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Abstract

In this thesis, we set out to determine if we could find evidence for
language learning advantages in bilingual adults that stem from language-
specific transfer effects. The language-specific hypothesis of bilingual learning
advantages suggests that language learning advantages are tied to an
individual’s linguistic experience. Thus, learning advantages are likely to stem
from transfer effects between known languages, and to-be-learnt language
stimuli. We focused our examination of this question on English-Mandarin
bilingual adults in Singapore, as they consist of a largely homogenous group of
bilinguals with intragroup differences in the language balances of their
language repertoire (particularly for Mandarin Chinese). We chose to utilise a
distributional learning paradigm in this investigation as such paradigms have
been shown to be a robust method of assessing language-specific learning
effects in adults (e.g., Chladkova & Simackova, 2021; Chladkova et al., 2022).
Based on the language-specific hypothesis of bilingual learning advantages, we
reasoned that individual variance in Mandarin proficiency would act as a
predictive factor in determining individual differences in learning effects
following bimodal distributional training on stimuli that share featural
similarities with Mandarin Chinese. In essence, individuals with higher
understanding abilities in Mandarin Chinese would demonstrate stronger
learning effects for novel language stimuli that share phonemic features with

Mandarin.
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In this project, we conducted a total of six studies to thoroughly address
this question. In Chapter 2 and Chapter 7, we directly examine this main
research question. To fine-tune our investigation, we conducted four studies
(Chapter 3, Chapter 4, Chapter 5, Chapter 6) documenting unique aspects of
perception and production for the alveolar-retroflex contrast in the under-
documented outer-circle variety of Singapore Mandarin. Overall, this project
contributes novel insight into the validity of the language-specific learning
hypothesis in bilinguals, and our documentations of Singapore Mandarin
provide fresh details on the nature of the alveolar-retroflex contrast in
Singapore Mandarin with the use of fine-grained acoustic analyses and

behavioural measures.

Chapter 1 lays the basis for our main research question on the language-
specific hypothesis of bilingual learning advantages. In Section 1.1, we conduct
a thorough review of existing literature on three main overarching hypotheses
on the nature of language learning advantages in bilinguals and multilinguals.
We justify our interest in pursuing an investigation on the language-specific
hypothesis. In Section 1.2, we discuss the unique linguistic landscape of
Singapore, and detail how resident English-Mandarin bilinguals present us with
a uniquely suitable group of individuals to examine this question with. Finally,
in Section 1.3 we examine literature on distributional learning. We discuss
studies on language acquisition via distributional learning in naturalistic

settings, as well as in experimental settings and detail our reasoning for
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choosing a distributional learning paradigm in our investigation of the

language-specific learning hypothesis of bilingual learning advantages.

Chapter 2 contains our first experimental exploration on the language-
specific hypothesis of bilingual learning advantages via transfer effects. In this
investigation, we trained English-Mandarin bilingual adults on a Hindi dental-
retroflex phoneme contrast with a bimodal distributional learning paradigm. We
reasoned that participants with higher Mandarin understanding proficiencies
should show larger learning effects due to transfer effects as Hindi and
Mandarin ostensibly both feature a dental/alveolar-retroflex place of
articulation contrast (Hindi: stop consonants, Mandarin sibilant consonants).
We examined overall learning effects in a pilot study (N = 15) and a main study
(N =50) and assess language-specific transfer effects in the main study. While
we found evidence of overall learning in the pilot study, this was not replicable
in our main study with a larger sample size, and we did not observe any
language-specific transfer effects. A main confounding factor was identified
from studies that were published after this study was completed. While formal
Mandarin educational texts suggest that “retroflex”” phonemes in Mandarin
share a “curled” tongue place of articulation similar to that of Hindi retroflexion
(Ou & Guo, 2014), recent lingual imaging studies show that Taiwan and
standard Beijing Mandarin speakers are unlikely to produce “curled”
retroflexion in speech at all (Luo, 2020; Tiede et al., 2019). We reasoned that
this could have affected our participants’ ability to learn the Hindi contrast.

This would also mean that the Hindi dental-retroflex stimulus set would be
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unsuitable for assessing a language-specific hypothesis of transfer effects in

Singapore English-Mandarin bilingual adults.

To confirm if the “curled” retroflex is indeed absent in Singapore
Mandarin, we then conducted an exploratory observational lingual ultrasound
imaging study in Chapter 3 (N =5). The results of this study revealed that
Singapore Mandarin speakers do not use a “curled” retroflex tongue position —
their production of Mandarin retroflex phonemes, instead using a “humped”
laminal post-alveolar tongue posture for Mandarin retroflexion. This study
showed that we would need a more suitable set of stimuli to assess the
language-specific hypothesis of bilingual learning advantages in Singapore
Mandarin speakers. Studies (Chung, 2006; Chen et al., 2016) suggest that the
phonological nature of the Singapore Mandarin alveolar-retroflex contrast
likely differs from Mandarin varieties documented in existing Mandarin
corpora (standard Mandarin: Sze et al., 2014; Hong Kong Mandarin: Tse et al.,
2017) due to phoneme contrast merger (deretroflexion). In order to obtain a
suitable stimulus set aligned to the unique norms of Singapore Mandarin, we
thus conducted a detailed documentation of perception and production of the

alveolar-retroflex contrast in contemporary Singapore Mandarin.

In Chapter 4, we discuss the details of this documentation conducted
with novel speech elicitation and word identification tasks (N = 50). We
examined the acoustic nature of the contemporary Singapore Mandarin

alveolar-retroflex contrast with centre of gravity (CoG) analyses and general
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additive mixed modelling (GAMM) on long-term averaged spectra (LTAS) of
for the first time in known literature. We also examined participants’ word
identification accuracy for alveolar-retroflex minimal pairs of words in
Singapore and standard Beijing Mandarin. The results of the study revealed that
contemporary Singapore Mandarin speakers produce alveolar and retroflex
phonemes contrastively, albeit to a lesser extent than is typically reported for
standard Beijing Mandarin (e.g., Chang, 2012). We also found that Singapore
Mandarin speakers typically demonstrate very high levels of Mandarin word
identification accuracy in both the local as well as the standard variety of

Beijing Mandarin.

Using the acoustic information obtained in Chapter 4, we synthesised a
novel 8-step alveolar-retroflex [ts"uan]-[ts"udn] contrast continuum based on
the acoustic norms of contemporary Singapore Mandarin. We then conducted a
study in Chapter 5 with a novel paradigm (the Spring-Village CROWN Game)
to obtain fine-grained measures of perceptual sensitivity in the form of speech
sound ambiguity resolution using our novel alveolar-retroflex [ts"udn]-[tstuan]
contrast continuum (N = 62). We also conducted a correlation analysis to
determine if higher levels of perceptual contrast sensitivity are linked to higher
Mandarin understanding abilities. The results of this study showed that the
majority of contemporary Singapore Mandarin speakers perceive the alveolar
and retroflex categories of speech sounds contrastively, albeit with a large range
of individual differences in sensitivity for speech token ambiguity. We did not

find evidence for a link between Mandarin understanding abilities and these
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individual differences in perception, suggesting that high levels of perceptual
sensitivity for this phoneme contrast are not required for high levels of general

speech comprehension in contemporary Singapore Mandarin.

We then conducted an exploratory study in Chapter 6 (N = 20) to
examine links between perception and production of an alveolar-retroflex
[tshuan]-[tshuan] contrast within our target population of Singapore English-
Mandarin bilinguals. We used the speech elicitation task from Chapter 4 to
collect measures of individual differences in production of the alveolar-
retroflex [ts"udn]-[tshuan] contrast, and the Spring-Village CROWN Game from
Chapter 5 to measure individual differences in perception. The results of this
study revealed a significant speech perception-production link tied to the
retroflex affricate [s"] on the level of the individual. This link showed that
individuals who produced their retroflex frication in a manner more similar to
that of alveolar frication tended to have less sensitivity for retroflex cues in

ambiguous speech sounds.

Finally, we returned to our main investigation of the language-specific
hypothesis of bilingual learning advantages with our study in Chapter 7. We
trained English-Mandarin bilingual adults on our novel synthesised alveolar-
retroflex [tshudn]-[tsuan] contrast with a bimodal distributional learning
paradigm. We reasoned that participants with higher Mandarin understanding
proficiencies should show larger learning effects due to transfer effects between

their real-world Mandarin experience and the acoustically complex training
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stimuli. We examined overall learning effects in a pilot study (N = 20) and a
main study (N = 50) and assessed language-specific transfer effects in the main
study. We found evidence of overall learning effects in both the pilot and the
main study, confirming that adults can learn from unattended distributional
training if there is sufficient overlap between their languages and the to-be-
learnt stimuli. We also found evidence of a transfer effect tied to Mandarin
understanding proficiency with larger learning effects being significantly
associated with higher Mandarin understanding proficiencies. This is the first
time evidence has been found to show that language-specific learning transfer
effects can be strong enough to be observed on the level of the individual within
the linguistic variations of a single group of largely homogenous bilingual

adults.
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Chapter 1: Literature Review

The ability to perceive and acquire new speech sounds is something
which certain groups of people seem to be particularly adept at. Among these
groups of people are bilinguals and multilinguals, who often seem to show
learning advantages for acquiring perceptual sensitivity to novel speech sounds.
We set out to investigate the underlying mechanisms that account for these
bilingual learning advantages. Singapore is largely populated by bilinguals and
multilinguals, and presents us with a unique context in which to conduct this

investigation with the use of a distributional learning paradigm.

1.1 Bilingual Learning Advantage

Evidence in existing literature suggests that individuals with more than
one language in their language repertoire appear to have certain learning
advantages over monolinguals when it comes to the acquisition of novel
language structures. Studies have shown that these advantages can be seen in
tasks involving the learning of novel grammatical structures (e.g., Kemp, 2007;
Kovacs & Mehler, 2009; Kuo & Anderson, 2012; Sanz, 2000), the acquisition
of novel vocabulary (e.g., Kaushanskaya & Marian 2009; Yoshida et al., 2011),
and in developing sensitivities to novel language phoneme contrasts (Singh et
al., 2018; Tremblay & Sabourin, 2012; Wang & Saffran, 2014). From an
examination of current literature, we have identified three overarching
hypotheses of interest that appear to account for different aspects of bilingual
and multilingual language learning advantages. These accounts consist of

domain-general cognitive advantages, language-general learning advantages,
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and language-specific learning advantages (as shown in Figure 1.1). In this
chapter, we will examine these three bilingual learning advantage hypotheses

and review research in support of each hypothesis.
Figure 1.1
Accounts for bilingual learning advantages identified in existing literature.

Bilingual Learning

Advantages

Domain-General Domain-Specific

Cognitive Advantages Language Advantages

(e.g., executive control)

Domain-Specific Language-Specific
Language-General Advantages
Advantages (e.g., shared-
(e.g., metalinguistic feature transfer

awareness) effects)

Note. Main three accounts of interest presented in yellow.

1.1.1 Domain-general accounts

Accounts of domain-general cognitive advantages typically propose that
acquiring and using multiple languages inherently recruits certain cognitive
functions for the purposes of executive control. Executive control plays a key
role in language processing and production in bilinguals. Research suggests that
all languages in a repertoire are simultaneously activated during language

processing (Brysbalrt, 1998), and cognitive control over each specific language
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is needed to manage and inhibit which language is selected for speech
processing and understanding as the situation demands. Evidence for the need
for cognitive control in language processing in bilinguals can be seen in a study
by Spivey and Marian (1999) which examined distraction caused by shared-
language features in Russian and English. In their study, Spivey and Marian
(1999) instructed Russian-English bilingual participants in Russian to move an
object, while ignoring other objects on the table. They found that their bilingual
participants typically showed a brief period of distraction due to the presence of
task-irrelevant objects with English names that shared an initial sound with the
name of the target object in Russian: e.g., being distracted by a marker while

being instructed to move a stamp (marku) in Russian (Spivey & Marian, 1999).

