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Abstract

Previous studies have demonstrated that bilinguals have dis-
crete representations for speech sounds that are phonemic in
both of their languages. In a lexical identification task for
Singapore Mandarin words椅(/i2/ ‘chair’) and鱼(/y2/ ‘fish’),
we find steepness of the identification functions differs among
bilinguals with different linguistic experience, with steeper
slopes for early English-Mandarin bilinguals (for whom the
/y/ vowel is phonemic) and shallower slopes for early English-
Malay bilinguals (for whom /y/ is not phonemic, but is largely
discriminable in the forced choice task). With nuanced lan-
guage background information, this finding suggests that expo-
sure to both /i/ and /y/ in early development shapes phonemic
perception. Model comparisons demonstrate that continuous
measures of early exposure are more powerful than simple cat-
egorical groupings of bilingual ‘type’. Continuous measures
of bilingual exposure are therefore highlighted as useful tools
in the investigation of phoneme perception.
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Introduction
Phonemic processing is known to differ across a bilingual
speaker’s languages. One previous study (Pan, Ke, & Styles,
2022) investigated perception of words differing in their ini-
tial stop consonants, along a /b/-/p/ acoustic spectrum – a
phonemic contrast in both English and Mandarin. They found
that the timing and amount of early language exposure influ-
ences how tightly a person’s perception switches from per-
ceiving one word to perceiving another as they hear tokens
drawn from across an acoustic continuum, but their linguistic
background does not influence the location of the perceptual
switch between words in a pair.

Singapore has a multilingual environment with English,
Mandarin, Malay, Tamil as official languages. Across the
dominant ethnic groups in Singapore, around 30% of house-
holds use English as the majority language (Wu, O’Brien,
Styles, & Chen, 2020), alongside Mandarin and Malay, which
are also strongly represented in the community. Singapore
has rich multilingualism in diverse language varieties, leading
to asymmetries in the phoneme inventories of the inhabitants
of Singapore. According to phoneme prevalence estimates
(Moran & McCloy, 2019; Styles & Gawne, 2017), the high
front unrounded vowel /i/ is prevalent in almost all languages,
while the front rounded vowel /y/ is relatively uncommon. /i/
is phonemic in all of Singapore’s official languages, while
/y/ is only phonemic in Mandarin Chinese, as in Figure 1.

Previous literature suggests that in Outer Circle varieties of
Mandarin influenced by Southern Min dialects, the high front
vowels are acoustically different from their canonical produc-
tion in Beijing Mandarin (Duanmu, 2007). However, previ-
ous research has demonstrated that /i/ and /y/ are acoustically
distinct in the Singapore variety of Mandarin (Pan, Moisik, &
Styles, 2023). What remains unclear is how the phoneme is
perceived by bilinguals growing up in this multilingual con-
text – all of whom will have had passive acoustic exposure to
the speech sounds in the linguistic environment, but for only
some of whom, the speech sounds are phonemic.

Figure 1: Schematic vowel inventories of peripheral vowels
/i/, /a/, /u/ and /y/ in Mandarin (red), English (blue) and Malay
(green).

Phoneme perception of both native languages and foreign
languages can be shaped by early linguistic experience (Kuhl,
2004; Sebastian-Galles & Santolin, 2020), including percep-
tion for lost languages of childhood, such as Korean for early
adoptees (Choi, Broersma, & Cutler, 2017), and Singapore-
ans who heard Hokkien spoken during their early childhood
(Singh & Seet, 2019). In these forgotten language studies,
early language exposure was associated with perceptual abil-
ities in adulthood that are not shared with monolinguals, even
though in both studies, participants reported no proficiency in
the lost languages under investigation.

In the current study of vowel perception in bilinguals with
different language backgrounds, participants have strongly
represented /y/ and perhaps weakly represented /y/. In the
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current study, a wide range of people who consider them-
selves bilingual were recruited, as is representative of the lo-
cal language context. Research questions can be raised as
to whether the amount of Mandarin exposure makes a differ-
ence on bilinguals’ ability to perceive vowels, and how much
exposure is sufficient for vowel perception in bilingual.

Methods
Vowel perception in a large sample of early parallel English-
Mandarin and English-Malay bilinguals in Singapore was in-
vestigated in a phoneme identification task using real Man-
darin words that differ in their vowel formants across a syn-
thesized vowel continuum. Prior to collecting data, the study
and analysis plan was preregistered. To determine a well
powered sample size, we used the effect size from a previ-
ously published study investigating consonant perception in
English-Mandarin bilingual adults, which was implemented
using the same method (Pan et al., 2022). The study was
approved by the Institutional Review Board of the host in-
stitution (IRB-2019-01-034). Informed consent was obtained
from all participants. Experimental procedures were in accor-
dance with the relevant guidelines and regulations.

