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Abstract

This paper presents a study examining the role
of classification overlap in second language
(L2) vowel perception. Eighteen experienced
L1 Mandarin Chinese (MC) listeners completed
a classification task on twelve Australian
English (AusE) monophthongal vowels. It was
found that the AusE vowels were not equally
difficult for the MC listeners, and the vowels
also showed various overlapping patterns in the
classification space. Correlation tests revealed
that for individual L2 vowels, the classification
accuracy was negatively correlated with the
mean reaction time (RT), » =-0.817, p = 0.001;
the level of classification overlap was
negatively correlated with the mean accuracy, r
=-0.860, p < 0.001, while positively correlated
with the mean RT, r = 0.760, p = 0.004. The
findings suggest that classification overlap can
inform how experienced L2 listeners’ first
language (L1) phonology influences vowel
perception in a non-native language.

1 Introduction

To successfully understand speech, listeners must
process phonetic information and match this
information to the phonemic categories of the
language in question. For non-native or L2
listeners, this task can sometimes be difficult
because their perceptual system is shaped by the
L1 phonology. Mismatches between the L1 and L2
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phonological systems can lead to perceptual
difficulty of various linguistic units in the target
language, e.g., segmental (Bundgaard-Nielsen et
al., 2011a; Hegjen and Flege, 2006) and
suprasegmental structures (Hallé et al., 2004;
Tremblay, 2009). One prevalent theory of non-
native  speech  perception, the Perceptual
Assimilation Model (PAM, and its extension,
PAM-L2) (Best, 1995; Best and Tyler, 2007)
attributes the perceptual difficulty to the
interference of the L1 phonological system: L2
phones tend to be assimilated into the listener’s L1
phonological categories, which can at times cause
a loss of phonemic contrast in perception.

PAM and PAM-L2 posit that the
discriminability between a pair of non-native (L2)
sounds depends on the level of perceptual overlap
between the two sounds, e.g., a pair of perceptually
overlapping L2 sounds are more difficult to
discriminate than those that do not overlap in
cross-language perception (Faris et al., 2018). For
instance, L1 Japanese listeners assimilate the AusE
vowels [i:] and [1o] as their native bimoraic
category [i:], while mapping the AusE vowel [1]
onto the Japanese monomoraic category [i]; and
this perceptual overlap pattern has led them to fail
to discriminate between AusE [i:] and [19], though
not between AusE [i:] and [1] (Bundgaard-Nielsen
etal., 2011a, 2011b).

Since PAM and PAM-L2 provide precise
predictions in terms of pairwise discriminability,
previous research adopting the framework often



uses discrimination tasks (e.g., AXB tasks) to
examine perceptual performance by L2 learners.
Besides, an assimilation task is used in association
to offer predictions of potential sound pairs that
show perceptual overlap (Bundgaard-Nielsen et al.,
2011a; Faris et al., 2018; Tyler et al., 2014). For a
discussion on the methodology, see (Strange and
Shafer, 2008). However, discrimination tasks can
only examine one pair of L2 sounds at a time, and
the assimilation task only offers the native
phonemic inventory as the set of classification
candidates, which cannot effectively represent the
non-native categories that are already learned by
experienced L2 listeners.

Here, we present a study examining the
perception of Australian English (AusE) vowels by
experienced L2 listeners whose native language is
MC. We use a classification task which allows all
target L2 categories to be offered as candidates,
and the listener’ response is not limited by the
range of phonemic categories in their native
phonology. In addition, whereas the AXB
paradigm only examines one pair of L2 sounds at a
time, the classification task used here requires
forced phonological processing of the sound
stimulus among a set of phonemic categories and
thus is able to measure the perceptual similarity
between multiple phonemic pairs. These results
can potentially reveal scenarios of multiple
category assimilation.

To estimate the level of perceptual overlap for a
specific pair of L2 sounds, we calculate the
phonological overlap score following the method
reported in Faris et al. (2018). The phonological
overlap score of a specific pair of L2 sounds takes
into account all classification overlaps that are
above chance; and researchers have demonstrated
that the score can successfully quantify the
perceptual similarity between two sounds (Faris et
al., 2016, 2018), especially when the assimilation
pattern is not effectively differentiated in the
classic framework of PAM (Best, 1995).