At the same time, Emmorey et al. (2008) also demonstrated that this
simultaneous activation of multiple languages occurs until late in the speech
production stage where lexical inhibition is then introduced, by examining
hearing American Sign Language (ASL)-English bilingual adults who grew up
within deaf communities. In this study, the authors examined spontaneous
language productions of their participants in conversation to determine if
participants spent more time code-switching between their two languages or
‘code-blending’ both languages (i.e., simultaneously producing semantically
equivalent ASL signs and spoken words). The authors proposed that if a dual
activation of languages occurs until late in the speech production stage, and if
lexical suppression is more cognitively costly as compared to activation, more

instances of code-blending should be observed as compared to code-switching.
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The results of their study indicated that this was indeed the case, with their
participants frequently engaging in code-blending of semantically similar sign
and spoken words, while rarely showing any instances of code-switching in

their conversations.

Such studies on language activation models suggest that bilinguals and
multilinguals have to manage and suppress shared structures between languages
to successfully perceive and produce speech in each of their languages as the
demands of the situation require. This is likely to be cognitively costly, and it
has been suggested by researchers that this extensive amount of practice in
cognitive control may lead to the development of a corresponding overall
enhancement in domain-general cognitive functions (e.g., Bialystok, 2001).
This may then in turn facilitate the acquisition and consolidation of new

language structures into the existing language repertoire.

Indeed, some studies appear to demonstrate that bilinguals do display
observable cognitive enhancements over monolinguals. For instance, Bialystok
and colleagues conducted a series of studies which showed that bilingual
children and adults typically have better executive control as compared to
monolinguals, particularly in tasks involving cognitive conflict resolution.
These include tasks such as the Dimensional-Change Card-Sort Task (Bialystok
& Martin, 2004), a task involving interpreting ambiguity embedded in
conflicting figures (Bialystok & Shapero, 2005), and the Stroop task (Bialystok

et al., 2008), all of which require participants to inhibit conflicting perceptual
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information in order to successfully complete a task. At the same time, the
notion that extensive experience with bilingualism leads to enhanced cognitive
functions can also be seen in studies that compare different groups of bilinguals
such as bilinguals who acquired both languages earlier in life as compared to
later bilinguals. A study by Carlson and Meltzoff (2008) demonstrated that
advantages in executive control are closely tied to the degree of experience that
one has with being bilingual, with children who had been Spanish-English
bilingual from infancy showing significantly higher levels of cognitive control
on tasks of perceptual conflict resolution, as compared to later bilingual
English-speaking children who had received six months of language immersion
programmes in either Spanish or Japanese. From these studies, we can see that
bilinguals do indeed appear to have certain enhancements in cognitive
functioning. However, the results of these studies are largely based on measures
of cognition that assess non-verbal, non-linguistic skills. As such, it is unclear
how exactly domain-general accounts contribute to language-specific learning

advantages often seen in bilinguals.

Studies have attempted to bridge this gap by examining correlations
between tasks of language acquisition, and measures of executive control. For
instance, Yoshida et al. (2011) examined the performance of 3-year-old
bilinguals and monolinguals on a novel adjective-learning task and a non-
linguistic measure of attentional control. They found that the bilingual children
performed significantly better than the monolingual children at both tasks,

suggesting that domain-general cognitive advantages found in bilinguals could
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indeed be involved in the facilitation of linguistic task performance. However,
mixed evidence for a correlation between executive functions and language
learning has been found in other studies. For instance, Bartolotti et al. (2011)
examined novel language learning (with a Morse code-based distributional
learning task) and inhibitory control (with a Stroop task) in adults with varying
levels of bilingual experience. By manipulating the levels of conflicting cues
present in the learning task, they found that bilingual experience was only
related to enhanced learning performance under conditions of low cue conflict,
while inhibitory control played a more crucial role regardless of bilingual
experience in learning performance under conditions of highly conflicting cues.
Thus, while the bilingual experience may be associated with cognitive benefits
under some conditions, the presence of a mediating link between bilingualism

and language learning nevertheless remains unclear.

At the same time, there remains an element of disagreement within
current literature as to whether bilingualism is in fact associated with any
cognitive advantages at all. A recent review of literature by Antoniou (2019)
found that existing studies in the body of bilingual literature often conflict with
each other on whether bilinguals do in fact show evidence of enhanced
executive functions. In instances where there such evidence is found, it appears
to disproportionately be seen in young children and the elderly, but less so in
young adults (Antoniou, 2019). Moreover, studies on the link between bilingual
experience and enhanced cognition do not always demonstrate a linear

relationship between the two. For instance, a study by Yang (2017) examined
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Korean-English bilinguals who either had intermediate or high proficiency in
English and found, unexpectedly, that the intermediate proficiency bilinguals
outperformed the high proficiency bilinguals at a test of working memory.
Moreover, a large-scale study of executive functions in adults conducted by
Paap et al. (2014) further shows that bilingualism and multilingualism may not
be related to enhancements in various areas of executive functioning including
inhibitory control and task conflict resolution. Therefore, it is difficult to
determine the exact degree to which domain-general cognitive accounts might

contribute to the language learning advantages observed in bilinguals.

1.1.2 Domain-specific accounts

Unlike domain-general accounts of bilingual language learning
advantages, domain-specific accounts propose that bilingual learning
advantages are inherently rooted in the linguistic experience of acquiring and
managing multiple known languages. Thus, the cognitive benefits that arise
from bilingualism, and which result in further language learning advantages, are
specifically based in the domain of metalinguistic awareness. Crucially,
enhanced metalinguistic awareness can result in an improvement in the ability
to flexibly access and manipulate the underlying structural regularities of
different languages — this plays a key role in facilitating the acquisition of novel

language structures (Bialystok & Craik, 2010; Kuo & Anderson, 2008).

Support for enhanced bilingual metalinguistic awareness can be found

in studies where bilinguals appear to show enhanced performance at extracting
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regularities in novel languages, and at manipulating this knowledge for
application to new language stimuli, in studies of both children and adults. One
example of this can be seen in a study by Kuo and Anderson (2012) who
trained monolingual Mandarin-only, and bilingual Mandarin-Southern Min
Taiwanese children on artificial two-syllable words based on a Mandarin-like
phonological structure. In a 2-alternative-forced-choice test, bilingual children
were significantly more accurate than the monolingual children at learning to
identify legal and illegal words based on the phonotactic regularities that they
were trained on. Furthermore, the bilingual children also displayed an ability to
manipulate this information for application to novel stimuli, showing
significantly better performance than the monolingual children at transferring
these regularities to novel artificial words that they had not been trained on, but

which shared similar phonotactic regularities.

Likewise, similar results showing evidence for domain-specific,
language-general accounts have been found in studies of bilingual adults. For
instance, Tremblay and Sabourin (2012) trained four groups of Canadian adult
participants (monolingual, bilingual, multilingual, and untrained control) on a
voiced aspirated Hindi dental-retroflex contrast, and tested the participants on
their ability to discriminate tokens drawn from the contrast before and after
training. The results of their study revealed that both the bilingual and
multilingual groups displayed significantly better contrast discrimination as
compared to the monolingual and control group participants, indicating that the

experience of managing multiple languages in a repertoire was linked to the
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ability to successfully extract structural regularities from this novel language
contrast. Tremblay and Sabourin (2012) then tested the same group of
participants on their discrimination sensitivity for a novel untrained voiceless
unaspirated Hindi dental-retroflex contrast, and found that bilingual
participants outperformed the monolingual group, demonstrating evidence of an
enhanced to ability to manipulate and transfer their structural knowledge of a
known contrast to novel language stimuli that shared a similar place of
articulation contrast but differed in the manner of articulation. This kind of
transfer of linguistic knowledge from one type of linguistic structure to another
provides a possible mechanism for language learning advantages in bilinguals.
Evidence of enhancements in domain general language learning advantages can
also be found in a study by Enomoto (1994) who tested monolingual and
multilingual adult Japanese learners on their sensitivity to a perceptually
difficult Japanese geminate contrast, and found that learners with a larger
language repertoire displayed stronger sensitivity to this contrast as compared
to English-speaking monolinguals. In particular, Enomoto (1994) found that
this effect was larger for participants whose languages had structural overlaps
with the Japanese geminate contrast in question, again suggesting that there
might be transfer of knowledge from linguistic structures in one language to a

novel learning context.

1.1.3 Language-specific accounts
Therefore, while there is some evidence for a domain-specific but

language-general linguistic account of bilingual learning advantages rooted in
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metalinguistic awareness, it is likely that certain learning advantages might be
specific to bilinguals’ linguistic experience. As such, some learning advantages
observed in bilinguals are likely to be tied to the specific featural overlaps
between languages in their repertoire, and to-be-learnt language stimuli. In
essence, bilinguals may have metalinguistic advantages that are specifically
tuned to identifying familiar features in novel language stimuli. This could then
feed into shared-feature transfer advantages in which bilinguals and
multilinguals are able to transfer knowledge about shared language features
(e.g., place of articulation, tone, and phonological structure) from known
languages to novel language stimuli, thus facilitating learning effects (e.g., Kuo

etal., 2016).

Evidence for a language-specific transfer effect in learning for
bilinguals can be observed in studies that compare groups of participants with
different language backgrounds. For instance, Bialystok et al. (2003) trained
monolingual, Spanish-English bilingual, and Mandarin-English bilingual
children on a phoneme segmentation task based on stimuli containing phonemic
and morphological features that are unique to Spanish, and are not present
English or Mandarin. They found that the Spanish-English bilingual children
were significantly better at this task as compared to not only the English
monolingual, but also the Mandarin-English bilingual children, thus
demonstrating that the learning effects in the study were closely tied to
linguistic experience, rather than to a language-general learning advantage for

both groups of bilingual children.
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At the same time, a study by Kuo et al. (2016) tested English
monolingual, English-Japanese bilingual, and Japanese-English bilingual
elementary school-aged children on their phonological awareness of real and
artificial English-based words containing voiced onset phoneme contrasts that
were either unique to English, or were shared between English and Japanese. In
this study, both groups of Japanese-speaking bilingual participants
outperformed the English monolinguals at tests of phonological awareness for
artificial words that contained both Japanese and English voiced onset
phonological segments. The Japanese-English bilinguals also had better
phonological awareness for these stimuli as compared to the English-Japanese
bilinguals. This shows that the transfer effects were stronger for both groups of
bilinguals as compared to the English-speaking monolinguals, and that
extensive experience with Japanese afforded some participants an additional
language transfer advantage for the novel language stimuli. As such, we can see
that the learning effects in this study were not only closely tied to the language
repertoires of the participants, but were also enhanced by higher levels of

relevant linguistic experience.

Similarly, Antoniou et al. (2015) trained and tested midwestern
American English-speaking monolinguals, Mandarin-English bilinguals, and
Korean-English bilingual adults on their perceptual sensitivity for a Mandarin-
based retroflex phoneme contrast, and a Korean-based interdental fricative
lenition phoneme contrast. The results of the study showed that only the

Korean-English bilinguals were able to show learning effects for the Korean-
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based contrast, demonstrating clear evidence of a language-specific transfer
effect in play. At the same time, however, the study also found that both the
Mandarin-English and Korean-English bilinguals were able to successfully
learn the Mandarin-based contrast. While this could be evidence for a language-
general account of bilingual learning advantages, it is worth noting that the
feature of retroflexion exists in Korean (e.g., in the retroflex variant of the
Korean liquid /I/, Crosby & Dalola, 2021), and it is thus possible that the
Korean-English bilinguals in Antoniou et al. (2015) were able to transfer

knowledge of this feature to the novel Mandarin-based retroflex contrast.

