 4 8

90.1 9.9 100.0

10.4 89.6 100.0

50.0 50.0 100.0

164 18 182

32 198 230

90.1 9.9 100.0

13.9 86.1 100.0

Actual Group
Membership



i
none



i
none



i



i

Count

%

Count

%

Original

Cross-validateda

 i

Predicted Group
Membership

Total

Cross validation is done only for those cases in the analysis. In cross validation, each
case is classified by the functions derived from all cases other than that case.

a. 

89.8% of original grouped cases correctly classified.b. 

87.9% of cross-validated grouped cases correctly classified.c. 

Table 4.10 Classification results for discriminant analyses carried out on the identification of English // and
/i/ spectral-value-4 stimuli by Japanese listeners (excluding JP09).

4.6 Mexican Spanish Participants - Initial English Test

A discriminant analysis was conducted on the Spanish listeners’ group results to determine

their categorical boundary between English /i/ and //. The only variable entered into the model was

vowel duration resulting in a cross-validated correct classification rate of 63.7% (see Table 4.11).

This suggests that the Spanish participants based their identification of /i/ and // on vowel duration

alone irrespective of other potential cues. The high Wilks’s lambda indicates a high within-group

variability: Λ = .911 and χ2(1, N = 1577) = 147.407, p < .0005. Visual inspection of graphs of

individual participants’ raw data (see example in Figure 4.7) did not reveal large contiguous subsets

of stimuli that were clearly identified as one or other of the vowels. This suggests that the low

correct-classification rate may in part be accounted for by a lack of consistency in intra-listener

responses.3



88

SP04 - initial test - slow speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

R
A
W
A
A W

A
R
W
A W

A
W
R
A W

R
W
W
W A

A
W
A
R A

A
W
A
W R

A
A
A
A

A
A
W
A
W W

A
R
W
A W

W
W
R
A W

A
A
A
A W

W
A
A
A A

A
A
A
W A

A
A
A
A

W
R
W
A
W A

A
A
W
W A

W
W
W
W W

W
W
W
W W

A
A
A
R A

W
W
A
A A

A
A
A
W

A
W
A
A
A W

W
A
A
W W

A
W
A
W A

A
W
A
A A

A
W
A
A A

A
A
W
A A

A
A
A
W

W
A
A
W
W A

W
A
R
W W

A
W
W
A A

A
W
W
A W

W
A
A
A A

A
A
A
A A

W
W
A
A

SP04 - initial test - fast speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
A
A
A
R W

A
W
A
W A

W
W
W
W A

A
R
A
A A

A
A
A
R R

A
A
A
A A

A
A
W
A

W
W
W
R
W A

W
W
W
W W

A
A
R
W A

A
W
A
W W

A
A
A
R A

A
W
A
A A

A
W
A
W

W
A
W
W
A A

W
W
W
W W

W
A
A
W A

W
W
A
W A

A
A
A
A A

W
W
A
A A

A
W
W
A

W
W
A
W
W A

A
W
W
W W

A
A
A
A W

W
W
A
A W

A
A
R
A W

A
A
A
A A

A
W
A
A

W
A
A
W
W W

W
A
A
W A

W
W
W
W W

A
A
A
A W

A
A
A
A A

A
A
A
A A

A
A
A
A

short

long

short

long

//

/i/

Abit / bid
Rnone

Wbt / bd
response

1 2 3 4 5 6 7

durv

0.0

0.2

0.4

0.6

0.8

1.0

pr
op

or
tio

n 
of

 / 
 / 

id
en

tif
ic

at
io

n

] ]

]
]

]

] ]

A

A

A

A

A

A

A



] raw mean
A discriminant 

analysis

Figure 4.7 A typical English vowel identification pattern for a Spanish participant in the initial test.

Figure 4.8 Proportion of stimuli identified as // by Spanish participants. Squares represent mean values for given durations. Circles
represent probabilities derived from the discriminant analysis. Dashed lines represent 0.1, 0.5 and 0.9 probability thresholds.
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4The criterion for categorical perception established in section 4.1 was that the distance from the 0.1 to 0.9
probability boundaries was less than half the range of stimulus values tested, in this case less than 3, half the vowel
duration range (1 to 7).

5Presumably produced in RP – the speaker was J. C. Wells.

The 0.1, 0.5, and 0.9 probability of // identification points were calculated from the

coefficients and function values in Table 4.12. The Spanish participants’ 0.5 probability of //

identification was 3.95 (103 ms). The vowel durations for 0.1 and 0.9 probability of // identification

were 0.59 (56 ms) and 7.30 (189 ms); these were outwith the range of vowel durations tested,

indicating that there was no categorical boundary.4 The Spanish participants’ use of vowel duration

in the perception of /i/ and // is shown graphically in Figure 4.8. The line representing the mean

proportion of stimuli identified as // has a shallow slope, again indicating that the Spanish group’s

perception was not categorical. Separate discriminant analyses were also conducted on individual

Spanish listeners’ responses. No individual Spanish listener was found to have categorical

perception of English // and /i/.

One Spanish participant (SP01) had a different pattern to the others, a more extreme version

of the none-response pattern found above for Japanese participants. He gave none responses to the

majority of stimuli with spectral values 1, 2, and 3 (see Figure 4.9), and reported hearing these

stimuli as “bed.” These spectral values may have fallen within this participant’s Spanish /e/

category, or perhaps a diaphone category that included Spanish /e/ and English //. Previous studies

have found that Spanish listeners may identify English // as English //, and assimilate both to

Spanish /e/. Flege (1991b) found that 19% of US English // were identified as // by monolingual

American Spanish listeners. The rate was higher for American Spanish learners of English who

identified 39% of // as //. Álvarez González (1980) found that 22% of English //5 were assimilated

to Spanish /e/ by monolingual Peninsular Spanish listeners.
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Classification Results b,c

421 311 732

262 583 845

67 106 173

57.5 42.5 100.0

31.0 69.0 100.0

38.7 61.3 100.0

Actual Group
Membership


i
none



i
none

Count

%

Original /
Cross-validated

 i

Predicted Group
Membership

Total

63.7% of original grouped cases correctly classified.b. 

