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Native speakers of Japanese often have difficulty identifying English /r/ and /l/, and it has been
thought that second-language �L2� learning difficulties like this are caused by how L2 phonemes are
assimilated into ones native phonological system. This study took an individual difference approach
to examining this relationship by testing the category assimilation of Japanese speakers with a wide
range of English /r/-/l/ identification abilities. All Japanese subjects were assessed in terms of �1�
their accuracy in identifying English /r/ and /l/, �2� their assimilation of /r/ and /l/ into their Japanese
flap category, �3� their production of /r/ and /l/, and �4� their best-exemplar locations for /r/, /l/, and
Japanese flap in a five-dimensional set of synthetic stimuli �F1, F2, F3, closure duration, and
transition duration�. The results demonstrated that Japanese speakers assimilate /l/ into their flap
category more strongly than they assimilate /r/. However, there was little evidence that category
assimilation was predictive of English /r/-/l/ perception and production. Japanese speakers had three
distinct best exemplars for /r/, /l/, and flap, and only their representation of F3 in /r/ and /l/ was
predictive of identification ability.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3021295�
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I. INTRODUCTION

Adult second-language �L2� learners can have difficul-
ties learning L2 phonemes. For example, native speakers
�L1� of Japanese are often poor at identifying and producing
the English consonants /[/ and /l/ �e.g., Goto, 1971;
Miyawaki et al., 1975�, although they can somewhat over-
come these problems by receiving phonetic training with
talker and stimulus variability �e.g., Hazan et al., 2005; Iver-
son et al., 2005; Lively et al., 1993; Logan et al., 1991� or by
having long periods of exposure to English-speaking envi-
ronments �e.g., Yamada, 1995�. However, even highly expe-
rienced Japanese speakers can have difficulty identifying
English /[/ and /l/ at a native speaker’s level �e.g., Yamada
and Tohkura, 1992�.

Some current L2 speech perception models attribute
such learning difficulties to the similarity between L1 and L2
phonetic or phonemic categories. For example, Best’s per-
ceptual assimilation model �PAM� �Best, 1995; Best et al.,
2001� states that L2 phonemes are perceived based on their
articulatory similarity to the listener’s closest L1 phonemes;
pairs of L2 phonemes are particularly hard to distinguish
when they both sound like equally good examples of the
same L1 category. Likewise, Flege’s speech learning model
�SLM� �Flege, 1995� states that the learner’s L1 and L2 cat-
egories interact in a common phonological system; learning
L2 categories is particularly difficult when there is an exist-
ing L1 category that is similar, and learning is easier when
the new L2 categories fall into relatively unoccupied regions
of the listener’s phonological space.
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Previous research has suggested that these kinds of simi-
larity relationships may be the cause of Japanese learners’
problems with English /[/-/l/. Japanese has an apicoalveolar
tap /T/ �Vance, 1987� that has been described as being related
to English /[/ and /l/. Best and Strange �1992� hypothesized
that both English /[/ and /l/ are perceived as poor exemplars
of this Japanese phoneme �or as the Japanese /w/�; according
to PAM, English /[/ and /l/ are hard to perceptually distin-
guish because they are the same with regard to the Japanese
phonological system. Subsequent assimilation rating experi-
ments have generally supported this view �Guion et al.,
2000; Iverson et al., 2003�; when Japanese listeners hear
English /[/ and /l/ stimuli and are asked how close these are
to Japanese phonemes, they rate that both are poorly related
to Japanese /T/ or /%r/ �i.e., the Japanese phoneme preceded
by a vowel�. Aoyama et al. �2004� noted that there are trends
for Japanese speakers to rate English /l/ as being somewhat
closer to Japanese /T/, even though both are poor exemplars,
and also found that Japanese children were better at learning
English /[/ than /l/. This fits with SLM’s claim that learning
difficulties are caused by an interaction between L1 and L2
categories; English /[/ is thought to be somewhat easier to
learn because the formation of this category is less affected
by the listener’s existing Japanese /T/ category.

The present study further investigated the role of assimi-
lation by testing Japanese adults who have a wide range of
English /[/-/l/ identification abilities and by determining
whether these individual differences are related to the degree
that they assimilate these phonemes into their L1 /T/ cat-
egory. If there is a causal relationship between L1 assimila-
tion and L2 category learning, it seems likely that individuals
who assimilate these phonemes less strongly into their L1 /T/

category would be better at identifying and producing Eng-
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lish /[/ and /l/. That is, inexperienced Japanese learners of
English have been claimed to assimilate all of these pho-
nemes into the same category �e.g., Best and Strange, 1992�.
Individuals who have learned to accurately identify English
/[/ and /l/ may thus have learned to dissimilate them from
Japanese /T/ �e.g., Flege, 1995; Flege et al., 2003�, allowing
these individuals to create three independent categories
within the same phonological space. Alternatively, it is pos-
sible that individuals who are more accurate with English /[/
and /l/ have changed their assimilation patterns asymmetri-
cally. For example, auditory training results �Iverson et al.,
2005� suggest that Japanese listeners who are learning Eng-
lish /[/-/l/ may actually increase their assimilation of /l/ into
the Japanese /T/ category, but not change their assimilation of
/[/. Successful learners may thus merge English /l/ and Japa-
nese /T/ into a single compromise category rather than dis-
similate �see Flege, 2003; MacKay et al., 2001�, and learn a
separate category for English /[/.