Evidence of the role of language-specific transfer effects in bilinguals
can also be found in situations of real-world language acquisition, such as in the
case of Japanese learners in Enomoto’s (1994) study as discussed in the
previous section. Additionally, evidence for language-specific transfer effects in
naturalistic settings of language acquisition can also be found in a longitudinal
three-year study conducted by Kopeckova (2016) on different groups of
bilinguals learning Spanish. This study found that bilingual Spanish learners
who were already familiar with the alveolar approximant /1/ phoneme in their
language repertoire (e.g., German-Croatian, and German-Russian bilinguals)
showed significantly more improvements in their production of the Spanish
alveolar trill /r/ over time, as compared to bilinguals whose existing languages
did not have an alveolar /i/ (e.g., German-Israeli Hebrew speakers). This
indicates that language-specific transfer advantages may extend to language

acquisition in speech production for adults.
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Besides this, some evidence suggests that language-specific transfer
effects may be robust, lasting well into adulthood even if exposure to relevant
languages only occurred early in life. An example of this can be seen in a study
by Werker (1986) who examined the effect of early language exposure on
phoneme contrast sensitivity in two groups of adults — one exposed to Hindi up
to the age of two, and one with no exposure to Hindi across the lifetime. The
two groups of participants were tested on their accuracy at discriminating a
Hindi dental-retroflex contrast, and the results of the study showed that early
exposure to Hindi was linked to significantly higher levels of discrimination
accuracy for the contrast. Similarly, Oh et al. (2010) examined the effects of
early language exposure in Korean-American adoptees who were only exposed
to Korean in early childhood. Oh et al. (2010) found that individuals with early
childhood exposure to Korean had a significant advantage at learning to
identify Korean phonemes with aspiration and lenition as compared to
individuals with no Korean exposure across the lifetime. Finally, evidence for
the robustness of language-specific transfer effects following limited early
language exposure can also be seen in the local context of adults in Singapore.
In a recent study, Singh and Seet (2019) trained two groups of Singapore adults
on Hokkien tonal contrasts. One group were raised by Hokkien-speaking
caregivers up to the age of three, after which they had limited exposure to
Hokkien, and the other group had no direct exposure to Hokkien during early
childhood, and limited exposure over their lifetime. The results of their study

revealed that adults who had been exposed to Hokkien early in life were
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significantly better at learning Hokkien tonal contrasts as compared to adults
who had had no exposure to Hokkien in early life. Thus, we can see that even a
limited amount of exposure to language features early in life may result in

observable language-specific transfer effects that last well into adulthood.

Overall, the studies discussed in this section demonstrate that language
learning effects in bilinguals often show evidence of being linked to shared
linguistic features between known languages and to-be-learnt language stimuli,
rather than being linked to domain-general advantages from the experience of
simply being bilingual. Some of the studies discussed even show that the
impact of transient language exposure early in life can still be seen in language-
specific transfer effects later in adulthood. We therefore decided to investigate
if evidence of such language-specific transfer effects can be found within the

local population of bilinguals in Singapore.

The studies discussed in this chapter have largely examined language-
specific learning effects by comparing different groups of bilinguals. While this
has led to pertinent evidence for this account of bilingual learning advantages in
the form of between-group comparisons, we believe that this methodology may
overlook a rich source of data in bilingualism research by masking the
individual linguistic variations found within ‘homogenous’ groups of
bilinguals. This has implications on our current understanding of learning
advantages in bilingualism, and limits the generalisability of these findings for

cultural contexts where linguistic landscapes may be more nuanced, and may
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not fit the conventional view of what “typical” language backgrounds look like
in conventional western research settings. We thus decided to instead examine
bilingualism on its own as a continuous factor, and investigate if such effects
might be observable within a single, largely homogenous group of bilinguals
with varying levels of proficiency in their known languages. Due to the unique
linguistic landscape of Singapore, the resident population of English-Mandarin
bilinguals in Singapore presents us with a suitable group of bilinguals within

which to investigate this question.

1.2 Bilingualism and Multilingualism in Singapore
1.2.1 Language mixes in Singapore

Singapore is a multi-ethnic city state in the Malay Peninsula of
Southeast Asia with a resident population of 4.02 million people, and an ethnic
composition of 74.1% Chinese, 13.6% Malay, 9.0% Indian, and 3.3% “Others”
(i.e., Eurasian and other smaller minority groups; Cavallaro & Ng, 2014; DOS,
2022). The current linguistic landscape of the country comprises a large number
of ‘English-knowing’ bilinguals whose main language repertoires consist of
English and one of the officially designated ‘Mother Tongue’ languages (i.e.,
Mandarin Chinese for individuals of Chinese heritage, Bahasa Melayu for
individuals of Malay heritage, and Tamil for individuals of Dravidian Indian
heritage) (Cavallaro & Ng, 2014; Pakir, 1993; 2008). This particular pattern of
bilingualism arose from a series of language policies introduced since the
1950’s to encourage the use of English as the country’s official language of

governance and education, while also instituting a homogenous model of
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bilingualism in which English is treated as a primary language and an ethnically
linked ‘Mother Tongue’ language is also supported (e.g., the Official
Languages and National Language policy in the 1950’s, the Bilingualism policy
in 1966; NLB, 2016). These policies have led to a drastic change in the
linguistic landscape of the country within a few decades, such that large
differences in language mixes can still be observed between generations of

residents in the country.

Prior to the institution of these language policies, the linguistic
landscape of the country before the 1980°s was highly varied, with residents of
the country often having a “polyglossic” language repertoire of up to eight
different languages (Cavallaro & Ng, 2014; Platt, 1980). In the early history of
Singapore, two of the most commonly spoken home languages were Malay and
Hokkien (a Southern Min Chinese language), with a pidgin variety of Malay —
Bazaar Malay — used for cross-cultural communication between the different
ethnic groups (Cavallaro & Ng, 2014; Gupta, 1998). English was rarely spoken
by residents of the country, with only 1.8% of the population reporting being
able to speak English in 1957 (Lee & Phua, 2020). There was also a
considerable variety of commonly used vernacular languages. For instance, the
majority of individuals of Chinese heritage spoke a range of South-Eastern and
Southern Min Chinese languages such as Hokkien, Teochew, Hakka and
Cantonese, with Mandarin Chinese only being spoken by 0.1% of the
population in 1957 (Lee & Phua, 2020). Individuals of Malay heritage were

also likely to speak a wide variety of home languages other than Bahasa
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Melayu, including Boyanese, Javanese, Orang Seletar, and Baba (Peranakan)
Malay (Cavallaro & Ng, 2014). This has since changed in the present day of
Singapore, with remaining speakers of other vernacular languages often being

from older generations of residents (DOS, 2021).

Among the language policies implemented in the country, education
policies have played a particularly crucial role in modifying the languages that
individuals are exposed to from a young age. For instance, English has been
instituted as the mandatory language of instruction for all subjects in public
schools since 1983 (NLB, 2016) following an increase in enrolment in English-
medium schools beginning in 1965 (Dixon, 2005). As a result of this,
proficiency in English is placed at a higher level of importance as compared to
other locally spoken languages, as fluency in English is necessary for almost all
areas of academic performance (Curdt-Christiansen & Sun, 2016). At the same
time, language classes in the official ‘Mother Tongue’ languages have been part
of public school curriculums since the Bilingualism policy of 1966, and were
officially made a mandatory part of all forms of public schooling in 1987. In the
case of Chinese languages, measures have also been taken to heavily discourage
the use of Chinese home vernacular languages under the belief that exposing
students to vernacular languages would make it harder for them to gain
proficiency in the official ‘Mother Tongue’ language of Mandarin (Cavallaro &
Ng, 2014). This belief was likely bolstered by an early study by the Ministry of
Education which found that ethnically Chinese children who spoke primarily

Chinese vernacular languages at home were less likely to perform well at their
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‘Mother Tongue’ Mandarin examinations at school (Low, 1979, as cited in Teo,
2005). Among some of the measures taken to replace the use of vernacular
Chinese languages with Mandarin include the banning of the use of ‘dialects’
on national television broadcasts in 1982 (Tan & Goh, 2011), and the

introduction of the Speak Mandarin campaign in 1979.

The Speak Mandarin Campaign was first introduced in 1979, and
utilised messages broadcasted from the government through the media to
encourage ethnically Chinese Singaporeans to speak Mandarin instead of other
vernacular home languages. Despite Hokkien originally being the most widely
spoken Chinese language in the early history of the country, Mandarin was
chosen as a new artificial ‘heritage’ lingua franca for the Chinese population of
Singapore as it was perceived to be a more ‘prestigious’ language of culture in
comparison to vernacular Chinese home languages which were framed by the
ruling party as low-brow and vulgar (Lim et al., 2021). In particular, the variety
of Hokkien spoken in Singapore was frowned upon for not being a “proper
language” due in part to the fact that it had begun incorporating loan words
from other languages into its vocabulary (Lock, 1988). One example of this can
be seen today in the Singapore Hokkien word suka meaning ‘like” or ‘enjoy’,

that is a loanword from Bahasa Melayu.

The promotion of Mandarin was supported with language lessons that
focused on the use of Standard Mandarin, while correcting deviations from

‘standard’ pronunciations (Dixon, 2005; Lock 1988). To achieve this, the use of
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Hanyu Pinyin was introduced as a pronunciation guide, and Mandarin teachers
were re-trained on new Standard Mandarin teaching materials (Lock 1988).
Slogans for the campaigns over the years have also framed the use of Mandarin
in a positive light, in opposition to the use of ‘dialects’ with slogans such as
“Mandarin’s In. Dialect’s Out.”, and “If you’re a Chinese, Make a Statement —
In Mandarin.”. In the early years of its inception, the Speak Mandarin campaign
was intended to foster in-group cohesion between different Chinese ‘dialect’
groups, while also serving as a linguistic anchor for the transmission of
‘Chinese cultural values’ in the face of perceived negative “western” influences
(Xie & Cavallaro, 2016). The success of the campaign in this regard is
contested, as studies suggest that the decline of vernacular Chinese home
languages instead resulted in a corresponding loss of dialect group-based
Chinese practices and values which are typically transmitted between
generations via oral tradition (Teo, 2005). Later iterations of the campaign in
the 1990s then began to place emphasis on the importance of Mandarin
proficiency for business and commerce dealings with China (Ng, 2014; Teo,
2025). The Speak Mandarin Campaign has continued to be held annually every
September, and its overall effectiveness in promoting Mandarin as a lingua
franca for the Chinese population of Singapore can be seen in an increase in the
use of Mandarin, and a decrease in the use of Chinese vernacular languages
over the years. While only 0.1% of the population identified as Mandarin
speakers in 1957, 24.7% of Chinese Singaporeans reported using Mandarin as a

home language in 1980 (Lock, 1988), and 64% of Chinese Singaporeans
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surveyed in 1996 reported using Mandarin in daily life, with only 34% reported
using other vernacular Chinese languages (Xu et al., 1999 as cited in Dixon,
2005). Attitudes towards Mandarin have also shifted such that the majority of
Singapore Chinese respondents in recent surveys now identify Mandarin as

their ‘Mother Tongue’ (Ng, 2014; Starr & Hiramoto, 2019).