63.7% of cross-validated grouped cases correctly classified.c. 

Figure 4.9 English vowel identification pattern for participant SP01 in the initial test.

Table 4.11 Classification results for discriminant analysis carried out on the identification of /i/ and // by
Spanish listeners.
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Table 4.12 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of /i/ and // by Spanish listeners.

Coefficients Centroid Values

Unstandardised Standardised  i

durv 0.522 1
-0.336 0.291

constant -2.079

4.7 Final English Test 

4.7.1 Predictions

The results of the Japanese test and the initial English test were consistent with the Japanese

listeners assimilating English /i/ and // to Japanese /i/ and /i/ in a form of two-category

assimilation. Since each instance of an English vowel was perceived as similar to one of two

Japanese vowels and subject to equivalence classification, the SLM predicts that two diaphone

categories will be established. Hypothesis 2 of the present study (rephrased here as a prediction)

predicts that one diaphone category will consist of  English /i/ preceding a voiced consonant plus

Japanese /i/, and the other category will consist of English /i/ preceding a voiceless consonant, plus

English //, plus Japanese /i/. The eventual properties of each diaphone category would be expected

to be intermediate between the properties of the L1 and L2 sounds. Since Japanese /i/ and English

/i/ are very similar spectrally, little spectral change is expected. Spectral change in the diaphone

category of which Japanese /i/ is a member is expected to be small since, as well as English //, the

category contains instances of English /i/ which differs little from Japanese /i/. The Japanese

participants assigned instances of English /i/ and // to Japanese categories according to Japanese

duration criteria. Instances of English vowels assimilated to Japanese categories therefore have

durations within the acceptable range for Japanese vowels in each vowel category. Therefore the

duration properties of the English vowels will not influence the duration properties of the diaphone

categories. Hence no change in Japanese listeners’ use of duration cues is expected unless they first

learn to correctly identify the English vowels using spectral cues. The Japanese participants are

therefore predicted to show no or minimal changes in vowel identification between the initial and

final tests.
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The results of the initial English test were consistent with the Spanish listeners assimilating

English /i/ and // to Spanish /i/. Some differentiation between /i/ and // was made, suggesting a

category-goodness assimilation. This leaves open the possibility that the Spanish listeners will

establish a new category for English // (the vowel which is least similar to the Spanish vowel

[Flege, 1991b; Flege, Munro, & Fox, 1994]). If a new category is established, then the properties

of that category are expected to eventually match the L2 properties for that sound (should there be

no deflection of difference in cue weighting). In contrast with the Japanese participants, the Spanish

participants are therefore predicted to show relatively large changes in vowel identification between

the initial and final tests.

4.7.2 Japanese Participants

A discriminant analysis was conducted on the Japanese listeners’ group results (excluding

the results of JP09) to determine their categorical boundary between English /i/ and // in the final

test. The variables entered into the model were vowel duration, spectral properties, consonant

closure duration, and speaking rate). The discriminant-analysis model was moderately successful

at categorising the responses resulting in a cross-validated correct classification rate of 87.6%; see

Table 4.13. Λ = .408 and χ2(4, N = 1983) = 1772.409, p < .0005.

Figure 4.10 Lines describing the categorical boundary between /i/ and // derived from the linear discriminant function carried out on
the identification responses of Japanese participants in the final test.



93

Figure 4.10 shows the planes describing the categorical boundary derived from the

discriminant analysis of the Japanese participants’ /i/ and // perception. The duration values of the

planes were calculated from the coefficients and function values in Table 4.14. The slope of the

planes indicates that the Japanese participants based their vowel identification primarily on the

duration properties of the vowel. The standardised canonical discriminant function coefficients, see

Table 4.14, indicate that the relative weighting given by the Japanese participants to the different

variables were 62% for vowel duration, 26% for vowel spectral properties, 9% for consonant

closure duration, and 4% for speaking rate. The duration value at the centre of the planes, i.e. the

mean duration of the boundary between /i/ and //, was 4.23 (108 ms). For a single speaking rate,

the vowel duration distance between 0.1 and 0.9 probability of // identification was 1.61 (24 ms at

the centre of the lines) indicating a relatively sharp boundary. Across speaking rates, the difference

was 1.69 (27 ms). The slope due to the use of secondary cues resulted in a vowel duration range of

3.03 to 5.44 (87 to 135 ms) for the 0.5 plane, and of 2.42 to 6.05 (78 to 151 ms) for the 0.1 and 0.9

planes.

A comparison between the Japanese participants perception patterns for the initial and final

English tests reveals little change other than the inclusion of speaking rate in the model for the final

test but not the initial test. The contribution due to speaking rate, was, however, very small in the

final test. The weighting of this cue was only 4%, and the weighting of other cues was very similar

between tests (63, 28, and 9% for vowel duration, vowel spectral properties, and consonant closure

duration respectively in the initial test, compared to 62, 26, and 9% in the final test). Measured to

the nearest millisecond, the position of the mean value of the categorical boundary remained

unchanged at 108 ms. The distance from the 0.1 to 0.9 probability boundaries was also similar, 29

ms in the initial test and 27 ms in the final test.  For a visual comparison of the results of the initial

and final tests, Figure 4.8 may be compared with Figure 4.3. As predicted in section 4.7.1, six

months (compared to one month) living in an English speaking society had no effect on the

Japanese listeners’ perception of English  /i/ and //.