Hypothesis
Previous research suggests that bilingual balance is a predic-
tor of gradient sensitivity in identifying phoneme contrasts
that are phonemic in both of a bilingual’s languages, for ex-
ample, the /b/-/p/ VOT continuum in English and Mandarin
(i.e., “beach” and “peach”; “鼻” and “皮”). In the current
study, we investigate speech sounds which have asymmetri-
cal representations across languages: For bilinguals of En-
glish and Mandarin, both /i/ and /y/ are phonemic in one lan-
guage, while only /i/ is phonemic in the other. For bilinguals
of English and Malay, only /i/ is phonemic in both languages.
In this way we are able to control for the feature of ‘being
bilingual’ while investigating the asymmetrical phonemic re-
lationship across groups.

In our preregistered analysis, we predicted that English-
Mandarin bilinguals would show a shallower decision gra-
dient than English-Malay bilinguals when matching acoustic
targets to pictures representing the two target words differing
in whether their high front vowel is rounded. To compute the
required sample size for the between-subject comparison, we
conducted a power analysis for the hypothesis using G*power
3.1.9.4 (Faul, Erdfelder, Buchner, & Lang, 2009). In order to
achieve a power of 0.8 to detect a median effect size (d) of
0.5, at an alpha level of 0.05, in an independent samples t-
test (one-tailed), a total sample size of 102 (51 in each group)
would be required. The preregistered prediction was tested in
a between-subjects design with bilingualism as a categorical
predictor. However, due to the prevalence of multilingualism
in Singapore (Singapore Census of Population, 2020), bilin-
guals in each group may have exposure to the other language,
either through passive exposure in a multilingual context, or
through active early childhood exposure. We therefore fol-
low the preregistered analysis with an exploratory analysis in

which the level of experience with Mandarin was a continu-
ous predicter of variance. Model comparisons are used to de-
termine whether categorical grouping or continuous grouping
of language is a more powerful predicter of perceptual differ-
ences.

Stimuli
Prototypes of /i2/ ”chair” and /y2/ ”fish” were selected from
an open-access corpus of Singapore Mandarin speech elicited
using picture prompts, and recorded in an acoustically treated
room (Pan & Styles, 2022). Stimuli were selected which best
represented typical acoustic values for /i/ and /y/ from a single
bilingual speaker of Singapore English and Singapore Man-
darin, resulting in selection of a 21-year-old female speaker.

Following the paradigm of acoustic measurements (Lisker
& Abramson, 1964), we created a 16-step vowel contin-
uum from prototypical /i/ to prototypical /y/, by synthesiz-
ing intermediate steps between two tokens of natural speech
(edited for duration, pitch and intensity), using the Tandem-
STRAIGHT approach (Kawahara et al., 2008). Amplitude
adjustment and noise reduction for the words were applied to
all tokens during synthesis. Each stimulus word were 270 ms,
with 186.5 Hz pitch and intensity of 83 dB. 250 ms of silence
was added to the start and end of each token.

Procedure
An adaptation of the open access task known as the CROWN
Game (Ke, Pan, Le, & Styles, 2021) was created for the study.
Participants were invited to take part in the CROWN Game
online using OpenSesame OSWeb experiment builder 3.3.10
(Mathôt, Schreij, & Theeuwes, 2012), via a JATOS proto-
col. All participants took part in a headphone screening task
(Woods, Siegel, Traer, & McDermott, 2017) lasting approx-
imately 5 minutes, and an experimental session lasting ap-
proximately 15 minutes on the same day. After screening,
participants were asked to fill in demographics and a Lan-
guage Fingerprint survey that includes questions for each lan-
guage on self-reported proficiency, age of acquisition (AoA),
and estimated exposure rates during childhood.

In the task, participants are asked if each speech token was
“椅” /i2 / ‘chair’ or “鱼” /y2/ ‘fish’. The task storyline asks
participants to help a monkey play a game in which the mon-
key should “pick the ‘chair’ card” or “pick the ‘fish’ card”,
appearing at either side of the screen (Figure 2). Participants
heard a speech token drawn randomly from the 16-step vowel
continuum, and they were asked to press ‘C’ or ‘M’ to select
the left or right image, respectively. After the keypress, a pop
sound played and the character moved to the selected image
as a form of response feedback.

