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a b s t r a c t
Listeners of various languages tend to perceive an illusory vowel inside consonant clusters
that are illegal in their native language. Here, we test whether this phenomenon arises
after phoneme categorization or rather interacts with it. We assess the perception of illegal
consonant clusters in native speakers of Japanese, Brazilian Portuguese, and European Portuguese, three languages that have similar phonological properties, but that differ with
respect to both segmental categories and segmental transition probabilities. We manipulate the coarticulatory information present in the consonant clusters, and use a forced
choice vowel labeling task (Experiment 1) and an ABX discrimination task (Experiment
2). We find that only Japanese and Brazilian Portuguese listeners show a perceptual epenthesis effect, and, furthermore, that within these participant groups the nature of the perceived epenthetic vowel varies according to the coarticulation cues. These results are
consistent with models that integrate phonotactic probabilities within perceptual categorization, and are problematic for two-step models in which the repair of illegal sequences
follows that of categorization.
! 2010 Elsevier Inc. All rights reserved.

Introduction
Decades of research on speech perception have demonstrated that listeners tend to misperceive sounds that are
not part of their native language. The perceptual system
is said to become attuned to the native language during
the first years of life (Kuhl, Williams, Lacerda, Stevens, &
Lindblom, 1992; Kuhl et al., 2008; Werker & Tees, 1984).
Two types of mechanisms have been proposed to account
for this attunement process. According to the first one,
nonnative segments that are sufficiently close to a native
category are assimilated to that category (Best, 1994).
According to the second one, phonetic dimensions that
are not used contrastively are processed less efficiently
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E-mail address: emmanuel.dupoux@gmail.com (E. Dupoux).
0749-596X/$ - see front matter ! 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.jml.2010.12.004

(Iverson et al., 2003; Dupoux, Sebastián-Gallés, Navarete,
& Peperkamp, 2008).
Yet, a growing body of observations shows that the
influence of the native language on perceptual processes
goes beyond the effects described above: segmental sequences that are illegal in a given language tend to be ‘repaired’ by listeners of that language, often by insertion of a
so-called epenthetic segment, such that the resulting sequence is legal. In Japanese, for instance, all consonant sequences except some starting with a nasal are illegal.
Dupoux, Kakehi, Hirose, Pallier, and Mehler (1999) showed
that native speakers of Japanese perceive an illusory, epenthetic, vowel /u/ when they listen to illegal consonant sequences: the nonword /ebzo/ is perceived as /ebuzo/.
Insertion of epenthetic vowels inside illegal clusters during
perception has also been reported in Korean (Berent,
Lennertz, Jun, Moreno, & Smolensky, 2008; Kabak &
Idsardi, 2007) and English (Berent, Lennertz, Smolensky,
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& Vaknin-Nusbaum, 2009; Berent, Steriade, Lennertz, &
Vaknin, 2007).
These effects present a challenge to current psycholinguistic models, in which the basic units for speech recognition are segments or sub-segmental features (TRACE:
McClelland & Elman, 1986; Native Language Magnet: Kuhl,
1993; Kuhl et al., 2008; Perceptual Assimilation Model:
Best, 1994; Shortlist: Norris, 1994; Norris & McQueen,
2008; Featurally Underspecified Lexicon: Lahiri & Reetz,
2002). In these models, the recognition of one phoneme
is essentially independent from that of the adjacent ones.1
In particular, language-dependant sequential information,
i.e. phonotactics, is not taken into account, and therefore,
perceptual epenthesis effects cannot be explained. There
are two possible strategies to modify standard psycholinguistic models to account for perceptual epenthesis. One is
to introduce a second processing step, which repairs illegal
sequences after categorization takes place. The other one is
to have phonotactic constraints interact with categorization
within a single processing step.
There are several reasons why one-step models are a
priori more likely than two-step models. First of all, the effects of sequential information on speech perception concern not only illegal but also legal clusters. Specifically,
frequent sequences of segments (diphones or triphones)
are processed faster than infrequent ones in shadowing
and same-different matching tasks (Vitevitch & Luce,
1998, 1999; see also Onishi, Chambers, & Fisher, 2002).
Second, sequential information interacts with segmental
categorization. Massaro and Cohen (1983), for instance,
found that the classification of a phonetic continuum is
biased by the legality of the sequence in which it appears.
Similarly, Pitt and McQueen (1998) reported that identification of ambiguous segments is biased towards structures
with higher phonotactic probability (see also Coetzee,
2008). These effects can only be accounted for by models
in which segmental categorization and repair of illegal sequences take place simultaneously. Third, a strict two-step
model predicts that the repair of illegal phonotactics follows that of illegal segments during on-line processing.
However, as far as we know the two types of repair occur
equally early: In an ERP study, Dehaene-Lambertz, Dupoux,
and Gout (2000) found that Japanese listeners, contrary to
French ones, do not elicit a Mismatch Negativity (MMN – a
neural component arising 150–250 ms after a deviant
stimulus in an oddball paradigm) for sequences in which
/ebuzo/ is the standard and /ebzo/ the deviant. This finding
complements similar ones concerning the reduction of the
MMN for segmental category mismatches in nonnative listeners (Näätänen et al., 1997) and suggests that both illegal

1
Several models of phonetic perception integrate context effects like
compensation for coarticulation or compensation for assimilation, but view
them in terms of language-general processes like vector analysis (Fowler &
Smith, 1986), auditory contrast effects (Lotto & Kluender, 1998), or
perceptual feature parsing mechanisms (Gow, 2003). These models have
difficulties to account for language-specific context effects. Other models
introduce context effects via lexical top-down influences (TRACE), or postperceptual lexical biases (Shortlist). For results showing that perceptual
epenthesis is, however, not due to lexical influences, see Dupoux, Pallier,
Kakehi, and Mehler (2001).