94

Classification Results b,c

973 150 1123

92 768 860

69 48 117

86.6 13.4 100.0

10.7 89.3 100.0

59.0 41.0 100.0

970 153 1123

92 768 860

86.4 13.6 100.0

10.7 89.3 100.0

Actual Group
Membership



i
none



i
none



i



i

Count

%

Count

%

Original

Cross-validateda

 i

Predicted Group
Membership

Total

Cross validation is done only for those cases in the analysis. In cross validation, each
case is classified by the functions derived from all cases other than that case.

a. 

87.8% of original grouped cases correctly classified.b. 

87.6% of cross-validated grouped cases correctly classified.c. 

Table 4.13 Classification results for discriminant analysis carried out on the identification of /i/ and // by
Japanese listeners in the final test.

Table 4.14 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of /i/and // by Japanese listeners in the final test.

Coefficients Centroid Values

Unstandardised Standardised  i

spec 0.309 0.418
-1.053 1.375

durv 0.741 1.009

durc -0.106 -0.150

spd 0.122 0.061

constant -3.766
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4.7.2.1 Exceptional individual

In the initial English test the response pattern of participant JP09 differed radically from all

other Japanese participants. He had a categorical boundary between English /i/ and // based on

spectral properties. The only variable entered into the discriminant analysis on JP09’s results was

vowel spectral properties. The cross-validated correct classification rate for the model was 89.2%

(see Table 4.15). Λ = .432 and χ2(1, N = 296) = 246.201, p < .0005. The spectral value of the

boundary between /i/ and //, was 2.72 (F1, F2, F3 = 400, 1592, 1890 mel; 319, 2014, 2707 Hz), and

the spectral distance between 0.1 and 0.9 probability of // identification was 0.90 (∆F1, ∆F2, ∆F3

= -38, 63, 39 mel; -35, 131, 99 Hz). The spectral values were calculated from the coefficients and

function values in Table 4.16.

As can be seen in Figure 4.11, however, JP09 differed from the native English speakers in

showing a reversal in labelling: Stimuli with spectral values near the /i/ end of the continuum were

identified as //, and stimuli with spectral values near the // end of the continuum were identified

as /i/. Such reversals have been observed in previous studies, e.g., Crowther & Mann (1992); Flege

(1993); Flege, Bohn, & Jang (1997); Wang (1997); and Escudero (2001a). 

In the final test, participant JP09’s perception pattern had changed radically so that it was

the same as that of the other Japanese participants: primary use of the vowel duration cue with

secondary use of spectral cues (see Figure 4.11).

There are several possible explanations for the reversal in the initial test. One possibility is

that the participant perceived the spectral differences between the two vowel phonemes in an

English-like manner, but was confused as to which spectral properties were associated with which

phoneme, or as to which words contained which phoneme. Were this possibility true, then the

participant might be able to easily correct the reversal and have English-like perception by the time

of the final test. In the final test, however, the participant’s perception pattern was similar to that

of the other Japanese participants. A second possibility is that the participant noticed the spectral

differences without associating them with phonemes and arbitrarily assigned one spectral extreme

to one vowel response category and the other spectral extreme to the other vowel response category.

This would be typical of a both-uncategorisable or non-assimilable pattern in the PAM (Best,

1995a). Given the acoustic similarities between English /i/ and //, and Japanese /i/ and /i/,

however, a single-category or category-goodness assimilation would seem much more likely. A

third possibility is that participant JP09 identified the English vowels according to a category-
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goodness assimilation, assimilating English /i/ to Japanese /i/ and English // to Japanese /i/

according to spectral properties, but made an ‘error’ in associating the Japanese phonemes with the

response categories (i.e. he associated the pictures of a “bit” and a “bid” with the long Japanese

vowel and the pictures of a “beat” and a “bead” with the short Japanese vowel). A fourth possibility

is that JP09 had a two-category assimilation in the initial test, assimilating English /i/ to Japanese

/i i/ and English // to Japanese /e e/ according to spectral properties, and had an ‘error’ in

associating the Japanese phonemes with response categories (i.e. he associated the pictures of a

“bit” and a “bid” with Japanese /i i/ and the pictures of a “beat” and a “bead” with Japanese /e e/).

The latter possibility would be most consistent with the sharp spectrally-based categorical boundary

in the initial test. It would also be consistent with the change in response pattern from the initial to

the final test: The participant may have realised that the spectral properties of English // were

different to Japanese /e/ (or English /e/ or // which may have been assimilated to Japanese /e/) and

so abandoned his initial perceptual strategy in favour of a strategy which assimilated English /i/ and

// to Japanese /i/ and /i/ primarily according to vowel duration, i.e. the same perceptual strategy

as used by the other Japanese listeners.

Since the responses of JP09 were radically different to those of the remaining Japanese

participants in the initial English test, they were not included in the discriminant analysis. Including

the responses from JP09 would have resulted in a poorer model of the behaviour of the other

participants and would not have added to the understanding of the behaviour of JP09 himself.
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Figure 4.11 English /i/ - // identification by Japanese participant JP09 in the initial and final test.
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Classification Results b,c

149 19 168

13 115 128

48 6 54

88.7 11.3 100.0

10.2 89.8 100.0

88.9 11.1 100.0

Actual Group
Membership



i
none



i
none

Count

%

Original /
Cross-validated

 i

Predicted Group
Membership

Total

89.2% of original grouped cases correctly classified.b. 

89.2% of cross-validated grouped cases correctly classified.c. 

Table 4.15 Classification results for discriminant analysis carried out on the identification of English /i/ and
// by participant JP09 in the initial test.

Table 4.16 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of /i/ and // by participant JP03. Model includes only spectral properties as an
independent variable. 

Coefficients Centroid Values

Unstandardised Standardised  i

spec 1.055 1
0.997 -1.309

constant -3.024
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4.7.3 Mexican Spanish Participants

In the final test, four of the five Spanish participants showed categorical perception of

English /i/ and //. One had a categorical boundary based on vowel spectral properties and three had

a categorical boundary based on vowel duration.