The task included two practice blocks in which participants
heard only tokens of /i/ and /y/ drawn from the prototypical
ends of the vowel continuum (eight practice trials and four
bell sounds as an attention check in each block). The prac-
tice blocks included feedback on accuracy. Each test block
contained one presentation of each of the 16 tokens in the
vowel continuum and one bell sound, repeated for a total of
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ten blocks, with no feedback on accuracy. The position of the
visual stimuli was fixed throughout the experimental blocks.

Figure 2: Example screens from the /y/ CROWN Game. Left:
example of stimuli /i/ and /y/ presented on screen. Right:
response feedback following a /y/ choice.

Measurements
Linear regression models were conducted to test the effects of
language experience and bilingual balance on vowel percep-
tion in bilinguals with different language backgrounds. The
following variables were computed for data analysis.

Early language exposure To quantify language exposure
during early childhood, values from the language fingerprint
were used to compute a Composite Language Input Profile for
each language of interest: English, Mandarin Chinese, and
Malay, along with Other Chinese varieties and Other Malayo-
Polynesian varieties using a general formula (Woon, 2018),
illustrated for English:CLIP-English = Caregiver 1 (% speak-
ing English × % care time) + Caregiver 2 (% speaking En-
glish × % care time) + . . .

Years of exposure Age of acquisition was used to compute
Years of Exposure (YoE) in each language of interest by sub-
tracting age of acquisition from age of the participant at the
time of test.

Threshold and slope Individual responses were measured
as the proportion of /y/ choices allowing a psychometric func-
tion to be fitted by using the quickpsy function in R (Linares
& López-Moliner, 2016). The fitted psychometric curve is
defined in part by the 50% crossover point and the slope of the
curve at midpoint. The perceptual threshold is therefore the
point on the vowel continuum at which an individual switches
from making majority /i/ decisions to making majority /y/ de-
cisions. The slope represents how abrupt the transition is
from perception of /i/ to perception of /y/. Threshold and
slope are automatically computed in the process of the fitting
the psychometric function.

Participants
When enrolling in the study, participants self-identified as
bilinguals of English and Mandarin or English and Malay.
According to the preregistered sample size, 51 English-
Mandarin bilinguals (age: M = 22.6 year, SD = 2.3, age
range: 18-31 year; 30 females) and 51 English-Malay bilin-
guals (age: M = 23.9 year, SD = 4.4, age range: 18-39 year;
39 females) were recruited. All participants reported growing
up and currently living in Singapore. Two additional partic-
ipants in the English-Malay bilingual group were removed
with replacement for failing to pass the headphone screening.

No participants were excluded on the basis of their specific
language backgrounds.

Results
Language exposure pattern
Early language input patterns of each participant are illus-
trated schematically in Figure 3. Both groups reported early
exposure to English alongside Mandarin or Malay. Partici-
pants from both groups self-rated proficiency in the domains
of ‘understanding when people speak’ (U) and ‘speaking to
others’ (S) on a confidence scale from 0 “I don’t under-
stand/speak this language” to 100 “native-level”. Participants
in the English-Malay group reported strong language skills
in English and Malay, with limited skills in Mandarin (En-
glish. U: Median = 100 (70–100), S: Median = 100 (58–100);
Malay. U: Median = 90 (70–100); S: Median = 90 (45–100);
Mandarin. U: Median = 5 (0–80), S: Median = 1 (1–60)). Par-
ticipants in the English-Mandarin group reported strong lan-
guage skills in English and Mandarin with limited language
skills in Malay (English. U: Median = 100 (53–100), S: Me-
dian = 100 (47–100); Mandarin. U: Median = 80 (29–100),
S: Median = 69.5 (15–100); Malay (U: Median = 0 (0–21); S:
Median = 0 (0–10)).

Figure 3: Composite Language Input Profile for each partici-
pant separated by language group. Upper: English-Mandarin
bilinguals (n = 51) ordered by bilingual balance. Bottom:
English-Malay bilinguals (n = 51) ordered by bilingual bal-
ance.

Figure 4 shows the results of a check for multicollinearity
among the six language background variables, where multi-
ple relationships are evident. Positive relationships are evi-
dent among the paired measures for each of the non-English
languages (CLIP & YoE), according to which, more years
of exposure is related to a larger proportion of childhood
exposure. Negative relationships were observed between
measures for Mandarin and measures for Malay (i.e., the
more/earlier Mandarin the less/later Malay and vice versa).
No significant relationship was observed between the YoE
for English, and the proportion of exposure in either of the
other languages (YoE-En vs CLIP-Ch: r = −0.11, p = 0.269;
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YoE-EN vs CLIP-Ml: r = 0.03, p = 0.735), suggesting that
the timing of early exposure to English does not increase the
overall proportion of English heard, nor decrease the propor-
tion of non-English languages.