segments and illegal sequences are repaired prior to mismatch detection, compatible with a one-step view.2
In this paper, we test the empirical validity of one-step
approaches by focusing on their core prediction, namely
that segmental categorization and phonotactic processing
interact. Specifically, the epenthetic vowel inserted to repair illegal clusters in perception should not be fixed once
and for all across languages, but depend simultaneously on
phonotactic probability and the match with the spectral
information present in the transition part of the cluster.
More precisely, the vowel that is inserted, if any, should
be the one that optimizes the product of the sequence
probability on the one hand and the acoustic match between the segment and the relevant part of the signal
(i.e., the transition between the consonants) on the other
hand. One way to test this is to maintain the acoustic signal
constant and vary the phonotactic and phonetic properties
of the test languages. Another way is to maintain the test
language constant and manipulate the phonetic properties
of the stimuli. Here, we use both strategies. First, speakers
of three languages – Japanese, European Portuguese, and
Brazilian Portuguese, the last two being dialectal variants
of each other – are tested on the same stimuli. These three
languages share a phonotactic constraint against obstruent
consonants in syllable codas; obstruent-obstruent and
obstruent-nasal clusters like in /ebzo/ and /agnu/, respectively, are therefore not found in any word in the language.
However, as we detail below, these languages vary in their
phonetic properties in ways that could influence perceptual epenthesis. Thus, we assess perceptual epenthesis
across languages as a function of their phonetic properties.
Second, we construct different coarticulatory variants of
illegal consonant clusters by digitally excising a vowel
from in between consonants (e.g. /ebuzo/ ? /ebzo/ and
/ebizo/ ? /ebzo/). Coarticulation traces of the excised
vowels on the consonants are predicted to influence the
identity of the epenthetic vowel within listeners of the
same language. Thus, we also assess perceptual epenthesis
within languages as a function of phonetic properties of
the stimuli.
Concerning the phonetic properties of the three test
languages, both Japanese and Brazilian Portuguese have a
process of high vowel devoicing, turning /i/ and /u/ into unvoiced segments in certain environments (for Japanese, see
Han, 1962; Vance, 1987; for Brazilian Portuguese, see Camara & Mattoso, 1979; Cristófaro Silva, 1998). This makes
/i/ and /u/ good candidates for epenthetic repairs in perception, since these categories already contain exemplars
that are phonetically minimized, and they can therefore
be matched to the non-vocalic transition between, say,
/b/ and /z/ in /ebzo/. Moreover, /u/ is the shortest vowel
in Japanese (Han, 1962), and /i/ is the shortest vowel in
Brazilian Portuguese (Escudero, Boersma, Schurt Rauber,
& Bion, 2009). Therefore, if the epenthetic vowel is the
phonetically minimal element of the language, it should
be /u/ in Japanese and /i/ in Brazilian Portuguese. In
2
Of course, this is not a knock-down argument, since a more detailed
comparison of MMN latencies, amplitudes and source localization would be
necessary to assess whether illegal segments and illegal sequences are
processed by the same mechanism.
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Japanese listeners, the presence of perceptual /u/3-epenthesis has already been extensively documented (Dupoux
et al., 1999; Dupoux et al., 2001). In Brazilian Portuguese,
the presence of epenthetic /i/ in loanwords strongly suggests
the existence of perceptual /i/-epenthesis in listeners of this
language, but so far this has not been tested experimentally.
European Portuguese presents an interesting contrast with
Brazilian Portuguese: The two languages are very similar
at the phonological level, but differ phonetically. Specifically,
European Portuguese has the same phonotactic structure as
Brazilian Portuguese, disallowing obstruent-obstruent and
obstruent-nasal clusters in the lexicon. However, it has a
phonetic process that optionally deletes unstressed vowels
in running speech (Vigário, 2003). As a consequence, coda
obstruents are common at the phonetic surface, and
sequences like /bz/ have a non-zero probability, (for
instance, obesidade [obzidad] ‘obesity’, and besuntar
[bzuntar] ‘smear’). If the type of phonotactics that matters
for perception is defined at the level of the surface distribution of sounds (instead of being defined lexically), clusters
like /bz/, then, need not be repaired at all in European
Portuguese listeners. We would therefore expect little if
any vowel epenthesis. If, by contrast, it is defined lexically,
European and Brazilian Portuguese should not differ in
terms of the amount of perceptual epenthesis.
As to the within-language comparisons, we test the effect of coarticulation by using three variants of each illegal
cluster, a neutral one and two coarticulated ones. Neutral
clusters are constructed by recording naturally produced
stimuli like /ebzo/ in a language in which these stimuli
are legal. For these clusters, we predict /u/-epenthesis in
Japanese, /i/-epenthesis in Brazilian Portuguese, and little
or no epenthesis in European Portuguese listeners. Coarticulated clusters are constructed by excising the vowels
/u/ and /i/ from naturally produced stimuli containing /u/
and /i/, respectively, in between consonants (for instance,
/ebuzo/, /ebizo/). For both Japanese and Brazilian Portuguese, we predict that although the three types of clusters
are identical in terms of their segmental make-up, the
coarticulation-based acoustic traces present in the adjacent consonants induce significantly more /i/-epenthesis
for /i/-co-articulated clusters and more /u/-epenthesis for
/u/-co-articulated clusters compared to neutral clusters.
The predictions of two-step models are quite different.
Recall that in these models, illegal sequences are repaired
by a process that takes as its input the output of segmental
categorization, i.e. the process that transforms the signal
into a sequence of discrete segments. Therefore, two-step
models have little to say about the pattern of results across
languages, except that the variables predicting the presence or absence of epenthesis as well as the nature of the
epenthetic vowel should be defined at the level of abstract
phonemes and phonological rules, not fine-grained pho-