Participant SP02 had a perception pattern which was very similar to that of the native

English participants. As can be seen in Figure 4.12, she had a categorical boundary between English

/i/ and // based on the spectral properties of the stimuli. Variables entered into the discriminant

analysis were vowel spectral properties and vowel duration. The standardised canonical discriminant

function coefficients, see Table 4.17, indicate that the relative weighting given by this participant

to the different variables were 83% for vowel spectral properties and 17% for vowel duration. The

model had a moderate cross-validated correct classification rate of 78.3% (see Table 4.18). Λ = .592

and χ2(2, N = 350) = 182.133, p < .0005. Spectral values were calculated from the coefficients and

function values in Table 4.14. The mean spectral value of the boundary between /i/ and //, was 3.05

(F1, F2, F3 = 414, 1569, 1886 mel; 332, 1966, 2670 Hz), very close to the mean value obtained for

the English participants of 3.07 (F1, F2, F3 = 415, 1567, 1875 mel; 333, 1964, 2668 Hz). The

spectral distance between 0.1 and 0.9 probability of // identification was 1.46 (∆F1, ∆F2, ∆F3 =

61, -102, -62 mel; 57, -209, -159 Hz), approximately three times greater than that obtained for the

English participants. The 0.1 to 0.9 distance was, however, sufficiently small to be within the

criterion for categorical perception (i.e. it was less then 2, half the range of spectral values tested).

In summary, apart from the fact that SP02 had a fuzzier categorical boundary between

English /i/ and // , her performance on the test was the same as that of native Canadian English

listeners.
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Figure 4.12 The English vowel identification pattern of Spanish participant SP02 in the initial and final English test.
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Classification Results b,c

129 35 164

41 145 186

78.7 21.3 100.0

22.0 78.0 100.0

Actual Group
Membership



i



i

Count

%

Original /
Cross-validated

 i

Predicted Group
Membership

Total

78.3% of original grouped cases correctly classified.b. 

78.3% of cross-validated grouped cases correctly classified.c. 

Table 4.17 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of /i/ and // by participant SP02 in the final test.

Coefficients Centroid Values

Unstandardised Standardised  i

spec 0.906 0.996
-0.882 0.778

durv 0.099 0.197

constant -3.113

Table 4.18 Classification results for discriminant analysis carried out on the identification of /i/ and // by
participant SP02 in the final test.

In the final test, participants SP03, SP04, and SP06 had a categorical boundary between

English /i/ and // based on vowel duration. A discriminant analysis was conducted on their results

to determine the location of their categorical boundary. The only variable entered into the model

was vowel duration and the cross-validated correct classification rate was 79.4% (see Table 4.19).

Λ = .609 and χ2(1, N = 1037) = 512.362, p < .0005. The 0.1, 0.5, and 0.9 probability of //

identification points were calculated from the coefficients and function values in Table 4.16. The

categorical boundary point between these participants’ perception of /i/ and // was 4.20 (107 ms).

The vowel duration distance between 0.1 and 0.9 probability of // identification was 2.13 (42 ms)
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indicating a relatively fuzzy boundary. The distance between the 0.1 and 0.9 probability points was

much less in the final test than that calculated for the same participants in the initial test, the latter

being 6.59 (133 ms) centred on a 0.5 probability point of 4.02 (104 ms). The model included only

vowel duration as an independent variable. (Discriminant function coefficients and centroid values

for this model are given in Table 4.21, and classification results are given in Table 4.22. Λ = .908

and χ2(1, N = 1028) = 98.911, p < .0005.)  Their boundary in the final test was, therefore, much

sharper than it had been in the initial test and met the criterion for categorical perception. Figure

4.13 shows a visual comparison of the three participants’ non-categorical perception in the initial

test and categorical perception in the final test. Figure 4.14 shows an example of one listener’s

change in perception from the initial to the final test. 

In summary, although the categorical boundary was somewhat fuzzy, three Spanish

participants had developed categorical perception of English /i/ and // based on vowel duration.

                                  initial test                                                         final test

Figure 4.13 Proportion of stimuli identified as // by Spanish participants SP03, SP04, and SP06 in the initial test (left) and the final
test (right). Squares represent mean values for given durations. Circles represent probabilities derived from the discriminant analysis.
Dashed lines represent 0.1, 0.5 and 0.9 probability thresholds.
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Figure 4.14 The English vowel identification pattern of Spanish participant SP02 in the initial and final English tests.
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Classification Results b,c

480 103 583

111 343 454

9 4 13

82.3 17.7 100.0

24.4 75.6 100.0

69.2 30.8 100.0

Actual Group
Membership



i
none



i
none

Count

%

Original /
Cross-validated

 i

Predicted Group
Membership

Total

79.4% of original grouped cases correctly classified.b. 

79.4% of cross-validated grouped cases correctly classified.c. 

Table 4.19 Classification results for discriminant analysis carried out on the identification of /i/ and // by
participants SP03, SP04, and SP06 in the final test.

Table 4.20 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of /i/ and // by participant SP03, SP04, and SP06 in the final test.

Coefficients Centroid Values

Unstandardised Standardised  i

durv 0.64 1
-0.706 0.906

constant -2.568

Table 4.21 Discriminant function coefficients and centroid values from the discriminant analysis carried out
on the identification of English // and /i/ by Spanish listeners SP03, SP04, and SP06 in the initial test.

Coefficients Centroid Values

Unstandardised Standardised  i

durv 0.524 1
-0.314 0.322

constant -2.104
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Classification Results b,c

372 148 520

214 294 508

14 8 22

71.5 28.5 100.0

42.1 57.9 100.0

63.6 36.4 100.0

Actual Group
Membership



i
Ungrouped cases



i
Ungrouped cases

Count

%

Original /
Cross-validated

 i

Predicted Group
Membership

Total

64.8% of original grouped cases correctly classified.b. 