The aim of the present study is to directly
examine how the perceptual overlap level of L2
vowels links to the overall perceptual difficulty, as
indicated by accuracy and latency measures. In
particular, the present study aims to answer three
research questions:

1. How are AusE vowels perceived by
experienced MC listeners as reflected in the
classification results?

2. Which AusE vowels show perceptual overlaps
when perceived by experienced MC listeners?

3. Does the classification performance, accuracy
and RT, of AusE vowels correlate with the
corresponding perceptual overlap score?

We hypothesise that, under the influence of
native phonological interference, L2 vowel
perception can be affected by the level of
perceptual overlap between the target L2 sound
and other similar categories (possibly more than
one). In particular, we hypothesise that the
perceptual accuracy should be negatively
correlated with the perceptual overlap level; and
that the RT measure should be positively
correlated with the overlap level. This prediction is
also consistent with the Automatic Selective
Perception (ASP) model (Strange, 2011; Strange
and Shafer, 2008) which posits that difficult L2
sounds tend to take longer to process than easy
categories.

2  Methods

2.1 Participants

Eighteen L1 MC listeners participated in the study.
The participants were first-year international
students at an Australian university (Mg = 23.6,
range: 21-27). All spoke English as a second
language, and their mean length of English
education was 16.2 yr (SD = 3.6, range: 10-24).
None reported a history of speech or hearing
disorders. All participants were experienced L2
learners with advanced target language proficiency
(B2-Cl1 level), and they were able to complete the
perception task directly in the target language, i.e.,
English.

2.2 Stimuli

All twelve AusE monophthongal vowels [i:1¢e e: &
e el 3.0 0. U u] (as in beat, bit, bet, paired, bat,
but, Bart, bird, bot, bought, boot, and who 'd) were
included in the study (excluding only schwa). All
the vowel stimuli were generated in the phonetic
software Praat (Boersma, 2001), and the values for
F1, F2, and duration were the same as those



reported in (Cox, 2006) for AusE male speakers.
The pitch contour dropped linearly from 120 Hz to
100 Hz for all vowels, and the intensity was also
set identically at a level of 70 dB SPL for all the
stimuli. These manipulations ensured that listeners
only attended to the first two formants and the
characteristic duration value when making
classification decisions.

2.3 Procedure and analysis

All participants completed a vowel classification
task in the phonetic software Praat (Boersma,
2001) on a laptop computer. Classification
responses were made by clicking boxes with
keyword labels. Stimuli were delivered via
acoustic headphones, and both the responses and
the RTs were automatically recorded. Each
participant completed 576 trials (12 vowels, 48
repetitions), and the stimuli were presented in a
pseudo-randomised order. An additional 60 trials
were given in a practice block before the
experiment for familiarisation. To address research
question (1), classification results were aggregated
to generate a 12 x 12 confusion matrix in which
each cell represents a unique “stimulus-response”
combination. Any cell with a response percentage
over 70% is considered as a “categorised” case,
which indicates a consistent perceptual pattern
(Bundgaard-Nielsen et al., 2011a, 2011b; Tyler et
al., 2014). Classification is deemed as correct if the
response category matches the stimulus phoneme.
To address the research question (2), we calculated
the between-category overlap score following the
method introduced by Faris et al. (2018), which is
formulated as below:

Overlap(AB) = Y1 min{P,(A), P,(B)}

where 4 and B represent two L2 categories, n
represent the number of above chance response
categories, P,(4) and P,(B) represent the
percentage of choice of a specific vowel as the
corresponding above chance category, and the
function min{} selects the smaller value of the two
percentage scores. In the present study, since there
are twelve alternatives, the chance level is 1/12 =
8%.

To address research question (3), the between-
category perceptual overlap scores were further
analysed on the basis of every single AusE vowel.