3
Strictly speaking, the epenthetic vowel is / /, the Japanese unrounded
counterpart of the more common vowel /u/. Here, we note /u/ for
convenience, since this is the vowel used in Portuguese. Note also that
the stimuli used by Dupoux et al. (1999) contained /u/, not /uı/ (and so will
the stimuli in the present study). The difficulty that Japanese listeners had
to discriminate /ebzo/ from /ebuzo/ shows that they easily confound /u/
and / /.
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netic information. Concerning the within-language comparisons, one-step models predict that vowel epenthesis
should not be affected by coarticulation, since the output
of segmental categorization does not contain coarticulatory information. Hence, the three types of clusters – neutral,
/i/-coarticulated and /u/-coarticulated – should give rise to
identical patterns of epenthesis within a given language.
In the following, we present the results of two experiments with monolingual participants of Japanese, Brazilian
Portuguese, and European Portuguese. As in Dupoux et al.
(1999), we use both a vowel categorization task with artificial continua in which vowel duration is manipulated
(Experiment 1), and a more implicit ABX discrimination
task (Experiment 2). In both experiments, we vary the
presence of coarticulation cues in the illegal segment sequences, and compare the perception of naturally produced clusters in disyllables (e.g., /ebzo/), to that of
clusters that are obtained by removal of the central vowel
out of naturally produced trisyllables (e.g., /ebuzo/ and
/ebizo/).
Experiment 1
In this experiment, we tested the perception of illegal
clusters in Japanese, European Portuguese, and Brazilian
Portuguese listeners in a vowel classification task. Participants listened to two sets of artificial continua: /u/-continua, involving stimuli intermediate between, for
instance, /ebuzo/ and /ebzo/, and /i/-continua, with stimuli
intermediate between, for instance, /ebizo/ and /ebzo/. They
were asked to decide whether the stimuli did or did not contain a vowel between the two consonants, and if yes, which
vowel it was: /a/, /e/, /i/, /o/, or /u/. This design was very similar to that used in the first and second experiments of Dupoux et al. (1999). Note that the /ebzo/ endpoints of the two
sets of continua make it possible to assess the effect of coarticulation on perceptual epenthesis. Indeed, these stimuli
were obtained by the complete removal of the vocalic portion of either /ebuzo/ or /ebizo/. Even though they do not
contain any vocalic part, traces of the original /u/ and /i/
can be assumed to be still present in the form of coarticulatory information in the consonants.
Method
Stimuli
Thirteen V1C1C2V2 items were selected, with V1 and V2
vowels in the set /a,e,i,o,u/, C1 a stop consonant, and C2 a stop
or a nasal consonant (see Appendix). For each item, three
stimuli were recorded by a male native speaker of French;
these stimuli were of the form V1C1C2V2, V1C1/u/C2V2 and
V1C1/i/C2V2. They all had stress on the first syllable.
In the stimuli that contained a full medial vowel, the
mean duration of /u/ was 112.9 ms (SD = 15.3) and that
of /i/ was 112.8 ms (SD = 20.3). For each of these stimuli,
seven additional stimuli were created by removing successively larger portions of the medial vowel at zero crossings,
starting at the endpoints and moving inwards; the left endpoint was defined as the first zero crossing after the burst
and the right one as the point in the signal where no vowel

m
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formants could be seen or heard (see Dupoux et al., 1999,
for details, and Fig. 1 for an illustration). Hence, for each
item there was one continuum ranging from V1C1/u/C2V2
to V1C1C2V2 and another one ranging from V1C1/i/C2V2 to
V1C1C2V2.
For each item, one additional filler stimulus was recorded by the same speaker; it contained a medial vowel
that was either /a/ or /o/. Overall, then, there were 18 stimuli per item: two 8-step continua plus one stimulus with a
natural cluster and one filler stimulus, for a total of
13 ! 18 = 234 stimuli. They were all nonwords in the three
test languages.
Procedure
The 234 stimuli were concatenated in random order
into a single audio file, with an ISI of 3s. Participants listened to this audio file and had to fill in a response sheet,
where the stimuli were presented orthographically in the
form V1C1?C2V2 (e.g. eb?zo), and a forced choice with six
orthographically presented alternatives was given for each
stimulus (‘‘a’’, ‘‘e’’, ‘‘i’’, ‘‘o’’, ‘‘u’’, ‘‘no vowel’’). The roman
alphabet was used for all participants.

a

b

0123456

0123456

Participants was explained that the stimuli were all of
the form shown on the answer sheet, and that they had
to make a decision about the presence and identity of a vowel in the position indicated by the question mark. They
were thus instructed to concentrate on the middle portion
of the stimuli. The experiment lasted about 20 min.
Participants
Twenty-eight Japanese participants were tested in Tokyo (mean age 22, 14 males, 14 females), 15 Brazilian Portuguese participants were tested in Sao Paulo (mean age
21, two males, 13 females), and 18 European Portuguese
participants were tested in Lisbon (mean age 20, two
males, 16 females). All of the participants were recruited
at universities, and none of them had had extensive exposure to a language that allows the relevant clusters, like
French or English.
Results
The percentages of responses to each of the six alternatives (‘‘a’’, ‘‘e’’, ‘‘i’’, ‘‘o’’, ‘‘u’’, ‘‘no vowel’’) were tabulated

6543210

6543210

c
100 ms
5 kHz

0 kHz
Fig. 1. Waveforms and spectrograms of sample stimuli used in Experiments 1 and 2: /aguno/ (a), /agino/ (b) and /agno/ (c). The vertical lines indicate the
points in the waveforms used for removing successive portions of the signal. All vertical lines appear at a zero crossing; successive lines are separated from
one another by a single pitch period. To construct the artificial clusters (/ag(u)no/ and /ag(i)no/), the entire stretch of signal between the lines labeled ‘0’ is
removed. For step 1 of the vowel length continuum, the stretch of signal between the lines labeled ‘1’ is removed, and so on until step 6. Finally, for the full
vowel endpoint, nothing is removed.
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across the stimulus types and averaged across items and
participants. In Table 1, we display only the three alternatives that received the highest percentages of responses
across conditions and languages, namely, ‘‘u’’, ‘‘i’’, and
‘‘no-vowel’’. These are also the responses that we analyze
subsequently.
Qualitatively, our results in the Japanese group for the
/u/-continua replicate almost exactly the findings in Dupoux et al. (1999): as the vowel gets shorter, the proportion
of u-responses decreases, but remains the dominant response (56%), even when there is no vowel (/u/-coarticulated cluster). Similarly, natural clusters yield a dominant
proportion of u-responses (59%). Very similar results are
obtained with the Brazilian Portuguese participants, with
the vowel /i/ taking the role of /u/. That is, for the /i/-continua, the proportion of i-responses is dominant even when
there is no vowel (/i/-coarticulated cluster: 71%), and the
natural cluster elicits a majority of i-responses (66%). Conversely, the presentation of the /i/-continua to Japanese listeners and the /u/-continua to Brazilian Portuguese
listeners yielded the following results. As the vowel gets
shorter, the perception of this vowel drops sharply, to
34% and 10%, respectively. Towards the end of the continuum, moreover, the language’s primary epenthetic vowel
starts to rise in the responses; that is, we find high percentages of u-responses for the Japanese participants (20% at
the end of the continuum) and of i-responses for the Brazilian Portuguese participants (58%). Finally, in European Portuguese participants, the response pattern is very different
from those obtained with the other two groups, and it
resembles that found with the French listeners in Dupoux
et al. (1999): For both the /u/- and the /i/-continua, the percentages of u- and i-responses, respectively, decrease as
the vowel gets shorter, yielding predominantly no_vowel
responses at the end of the continuum (77% and 75%);
the natural consonant clusters likewise yield a majority
of no_vowel responses (69%).4
Below, we analyze separately the cross-linguistic epenthesis effect and the coarticulation effect.
Cross-linguistic epenthesis effect
This analysis explores the extent to which participants
report hearing a vowel in the stimuli containing no vowel
(i.e. the three types of consonant clusters: natural, /u/coarticulated, /i/-coarticulated). The percent ‘vowel’ responses was obtained by summing the percent responses
in all vowel categories (a, e, i, o, u) and was subjected to
two ANOVAs (one with participants and the other with
items as random variable), with the factors Language and
Cluster-type (see Fig. 2).
We found an effect of Language (F1(2, 57) = 23.6,
p < .001, F2(2, 24) = 145, p < .001). Post-hoc t-tests showed
4