64.8% of cross-validated grouped cases correctly classified.c. 

Table 4.22 Classification results for discriminant analyses carried out on the identification of English // and
/i/ by Spanish listeners SP03, SP04, and SP06 in the initial test.

The fifth Spanish listener, SP01,  had an identification pattern for English /i/ and // in the

final test that was essentially unchanged from the initial test: He gave none responses to the majority

of stimuli with spectral values 1, 2, and 3.

In summary, as predicted above in section 4.7.1, by the final English test the majority of

Spanish participants had developed categorical perception of English /i/ and //. Three identified the

English vowels using vowel duration. One had a native-English-like boundary based on vowel

spectral properties. Their categorical boundaries were somewhat fuzzy which may be indicative of

an intermediate stage in development.
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Chapter 5

General Discussion and Conclusions

5.1 General Discussion

5.1.1 Japanese listeners’ English and Japanese categorical boundaries

In both the initial English test, the Japanese listeners made some use of spectral properties

but primarily identified the English stimuli according to vowel duration. They also primarily

identified the Japanese stimuli according to vowel duration. The locations of the Japanese listeners’

categorical boundaries for Japanese voiceless-consonant stimuli (matching the silent consonant

closure of the English stimuli) and the English spectral-value-4 stimuli (matching the spectral value

of the Japanese stimuli) were effectively identical: The 6 ms difference between the English /i/-//

boundary and the Japanese /i/-/i/ boundary was within the 0.1 to 0.9 probability range for English

lax vowel and Japanese short vowel identification. This result is consistent with the first part of

Hypothesis 1: “Japanese listeners with limited exposure to English will identify English /i/ and //

according to the same duration criteria they use to identify Japanese /i/ and /i/.” 

Additional evidence is needed to support the claim that Japanese listeners have the same

categorical boundary in English and Japanese because the Japanese listeners transfer their L1

perception pattern, rather than because of a general L2 learning strategy. One source of evidence

comes from a comparison of Japanese listeners’ and Spanish listeners’ results. Since Spanish lacks

any duration contrast, any use of duration by Spanish listeners would be due to a general L2 learning

strategy and not to transfer. Although the Spanish listeners used vowel duration to identify English

/i/ and // in the initial English test, they did not have a categorical perception pattern like that of the

Japanese listeners. Since Japanese and Spanish have similar five-vowel-quality systems but differ

in that Japanese, but not Spanish, has a long-short vowel contrast, the difference in perception

patterns between the Japanese and Spanish listeners suggests that the Japanese listeners’ categorical

perception of the English vowels is due to transfer of the Japanese long-short contrast. 

Since three of the five Spanish listeners developed a duration-based categorical boundary

between English /i/ and // by the time of the final English test, it could be argued that the difference

in perceptual patterns between the Japanese and Spanish listeners in the initial test was due to the

Japanese listeners being further along a developmental process than the Spanish listeners, i.e. that
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1Given the geographical proximity of Mexico to the US, the Mexican participants may also have received a
better quality of experience with aural English compared to the Japanese participants.

2An alternative explanation for how Japanese listeners could be farther along in a developmental process with
less exposure to English is considered in Section 5.1.5.

3No evidence was provided in the present vowel perception study relating to the section in parenthesis.

the Japanese listeners had earlier had non-categorical duration-based perception of English /i/ and

//, but had developed categorical perception by the time of the initial test. Such an explanation

would be tenable if the Japanese listeners had more English experience than the Spanish listeners;

however, the opposite was the case: The Spanish listeners had studied English for almost twice as

many years as the Japanese listeners (12-15 compared to 7-9 years) and had started studying English

at a much younger age (4-6 compared to 13-14).1 The weight of evidence therefore supports the

hypothesis that the Japanese listeners identified English /i/ and // via assimilation to Japanese /i/

and /i/ according to the same long-short vowel duration criteria used to identify Japanese /i/ and

/i/.2

5.1.2 Spanish listeners’ initial perception of English /i/ and // 
In the initial test, the Spanish listeners were able to distinguish the English vowels to a small

degree, but their perception was clearly not categorical. This result is compatible with a category-

goodness assimilation (PAM) and therefore supports Hypothesis 3: “Spanish listeners will not

initially have categorical perception of English /i/ and //. They will assimilate English /i/ and // to

Spanish /i/ via a category-goodness assimilation pattern, (with English /i/ as a good match for

Spanish /i/ and English // a poor match)3. Spanish listeners’ ability to distinguish English /i/ and

// will be poor.” What ability the Spanish listeners had to distinguish English /i/ and // was based

on vowel duration, consistent with the Desensitisation Hypothesis (Bohn, 2002).

5.1.3 Effects of exposure on “similar” vowel categories

Six months compared to one month of living in an English speaking society had no effect

on the Japanese listeners’ perception of English /i/ and //. There was no difference in the vowel

duration or spectral properties of the categorical boundary. The mean duration of the boundary was

unchanged at 108 ms, and the relative weighting of the vowel duration and vowel spectral cues was
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almost identical (63 and 28% respectively compared to 62 and 26%). This result supports the second

part of Hypothesis 1, and Hypothesis 2:

Hypothesis 1 second part: English /i/ before a voiced consonant is assimilated to

Japanese /i/; and English /i/ before a voiceless consonant, and English // are

assimilated to Japanese /i/. English vowels assimilated to Japanese /i/ are identified

as English //, and English vowels assimilated to Japanese /i/ are identified as

English /i/.