Previous work has quantified assimilation by having in-
dividuals identify and rate which L1 categories are most
similar �e.g., Guion et al., 2000; Iverson et al., 2003�, but
these types of subjective ratings may not be appropriate for
individual difference studies. For example, if a Japanese lis-
tener rates that /l/ is more similar to Japanese /T/ than does
another Japanese listener, it is not clear whether the differ-
ence between their rating scores would reflect a real differ-
ence in the degree of assimilation or a superficial difference
in their use of the scale �e.g., a bias to use the middle of the
scale rather than the extremes�. Such biases are essentially
factored out in traditional studies that average across indi-
viduals. Alternatively, acoustic analyses of productions �e.g.,
Lotto et al., 2004� could be used to measure category assimi-
lation �e.g., one could measure whether an individual’s pro-
duction of English /l/ is acoustically distinct from their Japa-
nese /T/�. However, such a measure has at least three
disadvantages. One is that English /[/, /l/, and Japanese /T/
cannot always be compared on common acoustic dimensions
�e.g., Japanese /T/ productions can sometimes have a burst
that is not typical in English /[/ and /l/�. Another disadvan-
tage is that between-talker differences �e.g., vocal tract
length and speaking rate� introduce variability that is hard to
control. Finally, speech production does not always correlate
strongly with speech perception �e.g., Bradlow et al., 1997�,
so it is not clear whether acoustic analyses of speech produc-
tion would be relevant for perception.

We instead took two new approaches to measuring cat-
egory assimilation. Our first approach was to use a bilingual
identification task including English /[/, English /l/, and Japa-
nese /T/ as response alternatives on the same trial. This al-
lowed us to determine, for example, the extent to which in-
dividuals actually confused English /l/ with Japanese /T/,
rather than measuring whether they are subjectively related.
If English /l/ and Japanese /T/ were frequently confused, this
would indicate that the stimuli mapped onto the same under-
lying phonetic categories �i.e., strong category assimilation�.
This method, however, may be less effective for measuring
weaker degrees of assimilation, where stimuli are subjec-
tively judged to be a poor exemplar of an L1 category with-

out being similar enough to actually sound like that category.
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Our second approach was to have individuals find best
exemplars for /[a/, /la/, and /Ta/ in a large five-dimensional
acoustic space that varied F1, F2, and F3 frequencies during
the initial closure, and the durations of the closure and tran-
sition, using efficient search methods previously developed
for vowels �Evans and Iverson, 2004, 2007; Iverson and
Evans, 2003, 2007; Iverson et al., 2006�. The approach is
similar to acoustically measuring productions, but it has the
advantages of mapping all ratings onto the voice of a single
speaker and a set of common dimensions, as well as being a
perceptual task that may thus be more relevant to identifica-
tion accuracy. If listeners have similar best exemplars for
English /l/ and Japanese /T/, for example, this would again
suggest that they have a single category representation for
each phoneme.

The same set of Japanese adults participated in a series
of three experiments. Experiment 1 measured their baseline
identification ability for English /[/-/l/, and used a three-
alternative bilingual identification task to measure assimila-
tion. Experiment 2 assessed the spoken accent of these sub-
jects. Experiment 3 mapped best exemplars of the L1 and L2
phonemes in a five-dimensional space. The aim was to de-
termine whether the degree to which Japanese adults assimi-
late English /[/ and /l/ into their Japanese /T/ category is
related to their ability to identify and produce these English
phonemes.

II. EXPERIMENT 1: PHONEME IDENTIFICATION

The baseline English /[/-/l/ identification abilities of sub-
jects were assessed by eliciting forced-choice /[/-/l/ judg-
ments for initial-position minimal-pair words �e.g., rock or
lock� that were recorded from multiple native speakers of
British English.

The degree of assimilation between the English and
Japanese phonemes was measured by having listeners make
a three-way bilingual forced-choice judgment between Eng-
lish /[/, English /l/, and Japanese /T/. In the interests of re-
moving any cues for whether the stimuli were from English
or Japanese that were not related to the consonant, CV syl-
lables were used with vowels that are common to both lan-
guages �i.e., /i/, /e/, /Ä/, /o/, and /u/�, and highly skilled
Japanese-English bilingual speakers recorded all phonemes,
rather than having separate groups of Japanese and English
speakers. Listeners heard all stimuli mixed in the same
block, and judged which of the three consonants they heard.

A. Method

1. Subjects

Thirty-nine adult native speakers of Japanese were
tested; 3 were omitted from the data due to computer prob-
lems, leaving a total of 36 participants. Their ages ranged
from 19 to 48 years �median=25 years�, they started learn-
ing English between 6 and 13 years �median=13 years�, and
had received English instruction for 7–25 years �median
=9 years�. All participants were brought up in monolingual
environments in Japan, and all participants were tested in

London. They had lived in English-speaking countries be-
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tween 1 month and 13 years �median=3 months�. None of
the participants reported having hearing problems.

2. Stimuli and apparatus

Stimulus recordings were made in an anechoic chamber
with 44 100 16 bit samples /s. The stimuli were recorded
with Radio Spares �RS� 249-946 microphone, Edirol USB
Audio Capture UA-25, and Dell Optiplex GX 260. The
stimuli were played to subjects using Sennheiser HD 280
headphones while subjects sat in a sound-treated room. Re-
sponses were recorded using PRAAT �Boersma and Weenik,
2008�.

The English stimuli were initial-position /[/-/l/ minimal-
pair words �e.g., rock and lock� used previously by Iverson et
al. �2005�. Four British English speakers �two male and two
female� recorded a total of 120 minimal-pair words �words
were not repeated between speakers�.