Interestingly, in European Portuguese listeners, the three cluster
conditions yielded a small proportion of e-responses (for the no-vowel
end of the /u/-continua, /i/-continua, and for the natural clusters: 14%, 19%,
and 29% of responses, respectively). This vowel corresponds to the most
common orthographic transcription of schwa, i.e., the neutral vowel that
surfaces in unstressed positions in European Portuguese. This indicates
that, as has been reported in English, there is a small tendency for schwa
epenthesis in illegal clusters, but this does not constitute the dominant
response, unlike in Japanese or Brazilian Portuguese.
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that European Portuguese participants yielded less ‘vowel’
responses than either the Japanese (p < .001) or the Brazilian Portuguese participants (p < .001). These latter groups
did not differ from each other (p > .05). The effect of Cluster-type was significant in the participants analyses only
(F1(2, 114) = 10.5, p < .001; F2(2, 24) = 2.8, p < .08), with
natural clusters yielding slightly more vowel response than
artificial clusters (on average, 62% vs. 53%). There was no
interaction
between
Language
and
Cluster-type
(F1(4, 114) = 2.2, p < .08; F2(4, 48) = 1.8, ns). An effect of
Cluster-type was also reported in Dupoux et al. (1999)
and corresponds to the fact that some natural clusters
may contain what amounts to a very small schwa, whereas
any traces of inter-consonantal vowel have been removed
in the artificial clusters.
Coarticulation effect
This analysis explores the quality of the epenthetic vowel in the responses of the Japanese and Brazilian Portuguese participants (i vs. u) as a function of coarticulation.
In Japanese, the dominant response to cluster stimuli is u
(69% of the ‘vowel’ responses), and in Brazilian Portuguese,
it is i (82% of the ‘vowel’ responses). We therefore defined a
i minus u difference score, by computing, for each participant and condition, the percent response i minus the percent response u (see Fig. 3). This difference score was
subjected to ANOVAs by participant and by item with
the factors Language and Cluster-type. Note that since
European Portuguese participants had very low percentages of i- and u-responses (less than 2% across all clusters),
we did not include this language in this analysis.
We found an effect of Language (F1(1, 40) = 170.2,
p < .001; F2(1, 12) = 290.6, p < .001), corresponding to the
fact that Brazilian Portuguese participants had an overall
positive i–u difference score (60, SE = 4.0), whereas the Japanese participants had a negative i–u difference score
("29, SE = 4.6). In addition, there was an effect of Clustertype (F1(2, 80) = 75.9, p < .001; F2(2, 24) = 15.1, p < .001).
This was due to the fact that the i–u difference scores were
negative for the natural clusters ("10, SE = 9.0) and the /u/co-articulated clusters ("16, SE = 8.9) but positive for the
/i/-co-articulated clusters (34, SE = 5.4). Finally, there was
an interaction between the two factors (F1(2, 80) = 18.1,
p < .001; F2(2, 24) = 16.1, p < .001), corresponding to the
fact that the nature of the coarticulation effect was not
identical in the two groups. As can be seen in Fig. 3, the
presence of /i/-coarticulation had a strong effect on Japanese listeners, reverting their predominant responses from
/u/ to /i/. In contrast, in Brazilian Portuguese listeners, the
effect of coarticulation was more modest and did not affect
the predominance of /i/ responses over /u/ responses.
Discussion
In this experiment, we replicated the finding of Dupoux
et al. (1999) that Japanese listeners report hearing a vowel
/u/ in stimuli containing an illegal cluster. More importantly, we found that the same stimuli yielded a similar effect in Brazilian Portuguese listeners, with /i/ taking the
role of /u/. This is consistent with the claim that Japanese
and Brazilian Portuguese listeners exhibit a perceptual
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Table 1
Mean percentages of responses u, i, and no vowel for a natural cluster and two vowel continua in Japanese, Brazilian Portuguese, and European Portuguese
participants (Experiment 1).
Japanese (N = 27)
u

i

no vowel

Brazilian Portuguese (N = 15)

European Portuguese (N = 18)

u

u

i

no vowel

i

no vowel

Natural cluster
/u/-continuum
0
1
2
3
4
5
6
Full

58.7

9.4

27.6

5.6

65.6

20.0

0.4

1.3

69.2

56.1
61.5
74.1
83.8
86.0
90.0
89.2
91.7

4.3
3.8
1.1
0.9
0.3
0.6
0.9
0.6

37.0
32.8
21.1
12.8
10.0
6.0
4.8
2.9

10.3
23.1
30.8
46.2
70.3
79.5
79.0
79.0

58.5
53.3
48.7
33.8
16.4
11.3
10.3
9.2

24.1
14.4
9.7
8.7
2.6
2.1
2.1
1.5

4.7
20.5
50.4
74.4
80.8
88.9
85.5
84.6

0.0
0.9
2.1
1.7
0.0
0.4
0.0
0.0

77.4
65.0
30.8
11.1
7.7
1.3
1.7
0.0

/i/-continuum
0
1
2
3
4
5
6
Full

20.2
10.8
4.8
1.4
0.6
0.6
0.6
0.6

34.5
64.1
78.6
91.2
92.6
94.0
95.4
95.7

41.0
18.2
10.3
3.7
2.9
1.7
1.1
0.9

0.5
1.0
0.0
0.0
0.0
0.0
0.0
0.0

71.3
81.0
86.7
89.2
91.8
95.9
96.4
94.4

19.5
11.8
6.7
5.6
5.1
1.5
1.5
3.1

0.9
0.0
0.9
0.0
0.0
0.9
0.0
0.0

3.4
9.8
25.6
61.5
82.9
92.7
97.4
98.3

75.6
67.5
50.0
21.4
8.1
0.9
0.4
0.0

100

natural
/i/-coarticulated
/u/-coarticulated

‘vowel’ response (%)

90
80
70
60
50
40
30
20
10
0

Japanese

Braz. Portuguese

Eur. Portuguese

Fig. 2. Mean percentages ‘vowel present’ responses as a function of
cluster type in Japanese, Brazilian Portuguese, and European Portuguese
participants (Experiment 1). Error bars represent standard errors.