Hypothesis 2.  Experience with English will have little effect on Japanese listeners’

perception of English /i/ and //. The assimilation pattern in Hypothesis 1 results in

two diaphone categories: English /i/ before a voiced consonant plus Japanese /i/;

and English /i/ before a voiceless consonant, plus English //, plus Japanese /i/. The

properties of the diaphone categories will initially be close to the norms for the

Japanese vowels but will eventually be intermediate between the norms for the

Japanese and English vowels which contribute to each diaphone. Since English /i/

and // allophones are assimilated to Japanese /i/ and /i/ according to Japanese

vowel duration criteria, English vowel allophones contributing to a diaphone have

duration properties within the range for the Japanese vowel contributing to that

diaphone. Hence, all vowel allophones contributing to the diaphone categories have

the same duration properties as Japanese /i/ or /i/, and the duration properties of the

diaphone categories will continue to be identical to Japanese /i/ and /i/. One

diaphone consists of Japanese /i/ and an allophone of English /i/; since these vowels

have very similar spectral properties there will be no change in the spectral

properties of this diaphone. The other diaphone consists of Japanese /i/, an allophone

of English /i/, and English //; although English // differs spectrally from Japanese

/i/, movement of the properties of the diaphone category towards  English // will be

tempered by English /i/ which is spectrally very similar to Japanese /i/. Hence the

spectral properties of this diaphone category will remain close to Japanese /i/ and

move only slightly towards English //.

Note that although a change in the spectral properties was predicted for the latter diaphone in

Hypothesis 2, no change was observed. However, since the size of the change was predicted to be
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slight, the lack of observed change does not necessarily lead to the falsification of the claim that the

Japanese listeners formed two diaphone categories.

A lack of change in the Japanese listeners’ perceptual pattern could be indicative of them

having reached the final stage that they will ever reach in a developmental process. However, given

that evidence has been presented in support of the first part of Hypothesis 1 “Japanese listeners will

initially identify English /i/ and // according to the same duration criteria they use to identify

Japanese /i/ and /i/,” (see Section 5.1.1) it is argued that this indirectly supports the second part of

Hypothesis 1 (see above), since use of Japanese duration criteria would lead to the assimilation of

English // to a short Japanese vowel and allophone specific assimilation of English /i/. Therefore,

the initial stage in Japanese listeners’ perception of English /i/ and // according to Hypothesis 1,

is the same as the final stage in the putative developmental process. This suggests that there is no

developmental process and that the  Japanese listeners’ perception of English /i/ and // remains

unchanged because of the way they assimilate these vowel to Japanese categories as outlined in

Hypotheses 1 and 2. The weight of evidence therefore supports Hypothesis 2.

5.1.4 Effects of exposure on a “new” vowel category

Four out of five Spanish participants developed a categorical boundary between the English

vowels (three developed a duration based boundary and one developed a spectrally based boundary).

These results therefore generally support Hypothesis 4: “Experience with English will improve

Spanish listeners’ ability to distinguish English /i/ and //. Since English /i/ is very similar to

Spanish /i/, these two vowels will form a diaphone category. Since English // is only a poor match

for Spanish /i/, a new category will be established for English //. The new category will develop

first duration and then spectral properties that are close to the English norm for //.” It is not clear

whether the vowel-duration-based categorical boundary developed by three of the Spanish listeners

represented an intermediate stage leading to a spectrally-based categorical boundary or a final stage

in their development of English /i/-// perception. A more extended longitudinal study with a greater

number of tests would be needed to determine whether this developmental pattern, hypothesised by

Escudero (2000, 2001a), is viable. 

An alternative explanation for the development of the categorical duration-based boundary

was suggested by A. M. Schmidt (personal communication, June 4, 2002). She rejected the claim

that a “new” category had been formed. Instead she suggested that since in Mexican high schools,
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4 In Japanese high schools, students are also taught that English /i/ is longer than English //.

5This may also result in an L2 influence on the L1 since the L1 as well as the L2 sound is based on the
diaphone category (see Flege, 1995, p 241).

students are taught that English /i/ is longer than English //, the listeners applied this strategy, and

improved in their ability to use it between the initial and final test because they had had five months

of practice using the strategy in an English speaking environment.4 Schmidt’s explanation would

fail to account for the results of the Spanish listener who developed a spectrally based categorical

boundary. Further testing with a larger number of participants would be required to determine

whether the results of the latter listener are exceptional or representative of a subgroup of the larger

population.

5.1.5 Other issues arising from the results

An issue arising from the results of the current research is whether the Japanese listeners’

secondary use of duration cues in their perception of English /i/ and // was due to exposure to

English or due to L1 experience. If, as argued in Sections 5.1.1 and 5.1.3, English /i/ and // are

assimilated to Japanese /i/ and /i/ according to Japanese long-short vowel criteria, this would result

in one diaphone category that includes examples of English /i/ and another that includes examples

of English /i/ and English //. The influence of the // on the latter diaphone category may cause it

to develop different spectral properties from the former diaphone category.5 Given that the Japanese

listeners’ assimilation pattern would be expected to assign examples of the English vowels to two

different Japanese vowels from the time of their very first exposure to English, they may have

developed the spectral properties of the diaphone category before their arrival in Canada. In contrast

the Spanish listeners would be expected to assimilate English /i/ and // to the single Spanish /i/

category at the time of their first exposure to English. This was their assimilation pattern at the time

of the initial English test shortly after their arrival in Canada. Despite many years of studying

English in Mexico, they did not begin to develop two categories for the perception of English /i/ and

// until after extended exposure to English in an English speaking environment. The lack of change

in the Japanese listeners’ response pattern from the initial to final English tests would then be

explained as due to them having already reached the final stage in a developmental process by the

time of the initial test. Again, the difference in the Japanese and the Spanish listeners’ perception
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would be due to the existence of the long-short vowel contrast in Japanese but not in Spanish: The

Japanese duration-based assimilation would have allowed the establishment of two diaphone

categories which may have been spectrally modified by relatively little exposure to English. In

contrast a relatively large exposure to English failed to separate the Spanish listeners’ single

diaphone category into two categories. 