For instance, some vowels can be overlapping with
multiple categories, while in optimal performance,
no perceptual overlap should be observed if every
vowel is correctly classified in all trials. For each
vowel, a sum score of perceptual overlap can be
added up from all the pairwise overlaps where the
target vowel is involved. To confirm the
hypotheses, a negative correlation is expected
between the classification accuracy and the sum
score of perceptual overlap, and a positive
correlation is expected between the perceptual
overlap and RT.

3 Results

3.1

The overall results of the classification task are
summarised in Table 1. Cells on the diagonal line
represent the average categorisation accuracy of
each AusE vowel. The AusE vowel [1] reached the
highest accuracy of 90%, with an average RT of
1.60 sec, while [&] was associated with the lowest
accuracy of 41%, and the average RT was 2.98 sec.
When the 70% criterion was applied (Bundgaard-
Nielsen et al., 2011a, 2011b), seven AusE vowels
were considered as categorised: [&:], [3:], [e:], [i:],
[v], [0], and [1]; while the other five vowels fail to
reach the criterion: [&], [e:], [e], [0:], and [e]. A
general tendency was observed that the vowels
with higher classification accuracy values have
shorter RT measures. To confirm this tendency, a
Pearson’s correlation test revealed that the two
measures were negatively correlated, » = -0.817
(95%CI: -0.459 ~ -0.947), p = 0.001.

Classification results

3.2 Pairwise perceptual overlap

In the present study, we tested the classification of
twelve AusE vowels, which potentially derive C»,
2) = 66 pairwise contrasts. However, not all of the
vowel pairs were perceived as similar or
overlapping by the MC listeners. Following
previous research (Faris et al., 2018), we calculated
the phonological overlap scores for all the 66
potential contrasts and find fifteen pairs that have
shown above chance (> 8%) overlap patterns, see
Table 2. The AusE vowel pair [&]-[¢] received the
highest overlap score of 44, followed by the [&]-
[e:] pair with an overlap score of 34, [0:]-[v] with a



Table 1. Classification matrix of AusE vowels, percentage (mean RT, in seconds)

Response Category

Stim. bad paired bed bought but who’d bird Bart beat hood bot bit
[&] [e:] [e] [o:] [e] [u:] [3:] [e:] [i:] [v] [o] [l
el 41 8 27 5 17 1
298) (367 (336) (3.46) (3.16)  (454)
' 4 55 10 7 16 4 1 2
1 461y (296  (4.06) 402  (3.29) 262)  (3.44) (2.88)
9 15 56 4 5 10
el 38) (353 (.15 (3.19) (326 (2.14)
. 66 8 15 1
[o] 227 (3.18) (334 (3.03)
7 ! 3 67 7 14
el 373 @426 (405 (2.48) (339)  (2.93)
‘ 4 4 71 8 1
L] 607) (471 2.68) (329 (3.46)
, 2 8 5 1 10 72 1
1 554y @31 (527) (382)  (296) (2.94) (487)
‘ 2 2 7 8 81
el 581y (398 (4.70) “.13)  (226)
) 3 5 81 9
L] (3.40) Q.71 (1.86) (2.35)
1 7 81 1
(o] 227 (3.57) 240) (226
10 3 2 2 82
[o] 351 (227) (3.76) (3.63)  (1.90)
1 1 4 4 90
il (2.99) (434) (276)  (195) (1.60)

Note. Cells with a percentage under 1% were removed; identification percentages over 70% are in boldface.

score of 25, [e:]-[e] with a score of 25, and [0:]-[2]
with a score of 20. Other overlapping pairs had a
score under 20.