1

i-u labelization difference score

0.8
0.6
0.4
0.2

Brazilian Portuguese

more iresponses

Japanese

0
-0.2

more uresponses

-0.4

epenthesis effect, and that the epenthetic vowel is /u/ in
the former and /i/ in the latter. This has to be qualified
for the Japanese participants, where we found that the
dominant response in /i/-co-articulated clusters was i, even
though there was a substantial amount of u-responses. Finally, we found evidence for no or little perceptual epenthesis in the European Portuguese participants, a result
that is similar to that obtained previously in French speakers (Dupoux et al., 1999).
Before drawing too strong conclusions regarding these
data, it is important to confirm them using a technique that
does not ask the participants to explicitly segment the
stimuli into consonant and vowels and classify them into
linguistic categories. Indeed, participants’ reports may only
partially reflect what they really heard. They had to perform a forced choice with discrete alternatives regarding
the identity (or absence) of vowels. This requires the metalinguistic skill of being able to segment and label phonemes from the speech stream, a skill that has been
shown to be intimately linked to the acquisition of reading
(Morais, Cary, Alegria, & Bertelson, 1979). This is a possible
concern, since the participants of the different languages
may vary in reading skills, and, moreover, the Japanese
writing system differs from Portuguese one in that it is syllabic (and ideographic) rather than alphabetic. In order to
address this possible confound, Experiment 2 uses a task
that requires participants only to judge if two stimuli are
identical or different. This task involves no explicit segmentation; the potential effects of metalinguistic and
orthographic factors are thus minimized.

0.6

Experiment 2

0.8
/i/-coarticulated

natural

/u/-coarticulated

Fig. 3. Mean i minus u difference scores as a function of cluster type in
Japanese and Brazilian Portuguese participants (Experiment 1). Error bars
represent standard errors.

In this experiment, we tested the perception of consonant clusters using an ABX discrimination paradigm. ABX
discrimination can be performed on the basis of overall
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similarity in spectral and temporal features without making individual decisions regarding each of the segments’
identity. Yet, the standard ABX paradigm enables participants to base their responses purely on physical identity.
This is why, as in Dupoux et al. (1999), we used different
voices for the stimuli A, B, and X. Thus, it is only at a
more abstract level that X can be deemed identical to
either A or B. This cross-talker version of the ABX paradigm taps into a phonetic similarity space, which is abstract enough to capture generalizations across speakers
but does not require explicit segmentation into consonants and vowels.
We defined nine experimental conditions and one control condition. Two experimental conditions involved contrasts between tokens containing /u/ or /i/ on the one hand
and the corresponding token with a natural cluster on the
other hand (i.e., /ebuzo–ebzo/, /ebizo–ebzo/); four more
conditions likewise involved contrasts between the vowel
tokens and tokens with a coarticulated cluster (i.e.,
/ebuzo–eb(u)zo/, /ebizo–eb(u)zo/, /ebuzo–eb(i)zo/, and
/ebizo–eb(i)zo/; here, the vowel that was removed and that
hence defines the type of coarticulation is denoted in
parentheses); the last three conditions involved contrasts
among the three cluster types (i.e., /ebzo–eb(u)zo/,
/ebzo–eb(i)zo/, and /eb(u)zo–eb(i)zo/). Finally, the control
condition involved the contrast between the two vowel tokens (i.e., /ebuzo–ebizo/); this condition should be easy for
listeners of all three languages and hence provides a baseline performance.
The predictions were derived from the results of Experiment 1: whenever two stimulus types received the same
transcription, we predicted that the discrimination between them should be difficult. For instance, for the Japanese participants, since /ebzo/ was transcribed in the
same way as /ebuzo/, the contrast between /ebzo/ and
/ebuzo/ should be more difficult (yielding more errors
and slower reaction times), compared to, say, the contrast
between /ebuzo/ and /ebizo/.
Method
Stimuli
For each of the 13 items of Experiment 1, five stimuli
were selected: the one with the natural cluster and the
two endpoint stimuli of both the /u/- and the /i/-continua
(i.e., /ebzo/, /ebuzo/, /ebizo/, /eb(u)zo/, and /eb(i)zo/).
Additional recordings of the base triplets (/ebzo/, /ebuzo/,
/ebizo/) were made by two female speakers of French.
The new recordings were processed in the same way as
in Experiment 1 to create the artificial clusters with
/u/- and /i/-coarticulation.
Procedure
An ABX discrimination trial was constructed for each
possible pairing of two out of the five token types (20 possibilities per item). Two counterbalanced lists of 260 ABX
trials were then constructed, where an ABA trial in list 1
was matched to an ABB trial in list 2. The A and B tokens
of the ABX trial were spoken by two different female
speakers, and the X token was spoken by a male speaker.
The ISI was 150 ms. Additionally, a training session of 13
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trials was constructed. These trials used only VCVCV tokens and involved discrimination of /u/ vs. /o/, /u/ vs. /a/,
/i/ vs. /o/, and /i/ vs. /a/.
Participants were randomly assigned to one of the two
experimental lists. They were told that they would listen
to sequences of three words in a foreign language, that in
each sequence the third word was the same as either the
first or the second one, and that their task would be to
indicate which of the first two words was the same as
the third one. Participants had 2500 ms to press a button
on their left or right to indicate whether X was the same
as A or B. The trial ended immediately after the response
was given or after the 2500 ms had elapsed, whichever
came first. The trials were presented in a pseudo-randomized order, with a different order for each participant. During the training session, participants received
repetitive feedback; that is, in the case of an incorrect response or no response within 2500 ms the trial was repeated until the correct response was given. No
feedback was given during the test session. The experiment lasted about 20 min.
Participants
Twenty-four Japanese participants were tested in Tokyo
(mean age 22, 11 men and 13 women), 21 Brazilian Portuguese participants were tested in Sao Paulo (mean age 21,
2 men and 19 women), and 21 European Portuguese participants were tested in Lisbon (mean age and 20, 2 men
and 19 women). All participants were recruited at universities, and none had had extensive exposure to a language
with obstruent clusters like French or English. Participants
making more than 40% errors in the control condition were
excluded and replaced (Japanese: N = 0, Brazilian Portuguese: N = 17, European Portuguese: N = 3).
Results
The overall reaction times and error rates for the ten
conditions are presented in Table 2.
We performed three analyses. The first analysis explored the extent to which participants in the three groups
exhibited an epenthesis effect by testing the contrasts
involving a natural cluster and a full vowel. The second
analysis examined the coarticulation effect, and tested
the three types of clusters. The third analysis directly evaluated the extent to which the results of Experiment 2 can
be predicted from the results of Experiment 1.
Cross-linguistic epenthesis effect
To analyze the cross-linguistic effect independently of
the coarticulation effects, we focused the analysis on the
discriminations involving the natural cluster (/ebzo/) and
the two vowel endpoints (/ebuzo/ and /ebizo/). We analyzed both the error rates and the reaction times by means
of two ANOVAs, one by participant and one by item, with
the factors Language and Contrast.
For the error rates, we found an effect of Language
(F1(2, 63) = 8.4, p < .001; F2(2, 24) = 24.0, p < .001), an effect
of Contrast (F1(1, 63) = 16.5, p < .001; F2(1, 12) = 9.3,
p < .01), and an interaction between these two factors
(F1(2, 63) = 35.8, p < .001; F2(2, 24) = 21.6, p < .001).
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Table 2
Mean error rates and reaction times for 10 contrasts involving the endpoint stimuli and the natural cluster stimuli of Experiment 1 in Japanese, Brazilian
Portuguese and European Portuguese (Experiment 2). Eb(u)zo denotes a cluster obtained by digitally excising the vowel /u/ from /ebuzo/; similarly for eb(i)zo.
Japanese (N = 24)