An alternative explanation for the Japanese listeners’ secondary use of spectral cues in the

perception of English /i/ and // is that spectral properties may be a secondary cue to the Japanese

long-short vowel contrast: Fitzgerald (1996) found that Japanese speakers produced spectral

differences between long and short vowels (long vowels being more peripheral in the vowel space)

and that a statistical model was moderately successful at distinguishing long-short pairs using

spectral information alone. Future research is planned to determine whether Japanese listeners do

indeed make use of these spectral differences when identifying long and short vowels. If this is the

case, then the secondary use of vowel spectral properties in the identification of English /i/ and //

may be due to L1 experience rather than L2 learning.

Results in the study suggested that although Japanese and Spanish listeners made use of

duration to distinguish English /i/ and //, speaking rate had no, or minimal, effect on their use of

duration, i.e., a faster speaking rate did not result in a reduction in the duration-based boundary.

Since Spanish does not make use of duration it is not unreasonable to suppose that Spanish

participants may have used absolute duration irrelevant of speaking rate. However, since Japanese

does have vowel duration contrasts, some sort of speaking-rate normalisation might have been

expected. It may be that Japanese listener apply very little normalisation in terms of shifts in long-

short duration boundaries relative to speaking rate, this would be consistent with the findings of

Strange et al. (1998), Guion et al. (2002), and Ingram & Park (1997).

5.2 Future Research

Production data were gathered from the participants during the same sessions in which the

perception data were gathered. These data will be analysed and compared to the perception data.

Given Flege’s SLM hypothesis that production is based on perceptual categories and that production

will eventually match perception (Flege, 1995), this will potentially shed additional light on the

results reported in this thesis. If participants produce significant acoustic distinctions between vowel

categories, then this may indicate that their ability to distinguish those vowels in the perception tests
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6An example of such an artifact would be if a listener perceived a continuous set of within-phonemic-category
stimulus properties, but, because the test required them to group them into categories, assigned them to different
categories using non-phonemic but acoustically perceptible properties.

is due to categorical perception rather than an artifact of the testing technique.6 If Japanese

participants produce the Japanese English vowel pairs Japanese /i/ - English //, and Japanese /i/ -

English /i/ with the same within-pair duration ranges, and with between pair separation, then this

will support the claim that Japanese listeners assimilate English vowels to Japanese categories

according to duration; and that English vowels assimilated to Japanese /i/ are identified as English

//, and that  English vowels assimilated to Japanese /i/ are identified as English /i/ (Hypothesis 1).

Participants JP09 and SP01 had somewhat unexpected spectrally-based perception patterns for the

English vowels. Comparison of their perception results with L1 and L2 production results may

indicate the correct choice between the possible explanations for these patterns given in Chapter 4.

Data were also collected on the perception and production of the post vocalic /t/-/d/ voicing

contrast. The vowel and consonant data will be analysed together to determine any interactions

between the two. Since the speech perception task in real communication involves recognising

sequences of segments in which some of the cues to the first segment may be synchronous with the

second segment, and some of the cues to the second segment may be synchronous with the first

segment, any research that examines the perception of only one of the segments gives only a partial

picture of perceptual performance.

As discussed in Section 5.1.5, the results of this thesis also suggest that additional research,

involving the collection of new data, should be carried out on whether spectral properties are a

secondary perceptual cue to vowel duration in Japanese. Also as discussed in Section 5.1.5,

additional longitudinal research is needed on the development of categorical English /i/-//

perception by Spanish listeners/speakers. Such a study may need to cover a longer period of time

than that in the current research and would need to collect data perhaps monthly or bi-monthly in

order to test the developmental patterns hypothesised by Escudero (2000, 2001a, 2001b). 

5.3 Summary of Conclusions

The results of the experiments conducted in this thesis were consistent with the claim that

Japanese listeners had a duration-based categorical boundary between English /i/ and // that was

in the same position as their categorical boundary between Japanese /i/ and /i/. Six months’,
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compared to one month’s, exposure to an English speaking environment was not found to have any

effect on the Japanese listeners’ perception of the English vowels. This is consistent with the

hypothesis developed by Morrison (2002a) that English /i/ before a voiced consonant is assimilated

to Japanese long /i/ but before a voiceless consonant it is assimilated to Japanese short /i/; that

before both a voiced and voiceless consonant English // is assimilated to Japanese short /i/; that

English vowels assimilated to Japanese long /i/ are identified as English /i/, and that English vowels

assimilated to Japanese short /i/ are identified as English //. Under this hypothesis, since the

English vowels are assimilated to Japanese categories according to Japanese duration criteria, they

have similar durations to the Japanese members of the Japanese-English diaphone categories which

are formed, and therefore do not change the duration criteria of the diaphones, which continue to

match the Japanese vowel duration properties. Although some spectral changes were predicted due

to the influence of English // on one of the diaphones, no such changes were observed. Since the

changes were, however, predicted to be slight, the lack of observed change does not falsify the

hypothesis that diaphone categories are formed as outlined above.