Thus, language policies have shaped the current pattern of ‘English-
knowing’ bilingualism (Pakir, 1993; 2008) that is prevalent in the country. In
the 2020 census, 48.3% of residents reported speaking English as one of their
primary home languages (DOS, 2021). The use of other vernacular languages
has been largely replaced with official ‘Mother Tongue’ languages. As
discussed, Mandarin Chinese is now the most commonly spoken Chinese
variety in Singapore, with the percentage of speakers of other Chinese
vernacular varieties dropping from 76.2% in 1980 to 8.7% in 2020 (DOS,
2021). Some local language varieties are also in danger of extinction — such as
in the case of Baba Malay whose ethnic speakers identify as Peranakan, but are
designated as ethnically Chinese in National documents, and allocated
Mandarin Chinese as their official ‘Mother Tongue’ language (Cavallaro & Ng,
2014). The language repertoires of individuals have also shifted away from a
polyglossia of multiple languages, with the majority of individuals in the
country currently reporting literacy in only two to three languages (DOS, 2021).
In the 2020 census, 45.8% of residents reported being bilingual in English and
Mandarin, 13.5% reported being bilingual in English and Malay, and 3.6%

reported being bilingual in English and Tamil (DOS, 2021).
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1.2.2 English-Mandarin bilingualism in Singapore
1.2.2.1 Overview of English-Mandarin bilingualism in Singapore

The current population of Singapore English-Mandarin bilinguals
presents us with a largely homogenous group of bilinguals. As primary and
secondary school education is compulsory in Singapore, the majority of
English-Mandarin bilinguals in Singapore are exposed to at least 10 years of
formal bilingual education (i.e., formal academic instruction in English with
‘Mother Tongue’ language classes) between the ages of 7 to 16 years. Despite
this, there nevertheless remains a degree of linguistic heterogeneity within our
target group of bilinguals. This can be particularly observed in differences in
proficiency in Mandarin Chinese, as well as in familiarity with different

varieties of Mandarin Chinese.

Current literature suggests that Mandarin proficiency amongst
Singaporeans is strongly reliant on intergenerational transmission of the
language, as Mandarin use in schools is largely confined to the context of a
limited number of second language classes a week (Curdt-Christiansen & Sun,
2016; Xie & Cavallaro, 2016). According to the cognitive maturity model of
language acquisition, individuals are more likely to attain higher, native-level,
proficiency in languages that are acquired early in life during the sensitive
period when exposure to different speech sounds shapes the categorical and
structural manner in which languages are perceived and produced
(Hammarberg, 2014). Current literature remains divided on how long this

sensitive period lasts for, but research has suggested that the cut-off for high
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proficiency native-level language acquisition ranges from around 3 years of age
to 7 years of age (Hammarberg, 2014). As a result of this, individuals from
primarily Mandarin-speaking households who are exposed to Mandarin use
from birth are likely to have higher proficiency and greater sensitivity to the
structural regularities of Mandarin, as compared to individuals from primarily
English-speaking households who may only be exposed to Mandarin later in

childhood and only during formal language classes in school.

This difference in home language use has historically presented itself as
a linguistic divide within the local ethnic Chinese community, and can be seen
in the fairly equal enrolments of Singapore Chinese students in English-medium
and Mandarin-medium schools up to 1959 (Lee & Phua, 2020), prior to
increases in preferences for English-medium schools which led to the eventual
mandatory use of English for instruction in all public schools (Dixon, 2005; Lee
& Phua, 2020). Attendance at each type of school contributed to a linguistic
divide between “English-educated” and “Chinese-educated” communities, with
“English-educated” individuals primarily speaking English as their main home
language, and “Chinese-educated” students primarily speaking Mandarin as
their main home language (Chew, 2013). The intergenerational influence of this
linguistic divide can still be seen in the 2020 census of Singapore which shows
that 30% of ethnically Chinese residents report using Mandarin Chinese as their
dominant home language, while 48% report using English as their dominant

home language (DOS, 2021). Thus, it is likely that we will find a variety of
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levels of Mandarin proficiency amongst the local population of young adult

English-Mandarin bilinguals.

1.2.2.2 Varieties of Mandarin Chinese in Singapore

Among the Mandarin Chinese spoken in Singapore, there are likely to
be differences in the varieties of Mandarin Chinese that English-Mandarin
bilinguals in Singapore are familiar with. The standard variety of Mandarin
Chinese that is currently taught in formal education settings in Singapore is
known as Putonghua, and is based on a variety of Mandarin that historically
originates from the Northern and South-Western regions of China (Francis,
2016). Putonghua, or Standard Singapore Mandarin, shares phonological
similarities to Beijinghua spoken in contemporary Beijing and was primarily
introduced to Singapore as a novel second language for a large percentage of
the population (as discussed in the previous section). As the majority of the
ethnic Chinese population in Singapore are descended from seafaring migrants
from the South-Eastern region of China, the Chinese languages that were
originally brought to the country consisted of Southern Min Chinese languages
which are mutually unintelligible with Mandarin (Li & Thompson, 1981; Starr
& Wang, 2021). Thus, the introduction of Mandarin to serve as a common
lingua franca within the Singapore Chinese community resulted in a colloquial
variety of Mandarin that features heavy influence from these vernacular
Southern Min Chinese languages. As a result of this, contemporary Singapore
Mandarin often features individual variations in phonology that draw different

degrees of influence from the ‘formal’ variety of Standard Singapore Mandarin,
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and the vernacular Southern Min influenced variety of colloquial Singapore

Mandarin.

The influence of Southern Min languages on Singapore Mandarin can
be seen in the phonology of Mandarin spoken in Singapore. For instance,
documentations of Singapore Mandarin in the 1980s and in more recent years
show that Singapore Mandarin speakers typically do not produce rhotacization
in speech that is typical in standard Mainland Mandarin (also known as ‘er-
hua’), due to the perception that it functions as a sociolinguistic marker of
speech exclusive to Mainland Mandarin speakers (Starr, 2022). Similarly, it is
also common for Singapore Mandarin speakers to produce Mandarin palatal
frication /¢/ as the alveolar /s/ due to the lack of a palatal /¢/ in the phonology of
Hokkien (Starr, 2022; Starr & Wang, 2021). However, one clear example of
this Southern Min influence that has likely begun to change over the years can
be seen in the presence of the Mandarin alveolar-retroflex phoneme contrast
which we will focus on in this project. Documentations of Singapore Mandarin
in the 1980°s suggest that the local variety lacks a clear alveolar-retroflex
phoneme contrast due to the influence of languages such as Hokkien and
Teochew which do not feature a retroflex place of articulation. For instance,
observational studies conducted by Lock (1989) and Ng (1985) found that there
was a large degree of merger of the alveolar (e.qg., /s/, /ts/, and /ts/) and
retroflex (e.g., /s/, /ts/, and /tg"/) phonemes in Singapore Mandarin, with the
retroflex phoneme often being produced as alveolar. This sets the local

Singapore variety of Mandarin apart from the standard variety of Beijing
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Mandarin which has a clear alveolar-retroflex phoneme contrast (e.g., Chang,
2012). However, recent studies suggest that younger speakers of Singapore
Mandarin may be starting to produce the alveolar-retroflex contrast more
clearly in speech. For instance, Chen et al., (2016) found that primary school-
aged children displayed more consistent use of the retroflex feature in their
production of Mandarin speech as compared to older generations of Singapore
Mandarin speakers. Similarly, using a word reading task, Starr (2022) found
that only a minority of Singapore Mandarin speaking children produced
retroflex sibilants as alveolar instead. This shift is likely related to the increase
in the levels of exposure that young Singapore Mandarin speakers have to the
standard variety of Mandarin in formal education (i.e., at school as well as in
extracurricular language enrichment centres), and through mass media in
standard Singapore and Mainland Mandarin (Starr & Kapoor, 2021). In their
recent studies, Starr and colleagues have also suggested that the increase in the
use of the Mandarin alveolar-retroflex contrast may be linked to the reduction
in exposure to the vernacular Chinese home languages that were common only
a few decades ago, coupled with the increasing influence of English as a home
language which contains similar post-alveolar phoneme contrasts (e.g., /s/-/f1,
Starr, 2022; Starr & Wang, 2021). At the same time, young adult Singaporeans’
perceptions of standard Mandarin have also begun to change from perceiving
the alveolar-retroflex contrast as an undesirable “foreign” feature, to a marker
of a more desirable, high prestige variety of Mandarin (Chong & Tan, 2013;

Lock 1988).
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Thus, we can see that the local population of young adult Singapore
English-Mandarin bilinguals comprise a largely homogenous group of
bilinguals in terms of the languages that they are exposed to in formal education
and at home (i.e., English and Mandarin). At the same time, individuals within
this group of bilinguals also have heterogenous levels of proficiency in their
known languages, particularly the different levels of proficiency they have for
the varieties of Mandarin that are spoken in Singapore as a result of varying
levels of exposure to different varieties of Mandarin and other Chinese
languages at home. This presents us with a suitable target population within
which we can examine the language-specific account of bilingual learning
advantages. If higher levels of Mandarin proficiency are linked to language-
specific learning advantages, we expect that English-Mandarin bilingual adults
with higher levels of Mandarin understanding ability should show stronger
learning effects for stimuli that share structural features with the speech sounds
in Mandarin. We therefore set out to test this hypothesis in the local population
of English-Mandarin bilingual adults. We chose to use a distributional learning
paradigm in this investigation as studies have shown that distributional learning
can be utilised as a robust method of identifying learning advantages tied to
language experiences in adults (Chladkova & Simackova, 2021; Chladkova et
al. 2022). Moreover, distributional learning paradigms are easily adapted for
participants across the lifespan (e.g., Infants: Maye et al., 2022; Children:
Vandermosten et al., 2018), making such a paradigm well-suited for potential

studies with younger participants.
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1.3. Distributional Learning

1.3.1 Distributional learning in early language acquisition

Distributional learning refers to the process by which meaningful patterns of
statistical regularities are extracted from sensory input. This process occurs
rapidly in young children, particularly in early infancy (Gémez, 2017), and
plays a key role in the acquisition of structural features of languages of
exposure early in life. Through distributional learning, infants acquire phoneme
categories that are tuned to the unique featural characteristics of their native
languages. Such learning follows exposure to high frequencies of meaningfully
contrastive speech sounds early in life (Werker et al., 2012). According to
Jusczyk (1993), listening experience plays a key role in modifying the acoustic-
phonetic space of speech perception, thus changing how similarly or differently
different speech sounds are perceived by individuals based on their unique
language background. As a result of this, individuals who hear a high frequency
of certain speech sounds distributed differently across acoustic space (e.g., a
bimodal distribution) will typically develop a perceptual sensitivity tuned to
identifying these sounds as different phonemes, while individuals who are
exposed to a language environment in which these same speech sounds are not
differentiated across acoustic space (e.g., a flat or unimodal distribution) will
typically develop a perceptual sensitivity that is not as finely tuned to
identifying differences between these sounds (see Figure 1.2 for illustration of

this effect).
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Figure 1.2
Visual example of modification of acoustic-phonetic space in speech perception

following listening experience for English (left) as compared to Japanese

(right).
i ! ENGLISH JAPANESE
X ‘
G 0

Note. /1/: voiced alveolar approximant; /I/: voiced alveolar lateral approximant;

It/ voiced alveolar tap

Examples of the acquisition of native-language phoneme sensitivities
following early-life language exposure can be seen in observational studies of
infants. While young infants (under 8 months of age) generally begin life
sensitive to a wide range of varied speech sound contrasts from different
languages (Werker & Tees, 1984), the influence of exposure to native speech
eventually leads to older infants developing phoneme category sensitivities that
are more closely aligned with phonemic variations typical to their native
language. An example of this can be found in a study by Werker and Tees
(1984) which established that Hindi and English-hearing infants were equally
sensitive at distinguishing the Hindi dental /d/ and retroflex /d/ stop consonant
phonemes at 6 months-of-age. However, this sensitivity diminished at 10-12

months-of-age for English-hearing infants, while Hindi-hearing infants retained
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sensitivity to this phoneme contrast. As /d/-/d/ are contrastive in Hindi speech
but not English, Werker and Tees (1984) proposed that Hindi-hearing infants
would have been exposed to a higher frequency of speech tokens that fall
distinctly into the two separate categories, leading to maintenance of the
perceptual sensitivity and consolidation of acoustic space into two separate
phonemes. Conversely, the English-hearing infants would not have been
exposed to this same distinct distribution of meaningfully contrastive speech
sounds, thus leading to an attenuation of the perceptual boundary between the
two speech sounds, resulting in a single phonemic representation /d/ for this

acoustic space.