The bilingual stimuli were 15 CV syllables created by
combining three consonants �i.e., /[/, /l/, and /T/� and five
vowels �i.e., /i/, /e/, /Ä/, /o/, and /u/�. Five English-Japanese
bilingual speakers made the recordings. Two were native
speakers of British English �one male and one female� who
had majored in Japanese at UK universities and had studied
abroad in Japan. The others �two male and one female� were
native speakers of Japanese who had lived in the UK for
more than 15 years; two of them moved to the UK before
age 5, and the other speaker immigrated to the UK in his
30 s. All speakers recorded two repetitions of each syllable.
All stimuli were screened by native British and Japanese
phonetically trained listeners, to ensure that all consonants
sounded like normal native versions. One speaker �native
Japanese� was unable to correctly produce the Japanese /r/
followed by /i/; these recordings were omitted, leaving a to-
tal of 148 stimuli �15 syllables�5 speakers�2 repetitions
−2 errors�.

B. Procedure

1. English /[/-/l/ identification

On each trial, the participants heard one stimulus word
and clicked on a button to indicate whether it began with /[/
or /l/. They heard each stimulus once and did not receive
feedback. The experiment began with a practice block of 10
trials, and was followed by 120 experimental trials that were
blocked by talker but were otherwise in a random order.

2. Bilingual /[/-/l/-/T/ identification

On each trial, the participants heard a syllable and
clicked on a button to indicate whether it began with English
/[/, English /l/, or Japanese /T/. These options were spelled
out on the screen as “R,” “L,” and “JR;” the categories were
described to subjects to ensure that they understood which
categories were indicated. They heard each stimulus once
and did not receive feedback. The experiment began with a
practice block of 30 trials, and was followed by 148 trials
that were blocked by talker but were otherwise in a random

order.
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C. Results

Figure 1 displays the percent-correct English /[/-/l/ iden-
tification. As intended, there was a wide range of scores for
individual speakers, ranging from near chance to near 100%
correct. On average, /[/ was identified correctly on 71% of
trials and /l/ was identified correctly on 67% of trials, dem-
onstrating that listeners did not have a strong bias to identify
these stimuli as one phoneme or the other.

Table I displays the mean confusion matrix for the bilin-
gual identification task. Japanese listeners demonstrated con-
fusion between English /[/ and /l/; they misidentified /[/ as /l/
on 16% of the trials and /l/ as /[/ on 22% of the trials. They
also demonstrated category assimilation between /l/ and
Japanese /T/; they identified /l/ as Japanese /T/ on 19% of the
trials and Japanese /T/ as /l/ on 17% of the trials. However,
they rarely made errors between /[/ and Japanese /T/; they
identified /[/ as Japanese /T/ on 2% of the trials and Japanese
/T/ as /[/ on 6% of the trials.

In order to examine individual differences in these con-
fusions, we calculated the similarity between individual pho-
neme pairs �i.e., /[/-/l/, /l/-/T/, and /[/-/T/� from these 3�3
confusion data. The calculation of pairwise similarity from
larger matrices has been a common issue when analyzing
consonant confusion data using multidimensional scaling
�e.g., Shepard, 1972; Walden et al., 1980� and hierarchical

FIG. 1. Boxplots of English /[/-/l/ identification and bilingual /[/-/l/-/T/ iden-
tification. The bilingual identification results are presented as pairwise con-
fusions for /[/-/l/, /T/-/l/, and /T/-/[/, with a higher proportion correct indicat-
ing less category assimilation. Boxplots display the quartile ranges of
scores, with outliers marked by circles.

TABLE I. Confusion matrix for bilingual identification.

Stimulus
Response

/[/ /l/ /T/

/[/ 82% 16% 2%
/l/ 22% 58% 19%
/T/ 6% 17% 77%
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cluster analysis �e.g., Iverson et al., 1998� or when applying
models of audiovisual integration �e.g., Braida, 1991; Iver-
son, 2002�. Researchers have mostly used straightforward
averages of the confusion data to measure similarity �e.g.,
the distance between /[/ and /l/ can be measured by summing
the number of trials in which an /[/ stimulus was identified as
/l/ or an /l/ stimulus was identified as /[/; e.g., see Shepard
�1972� and Walden et al. �1980��. Alternatively, more theo-
retical decision models, based on signal detection theory
�e.g., Braida, 1991� or Luce’s choice theory �e.g., Iverson,
2002�, can be applied to correct for response bias. We tried
both approaches for the present data and they produced re-
sults that were substantively the same. The data reported here
are from the more straightforward measure. Specifically, a
pairwise percent-correct measure was calculated by summing
the correct responses for a pair �e.g., /[/ identified as /[/, and
/l/ identified as /l/� and dividing by the total number of cor-
rect and incorrect responses for that pair �e.g., /[/ identified
as /l/ and /l/ identified as /[/�, omitting all trials in which the
stimulus or response was from the other category �e.g., /T/�.

As displayed in Fig. 1, Japanese speakers demonstrated
substantial variability in /[/-/l/ identification of bilingual
stimuli, as was found for English /[/-/l/ identification. Iden-
tification accuracy was significantly higher for the bilingual
than the English stimuli, t�35�=−7.37, p�0.01, but there
was a high correlation between the individual differences for
both measures, r=0.84, p�0.01. Thus, the bilingual stimu-
lus materials seemed to capture most of the individual differ-
ences that were measured in the monolingual English task,
although the stimuli may have been somewhat easier to iden-
tify, at least when those that sounded like /T/ had been ex-
cluded.