Brazilian Portuguese (N = 21)

European Portuguese (N = 21)

% Err

SE

RT

SE

% Err

SE

RT

SE

% Err

SE

RT

SE

41.2
19.6

2.2
2.2

1070
984

32
27

35.5
42.3

3.0
3.1

1088
1183

29
37

23.4
22.9

3.7
3.5

1067
1090

29
37

/ebuzo–eb(u)zo/
/ebizo–eb(u)zo/

45.0
23.6

1.9
1.8

1131
951

44
33

35.7
34.4

2.4
3.1

1130
1117

32
33

26.9
21.4

3.1
3.6

1077
1057

34
31

/ebuzo–eb(i)zo/
/ebizo–eb(i)zo/

29.5
38.5

2.4
1.9

1024
1041

39
37

27.3
39.0

2.8
2.9

1090
1149

30
32

25.1
27.1

3.1
3.7

1061
1114

34
35

Cluster vs. cluster
/ebzo–eb(u)zo/
/ebzo–eb(i)zo/
/eb(u)zo–eb(i)zo/

47.0
40.5
44.9

1.8
1.9
1.9

1084
1015
1061

39
33
39

52.9
51.5
46.7

1.9
2.4
1.8

1125
1143
1142

35
36
42

50.6
51.5
48.5

2.6
1.7
2.7

1142
1166
1172

36
30
36

Vowel vs. vowel
/ebuzo–ebizo/

12.5

2.1

937

28

19.6

2.0

1114

35

10.3

2.1

1045

38

Vowel vs. cluster
/ebuzo–ebzo/
/ebizo–ebzo/

Separate tests ran in each population revealed an effect of
Contrast for the Japanese participants, with /ebuzo–ebzo/
generating more errors than /ebizo–ebzo/ (F1(1, 23) =
71.7, p < .001; F2(1, 12) = 36.3, p < .001), an effect in the
opposite direction for the Brazilian Portuguese participants
in the participants analysis (F1(1, 20) = 5.8, p < .03;
F2(1, 12) = 4.2, p = .062), and no effect for the European
Portuguese participants (Fs < 1).
For the reaction times, we found an effect of Language
(F1(2, 63) = 3.5, p < .04; F2(2, 24) = 22.1, p < .001), no effect
of Contrast (Fs < 1), and an interaction between these two
factors
(F1(2, 63) = 13.3,
p < .001;
F2(2, 24) = 10.7,
p < .001). Separate tests revealed an effect of Contrast for
the Japanese participants, with /ebuzo–ebzo/ yielding
longer reaction times than /ebizo–ebzo/ (F1(1, 23) = 13.0,
p < .002; F2(1, 12) = 13.1, p < .005), a reverse effect for the
Brazilian
Portuguese
participants
(F1(1, 20) = 11.2,
p < .003; F2(1, 12) = 17.3 p < .001), and no effect for the
European Portuguese participants (Fs < 1).
Coarticulation effect
This analysis tests the effect of coarticulation on the
epenthetic vowel for the two languages with a strong vowel epenthesis effect, i.e., Japanese and Brazilian Portuguese. Similarly to what we did in Experiment 1, we
defined i minus u difference scores for each participant
and condition (vowel vs. natural cluster, vowel vs. /u/coarticulated cluster, and vowel vs. /i/-coarticulated cluster). For error rates, these difference scores were defined
as the percent error on the contrast involving /i/ minus
the percent error on the contrast involving /u/; likewise
for the reaction times (see Fig. 4). These difference scores
were subjected to ANOVAs by participant and by item,
with the factors Language and Cluster-type.
For the error rates, we found an effect of Language
(F1(1, 43) = 72.7, p < .001; F2(1, 12) = 33.3, p < .001), corresponding to the fact that Brazilian Portuguese participants
had an overall positive i–u difference score (5.7, SE = 1.6),
whereas the Japanese participants had a negative i–u difference score ("11.4, SE = 2.3). In addition, there was an ef-