Figure 4: Pearson correlation matrix for the language back-
ground variables.

The extensive multicollinearity among language back-
ground variables makes this kind of data unsuitable for anal-
ysis in linear models without dimensional reduction. In line
with previous studies of complex multilingual populations
(Ke, Pan, O’Brien, & Styles, 2021; Pan et al., 2022), Prin-
cipal Component Analysis (PCA) was conducted for the ex-
ploratory analysis.

Behavioural response and curve fitting

In line with the preregistered analysis plan, psychometric
functions for identification /y/ was fitted for each participant.
Figure 5 shows the psychometric functions for all partici-
pants, with the participant with the median slope value of
each group highlighted. The typical threshold was close to
step 8 on the /i/-/y/ vowel continuum for both groups (En-
glish Mandarin: Mean = 7.9, SD = 1.1; English-Malay: Mean
= 8.1, SD = 1.3). The median slope for the English-Mandarin
group was 1.453 (Range: 0.514–3.786). and for the English-
Malay group, 1.181 (Range: 0.304–3.785).

Threshold and slope

Perceptual thresholds in the high front vowel identification
task performed by bilinguals with two language backgrounds
are normally distributed, and slope values are distributed in a
loglinear scale as shown in Figure 6. To determine whether
the thresholds and log-slopes of the two bilingual groups were
significantly different, independent samples t-tests were con-
ducted.

Figure 5: Psychometric curves in the high front vowel iden-
tification task. Two groups shown separately, with median
slope-participant highlighted. A: English-Mandarin bilin-
guals (n = 51); B: English-Malay bilinguals (n = 51) ; C:
Medians for each group shown together for comparison.

Figure 6: Scatter plot of thresholds and log-slope values from
the fitted psychometric functions, with groups shown sepa-
rately (N=102).

No significant effect of group was observed on threshold
(t(100) = −1.02, p = 0.3112, 95% CI: −0.70–0.22). In line
with our preregistered prediction, a significant effect of group
was observed for slope (t(100) = 2.89, p = 0.0047, 95% CI:
0.09–0.47). English-Mandarin bilinguals (M = 0.404, SD
= 0.414) showed a significantly steeper slope in identifying
the high front vowel contrast in Mandarin, as compared to
English-Malay bilinguals (M = 0.127, SD = 0.546).
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In line with the notably multilingual context of Singapore,
20% of participants who self-identified as bilingual reported
experience with more than two languages in early childhood,
including English-Mandarin bilinguals reporting childhood
exposure to other Chinese varieties (Hokkien, Cantonese,
Teochew, Hakka) and Malay. Some Malay-English bilinguals
reporting childhood exposure to other Malayo-Polynesian
languages (Bahasa Indonesia, Javanese), but also to Chi-
nese varieties in which /y/ is phonemic (Mandarin; Hakka).
Indeed, a small number of Malay bilinguals who achieved
Mandarin-like steepness in the slopes in their vowel percep-
tion also had bilingual balance scores closer to the Mandarin
bilingual group. As these participants do not self-identify
as bilinguals of Chinese, this finding is consistent with the
growing literature on perceptual advantages for forgotten lan-
guages of early childhood (Choi et al., 2017; Singh & Seet,
2019).

Exploratory analysis
Contrary to our expectations at the time of preregistration,
some participants in each self-identified language group also
reported early childhood exposure to the other non-English
languages. To extend the study in a (non-pre-registered) ex-
ploratory analysis, we investigated whether the amount of
early exposure to a language with high front rounded vowel
as a phonemic category has graded impacts on vowel per-
ception patterns across speakers who identify as bilinguals of
different languages, with a particular focus on slope, as this
factor had shown sensitivity to the linguistic differences at the
group level.

Figure 7: Scatter plot of individual slope values with compo-
nents derived from a PCA of language background variables.
LEFT: PC 1, ‘timing and amount of exposure to Mandarin
versus Malay’; RIGHT: PC 2, ‘timing and amount of expo-
sure to English’ (N=102).