Individuals confused /l/-/T/ at a rate that was not signifi-
cantly different than their bilingual /[/-/l/ confusions, t�35�
=−0.03, p�0.05, confirming that English /l/ is perceived as
similar to the Japanese /T/. However, there was no significant
correlation between individual differences in English /[/-/l/
identification and the degree of /l/-/T/ assimilation, r=0.22,
p�0.05, suggesting that /l/-/T/ category assimilation is not
predictive of English /[/-/l/ identification. An inspection of
the scatterplot for these two measures in Fig. 2 confirms this
view; individuals who were relatively poor at recognizing
English /[/ and /l/ had a range of /l/-/T/ category assimilation
scores, as did individuals who were better at English /[/-/l/
identification. It is thus questionable whether the degree of
assimilation between /l/-/T/ is the cause of difficulties in Eng-
lish /[/-/l/ identification, despite the fact that Japanese adults
evidently perceive /l/ and /T/ to be very similar.

Japanese speakers infrequently assimilated English /[/ to
Japanese /T/, doing so at a significantly lower rate than for
/T/-/l/, t�35�=−9.25, p�0.01. However, the degree of assimi-
lation was significantly correlated with English /[/-/l/ identi-
fication, r=0.44, p�0.01, suggesting that Japanese listeners
whose English /[/ category was more similar to the /T/ cat-
egory had more problems with English /[/-/l/ identification.
Although this may seem to indicate that /[/-/T/ assimilation is
the cause of /[/-/l/ identification difficulties, an inspection of
the scatterplot in Fig. 2 weakens this view. That is, individu-

als who were poor at identifying English /[/ and /l/ had a
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range of /[/-/T/ scores, with many of these individuals rarely
confusing /[/ and /T/; it is hard to argue that /[/-/T/ assimila-
tions cause their English /[/-/l/ problems given that these
assimilations were not made very frequently, and the more
strongly assimilated pair, /l/-/T/, was not correlated with iden-
tification accuracy. The frequency of /[/-/T/ assimilation may
indicate instead that there is a problem with the underlying
/[/ representation, without this problem actually being caused
by the proximity of /T/.

Given that English /l/ is similar to both English /[/ and
Japanese /T/, it may seem paradoxical that /[/ and /T/ are
relatively dissimilar. Part of the answer may be that Japanese
listeners use temporal cues to distinguish these consonants
�e.g., transition duration� more than they use spectral cues
�e.g., F3� �Iverson et al., 2005; Yamada, 1995�, and these
temporal cues have natural variation, with /T/ having short
transitions, /[/ having longer transitions, and /l/ being in be-
tween �e.g., see Experiment 3 results�. That is, /[/ and /l/ may
sometimes be confused because some of these phonemes

FIG. 2. Scatterplots of the relationships between English /r/-/l/ identification
accuracy with the identification of bilingual stimuli for /l/-/T/ and /[/-/T/.
Higher bilingual identification scores indicate less confusion between the
categories, and a lower degree of category assimilation.
have overlapping transition durations �e.g., some /[/ have
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short enough transitions to sound like /l/�, as do /l/ and /T/
�e.g., some /T/ have long enough transitions to sound like /l/�,
but there may still be little overlap between /[/ and /T/ �i.e.,
few /[/ have short enough transitions to sound like /T/, and
few /T/ have long enough transitions to sound like /[/�. In
other words, it is possible that /[/ and /T/ are dissimilar even
though both are close to /l/, because of the way in which
their acoustic distributions overlap; the result is only para-
doxical if one conceives of these phonemes simplistically, as
single points in a geometric space.

III. EXPERIMENT 2: RATINGS OF SPOKEN ACCENT

Experiment 1 demonstrated that the relationships be-
tween category assimilation and English /[/-/l/ identification
were weak. However, it is possible that category assimilation
could have a greater role in affecting /[/-/l/ production; much
of the data supporting SLM has come from production data
�e.g., Flege, 1987, 1995, 2003; Bohn and Flege, 1992�, and it
has often been found that production and perception accu-
racy for L2 phonemes are only weakly correlated �e.g.,
Bradlow et al., 1997�. We thus decided to include a short test
of the subjects’ production ability; subjects read an accent-
revealing sentence �The red robin looked across the lovely
lake� and phonetically trained listeners rated the accent of the
/[/ and /l/ consonants, as well as the degree of contrast that
the talker made between /[/ and /l/.

A. Method

1. Subjects

Same as Experiment 1.

2. Apparatus

Same as Experiment 1.

3. Procedure

Each subject was recorded reading the sentence “The
red robin looked across the lovely lake.” After all recordings
had been made, three phonetically trained British English
speakers made three ratings for each recording: degree of /[/
accent, degree of /l/ accent, and the degree of contrast that
the speaker made between /[/ and /l/. We have used the con-
trast rating in previous work �Iverson et al., 2008�, and it is
useful in cases where speakers do not produce phonemes in a
nativelike way, but nonetheless produce a phonetic contrast
that could make their speech intelligible to a listener. The
ratings were made on an integer scale from 1 �poor� to 7
�good�. The raters were allowed to repeatedly listen to the
stimuli before giving their judgment. The rating scores were
averaged across the raters for each recording to provide a
measure of the degree of accent.