fect
of
Cluster-type
(F1(2, 86) = 38.8,
p < .001;
F2(2, 24) = 24.9, p < .001). This was due to the fact that
the i–u difference scores were negative for the natural clusters ("8.4, SE = 2.8) and the /u/-co-articulated clusters
("12.1, SE = 2.2), but positive for the /i/-co-articulated
clusters (10.2, SE = 2.0). Finally, there was an interaction
between the two factors (F1(2, 86) = 11.6, p < .001;
F2(2, 24) = 7.3, p < .003), indicating that the nature of this
effect was not identical in the two groups. As seen in
Fig. 4, the asymmetry between Japanese and Brazilian
Portuguese regarding this effect is very similar to the
asymmetry in Experiment 1. The results for the reaction
times were very similar: there was an effect of Language
(F1(1, 43) = 37.5, p < .001; F2(1, 12) = 39.3, p < .001), an
effect of Cluster-type (F1(2, 86) = 17.3, p < .001; F2(2, 24) =
20.3, p < .001), and an interaction between these two
factors (F1(2, 86) = 4.8, p < .01; F2(2, 24) = 5.2, p < .02).
Correlation between Experiments 1 and 2
In order to check the consistency of the results across
the two experimental paradigms, we derived a measure
of perceptual distance from Experiment 1 and tried to predict the outcome of the discrimination task in Experiment
2. A perceptual distance measure between two stimuli was
defined using the categorical responses obtained in Experiment 1. For each of the five stimulus types used in Experiment 2 (/ebzo/, /eb(u)zo/, /eb(i)zo/, /ebuzo/, and /ebizo/),
and for each participant group, we computed a 6-dimensional numerical vector of the shape x = [x1, . . . x6], corresponding to the percent responses to the response
categories a, e, i, o, u, and no_vowel, respectively. For a given condition involving stimulus types x and y, we defined
the perceptual distance d(x, y) as the Euclidian distance between the associated vectors:

dðx; yÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rffiX
ðxi " yi Þ2
i

ð1Þ

Since each of the three participant groups was tested in
10 conditions, we obtained a set of 30 data points. The correlation between this set of distances and the correspond-
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RT: Braz. Portuguese
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Err: Japanese

Err: Braz. Portuguese
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50
0

- 0.05
-50

- 100

- 0.15

/i/-/u/ error rate difference

/i/-/u/ reaction time difference

200

/i/ vs. cluster
more difficult

/u/ vs. cluster
more difficult

- 150
- 0.25

- 200
- 250

/i/ -coarticulated

natural

/u/ -coarticulated

- 0.35

Fig. 4. Mean i minus u difference scores for errors and reaction times as a function of cluster type in Japanese and Brazilian Portuguese participants
(Experiment 2). Error bars represent standard errors.

ing error rates in the ABX task was very high (R = .94,
F(1, 28) = 227.1, p < .001), showing that the categorical responses in Experiment 1 accurately predict the error rates
in Experiment 2 (see Fig. 5).5

Discussion
The results of the present ABX discrimination task are
highly similar to those obtained with a vowel categorization task in Experiment 1. First, Japanese and Brazilian Portuguese listeners have difficulty perceiving nonnative
clusters, whereas European Portuguese listeners perceive
such clusters more accurately. Second, for Brazilian Portuguese listeners, clusters are perceptually closer to /i/ than
to /u/, and vice versa for Japanese listeners. The coarticulation effects likewise replicate those of Experiment 1. Specifically, Japanese participants exhibit a strong
coarticulation effect (shown in both their error rates and
reaction times), in that they perceive /i/ rather than their
dominant epenthetic vowel /u/ in /i/-co-articulated clusters; Brazilian Portuguese listeners, by contrast, continue
to perceive their primary epenthetic vowel /i/ in /u/-coarticulated clusters. This shows that the exploitation of
coarticulation cues is not due to universal auditory processes, but rather, is integrated within the language-specific process of segmental categorization.
The excellent correlation across groups and conditions
between the ABX error rates and the labeling distances
derived from Experiment 1 illustrates the fact that the
former can be predicted with a high accuracy by the responses in the vowel categorization task. In other words,
the results of Experiment 1 are not due to group differences in the metalinguistic interpretation of the notion
5
The correlation between perceptual distance and RTs was also significant, although with a lower value for R (R = .61, F(1, 28) = 16.9, p < .001).

of ‘vowel’ or ‘consonant’, but rather reflect on-line phonological processes.
General discussion
Using two experimental paradigms, one with an explicit
metalinguistic task (vowel categorization), the other one
with an implicit discrimination task (ABX), we probed for
the presence of perceptual epenthesis in response to illegal
consonant clusters in native speakers of Japanese, Brazilian
Portuguese, and European Portuguese. Our results, which
were highly correlated across the two paradigms, can be
summarized as follows. First, we replicated the existence
of perceptual epenthesis in illegal consonant clusters in
Japanese listeners, and observed the same effect in Brazilian Portuguese but not in European Portuguese listeners.
Second, the dominant epenthetic vowel is /u/ in Japanese
and /i/ in Brazilian Portuguese listeners. Third, in these
two populations there is a significant effect of coarticulation; for Japanese listeners, this effect is strong enough to
overcome the primary epenthetic /u/-response and yield
predominant /i/-epenthesis in the presence of /i/coarticulation.
All of these results are compatible with one-step models of speech perception, in which illegal stimuli are repaired by simultaneously taking into account the
proximity to the perceptual categories of the language
and the phonotactic probability. In such models, speech
perception involves a tradeoff between favoring probable
sequences on the one hand and a good match with the
acoustic signal on the other hand. The sequence /bz/ is illegal in Japanese and Brazilian Portuguese and cannot be recognized as such; indeed, the transition probability from /b/
to /z/ is zero in these languages, giving a total probability of
zero for an interpretation including this sequence. A more
probable interpretation involves inserting a phonetically
minimal vowel between /b/ and /z/, thus maximizing both
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0
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1

1.5

vowel labeling distance (Exp. 1)
Fig. 5. Correlation between the perceptual distance derived from the
forced choice responses in Experiment 1 and the ABX error rates of
Experiment 2, for the 10 conditions across the three groups of participants (Japanese, Brazilian Portuguese, and European Portuguese).

its acoustic match with the signal and the total transition
probability.6 As to the identity of this vowel, recall that high
vowels undergo devoicing in both Japanese and Brazilian
Portuguese and that, furthermore, /u/ is the shortest vowel
in Japanese (Han, 1962) and /i/ in Brazilian Portuguese
(Escudero et al., 2009). In other words, /u/ and /i/ are the
phonetically minimal vowels in Japanese and Brazilian Portuguese, respectively; the presence of /u/-epenthesis in Japanese listeners and that of /i/-epenthesis in Brazilian
Portuguese listeners thus follows straightforwardly. The effects of coarticulation that we observed are also readily accounted for, because coarticulation of /i/ and /u/ will tend
to make the transitions via /i/ and /u/, respectively, more
likely.
By contrast, the coarticulation effects are difficult to account for in two-step models, which parse the input speech
into discrete categories in the first step and repair illegal
phonotactic structure in the second step (Berent et al.
2007; Church, 1987). Hence, repairs of illegal sequences
occur after the speech stream has been categorized into
discrete segments; given that after this categorization process, coarticulation of /i/ or /u/ is no longer represented,
these models fail to explain the effect of coarticulation on
the identity of the epenthetic vowel.
Finally, we found that European Portuguese listeners
show little or no perceptual epenthesis, despite the fact
that the phonological and lexical structures of their language are very similar to those of Brazilian Portuguese.
Contrary to Brazilian Portuguese, though, consonant clusters have a non-zero transition probability in European
Portuguese, due to a pervasive phonetic process of high
6