Similarly, Tsushima et al. (1994) tested Japanese-hearing infants on
their ability to discriminate /1/ and /I/ — contrastive phonemes in English but not
Japanese. They found that while infants between the ages of 6-8 months could
reliably discriminate between the two phonemes, infants who had been exposed
to Japanese for longer (10-12 months) could no longer do so. At the same time,
Narayan et al. (2010) found that while neither English- nor Tagalog-hearing 6-
to-8-month-old infants were capable of discriminating between the perceptually
complex /n/-/y/ contrast found in Tagalog, 10-12 month-old Tagalog hearing
infants were able to discriminate this contrast while the 10-12-month-old
English-hearing infants were not, thus showing that listening experience in
Tagalog led to development of two phoneme categories for the Tagalog-hearing

infants but not for the English-hearing infants at this age.
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Listening experience has also been demonstrated to contribute to the
rate at which infants lose contrast sensitivity to non-native phoneme contrasts.
For instance, Anderson et al. (2003) tested English-hearing 6.5-month and 8.5-
month-olds on non-native coronal stop contrasts, and non-native dorsal stop
contrasts. While both the 6.5-month and 8.5-month-olds in this study were able
to discriminate between the non-native dorsal stop contrast, only the 6.5-month-
olds were able to discriminate between the non-native coronal stop contrast.
This was suggested to have been the result of high frequencies of coronal stop
contrasts in English leading to an earlier loss of non-native coronal stop contrast
as compared to the dorsal stop contrasts which are less frequently encountered
in English. These studies show that language listening experience early in life
plays a crucial role in the development and consolidation of native language
phoneme categories through distributional learning. At the same time, existing
research has established that distributional learning is not limited to naturalistic
settings early in life, and can even be elicited in a controlled experimental
context, thus making distributional training a suitable paradigm for our

investigation into the language-specific bilingual learning advantage.

1.3.2 Distributional learning in experimental contexts

Similar to distributional learning in naturalistic settings, experimental
studies have shown that individuals are similarly able to extract statistical
information from different frequency distributions of speech sounds following
listening experience. The nature of speech sounds is typically continuous rather

than strictly categorical, and the range of acoustic outcomes between different
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speech sounds form a speech sound continuum. One frequently used method of
studying distributional learning in a lab-based setting is to examine if a change
in sensitivity to speech sound boundaries can be obtained in participants
following training on speech sounds presented with a bimodal or unimodal
distribution across acoustic space. In a bimodally distributed training set, a
larger number of sound tokens are drawn from tokens closer to the two
endpoints of a speech continuum. In a unimodal distribution, the majority of
sounds in a training set are obtained from the midpoint of the speech continuum
(see Figure 1.3 for example of bimodal and unimodal distribution of sound

tokens).

Figure 1.3
Example of unimodal (orange, dashed line) and bimodal (green, solid line)

distributions of speech tokens presented in an experimental paradigm.
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Studies have demonstrated that bimodal training typically results in

enhanced sensitivity to contrastive phoneme categories, while unimodal
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training typically results in a perceptual collapse across these categories. This
mirrors the pattern of native language phoneme acquisition typically observed
in infants early in life following extensive exposure to native language speech
sounds. By comparing the perceptual sensitivity of participants trained on
bimodally distributed stimuli to their pre-training performance, or the
performance of participants trained on unimodally distributed or unrelated
control stimuli, studies can assess how distributional training recalibrates
participants’ phoneme contrast sensitivities. This distributional training
paradigm has been used with infants (e.g., Maye et al., 2022; Wanrooij et al.,
2014), children (Vandermosten et al., 2018), and adults (e.g., Chladkova &
Siméackova, 2021) with phoneme contrasts based on voice onset time (Maye et
al., 2002; Yoshida et al., 2010), formants (Wanrooij et al., 2014) and tonality
(Liu & Kager, 2017). Crucially, distributional learning studies can be used to
elicit learning effects for perceptual sensitivity to fine grained speech stimuli
that are perceptually difficult to tell apart — thus making it an ideal paradigm for

assessing genuine learning effects.

1.3.2.1 Distributional learning in infants

Studies have shown that infants have a particularly robust ability to
learn from distributional training. In fact, evidence for learning effects
following distributional training can be seen in infants as young as 2 months-of-
age following as little as two minutes of training (e.g., Saffran et al., 1996).
Evidence of such learning occurring can be found in both neuroimaging as well

as behavioural studies. For instance, Wanrooij et al. (2014) conducted an ERP
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study in which they trained 2 to 3-month-old Dutch infants on either a bimodal
or unimodal distribution of sounds on a novel /e/- &/ vowel contrast. Using an
oddball paradigm to determine if the infant participants could distinguish
between the vowel sounds, the authors found that bimodally trained infants had
significantly larger mismatch response amplitudes to oddball /z/ stimuli than
unimodally trained infants, indicating a higher sensitivity to the two categories
of vowels as compared to unimodally trained infants. This showed that the type
of training the infants underwent had an effect on how they perceived the
sounds they were trained on, with the bimodally trained infants acquiring a
perceptual sensitivity in which they more clearly perceived the /¢/ and /z/ test
tokens as belonging to two phonemic categories. On the other hand, the
listening experience of the unimodally trained infants led them to acquire a less
pronounced perceptual sensitivity for the /e/ and /a/ test tokens as compared to

the bimodally trained infants.

Behavioural studies with infants can be used to obtain similar
distributional learning effects. For instance, Maye et al. (2002) trained 6- and 8-
month-old infants on either a unimodal or bimodal frequency of tokens from an
8-step /da/-/ta/ continuum in which the sound tokens differed incrementally in
small acoustic steps from each other in VOT. Using a novelty preference
looking paradigm, they then tested both the unimodally and bimodally trained
infants on their perception of /da/ and /ta/ sound tokens. As expected, the results
of the study showed that bimodally trained infants showed evidence of having

acquired a two-category perceptual sensitivity for /da/ and /ta/, as though they
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belonged to two separate phonemic categories. On the other hand, the
unimodally trained infants in the study did not show evidence of acquiring this
two-category perceptual sensitivity, responding to the test /da/ and /ta/ sound
tokens on the continuum as though they were perceptually similar. Similarly,
Yoshida et al. (2010) conducted a distributional learning paradigm on 10- to 11-
month-old infants with stimuli similar to that of Maye et al. (2002), and found
that bimodally-trained older infants likewise showed a stronger degree of
perceptual sensitivity to the /da/ and /ta/ test tokens as belonging to two
phonemic categories as compared to the unimodally trained infants. However,
while the results of Yoshida et al. (2010) mirrored that of Maye et al. (2002), a
longer training period was needed for these older infants to demonstrate any
learning effects, likely due to the fact that these older infants had already begun

consolidating phonemic categories specific to those of their native languages.

1.3.2.2 Distributional learning later in life

Research has shown that the ability to learn novel contrasts from
distributional cues declines with age as infants consolidate phoneme
sensitivities tuned to their native language, with older infants showing less
sensitivity to distributional cues. This becomes most apparent at around 12
months of age, with individuals continuing to lose sensitivity for contrastive
perception of non-native speech sound contrasts with as they age (Werker &
Tees, 1984; Reh et al., 2021). However, distributional learning effects can still
be elicited in children following an increased amount of training time. Using a

longer training period of 10 minutes, Vandermosten et al. (2018) trained Grade
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3 Dutch children on either a unimodal or a bimodal distribution of sound tokens
drawn from a novel 8-step Hindi dental-retroflex contrast continuum in which
sounds ranged in incremental degrees of “dental-ness” or “retroflex-ness” from
a dental /da/ to a retroflex /da/. They tested the participants on their sensitivity
to the categorical identify of each sound using a 2-Alternative Forced Choice
(2AFC) paradigm both before and after the training period, and compared their
results at each stage. The results of this study revealed that neurotypical
children who had been trained on a bimodal distribution showed significantly
larger increases in phoneme contrast sensitivity at the post-training test as
compared to the unimodally trained participants. Therefore, despite the fact that
individuals show a decrease in the ability to access statistical information from
distributional frequencies of unfamiliar speech sounds with age, this study
shows that the effects of bimodal distributional training can still be observed in

children after a relatively short period of training.

However, distributional training studies on adults tend to have results
that are not as clear as in studies of infants and children. A distributional
training ERP MMN study by Wanrooij et al. (2014) compared the results of
Dutch 2- to 3-month-old infants and adults, and found that bimodal training on
English /&/ and /e/ vowels only resulted in learning effects for infants, but not
for adults. Terry et al. (2015) found that their Australian English-speaking adult
participants were so poor at extracting information from distributional training
stimuli that they were unable to demonstrate any significant learning effects

following bimodal training on a novel Dutch /a/-/a:/ vowel contrast, even when
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the stimuli were altered to enhance differences in the two vowel sounds. In fact,
an ERP MMN study by Liu et al. (2022) found that Australian English-
speaking participants also showed poorer discrimination of a Mandarin tonal
contrast following bimodal training, while unimodally trained participants
showed no difference in their pre- and post-training neural responses. At the
same time, studies such as that of Hayes-Harb (2007) and Barrios et al. (2022)
have shown that while adult participants may still be able to extract an amount
of phoneme category information from bimodal distributional learning stimuli,
they may rely more heavily on different learning strategies, such as identifying
lexical cues to consolidate information on novel contrasts. Thus, adults appear
to be weaker than infants and children at accessing the mechanism needed to

extract information from distributional cues in novel speech sounds.

On the other hand, some studies have nevertheless found that adults can
successfully show learning effects following distributional training on a
bimodal distribution of speech sounds. This can be seen in a series of three
studies by Escudero and colleagues who trained Dutch-learning, Spanish-
speaking participants on the Dutch /a/-/a:/ vowel contrast. Escudero et al.
(2011) trained their participants on a naturalistic or enhanced (exaggeration in
F1 and F2) bimodal distribution of sounds on the Dutch /a/-/a:/ vowel contrast,
and found that both the natural and enhanced condition resulted in significantly
improved contrast sensitivity at post- compared to pre-training, but participants
in the enhanced condition showed greater improvement. Impressively, Escudero

and Williams (2014) found that similar learning effects could be found in
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bimodally-trained adult language learners after as little as two minutes of
training time, and that such learning effects were long-lasting and could still be
observed 12 months after training. Wanrooij et al. (2013) further outlined the
nature of this learning effect by demonstrating that bimodal training on this set
of stimuli resulted in Spanish-speaking participants not only improving in their
overall perception of the /a/-/a:/ vowel contrast, but also in their ability to
access more acoustic cues (e.g., differences in duration, FO, F1, F2, F3)

embedded in the sound tokens for phoneme discrimination.

Similarly, studies by Chladkova and colleagues have shown that
distributional learning effects can be observed in some adults following
bimodal training. Chladkova and Siméackova (2021) trained Czech- and Greek-
speaking adults on a bimodal or unimodal distribution of durationally-cued
vowel sounds on a novel /a/-/a:/ continuum. They found that the Czech-
speaking adults who had experience with durational cues in phoneme contrasts
in Czech showed significant learning effects for this novel contrast following
bimodal training, while Greek-speakers who did not have any experience with
durational cues in phoneme contrasts did not. In their ERP MMN study on
Spanish speakers, Chladkova et al. (2022) found that bimodal distributional
training could lead to a shift in the location of the category boundary of their
participants’ perception of the Spanish /i/-/e/ vowel contrast. In particular, they
found that participants showed significantly larger learning effects when they
were trained on /i/-/e/ stimuli that utlitised F1 variation as an acoustic cue,

rather than /i/-/e/ stimuli that utilised durational variation as an acoustic cue. As
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F1 variation is an acoustic cue for phoneme contrasts in Spanish while duration
variation is not, this study appears to show that adults are particularly able to
learn from distributional training if the training stimuli shares featural
characteristics with their existing native language phoneme repertoire, through

transfer of knowledge from their native language.