Table 2. Pairwise perceptual overlap scores

No. é‘;ls}:;l Overlap
1 [e]-[e] 44
2 [e]-[e:] 34
3 [o:]-[v] 25
4 [e:]-[e] 25
5 [o:]-[0] 20
6 [e]-[3:] 17
7 [e:]-[3:] 16
8 [e]-[e:] 14
9 [0:]-[w:] 11
10 [w:]-[0v] 11
11 [0]-[2] 11
12 [a:]-[3:] 10
13 [e]-[1] 10
14 [e]-[i:] 9
15 [i:]-[1] 9

According to PAM and PAM-L2 (Best, 1995;
Best and Tyler, 2007; Faris et al.,, 2018), the
perceptual similarity between L2 vowels can
predict their mutual discriminability. The present
study has found that perceptual overlap of vowels
seems to be gradient, e.g., both the mid vowels [e]
and [3:] were perceived as overlapping with [&]
and [e:], but to different degrees: [e]-[x] (44) >
[3:]-[2] (17), and [e]-[e:] (25) > [3:]-[e:] (16).
According to PAM, high levels of perceptual
overlap lead to the assimilation types that are
difficult to discriminate, including single-category
(SC type), category-goodness (CG type), and some
uncategorised-uncategorised (UU type, with
classification overlaps) assimilations (Best, 1995;
Best and Tyler, 2007; Faris et al., 2018).

3.3 Classification accuracy and overlap

The previous section has reported that all twelve
AusE vowels are perceived as overlapping with at
least one other category, and the level of
perceptual overlap also differs from pair to pair. In
addition, some vowels share overlaps with more
than one other vowel category, e.g., the low front



vowel [&] was perceived as overlapping with [e]
(44), [e:] (34), and [3:] (17), which yields a sum
score of 95. This calculation probes into how
much the overlapping area is taken up in the full
classification space, and also estimate the
likelihood of multiple category assimilation.
Following this method, the sum scores for the
other eleven AusE vowels were also calculated,
and the values are summarised in Table 3, together
with their mean accuracy and RT measures.

Table 3. Overlap sum score and classification
accuracy

AusE  Overlap Accuracy RT

Vowel  (Sum) (%) (Sec)
[] 95 41 2.98
[e] 88 56 3.15
[e] 74 55 2.96
[o:] 56 66 2.27
[0] 47 81 2.40
[3:] 43 72 2.94
[w] 32 71 2.68
[0] 31 82 1.90
[i:] 19 81 1.86
[e] 14 67 2.48
[e:] 14 81 2.26

| 10 90 1.60

The analysis showed that three front vowels
[2], [e], and [e:] receive the highest sums of 95,
88, and 74, respectively. Note that these three
vowels also showed the lowest accuracy measures
of 41%, 56%, and 55%, respectively. These
responses were also made with the highest level of
decision uncertainty, as indicated by the RT
measure of 2.98, 3.15, and 2.96 sec. The short high
front vowel [1] had the lowest total score of
perceptual overlap (10), and it was also the
category that showed the highest accuracy (90%).
To confirm this tendency and answer research
question (iii), a Pearson’s correlation test was
carried out, and it confirmed that the sum score of
perceptual overlap was negatively correlated with
the mean accuracy for the twelve AusE vowels, r =
-0.860, 95% CI: -0.565 ~ -0.960, p < 0.001. For the
RT measure, it was found to be positively
correlated with the sum overlap score, r = 0.760,
95%CI: 0.330 ~ 0.929, p = 0.004. These results
confirmed our hypotheses that both the

classification accuracy and speed are closely
associated with the perceptual overlap level.

4 Discussions

In the present study, we have examined the
perception of the whole monophthong system of
AusE by experienced L2 listeners whose native
language is MC. In answering research question
(i), we analysed the relative difficulty of vowel
perception using both accuracy and latency
measures. The findings suggest that not all the
AusE vowels are easy to perceive even after more
than ten years of English study. The negative
correlation between classification accuracy and RT
found in our data is consistent with the Automatic
Selective Perception (ASP) model (Strange, 2011;
Strange and Shafer, 2008), which predicts that
successfully learned sound categories are
perceived in a more automatic manner by non-
native (L2) listeners. In answering research
question (ii), we have diagnosed fifteen AusE
vowel pairs that may be vulnerable to category
merging and discrimination problems. In
particular, our findings of the perceptual similarity
patterns are consistent with reports of pairwise
discrimination studies based on other English
dialects, e.g., Canadian English (Wang, 2006;
Wang and Munro, 1999, 2004), and American
English (Jia et al., 2006; Lai, 2010).