B. Results

As displayed in Fig. 3, the accents of the Japanese
speakers varied across the entire range in terms of the degree
of contrast and the /[/ accent. They were, as a group, more
consistently able to produce /l/ in a way that was closer to

the “good” end of the scale.
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The baseline English /[/-/l/ identification accuracy
scores of Experiment 1 were significantly correlated with the
accent ratings for /[/ accent, r=0.53, p�0.01, and /[/-/l/ con-
trast, r=0.42, p�0.01. However, there was no significant
correlation between /l/ accent and English /[/-/l/ identifica-
tion, r=0.20, p�0.05. This pattern of results is in accord
with previous findings that perceptual identification is mod-
erately related to the degree of spoken accent �e.g., Bradlow
et al., 1997�.

The degree of assimilation for /l/-/T/ �Experiment 1� was
not significantly correlated, p�0.05, with /[/ accent, r
=0.13, /l/ accent, r=0.19, or /[/-/l/ contrast, r=0.08. Like-
wise, the degree of assimilation for /[/-/T/ was not signifi-
cantly correlated, p�0.05, with /[/ accent, r=0.29, /l/ accent,
r=0.17, or /[/-/l/ contrast, r=0.23. Thus, similar to Experi-
ment 1, there is little evidence that the degree of perceptual
assimilation between English /[/ and /l/ with Japanese /T/ has
a substantial role in causing the individual differences in
/[/-/l/ production abilities.

IV. EXPERIMENT 3: PERCEPTUAL MAPPING OF
BEST EXEMPLARS

This experiment measured the cues that the Japanese
individuals use to represent /[/, /l/, and /T/, in order to better
understand the assimilation process, as well as attempt to
measure assimilation in a way that better predicts the ability
of individuals to identify English /[/ and /l/. The experiment
adapted the goodness optimization method that we have used
recently to map best-exemplar locations for vowels in high-
dimensional, phonetically detailed, stimulus spaces �Evans
and Iverson, 2004, 2007; Iverson and Evans, 2003, 2007;
Iverson et al., 2006�. On each trial, subjects see a target
syllable on the computer screen, hear a synthesized stimulus
embedded in a natural carrier sentence, and rate on a con-

FIG. 3. Boxplots of the rated accent for Japanese speakers saying “The red
robin looked across the lovely lake.” Three ratings were made for each
sentence: the degree of /[/-/l/ contrast, /[/-accent, and /l/-accent. Ratings
were made on a scale from 1 �poor, indicating a strong non-native accent or
poor contrast� to 7 �good, indicating little non-native accent or high con-
trast�.
tinuous scale how close the stimulus that they hear is to
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being a good exemplar of the syllable on the screen. The
algorithm then adjusts the stimulus that they hear on succes-
sive trials to iteratively find a good exemplar of that syllable.
In this way, we have been able to find best exemplars in very
large sets of stimuli after 35 trials.

This approach has been useful for assessing cross-
language differences in vowel spaces �Iverson and Evans,
2007�. The best exemplars for 14 English vowels were found
for L1 speakers of Spanish, French, German, and Norwe-
gian, and the accuracy with which their best exemplars rep-
resented static formant targets and formant movement were
highly correlated with their ability to recognize natural
vowel stimuli.

The present experiment used a similar method to find
best exemplars of /[/, /l/, and /T/ in a five-dimensional stimu-
lus space that included F1, F2, and F3 frequencies during the
closure, and the closure and transition duration. Although F3
is the primary cue that native speakers use to distinguish /[/
and /l/, F2 and transition duration are often considered to be
secondary cues �e.g., Underbakke et al., 1988�; these second-
ary cues can be particularly important to Japanese adults,
who typically have difficulty hearing F3 variation �e.g., Iver-
son et al., 2003; Underbakke et al., 1988; Yamada, 1995�.
Closure duration and F1 were included to allow good ex-
amples of /T/ to be found; /T/ is often described as being
much more rapid than /[/ or /l/ �e.g., Miyawaki et al., 1975�,
and occasionally has a stoplike quality that could possibly
lower F1. We did not include a burst dimension in this space,
because our pilot investigations showed that many speakers
do not produce /T/ with a burst, and it was possible to syn-
thesize a subjectively good exemplar of /T/ without it.

A. METHOD

1. Participants

The Japanese speakers were the same as in Experiments
1 and 2. We additionally tested 13 native speakers of British
English to provide normative data. Their ages ranged be-
tween 18 and 62 years �median=24�, and all were born and
raised in southern England. No listeners reported having
hearing problems.

2. Apparatus

The stimuli were played to subjects using Sennheiser
HD 280 headphones while subjects sat in a sound-treated
room. Responses were entered and recorded using a custom-
written program which also controlled the presentation of
stimuli.

3. Stimuli

The stimuli were synthetic C-/Ä/ syllables embedded in
naturally spoken English and Japanese carrier sentences �i.e.,
say � � again, and mata [ ] to itte kudasai�. The same female
speaker was used for both carrier sentences, an English/
Japanese bilingual who spent her childhood in both the UK
and Japan, and is highly fluent in both languages.

The synthetic syllables were modeled based on this
natural talker, using a Klatt synthesizer �Klatt and Klatt,

1990�. A five-dimensional set of stimuli was created by or-
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thogonally varying F1, F2, F3, closure duration, and transi-
tion duration �i.e., from the consonantal articulation to the
following vowel�. The values were chosen so that they would
span an acoustic space that included /[/, /l/, and /T/, as well as
match the target speaker’s voice. F1 varied from
123 to 603 Hz. F2 was always at least 1 ERB �Glasberg and
Moore, 1990� greater than F1, and less than 2489 Hz. F3 was
always at least 1 ERB greater than F2, and less than
3951 Hz. The closure and transition durations varied from
5 to 290 ms. The frequency values were quantized in 1-ERB
steps and the duration values were quantized with a log spac-
ing �12 steps for each�. All other synthesis parameters were
the same for all stimuli, and were set so that they closely
matched the original F0 contour, amplitude envelope, long-
term average spectra, and vowel formants of the original
syllables produced by this talker. There were a total of
60 660 stimuli for each carrier sentence.