Crucially, one key difference between adult studies that have and have
not found distributional learning effects appears to be the amount of overlap
present between structural regularities in the to-be-learnt contrast, and the
languages in the participants’ repertoires. For instance, the study by Chladkova
and Simackova (2021) trained participants on a synthesised vowel contrast
based on Czech-like durational cues, and found that only the Czech-speaking
participants showed learning effects for this contrast following bimodal
training. Similarly, the study by Chladkova et al. (2022) showed that their
Spanish-speaking adult participants were best able to learn a vowel contrast
when it contained structural F1 regularities similar to the regularities found in
their native language. In the case of Escudero and colleagues, the participants
had already begun learning Dutch or were living in the Netherlands, and would
therefore have had relevant prior exposure to the Dutch /a/-/a:/ vowel contrast
that they were trained on in the studies (Escudero et al., 2011; Escudero and
Williams, 2014; Wanrooij et al., 2013). On the other hand, adults who were
trained on completely novel speech sounds which did not have any structural
overlaps with the languages in their repertoires appear to have been unable to

utilise distributional cues for learning, instead focusing on more salient cues at
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hand such as acoustic cues (e.g., Liu et al. 2022), and lexical cues (Hayes-Harb,

2007; Barrios et al., 2022).

Therefore, we can see that distributional learning can occur in adults if
there is sufficient overlap between the structural regularities of their known
languages, and the to-be-learnt language stimuli. This supports the idea of a
language-specific transfer advantage as discussed in Section 1.1.3, and shows
that a distributional learning paradigm will be well-suited for our investigation
of language-specific transfer effects within our target population of Singapore

English-Mandarin bilinguals.
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Chapter 2: Investigating a language-specific learning advantage with a

Hindi dental-retroflex stop contrast (distributional learning)

2.1 Introduction

To begin this project, we planned an investigation into the validity of a
language-specific transfer advantage in bilinguals. To do this, we set out to
determine if we could find evidence for such learning advantages in young
adult Singapore English-Mandarin bilinguals with a distributional learning task
featuring a novel Hindi dental-retroflex contrast. For the purposes of this thesis,
the term “distributional learning effects’ will be used to refer to changes in
perception of a phoneme contrast following training on a bimodally distributed
frequency of sounds drawn from a continuum based on the target contrast.
Studies assessing learning effects have generally utilised a separate control
group to account for extraneous factors that might induce change. However, we
were primarily interested in the nature of how language backgrounds interact
with pre- and post-training changes in perception, rather than the precise
underpinnings of the change in question. As such, we focused our analysis on
the pre- and post-training changes in perceptual sensitivity within a single
group of participants. This is in line with how distributional learning has been
described and examined in existing distributional learning studies using
bimodally distributed frequencies of speech sound stimuli for distributional
training (e.g., Chladkové et al., 2022). In this chapter, the term “distributional

learning effects’ will specifically refer to increases in perceptual sensitivity for
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ambiguity embedded in a synthesised Hindi dental-retroflex contrast continuum

following bimodal distributional training on sounds drawn from the continuum.

2.1.1 Retroflex overlap in Hindi and Mandarin

The retroflex place of articulation is ostensibly present in both Hindi
and standard Mandarin (stop consonants in Hindi, sibilants in Mandarin). As
such, we reasoned that the presence of alveolar-retroflex contrasts in Mandarin
and dental-retroflex contrasts in Hindi could serve as a source of linguistic
overlap between the two languages, from which language-specific transfer
effects could occur. For instance, English-Mandarin bilinguals in Singapore
would have experience with the alveolar-retroflex sibilant contrast found in
Mandarin (e.g., /s/-/s/), but not with a Hindi dental-retroflex stop contrast of /d/-

/d/, making a Hindi dental-retroflex contrast a good training target to focus on.

Additionally, English-Mandarin bilinguals in Singapore vary in their
familiarity with standard Mandarin, and this may be reflected in their exposure
to the Mandarin retroflex place of articulation. Unlike the standard Beijing
variety of Mandarin which has a clear alveolar-retroflex contrast, varieties of
Mandarin (e.g., Singapore and Taiwan Mandarin) which are more heavily
influenced by Southern Min Chinese language varieties (e.g., Hokkien), tend to
show degrees of phoneme contrast merger, or deretroflexion. In deretroflexion,
retroflex phonemes may be produced with an alveolar place of articulation, or
may be much less retroflexed in nature as compared to the standard variety of

Mandarin (e.g., Chang & Shih, 2015).
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Early studies of Singapore Mandarin in the 1980°s show that Singapore
Mandarin speakers tend to have different levels of deretroflexion in speech
(Lock, 1989; Ng, 1985). At the same time, recent studies indicate that an
increase in the perceived prestige of the standard variety of Mandarin appears to
be resulting in an increase in the frequency of clear retroflexion in the speech of
speakers of contemporary Singapore Mandarin (Chen et al., 2016; Chong &
Tan, 2013). Familiarity with the feature of Mandarin retroflexion is likely to be
associated with higher levels of Mandarin understanding abilities amongst
contemporary Singapore Mandarin speakers as retroflexion is common in the
standard variety of Mandarin used in the formal education system, as well as in
commonly consumed forms of Chinese media where standard Mandarin
articulation is favoured such as the news on television as well as the radio, and
mass media from Mainland China (Chong & Tan, 2013; Starr, 2022; Starr &
Kapoor, 2021). Mandarin proficiency in Singapore is strongly linked to
intergenerational transmission of the language (Curdt-Christiansen & Sun,
2016; Xie & Cavallaro, 2016) such that individuals from primarily Mandarin-
speaking households are more likely to have higher proficiencies in Mandarin
as compared to individuals from primarily English-speaking households. As
such, we reasoned that individuals with higher Mandarin understanding abilities
would be more likely to be exposed to Mandarin retroflexion from these various
sources of input across the lifetime, and from an earlier age as compared to
individuals with lower Mandarin understanding abilities who would likely only

have been exposed to Mandarin retroflexion for a more limited period of time
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during formal language classes introduced later in childhood (i.e., for a few

hours a week between the ages of 7 to 16). We can utilise this source of intra-
group linguistic variance to examine if differences in Mandarin understanding
abilities may result in differences in distributional learning effects for a novel

Hindi dental-retroflex contrast.

For this first study, we decided to conduct a replication of a
distributional learning study with a Hindi dental-retroflex /da/-/da/ phoneme
contrast continuum originally conducted by Vandermosten et al. (2018). We
believed that this particular set of training stimuli would be learnable by our
young adult Singapore English-Mandarin bilinguals, as this same set of stimuli
have been used in learning studies on children and adult participants - albeit
with a different learning paradigm with adult participants (e.g., Golestani et al.,
2002; Golestani & Zatorre, 2009; Vandermosten et al., 2018). At this point of
our study, we believed that the retroflex place of articulation in Hindi and
Mandarin would have a sufficient amount of overlap to pursue our investigation
into a language-specific transfer effect. However, further investigation into the
nature of the Mandarin retroflex (particularly the Singapore Mandarin retroflex)
following this study would suggest otherwise, as retroflexion in Singapore
Mandarin is not a “true” retroflex and appears to approximate a more laminal
post-alveolar place of articulation, as documented in Mainland Mandarin by
Ladefoged and Wu (1984). Based on our initial understanding of the nature of
Mandarin retroflexion, as well as the language-specific hypothesis of learning

advantages in bilinguals, we reasoned that: 1) our participants would be able to
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show distributional learning effects in the form of increased perceptual
sensitivity for phoneme contrast ambiguity embedded in a Hindi dental-
retroflex contrast based on the featural overlap between Hindi and Mandarin
retroflexion (depicted in Figure 2.1), and 2) we would find a positive
correlation between distributional learning effects and Mandarin understanding
proficiencies, as greater familiarity with the alveolar-retroflex contrast in
Mandarin would result in larger transfer effects to a novel dental-retroflex
contrast in Hindi. Despite our initial misconceptions about the lingual nature of
Singapore Mandarin retroflex frication, we have nevertheless chosen to include
this study in this thesis as it provides us with further insight into distributional

learning paradigms tested with an adult population.

Figure 2.1
Proposed cross-language transfer effect based on shared feature of retroflexion
between standard Mandarin and Hindi in Singapore English-Mandarin

bilinguals.

Transfer?

[d]
(d]

English Mandarin
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2.1.2 Methodological adaptation of study

This study was a close methodological adaptation of the Hindi dental-
retroflex distributional learning study conducted by Vandermosten et al. (2018)
in which participants were trained on a 7-step Hindi dental-retroflex /da/-/da/
continuum with a distributional learning training phase, and distributional
learning effects were assessed by comparing participants’ categorical perceptual
sensitivity for the sound tokens at pre-training and post-training. We made four
main changes to the methodology of the study to make it more suitable for
examining the language-specific hypothesis of bilingual learning advantages.
First, our study was conducted with young adult participants instead of children
(as in the original study by Vandermosten et al., 2018). Second, we increased
the number of sound tokens played during the bimodal distributional learning
training phase to a total of 4020 sound tokens, while still maintaining the
bimodal distributional frequency of sound tokens originally used by
Vandermosten et al. (2018). This led to a training phase duration of around 30
minutes, a significant increase from the 8-to-10-minute training duration of
Vandermosten et al. (2018). This modification was made as existing studies
have shown that the amount of training typically needed for successful
distributional learning increases with age. Third, rather than including a
separate control group trained on a unimodal frequency distribution of sound
tokens, we chose to assess distributional learning effects by comparing our
participants’ pre-training responses to their post-training responses following

training on a bimodal distributional frequency of sound tokens. Using a within-
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group comparison of pre vs. post-training responses following bimodal
distributional training is an established method of identifying distributional
learning effects in the form of changes in perception of phoneme contrast
continua, such as in the case of Chladkova et al., (2022) who examined
distributional learning effects in adult participants following bimodal

distributional training on different sets of phoneme contrast stimuli.

Finally, we altered the nature of the training phase from an attended
auditory task to an unattended auditory task. In Vandermosten et al.’s (2018)
study, the training phase included catch-trials in which participants responded
to oddball sound tokens that were not drawn from the 7-step Hindi dental-
retroflex /da/-/da/ continuum. In our study, participants were informed that they
did not have to attend to, or respond to any of the sounds they heard. This
choice was made as initial feedback from pilot study testers revealed that a high
amount of working memory load was inadvertently recruited in adults with a
similar catch-trial task, and testers reported difficulty in effortfully tracking
different sound tokens across our much longer training phase. The ‘bottleneck’
theory of perceptual processing suggests that cognitive resources shared
between different cognitive functions are limited, and are thus primarily
focused on the most effortful task at hand (e.g., Broadbent, 1958) — in this case,
the catch-trial task. We therefore reasoned that an unattended training task
would free up valuable cognitive resources for the purposes of distributional

learning rather than for completing the catch-trial task.
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To promote open science practices, we have made all relevant data, task
files, stimuli, and analysis files for this study available on the Open Science

Framework (https://osf.io/agrpj/).

2.2 Pilot Study

Before conducting a full-scale study, we first needed to determine if
bimodal distributional training on this novel Hindi dental-retroflex contrast
continuum would elicit any distributional learning effects in the form of
changes in perceptual sensitivity for ambiguity embedded in this Hindi dental-
retroflex contrast continuum in young adult Singapore English-Mandarin
participants. Thus, we conducted a small-scale pilot study to examine

distributional learning effects.