In answering research question (iii), we extend
the notion of perceptual overlap from pairwise
discrimination towards an application in a
multiple-choice classification task. The overlap
score method used in the present study was
introduced by a perceptual assimilation study
which aimed to differentiate the subtypes of
uncategorised assimilations (Faris et al., 2018).
While the classic framework of PAM and PAM-L2
makes predictions based on qualitative differences
in terms of assimilation mapping, e.g., two-
category assimilation type means two L2 sounds
are categorised as two distinct native categories,
and excellent discrimination is expected (Best,
1995; Best and Tyler, 2007). The overlap score
method (Faris et al., 2018) enables us to describe
the perceptual similarity in quantitative terms.

The importance of analysing misclassification
patterns is often neglected in previous studies, but
for L2 phoneme classification the error patterns are



not purely random: certain vowels are more likely
to be confused than others, e.g., MC listeners can
confuse between AusE [&] and [e], but less often
between [&] and [e], see Table 1, 2.

Here we offer a schematic explanation of
perception overlap in a minimal scenario, where A,
B, and C are three non-native (L2) phonemes, and
X and Y are two native (L1) phonemes: if both A
and B are both perfectly mapped to category X
(i.e., single-category assimilation), and C is
mapped to category Y, then an unbiased listener
should be unable to distinguish A from B, and
should thus randomly categorise the sounds using
the two labels, which will cause the classification
results to be highly overlapping, see Figure 1. On
the other hand, category C will show non-
overlapping classification patterns with either A or
B, because C forms a two-category assimilation
pair with them. To conclude, classification
overlaps reflect the level of perceptual similarity
between L2 phonemes, and the patterns also reveal
how these non-native sounds are assimilated by the
native phonological system. As for experienced L2
listeners, the perceptual overlap between categories
is more likely to be partial rather than a complete
merging, because new L2 categories can be
developed through extensive phonetic exposure
and learning.

L2 Phonemes

)]

)
(@}
-—/

L1 Phonemes

L2 Classification | A?B? I C

) \

| A?B? I
\

|

overlapping

-0

non-overlapping

Figure 1. The relation between perceptual
assimilation and L2 classification.

The present study, however, does have some
limitations. Since the vowel stimuli used in the
present classification task are presented in
isolation, we have not examined whether different
phonological contexts can influence the L2
listeners’ classification performance, while a

growing body of research has reported that vowel
perception is sensitive to the phonetic-
phonological context in which the target vowel is
situated (Levy, 2009a, 2009b; Strange et al., 2001).
Additionally, since the vowel stimuli were
synthesised signals with invariant formant values,
the dynamic nuances of monophthongal vowels are
ignored in the present study, while some studies
have found that authentically produced vowel
dynamics such as the inherent spectral change are
important cues in vowel recognition (Jin and Liu,
2013; Morrison, 2009). Finally, since our study
uses the classification paradigm, which is not often
used by perceptual assimilation studies, further
experiment comparison research is needed to
inform the correspondence between the patterns
revealed by a classification task and those from
more conventional paradigms, e.g., assimilation
and discrimination tasks (Bundgaard-Nielsen et al.,
2011a; Faris et al., 2018; Tyler et al., 2014). In
particular, how does classification overlap score
(as shown in Table 2) corresponds to mutual
discriminability remains an urgent topic for future
studies.

5 Conclusion

In the present study, we have used the perceptual
overlap score to analyse confusion patterns in L2
vowel perception, and we have also compared the
overlap scores with the accuracy and RT measures
and found robust correlation properties between
them. These findings suggest that the
misclassification patterns in a confusion matrix can
reveal the perceived similarity between sound
categories. For L2 listeners, in particular, this
information should be analysed together with the
potential interference from the listeners’ native
phonology, e.g., perceptual assimilation. The
method used in the present study has the potential
to be incorporated with other experimental
paradigms (e.g., assimilation and discrimination
tasks) in the cases where L2 listeners have
relatively high proficiency in the target language
and therefore have access to the emerging L2
categories.
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