Spanish listeners did not have categorical perception of English /i/ and // after one month’s

residence in an English speaking environment, but the majority developed categorical perception

after six months. It has been argued that the difference between the longitudinal results for the

Japanese and Spanish listeners was because the Japanese listeners perceived the English vowels as

similar to Japanese /i/ and /i/, resulting in a form of two-category assimilation and the formation

of diaphone categories; whereas, the Spanish listeners perceived English /i/ as a good match for

Spanish /i/, and English // as a poor match, resulting in a category-goodness assimilation and the

formation of a new category for English //.
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115

CE03 - fast speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
W
W
W W

W
W
W
W R

W
W
W
R W

W
W
W
R W

R
R
W
W R

W
R
W
W W

R
R
R
R

W
W
W
W
W R

W
R
W
W R

R
R
R
R R

W
R
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R

R
R
W
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

CE03 - slow speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
R W

W
W
R
W W

W
W
W
W

W
R
W
W
W R

W
W
R
W R

W
W
R
W R

R
R
R
R R

R
R
R
W R

R
R
R
R R

R
R
R
W

R
R
R
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R R

R
R
R
R

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

short

long

short

long

//

/i/

A bit / bid
R none

W bt / bd
response

CE04 - fast speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W

W
W
W
W
W W

W
W
W
W W

W
W
W
W W

W
A
W
W W

W
W
W
W W

W
W
W
W W

W
W
A
W

W
W
W
W
W A

W
A
A
W A

W
W
W
W W

A
W
W
A A

W
W
A
W W

A
A
W
W A

A
A
A
W

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

CE04 - slow speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
R
W W

W
W
W
W

W
W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W W

W
W
W
W

W
W
W
W
W W

A
W
W
W W

W
W
W
A A

W
W
W
W W

W
W
W
W W

W
A
A
A W

A
A
A
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

short

long

short

long

//

/i/

A bit / bid
R none

W bt / bd
response



116

CE05 - fast speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
W
W
W W

W
R
W
W W

W
W
W
R W

W
R
W
W R

W
R
W
W W

W
R
R
R W

W
R
R
W

W
W
W
W
W R

W
W
W
W W

W
W
W
W R

R
W
W
R R

W
W
R
W W

R
W
W
R W

R
W
W
W

A
W
W
W
W W

A
W
A
W R

W
A
W
W A

A
A
A
A A

R
A
R
R R

W
A
A
R R

R
R
R
W

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

CE05 - slow speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
W
W
W W

W
R
W
W W

W
W
W
W W

W
R
W
W W

W
W
W
R W

W
R
W
R W

W
W
R
W

W
W
W
W
W W

R
W
W
W W

W
W
W
W W

W
W
W
R W

W
W
W
W R

W
W
R
W W

W
R
W
W

W
W
W
W
W W

A
W
W
W A

W
A
W
W W

A
A
A
W W

W
W
A
A A

R
W
W
W W

A
W
R
W

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

short

long

short

long

//

/i/

A bit / bid
R none

W bt / bd
response

CE06 - fast speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
R
W
W
W W

W
W
R
W W

W
W
W
W R

W
W
W
R R

W
W
R
W R

R
R
W
W R

R
A
R
R

W
W
W
W
W W

W
W
W
W W

W
W
W
W R

W
R
W
W R

R
R
R
R R

R
W
W
W W

R
R
W
W

W
W
W
W
W W

W
W
W
W W

R
W
W
W R

R
W
W
W R

R
R
W
R R

W
W
R
R R

W
R
R
R

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
R
R
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

CE06 - slow speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
W
W
W W

W
W
W
W W

W
W
R
W R

W
W
W
R W

W
R
W
W W

R
W
W
W R

R
R
R
R

W
W
W
W
W W

W
W
W
W W

W
W
W
W R

W
W
W
W R

W
W
W
W W

W
R
R
W R

R
R
R
R

R
W
W
W
W R

W
R
W
W W

R
R
R
W R

W
W
R
R R

R
R
W
R R

R
R
R
R W

R
R
W
R

A
A
A
R
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

A
A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

short

long

short

long

//

/i/

A bit / bid
R none

W bt / bd
response



117

CE07 - fast speaking rate
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JP01 - initial test - fast speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

W
W
R
R
W W

W
W
R
W R

R
W
R
W R

W
R
W
R A

W
R
W
A R

R
A
R
A R

A
R
A
R

R
W
W
W
W W

W
W
W
W W

W
W
R
W W

R
W
W
W A

A
A
R
A R

A
A
A
R R

R
A
A
A

W
W
W
W
W W

W
W
W
W W

W
W
W
A R

W
A
A
W A

A
A
A
A A

A
A
R
A A

A
A
A
A

W
W
W
W
W W

A
W
W
W W

A
W
A
W A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

W
W
W
W
W A

W
A
W
W A

W
A
W
A A

A
A
A
W A

A
A
A
A A

A
A
A
A A

A
A
A
A

JP01 - initial test - slow speaking rate

1
2
3
4
5

du
rc

1

2

3

4

5

spec
1

2

3

4

5

6

7

du
rv

R
W
W
W
W W

W
W
W
R W

R
R
R
R R

R
W
R
R R

R
R
R
R R

A
A
R
R R

R
R
A
R

W
W
W
W
W W

W
W
W
W W

R
A
W
W W

A
R
W
A A

R
A
A
W R

A
R
R
R A

R
A
A
A

R
W
W
R
W W

R
W
W
W W

W
W
W
W A

A
W
W
R A

W
A
W
A A

A
A
A
R A

A
R
A
A

W
W
W
W
W W

W
W
R
W W

W
W
W
W A

A
A
A
A A

A
A
A
A A

A
A
A
A A

A
A
A
A

W
W
W
W
W A

A
W
W
W W

W
A
W
W A

A
A
A
A A

A
A
A
A A

A
A
A
A A

R
A
A
A

short

long

short

long

//

/i/

A bit / bid
R none

W bt / bd
response

JP01 - final test - slow speaking rate
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JP02 - final test - fast speaking rate
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JP03 - final test - fast speaking rate
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JP04 - final test - fast speaking rate
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JP07 - final test - fast speaking rate
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JP09 - initial test - fast speaking rate
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JP10 - final test - fast speaking rate
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SP01 - final test - fast speaking rate
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SP02 - final test - fast speaking rate
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SP03 - final test - fast speaking rate
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