2.2.1 Methods

2.2.1.1 Participants

16 participants (10 female, 6 male) were recruited from the student
population of Nanyang Technological University in exchange for course
credits. One male participant was excluded from the study due to colour
blindness, as a key feature of our study relies on colour to differentiate visual
stimuli. The remaining 15 participants were aged between 20-29 years of age
(Median = 22). All participants self-identified as English-Mandarin bilinguals
who had lived in Singapore for the majority of their lives. Informed consent

was collected from all participants prior to commencement of the study, and
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this study was approved by the IRB of Nanyang Technological University
institution (IRB-2019-01-034).
2.2.1.2 Equipment

The distributional learning task was conducted on a 10-inch LCD screen
on a Microsoft Surface Go computer. All stimuli were presented in
OpenSesame (Mathot et al., 2012). Audio stimuli were presented to the
participants with a pair of Audio-Technica Over-ear Monitoring Headphones
ATH-M40x.
2.2.1.3 Stimuli

Visual stimuli consisted of two cartoon aliens (one purple and one
orange), and an illustration of a "transmission device" used to "send messages
to aliens” (see Figure 2.3 for example). During the training phase, participants
were also presented with muted cartoons (selected clips from Series 2 of Mr
Bean: The Animated Series; Atkinson et al., 2003).

Audio stimuli were identical to that of Vandermosten et al. (2018) and
consisted of a synthesised Hindi dental-retroflex /da/-/da/ stimulus continuum
of seven sound tokens that were each 220ms in duration. Sound 1 in the
continuum represented a dental /da/ and Sound 7 represented a retroflex /da/.
Sounds 2 to 6 represented intermediate audio tokens with varying levels of
dental-retroflex contrast ambiguity. The end points (Sounds 1 and 7) of the
continuum were synthesised to be very close to the category boundary of native
speakers of Hindi, and the initial consonant of each of the sound tokens on the

continuum were synthesised to be evenly spaced from each other in terms of
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acoustic distance in the transition of formant 3 (in 111Hz steps) and the centre

frequency of the burst (in 217Hz steps) (Vandermosten et al., 2018).

2.2.2 Procedure

The procedural flow of the study is shown in Figure 2.2.

Figure 2.2

Procedural flow of Hindi dental-retroflex distributional learning study.
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Test Block 1 DAHIAETERES Test Block 2 WI(AET=3 S Test Block 3

2.2.2.1 Familiarisation phase

The familiarisation phase was presented at the start of the study
procedure to introduce the participants to the two novel Hindi dental and
retroflex speech sound categories, and to allow them to familiarise themselves
with the sound-to-alien pairing used in the study. On each familiarisation trial,
participants an image of one of the aliens was displayed at a random location on
the screen while its corresponding sound token was played. The orange alien
was always paired with Sound 1 (the dental /d/ end of the continuum), and the

purple alien was always paired with Sound 7 (the retroflex /d/ end of the
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continuum). Participants were presented with on familiarisation block in which
each alien was presented a total of 10 times in alternating order (20 trials in
total). Participants were informed that no responses were required during the

familiarisation block.

2.2.2.2 Pre- and post-training practice phase

To ensure that participants were aware of the sound-to-alien pairing
used in the study, they completed a practice block in which they were told that
their job was to “send messages to aliens” during the sound-to-alien pairing in
the familiarisation phase. On each practice trial, participants were presented
with an orange alien and a purple alien on either side of the screen, and a
“transmission device” in the middle of the screen. Either Sound 1 or Sound 7
was played, and participants were instructed to make a keypress under the alien
the sound matched with in order to a send it a message. Following a keypress
response, an animated beam would move from the “transmission device” to the
selected alien, while a “transmission sound” played (created by Freesound.org
contributor Jagadamba, downloaded from
https://freesound.org/people/Jagadamba/sounds/253908/). For each practice
trial response, participants were provided with written onscreen feedback.
There was a total of eight trials in each block, with Sounds 1 and 7 played four
times each in random order over the course of each block. Figure 2.3 shows an

example schematic of the stimuli presented during a practice trial.
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Figure 2.3

Example of stimuli presented during a practice trial.

Incorrect response
feedback

Sound 1
(220ms)
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feedback

Stimulus display
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Note. Not drawn to scale.

2.2.2.3 Pre- and post-training test phase

To establish a baseline for each participant, all participants completed
three pre-training test blocks prior to the bimodal distributional training phase.
Following the bimodal distributional training phase, participants then
completed three post-training test blocks. The test phases were similar to the
practice phases, with the exception that participants heard all seven of the sound
tokens on the Hindi dental-retroflex /da/-/da/ continuum, and were not given
any feedback following each response made. Each test block had a total of 14
trials. On each trial, the sound token played was randomly selected from the full
7-step Hindi dental-retroflex stimulus continuum. Each of the 7 sounds was

played twice in random order over the course of each test block. To ensure that
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participants had sufficient time to make a response for each sound token heard,
there was no response time limit on each test trial. To maximise participants’
accuracy in remembering the correct sound-to-alien pairing across each test
phase, participants also completed one mini practice block between each test
block. The mini practice blocks were similar to the main practice block with the
exception that participants only heard Sounds 1 and 7 (the continuum endpoint

tokens) two times each.

2.2.2.4 Bimodal distributional training phase

For the bimodal distributional training phase, participants were
instructed to watch a muted cartoon while audio stimuli played. Participants
were informed that no response would be needed from them during the training
phase. During the unattended training paradigm, a total of 4,020 sound tokens
were presented to participants in a random order, with an 80ms ISI between
each sound. To achieve a bimodal frequency stimulus distribution, each of the 7
sounds from the stimulus continuum was played according to the frequency
distribution shown in Figure 2.4. The training phase lasted around 30 minutes in

total.
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Figure 2.4

Frequency of sound tokens in bimodal distribution used for training.
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2.2.2.5 Language ID

To obtain information on our participants’ language repertoires,
participants were asked to rate their ability in understanding the four official
languages of Singapore (English, Mandarin, Malay, and Tamil), along with any
other languages and dialects they understood on a Likert scale of 0, “I do not
understand this language”, to 7, “I have native-level understanding of this
language”. The language 1D was administered to each participant following

completion of the Hindi dental-retroflex distributional learning task.

2.2.3 Analysis plan

All analyses were conducted with R (R Core Team, 2020). In order to
analyse our participants’ responses in the pilot study, we obtained the number
of purple alien (Sound 7 retroflex /da/) responses each participant made for

each of the seven tokens on the stimulus continuum at the pre-training and post-
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training test phases. We then computed the proportion of Sound 7 /da/
responses out of all responses that were made for each of the seven sound
tokens at each test phase separately. Pre-training and post-training psychometric
slopes were fitted to this data for each participant separately, and decision
gradient slope values of each psychometric curve were obtained using the
quickpsy function in R (Linares & Lopez-Moliner, 2016; R Core Team, 2020).
The decision gradient slopes obtained informed us about the
participants’ perceptual sensitivity for the Hindi dental-retroflex contrast at pre-
training and post-training test phase. Steeper decision gradient slopes (and
higher slope values) represent a more systematic pattern of responses,
indicating greater sensitivity to the differences in dental-retroflex ambiguity
between each sound token on the dental-retroflex continuum. On the other
hand, flat slopes represent chance responding, and less perceptual sensitivity to

dental-retroflex ambiguity between each sound token.

2.2.3.1 Pre-training control analysis

To ensure that exposure to the sound tokens presented prior to the
bimodal distributional training phase had not led to any distributional learning
effects, we first conducted a control analysis on the slope values of the first and
third pre-training blocks to determine if significant changes in slope value had
occurred prior to the training phase. Individual slope values were obtained
separately for each participant for the first and third pre-training test blocks for
comparison. As the sample size was small, a non-parametric Wilcoxon signed

rank test was conducted to compare changes in slope values between the first
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and third pre-training blocks using the wilcox.test function from the stats

package (R Core Team, 2020).

2.2.3.2 Distributional learning analysis

We then conducted our main analysis and assessed for distributional
learning effects by comparing our participants’ pre-training baseline slope
values to their post-training slope values. As the sample size was small, a non-
parametric Wilcoxon signed-rank test was carried out to test for difference in
the participants’ decision gradient slope values at pre- and post-training test

using the wilcox.test function from the stats package (R Core Team, 2020).

2.2.4 Results
2.2.4.1 Language ID
Figure 2.5

Pilot participants’ self-reported English and Mandarin understanding ability.
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Note. N = 15. Circles: female, triangles: male. Responses jittered by .25 for

visualisation.

Figure 2.5 shows the distribution of our participants’ self-rated English
and Mandarin understanding abilities. Overall, our participants’ self-reported
English understanding scores were high (Range: 5-7, M = 6.5, SD = 0.6), this
indicating that they would not have had any issues in understanding the task
instructions of the study. On the other hand, their Mandarin understanding
scores showed more variability (Range: 3-7, M = 5.0, SD = 1.3). No participants

reported being able to understand Hindi.

2.2.4.2 Pre-training control analysis

The control analysis revealed that there was no significant difference in
decision gradient slope value between the first and third pre-training blocks, (Z
=-.03, p=.98, r =-.008; pre-1: slope M =0.99, SD = 3.80; pre-3 slope: M =
0.60, SD = 2.13). This indicates that no learning had occurred prior to bimodal

distributional training.
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2.2.4.3 Distributional learning analysis
Figure 2.6

Decision gradient slopes for individual participants at pre- and post-training

test phase.
Pre-Training: % Retroflex Responses Per Post-Training: % Retroflex Responses Per
Sound Token Sound Token

o o
> N
% Retroflex Responses
o o o
o o

|
/

-
/

| e
N— =
=

a—

4
003
B
i

1 2 3 4 5 6 7 1 2 3 4 5 6 7
da dental-retroflex continuum sounds da dental-retroflex continuum sounds

% Retroflex Responses
o
b

o

N
o
N

o
o

o

o
o
o

Note. N =15. Pre-training test phase (left). Post-training test phase (right)

Fitted psychometric slopes for the pre-training and post-training test
phases are presented in Figure 2.6. From visual inspection, it is possible to
observe that several participants had steeper slopes at the post-training test
phase as compared to the pre-training test phase. The corresponding Wilcoxon
signed-rank test revealed a significant difference in the pre-training and post-
training slope values, (Z =-2.61, p = 0.004, r = -.67; pre- training slope: M =
0.5, SD = 0.19; post- training slope: M = 0.27, SD = 0.33). This indicates that

learning had occurred during the bimodal distributional training phase.

2.2.5 Discussion
The results of the pilot study showed that a significant overall

distributional learning effect could be obtained within a small sample of
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Singapore English-Mandarin bilingual adults with our adaptation of
Vandermosten et al.’s (2018) study. This suggests that the paradigm and
training stimuli would be suitable for assessing distributional learning effects in
a larger, more representative sample size of Singapore English-Mandarin
bilingual adults. Moreover, we found a range of distributional learning effects,
suggesting that this study paradigm would be suitable for quantifying individual
differences in distributional learning effects. We also found a range of
Mandarin understanding ability scores, suggesting that we could utilise this
intragroup difference to examine transfer effects in a larger, more representative
sample size. We thus preregistered a full-scale study based on the findings of

this pilot study (Goh et al., 2020; https://osf.io/s6vdn).

2.3 Main Study

Following the pilot study, we carried out a full-scale study to investigate
the hypothesis of language-specific transfer effects. Familiarity with the feature
of Mandarin retroflexion is likely to be associated with higher levels of
Mandarin understanding, as retroflexion is common in the standard variety of
Mandarin typically used in formal education in Singapore (Chong & Tan,
2013). Therefore, we reasoned that if learning advantages in bilinguals can
indeed arise from language-specific transfer effects, larger distributional
learning effects should be found in individuals with higher levels of Mandarin

understanding abilities.
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To ensure that this main study would be well-powered, we conducted an
a priori power analysis in G*Power 3.1.9.7 to determine an appropriate
minimum sample size. The analysis revealed that a minimum sample size of N
= 30 would be needed to observe an effect size equal to the size observed in the
pilot (dz = 0.626) at an alpha level of 0.05 with a power of 1-p =0.95. We
increased the minimum sample to N = 50 to ensure we had a sample size
suitable for an exploratory factor analysis (EFA) of language factors (de Winter

et al., 2009).