Phonotactic repairs other than segment insertion have also been
attested. In French, for instance, words cannot start with the clusters /tl/
and /dl/, and French listeners tend to perceive these clusters as the legal
onset clusters /kl/ and /gl/, respectively (Hallé, Segui, Frauenfelder, &
Meunier, 1998). It is theoretically possible to obtain such segment
substitution, as well as segment deletion, instead of segment insertion.
The type of repair will depend on the balance between the sequence
probability and the match with the acoustic signal.

back vowel deletion (Vigário, 2003). This process results
in consonant clusters on the phonetic surface that are
of the type used in our experiments. Thus, the difference
between European and Brazilian Portuguese listeners
strongly suggests that phonotactic probabilities are computed on the basis of the surface distributions of speech
segments, not on the basis of the underlying representation of words. This conclusion has to be qualified, however, because some researchers have argued that the
process of high vowel devoicing in Japanese can actually
yield complete vowel deletion, at least in some phonological contexts (Tsuchida, 1997, Varden, 1998). We have
no data concerning the frequency of complete vowel
deletion, but it potentially makes Japanese similar to
European Portuguese for those contexts in which is applies. It would be interesting to test whether the vowel
epenthesis effect is absent or less strong in these particular contexts.7
Our results have potential implications for other studies on perceptual epenthesis. In particular, several studies
proposed to account for perceptual epenthesis in terms of
abstract grammatical principles. For instance, Moreton
(2002) found that /dl/ gives rise to more perceptual repairs in English listeners than /bw/, despite the fact that
both clusters are illegal in English. He argued that this is
due to the fact that coronal clusters such as /dl/ are phonologically more marked than labial ones such as /bw/.
Similarly, Berent et al. (2007, 2008) found that in English
and Korean listeners, falling sonority clusters (e.g., /lb/)
yield more epenthesis than rising sonority clusters (e.g.
/bn/), with level-sonority clusters (e.g. /bd/) yielding
intermediate performance (for a similar study with nasal-initial clusters, see Berent et al., 2009). All these clusters being illegal in English and Korean, the authors
likewise argue that these results are due to differences
in the universal markedness of consonant clusters as a
function of their sonority profile. Finally, Kabak and Idsardi (2007) compared two types of heterosyllabic clusters
in Korean: clusters that are illegal because the first consonant cannot occur in a syllable coda (for instance
/cm/; in Korean, an underlying /c/ obligatorily surfaces
as [t] in coda position), and clusters that are illegal because they undergo a phonological assimilation process
(e.g. /km/, which undergoes obligatory nasal assimilation
in Korean, yielding [Nm]). They found that only the former give rise to perceptual epenthesis in Korean listeners, and argued that epenthesis is driven by syllable
structure constraints in the phonological grammar. In all
of the above-mentioned studies, crucial comparisons are
made among different clusters. The problem with such
between-cluster comparisons is that even though the
sequential probabilities of the clusters are matched (i.e.,
7
High vowel devoicing occurs in between two voiceless consonants. If
the vowel is completely deleted, this thus yields surface sequences of two
voiceless consonants. It turns out that four out of our 13 items contained
such a sequence (/akpa/, /apti/, /epta/ and /epto/). A reanalysis of the
natural cluster condition in Experiment 1, however, reveals that these four
items did not yield less u-responses in Japanese listeners, but rather more
(voiceless: 71%; voiced: 53%; F(1, 26) = 12.6; p < .001). This would need to
be confirmed with items containing fricatives (e.g., /aski/), where vowel
devoicing is arguably stronger than in our four items.
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close to zero), their acoustic makeup is not, making it
possible that they vary with respect to their degree of
matching to a consonant–vowel–consonant sequence.
For instance, if markedness is (partly) grounded in articulatory difficulty, it is possible that the more marked
clusters – being harder to produce – contain more covert
schwa-like phonetic material (Peperkamp, 2007). Further
research is necessary to test this hypothesis.
In brief, we found that the perceptual epenthesis effect
varies as a function of native language and that it is influenced by coarticulation. Crucially, the present data can be
accounted for by two-step models but not by one-step
models of speech perception. This result also speaks to
the broader debate about how information is processed
during on-line speech recognition. On the one hand, there
is the notion that ‘crisp’ decisions are made at early points
in speech perception, before information is passed onto
higher processing levels. On the other hand, there is the
notion that fuzzy or probabilistic information is passed
on and evaluated at the latest possible decision stage.
Within such a broad perspective, the present study points
to the fact that if an early decision is made regarding phoneme identity, it has to be late enough to incorporate at
least local phonotactic information.
Before closing, we must recognize that a fully specified
one-step model remains to be elaborated. Hidden Markov
Models developed for speech recognition use diphone or
triphone transition probabilities to model phonotactics,
and Gaussian mixtures over acoustic parameters to model
segmental categories. In these models, phoneme recognition is a process of probability maximization which takes
into account simultaneously the acoustic match with the
segmental categories and transition probabilities. Such an
architecture could be amended to take syllable boundaries
into account. Alternatively, one could use recurrent connectionist models like the ones by Levy, Shillock, and Chater (1991) and Gaskell, Hare, and Marslen-Wilson (1995),
which have been shown to extract sequential constraints
in the speech input and to undo, in perception, the effects
of assimilatory processes. Still another possibility would be
to use constraint-based formalisms like Optimality Theory
to model on-line speech perception (Berent et al., 2009;
Boersma & Hamann, 2009). Hidden Markov Models, recurrent connectionist models, and constraint-based models
differ with respect to the representations they use (e.g.,
segments or sub-segmental features) and how they model
phonotactic constraints (e.g., local transition probabilities
or feature sharing in abstract phonological tiers). They
therefore make distinct predictions on the profile of perceptual repairs within and across languages. Further
cross-linguistic work is needed to tease them apart.
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Appendix
Items used in Experiments 1 and 2:
/abda/, /abdo/, /adgi/, /agno/, /akpa/, /apti/, /ebdo/,
/ebna/, /epta/, /epto/, /ibna/, /igba/, /igna/.
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