B. Procedure

On each trial, subjects saw a consonant printed on the
computer screen �e.g., R� and heard a stimulus �synthesized
CV embedded in a natural carrier sentence�. They rated on a
continuous scale how far away the CV that they heard was
from being a good exemplar of the printed consonant. Their
ratings were given by mouse clicking on a continuous bar
presented on a computer screen. Japanese subjects found best
exemplars for all three consonants and English subjects
found best exemplars for only /[/ and /l/. All subjects per-
formed this task in both the Japanese and English carrier
sentences, even though the English speakers did not under-
stand Japanese. Both languages were included in case there
were highly language-specific best-exemplar locations �e.g.,
it was possible that Japanese subjects would have trouble
finding a good /T/ when listening to English�. However, this
kind of language variation was not found �i.e., people ap-
peared to choose the same kinds of best exemplars in both
sentences�, so the results were averaged across carrier sen-
tence for later analysis.

A goodness optimization procedure �Evans and Iverson,
2004, 2007; Iverson and Evans, 2003, 2007; Iverson et al.,
2006� was used to iteratively change the stimuli that subjects
heard on each trial, to search through the multidimensional
stimulus space for better exemplars. This procedure involves
searching along individual vectors �i.e., one-dimensional
straight-line paths crossing through the five-dimensional
stimulus space� and finding the best exemplar on each vector.
There were a total of 7 search vectors and 5 trials per vector
for each consonant.

Vector 1 covaried all five dimensions along a straight-
line path that passed through two points: �1� measurements
based on the natural productions of each consonant, and �2� a
middle point in the stimulus space �i.e., values averaged for
all three stimuli�. Vectors 2–6 varied one dimension at a
time, in a descending order based on their presumed impor-
tance to /[/-/l/ identification �F3, F2, transition duration, clo-
sure duration, and F1�. Vector 7 varied all dimensions, pass-
ing through the best value found thus far on each dimension

and the middle point in the space. The endpoints of all vec-
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tors were constrained by the boundaries of the stimulus space
so that listeners were able to choose stimuli over a wide
range.

For each vector, subjects first heard stimuli at the two
endpoints �i.e., at the boundaries of the stimulus space�, with
the order of these two trials randomized. The selection of
stimuli on the remaining trials was based on the subjects’
judgments, using formulas that were designed to find stimuli
along the path that would be perceived as better exemplars.
On the third trial, subjects heard a stimulus that was selected
by a goodness-weighted average of the first two stimuli. On
the fourth and fifth trials, the stimuli were selected by fitting
a parabola to the goodness data and finding the minimum of
this function. See Iverson and Evans �2003� for exact formu-
las and procedures. At the completion of the fifth trial, sub-
jects were allowed to repeat the search if it had produced a
poor exemplar �i.e., they made an explicit judgment about
whether the stimulus was or was not close to sounding
good�. If the best exemplar was judged to be close, the pa-
rameters of the best stimulus found thus far were passed onto
the next stage of the search algorithm �i.e., to search along
the next vector�.

C. Results

Figure 4 displays the best exemplars of English /[/, /l/,
and Japanese /T/. The results demonstrate that /T/ is more
similar to /l/ than /[/ in terms of F3 and transition duration, in
accord with the asymmetric pattern of assimilation found in
Experiment 1. However, /T/ was different from both /l/ and
/[/ in terms of F2, and was possibly closer to /[/ in terms of
closure duration. One-way repeated-measures analyses of
variance �ANOVAs� were run separately for each dimension
to determine whether these three best exemplars were signifi-
cantly different for the Japanese listeners. The dependent
variables were the five acoustic dimensions �i.e., F1, F2, F3,
closure duration, and transition duration�, and consonant was
coded as a three-level within-subject variable �i.e., English
/[/, /l/, and Japanese /T/�. There were no significant differ-
ences for F1, p�0.05. However, the consonants differed sig-
nificantly in F2, F�2,70�=28.48, p�0.01, F3, F�2,70�
=129.28, p�0.01, closure duration, F�2,70�=6.36, p
�0.01, and transition duration, F�2,70�=68.45, p�0.01.
Tukey HSD comparisons revealed that /[/ was significantly
different from both /l/ and /T/ in terms of F2, F3, and transi-
tion duration, p�0.05, but not F1 or closure duration; /l/ and
/T/ were significantly different in terms of F2, F3, closure
duration, and transition duration, p�0.05.