A Principal Component Analysis was conducted to reduce
the multicollinearity among the six language background
variables. Initial eigenvalues of the first two components ac-
counted for 56.98% and 23.15% of the total variance, result-
ing in two Principal Components (PCs) considered signifi-
cant sources of bilingual variance. PC 1. YoE-Ch, YoE-Ml,
CLIP-Ch, and CLIP-Ml had large component-loadings on PC

1, such that an individual with a low factor score on PC 1 had
more early Mandarin input, less early Malay input, and ac-
quired Mandarin earlier than an individual with a low score
on this dimension. PC 2. YoE-En, CLIP-En and CLIP-Ch
had large component loadings on PC 2, such that an individ-
ual with a high PC 2 factor score had less early Mandarin
input, more early English input, and acquired English earlier
than an individual with a low score on this dimension. Fig-
ure 7 shows the relationships between each component and
the log slope values. In the left panel, it is clear that PC 1
effectively captures the categorical structure of participants’
self-identification as different kinds of bilinguals, but the con-
tinuous scale may have more explanatory power than the sim-
ple binary variable.

In the exploratory analysis, we conducted a Linear Regres-
sion Model on the individual slope for each bilingual, with PC
1 and PC 2 as predictors. Results showed that relative expe-
rience of Mandarin vs Malay (PC 1) significantly predicted a
bilingual’s slope value in perceiving the Mandarin high front
vowels (SE = 0.05, t = −3.78, p = 0.0003), with steeper slopes
for bilinguals who acquired Mandarin earlier and had more
early Mandarin input. Early experience of English relative to
the non-English languages (PC 2) did not significantly predict
slope (SE = 0.05, t = 0.81, p = 0.4187). Model comparisons
conducted using the anova function in R reveal that inclu-
sion of the two bilingual factors result in a significantly better
model fit than analysis with only the language grouping factor
(F(99,1) = 6.09, p = 0.0153).

Discussion
The primary focus of the study was to investigate how pat-
terns of early childhood language exposure may impact per-
formance of bilinguals in perceiving a high front vowel con-
trast that is phonemic in one of their languages but not in the
other, with another group of bilinguals as a ‘control’. Man-
darin, English and Malay all have the high front unrounded
vowel /i/ as a category their vowel inventories, while only
Mandarin has the high front rounded vowel /y/ as a category,
resulting asymmetrical vowel inventories for bilinguals with
different exposure to Mandarin. While many studies compare
the perception of bilinguals to monolingual ‘control’ partici-
pants, few studies investigate perception in groups of partic-
ipants for whom bilingualism is held constant while the spe-
cific languages of bilingualism are compared. While all bilin-
guals were able to identify which acoustic targets were which
at the ends of the vowel continuum, details of an individ-
ual’s experience with Mandarin are shown to influence high
front vowel perception. This finding is aligned with speech
production data collected in the same communities suggest-
ing that bilinguals’ patterns of early exposure may influence
the acoustic realization of the high front vowel contrast, with
larger differentiation between /i/ and /y/ for speakers with
more early exposure to Mandarin Chinese (Pan et al., 2023).

Analysis from the mixed bilingual sample provides clear
evidence that the two bilingual groups show different percep-
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tual gradients across the /i/-/y/ continuum – both when anal-
ysed as a ‘flat’ grouping variable, and when analysed in a
more nuanced model of early bilingualism using continuous
measures of exposure. Bilinguals with more and earlier expo-
sure to both /i/ and /y/ in Mandarin develop a steeper percep-
tual gradient than bilinguals who did not hear /y/ frequently
in a linguistically contrastive context. Importantly, the model
with two continuous language factors based on early child-
hood exposure better describes the variance in the data than
the model with one ‘flat’ grouping variable, indicating that
details of an individual’s early language exposure have value
to experimentalists.

Rather than splitting bilinguals into different groups only
based on the type of language they report using currently, we
demonstrate that continuous scales of bilingual exposure (in
terms of timing and amount of early linguistic experience)
are more sensitive for capturing variance in the perception of
bilinguals with diverse language backgrounds.

Conclusion
In our study of high front vowel perception in Singaporean
bilinguals with different language backgrounds, bilinguals
who were exposed to more/earlier Mandarin exhibited steeper
identification functions than those who were exposed to lim-
ited or no Mandarin in early childhood. In line with phoneme
perception of bilabial stop consonant contrasts occurring in
both of bilingual’s languages, the current study demonstrates
bilingual balance also influences the perception of high front
rounded vowels that are contrastive in only one language.
By treating exposure in multiple languages as continuous
gradients, rather than using exposure to categorize people
into groups, continuous models of bilingual balance show
stronger effects of early linguistic experience, making them
powerful tools for investigation of bilingual perception.
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