The results thus demonstrate that Japanese adults were
able to have three distinct representations for these categories
�e.g., not assimilating /l/ and /T/�, despite the fact that many
of these listeners had difficulty recognizing natural /[/ and /l/
stimuli. However, it is clear that there were substantial indi-
vidual differences in their best exemplars. For example, the
closure durations of best exemplars for English /[/ and /l/
varied widely and overlapped with the range of Japanese /T/.
In order to examine whether their degree of separation be-
tween L1 and L2 categories is predictive of their English

/[/-/l/ identification accuracy, the absolute values for their

J. Acoust. Soc. Am., Vol. 125, No. 1, January 2009
difference for /[/-/T/ and /l/-/T/ were computed for the five
acoustic dimensions. On all acoustic measures, there were no
significant correlations between /l/-/T/ difference and English
/[/-/l/ identification �F1, r=−0.15; F2, r=−0.17; F3, r=0.10;
closure duration, r=0.08; transition duration, r=−0.09, p
�0.05�, and no significant correlations between the /[/-/T/
distance and English /[/-/l/ identification �F1, r=−0.11; F2,
r=−0.03; F3, r=0.25; closure duration, r=−0.30; transition
duration, r=0.12, p�0.05�. The results are thus in accord
with the findings of Experiment 1; there is little evidence that
the similarity of a listener’s L1 and L2 categories causes
individual differences in /[/-/l/ identification accuracy.

The best exemplars chosen by Japanese speakers for /[/
and /l/ were surprisingly similar to those of English speakers,
considering their levels of /[/-/l/ identification accuracy.
ANOVA analyses tested whether these best exemplars varied
with language group for each acoustic dimension. The acous-
tic values were entered in separate analyses as dependent
measures, consonant �/[/ or /l/� was a within-subject factor,
and language group �Japanese or English� was a between-
subject factor. There was a significant interaction between
consonant and language group for F3, F�1,94�=5.03, p
�0.05; English speakers systematically chose higher F3 fre-
quencies for /l/ than did Japanese speakers, but their values
were similar for /[/. This indicates that Japanese adults did
not have completely nativelike representations for F3. There
was no significant interaction between language and conso-
nant for the other acoustic dimensions, p�0.05, and there
were no main effects of language. Unsurprisingly, there were
main effects of consonant for F3, F�1,94�=351.85, p
�0.01, closure duration, F�1,94�=12.73, p�0.01, and tran-
sition duration, F�1,94�=97.83, p�0.01, demonstrating that
English /[/ and /l/ differ on these dimensions. There were no
significant main effects of consonant for F1 and F2, p
�0.05.

Pearson correlations were used to determine whether the
accuracy with which Japanese listeners represent /[/ and /l/
�i.e., their similarity to the average best exemplars chosen by
native English speakers� was predictive of identification ac-
curacy. The accuracy of the representations was measured for
each of the five acoustic dimensions, combining /[/ and /l/
using a Euclidean metric. For example, we calculated how
far each individual’s /[/ and /l/ best exemplars were from the
English averages on the F3 dimension, and then combined
these two values by calculating the square root of the sum of
squares. There was a significant correlation between F3 ac-
curacy and /[/-/l/ identification, r=−0.46, p�0.01; Japanese
individuals who had F3 representations that were similar to
those of native English speakers were better at English /[/-/l/
identification. However, there were no significant correla-
tions between the other four dimensions and /[/-/l/ identifi-
cation, p�0.05.

Figure 5 displays the scatterplot of F3 accuracy versus
/[/-/l/ identification. The significant correlation occurred be-
cause individuals who were accurate in their /[/-/l/ identifi-
cation tended to have nativelike F3 values, whereas less ac-
curate subjects were more variable in their F3 values, with

some of these individuals having nativelike F3 values and
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or /[/
others having ones that were far away. This may have oc-
curred because the less accurate subjects either had an un-
clear representation of F3 or had a perceptual difficulty hear-
ing variation along this dimension �e.g., Iverson et al., 2003�.

FIG. 4. Boxplots of the acoustic parameters of the best exemplars f
476 J. Acoust. Soc. Am., Vol. 125, No. 1, January 2009
That is, less accurate subjects may have simply been more
random about which F3 values they said they preferred,
rather than systematically preferring values that were far
from those of native listeners.

, /l/, and /T/ by L1 speakers of English �ENG� and Japanese �JPN�.
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V. GENERAL DISCUSSION

The present results confirm that English /l/ is assimilated
into the Japanese /T/ category, at least to some degree. That
is, listeners confused /l/ and /T/ in a forced-choice task as
much as they confused /[/ and /l/, but their best exemplars for
/l/ were not identical to those for /T/, even though they were
broadly similar on several dimensions �e.g., F3 and transition
duration�. The assimilation of /[/ and /T/ was comparatively
weak; individuals confused /[/ and /T/ infrequently in a
forced-choice task and chose best exemplars for /[/ that were
different from /T/ in terms of F3 and transition duration. The
results thus suggest that /[/ and /l/ differentially assimilate
into the Japanese /T/ category, with /l/ being closer, support-
ing the claims of Aoyama et al. �2004�. It is possible that
previous work using subjective ratings of category goodness
�e.g., Guion et al., 2000; Iverson et al., 2003� did not find a
clearer asymmetry because it is hard for individuals to rate
differences in category goodness when both tokens are poor
exemplars overall.

Within the classification scheme of PAM, this appears to
be a Category Goodness �CG� difference or an Uncatego-
rized versus Categorized type �UC� �Best, 1995; Best et al.,
2001�, not the single category assimilation type hypothesized
by Best and Strange �1992�. The problem for PAM is that
CG and UC contrasts are predicted to be relatively easy to
discern; in both cases the two phonemes should be perceived
as being different because they differentially assimilate into
the L1 phonological system. However, the English /[/-/l/
contrast perceived by Japanese listeners is one of the most
difficult contrasts reported in the literature �e.g., Goto, 1971;
Miyawaki et al., 1975�. In combination with previous work,
demonstrating that listeners can hear acoustic variation in /[/
and /l/ that does not affect perceived goodness �Iverson et al.,
2003�, it thus seems clear that PAM does not explain why

FIG. 5. Scatterplot of the relationship between the accuracy of the English
/r/ and /l/ best exemplars for Japanese listeners along the F3 dimension �i.e.,
distance from English averages� and their English identification accuracy.
Japanese listeners have difficulty with English /[/-/l/.
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The results of this study are also problematic for SLM.
Previous work supporting SLM has suggested that language
learners merge �Flege, 2003; MacKay et al., 2001� or dis-
similate �Flege, 1995; Flege et al., 2003� L1 and L2 phonetic
categories that are close enough to interact, so we expected
that Japanese learners who were better at identifying /[/ and
/l/ would have assimilation patterns that would be distinct
from those who identified /[/ and /l/ less accurately. We
found little evidence that such individual differences in as-
similation were related to identification performance. There
was a significant correlation between /[/-/T/ assimilation and
identification performance in Experiment 1, so the possibility
that this assimilation makes it hard to learn to recognize
these phonemes cannot be completely discarded. However, it
seems unlikely that /[/-/T/ assimilation is the actual cause of
these learning problems because very few listeners made this
confusion frequently. Moreover, the strength of /l/-/T/ assimi-
lation was stronger than /[/-/T/, so SLM predicts that /l/-/T/
assimilation should have an even bigger effect on category
learning �Aoyama et al., 2004�. Instead, we found no reliable
correlation of /l/-/T/ assimilation with the individual differ-
ences in identification performance.

In addition, the results of Experiment 3 suggest that lis-
teners were able to maintain three separate categories for /[/,
/l/, and /T/, despite the fact that the subject group as a whole
was not particularly skilled at identifying /[/ and /l/. For ex-
ample, their best exemplars demonstrated that they knew that
/l/ has a longer initial closure and a lower F2 than /T/; the
closeness of /l/ and /T/ did not cause them to assimilate these
phonemes into a single category. The only evidence for prob-
lems caused by /l/-/T/ similarity was the fact that the best
exemplars for /l/ by Japanese speakers were less nativelike
along the F3 dimension, compared to their best exemplars
for /[/. This fits SLM’s predictions �Aoyama et al., 2004� that
assimilation causes more problems for learning /l/ than /[/.
However, it is unexplained why this should affect only the
F3 dimension; the best exemplars of /l/ for Japanese listeners
were not significantly different from those of native speakers
in any other respect.

If assimilation does not explain individual differences in
identification performance, what does? The only positive
conclusion from the present study is that the representation
of F3 is important; individuals who had more nativelike best
exemplars along the F3 dimension were more accurate at
identifying /[/ and /l/. F3 has been known to be problematic
for Japanese speakers for a long time �e.g., Miyawaki et al.,
1975�, but this is perhaps the first study to demonstrate that
such results on synthetic speech relate to how individuals
identify real speech, produced by multiple talkers in multiple
word contexts. It is worth noting that this correlation was not
particularly high, r=−0.46, but this may have occurred be-
cause individuals with poor identification ability were fairly
random in the F3 values that they preferred.

It is plausible too that this correlation was low because
there are other factors that affect individual differences in the
ability to identify /[/ and /l/. For example, previous work
�Iverson et al., 2003� has suggested that central auditory pro-
cessing, at a stage prior to phonemic categorization, affects

the ability of Japanese listeners to identify /[/ and /l/; Japa-

K. Hattori and P. Iverson: Category assimilation of /r/-/l/ 477



nese adults are much more sensitive to acoustic variation that
is irrelevant to /[/-/l/ categorization �e.g., F2 variation, and
within-category F3 variation� than they are to the critical F3
differences that distinguish these categories for native speak-
ers. Such sensitivities could interfere with category learning,
making it harder for them to learn which F3 values are cor-
rect for each phoneme, as found in the best exemplars mea-
sured in Experiment 3. In addition, this pattern of auditory
processing could interfere with online speech perception
even if listeners manage to form nativelike category repre-
sentations; it could make it harder for them to focus on the
acoustic variation that is important even though, at some
level, they may represent that /[/ has a lower F3 than /l/.

The present best-exemplar assessment of English and
Japanese categories for /[/ and /l may seem at odds with
previous work on category boundaries. That is, previous
work �e.g., Iverson et al., 2005; Yamada, 1995� has shown
that Japanese and English speakers use very different cues
for /[/-/l/ identification �F3 for English speakers; F2, transi-
tion, and closure duration for Japanese speakers�, but the
present results suggest that their best exemplars are broadly
similar. Part of this difference may occur because the best
exemplars better demonstrate sensitivity to secondary cues.
For example, English speakers in the present study showed
that they knew that /[/ and /l/ differ in transition and closure
duration, even though English identification decisions are
mostly driven by F3. Likewise, Japanese listeners appear to
have broadly nativelike representations for secondary cues in
their best exemplars, but they may rely on them more for
identification because their perception of F3 is relatively
poor.

To summarize, the results of this study suggest that
Japanese adults have an asymmetric pattern of category as-
similation for the /[/-/l/ contrast, with /l/ assimilating stron-
ger into the /T/ category than does /[/, but the degree to which
individuals assimilate /[/ and /l/ into their L1 categories is
not strongly predictive of their ability to identify these pho-
nemes accurately. Rather, their ability to identify /[/ and /l/ is
more directly related to their representation of F3 for these
phonemes, which may be caused by their auditory/phonetic
sensitivities along this dimension.
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