Additionally, we preregistered a data collection stop rule based on a
Bayesian significance test of the distributional learning effects obtained. For
this Bayesian test, we used a prior of 0.17 (based on the distributional learning
effect obtained in the pilot study) to determine if the distributional learning
effect was substantially supportive of either the experimental hypothesis (i.e.,
that there would be an overall distributional learning effect; BF > 3), or the null
hypothesis (i.e., that there would be no overall distributional learning effect; BF

< 0.33) (Dienes, 2014).

2.3.1 Methods
2.3.1.1 Participants

56 participants (42 female, 14 male) were recruited from the student
population of Nanyang Technological University in exchange for course credits
or payment of $5 per half hour following completion of the study. Three male

and three female participants were excluded from the study due to either a
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failure to follow instructions, or for not being from our target demographic of
Singapore Mandarin speakers. The remaining sample of 50 participants were
aged between 18 — 25 years of age (M = 20.3, SD = 1.7). All participants self-
identified as English-Mandarin bilinguals who had lived in Singapore for the
majority of their lives. Informed consent was collected from all participants
prior to commencement of the study, and this study was approved by the IRB of

Nanyang Technological University institution (IRB-2019-01-034).

2.3.1.2 Equipment

The equipment was identical to that of the pilot study.

2.3.1.3 Stimuli

All visual and auditory stimuli were identical to that of the pilot study.

2.3.2 Procedure
The procedure for the distributional learning task and the language ID

for the main study were identical to that of the pilot study.

2.3.3 Analysis plan

All analyses with the exception of Bayesian Factor analyses were
conducted with R (R Core Team, 2020) Decision gradient slope values at pre-
training and post-training test phase were obtained for each participant in the
manner described in the pilot study. As the decision gradient slope values
obtained for each participant in this study were not normally distributed, a log

transform was carried out on all slope values to approximate a Gaussian
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distribution using the loglp function from the base package (R Core Team,

2020).

2.3.3.1 Pre-training control analysis

To ensure that exposure to the sound tokens presented prior to the
bimodal distributional training phase had not led to any distributional learning
effects, we first conducted a control t-test on the slope values of the first and
third pre-training blocks to determine if significant changes in slope value had
occurred prior to the training phase using the t.test function from the stats

package (R Core Team, 2020).

2.3.3.2 Distributional learning analysis

Following this, we conducted our main analysis to determine if there
were distributional learning effects following training, and to determine if
Mandarin understanding scores were associated with distributional learning
effects. In order to do this, we conducted a linear mixed effects models analysis
in R (R Core Team, 2020) on our participants’ individual log-transformed
decision gradient slope values using the Ime function from the nlme package
(Pinheiro et al., 2022), with a categorical fixed factor of test phase (pre-training,
post-training) and an interaction between test phase and self-reported Mandarin
understanding scores, with random intercept of participant, and random by-
participant slope for test phase. Bayes factors were calculated for each of the p-
values obtained with a Bayes calculator created by Palif based on the 2008

Dienes Bayes calculator (accessible here:

90



https://bencepalfi.shinyapps.io/Dienes_BF _ calculator/). For this analysis, a
preregistered prior of 0.17 was used for the categorial fixed factor of test phase.
As an exploratory analysis, we used a prior of -0.29 for the interaction between
test phase and Mandarin understanding. Both priors were obtained from the

pilot study.

2.3.3.3 EFA of Learning Microstructure and Language Factors

To investigate if different aspects of language background were related
to distributional learning effects at different points across the study, we
conducted an EFA on different language and learning factors using the
princomp function (R Core Team, 2020). For this EFA, we computed three
language factors with scores derived from the Language ID. The three factors
are as follows 1) Mandarin understanding score of each participant, 2) the total
number of languages understood by each participant, and 3) the overall
language understanding score of each participant. We also obtained three
additional learning microstructure variables from the decision gradient slope
values of individual test blocks in the distributional learning task. The three
variables are as follows: 1) ‘no-training baseline’, 2) ‘plasticity’, and 3)

‘elasticity’ (see Figure 2.7).

2.3.3.3.1 Language factors
1) Mandarin understanding: The Mandarin understanding score of each
participant was obtained directly from the number rating that each

participant gave for Mandarin on the Language ID.
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2) Total number of languages understood: The total number of languages
understood for each participant was computed as the total number of
languages the participant rated at 1 or higher on the language ID. This
factor would allow us to determine if the experience of acquiring
multiple languages might itself be related to any learning advantages.

3) Overall language understanding score: The overall language
understanding score of each participant was computed as the total of the
number ratings each participant gave on their Language ID. For
instance, a participant who rated their English understanding at a 7, their
Mandarin understanding at a 3, and their Malay understanding at a 5

would have an overall language understanding score of 15.

2.3.3.3.2 Learning microstructure variables

1) “No-training baseline”: This variable was obtained to determine if any
participants showed an increase in sensitivity to the Hindi dental-
retroflex contrast continuum prior to training. The variable was obtained
for each participant by deducting their slope value at the first pre-
training block from their slope value at the last pre-training block.
Positive values would indicate an improvement in perception prior to
training.

2) “Plasticity”: This variable was obtained to determine if participants
showed a distributional learning effect immediately after training
relative to their pre-training response patterns. This factor would allow

us to examine “microlearning” changes within the duration of the post-
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3)

test phase and identify participants who showed large distributional
learning effects immediately after training. This variable was obtained
for each participant by deducting their slope value at the last pre-
training block from the first post-training block. Positive values would
indicate an improvement in perception immediately following training.
“Elasticity”: This variable was obtained to determine if learning attrition
occurred over time following the end of the training phase. This factor
would allow us to examine “microlearning” changes within the duration
of the post-test phase and identify participants who may have shown
distributional learning effects immediately after training, but then have
rapidly lost this effect over time. This variable was obtained for each
participant by deducting their slope value at the first post-training block
from the slope value at the last post-training block. Negative values
would indicate that learning attrition had occurred over time. Figure 2.7
depicts an example of a predicted learning microstructure trajectory

across the study.
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Figure 2.7

Depiction of learning microstructure across distributional learning task.
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2.3.4 Results

2.3.4.1 Language ID

Figure 2.8

Distribution of participants’ English and Mandarin proficiencies in main study.
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visualisation.

Figure 2.8 shows the distribution of our participants’ self-rated English
and Mandarin understanding abilities. Overall, our participants’ self-reported
English understanding scores were high (Median = 7, Range: 5-7). This
indicated that the participants would have had not issues in understanding the
experiment instructions given in English. On the other hand, their Mandarin
understanding scores were more variable (Median = 6, Range: 3-7). No

participants reported understanding Hindi (a non-Dravidian Indian language),
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but two participants reported understanding a few words of Tamil (a Dravidian

Indian language), with both rating their Tamil understanding with a score of 1.

2.3.4.2 Pre-training control analysis

The control analysis revealed no significant difference in slope value
between the first and third pre-training blocks, (t(49) = 1.04; p = .30; pre-1: M =
12, SD = .44; pre-3: M = .05, SD = .47). Thus, no significant learning had

occurred prior to the bimodal distributional training phase.

2.3.4.3 Main distributional learning analysis

Figure 2.9

Decision gradient slopes for individual participants at pre- and post-training

test phase.
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Fitted psychometric slopes for the pre-training and post-training test

phases are presented in Figure 2.9. The linear mixed effects model analysis

revealed no significant main effect of test phase (pre-training, post-training) on

the slope values, and the corresponding Bayes factor obtained showed
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substantial evidence in support of the null hypothesis. This suggests that the
data collected did not support an overall distributional learning effect following
bimodal distributional training: t(1,48) = -.54; p = .59; yp?= .005; Bn(, .17) =

.0001; pre-test slope: M = .06, SD = .25; post-test slope: M = 0.04, SD = .27.

Figure 2.10
Visualisation of interaction between distributional learning effect and
Mandarin proficiency.

Interaction Between Learning Effect and
Mandarin Understanding Proficiency
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Note. N = 50. Colours represent self-rated Mandarin understanding proficiency

Scores.

Figure 2.10 shows participants’ pre- and post-training slope values
coloured by each participant’s self-reported Mandarin understanding score. The
linear mixed effects model analysis did not reveal a significant interaction
between test phase and self-reported Mandarin understanding scores. The

corresponding Bayes factor obtained indicated that there was insufficient
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evidence from the data to support either the experimental hypothesis (i.e., the
data supports an interaction effect between distributional learning effect and
Mandarin understanding), or the null hypothesis (i.e., the data does not support
an interaction effect between distributional learning effect and Mandarin

understanding): (t(1,48) = .31; p = .76; #p? = .002; Br(, - 29) = .72).

2.3.4.3 Exploratory Factor Analysis of Learning Microstructure and Language

Factors

2.3.4.3.1 Language factors
1) See Language ID section above for Mandarin understanding.
2) Participants reported understanding an average of 3.9 languages each
(SD = 1.3, Range: 3-7).
3) Participants had an average overall understanding score of 17.1 (SD =

4.1, Range: 10-31).

2.3.4.3.2 Learning microstructure variables
1) Participants had an average ‘no-training baseline’ slope change of -.07
(SD =.48, range: -1.26 — 0.75)
2) Participants had an average ‘plasticity’ slope change of .04 (SD = .60,
range: -1.65-1.33)
3) Participants had an average ‘elasticity’ change of 1.74 (SD = 14.0,

range: -19.5-95.4)

98



2.3.4.3.3 Factor loadings
Table 2.1

Factor loadings on EFA of language factors and learning microstructure.

Component
1 2 3 4 5 6
Eigenvalues 2.41 1.19 .92 75 .65 .08
Percent Variance 40.2%* 19.8% 154% 12.5% 10.8% 1.31%

Explained

Factor loadings

No-Training Baseline .663 130 285 092 673 .019

Plasticity -474 .361 .507 -623 .009 .009
Elasticity .306 .687 .388 428 -316 -.010
Mandarin -419 .681 -562 -004 .182 .106

Understanding

Total number of -.802 -309 .350 .329 .064 171

languages understood

Overall language -.914 .095 028 246 239 -193

understanding score

Note. Elasticity is inversely represented, with positive value indicating lower
Elasticity. * Indicates principal components of interest that account for >20% of

variance.
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The results of the EFA conducted on these six language and learning
factors revealed one component of interest — component 1 — that accounted for
more than 20% of the total variance. Component 1 showed strong relationships
between the language factors and plasticity. Individuals with a larger number of
languages in their repertoire and a higher overall language understanding score
were less likely to show changes in perception prior to training. At the same
time, individuals with a higher Mandarin understanding score were also less
likely to show changes in perception following training — however, this
relationship was much weaker. See Table 1 for factor loadings on each

component.

2.3.5 Discussion

Overall, the results of both the pilot study and the main study showed
that some adults in the English-Mandarin bilingual population of Singapore
may be sensitive enough to distributional cues to show distributional learning
effects following bimodal distributional training on a novel Hindi /da/-/da/
dental-retroflex continuum. This can particularly be seen in the results of the
small-scale pilot study which revealed a number of strong learners. However,
the results of the well-powered main study do not support a significant overall
distributional learning effect for the majority of our participants. It is likely that
certain adult individuals may be more adept at extracting distributional cues
from training stimuli — this was likely the case for the strong learners observed
in the pilot study who are less representative of the general population of adult

English-Mandarin bilinguals in Singapore. As the participants of both the pilot
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and main study were recruited from the same student population of NTU, it is
unlikely that recruitment biases would have contributed to the different findings

of each of the studies.

At the same time, the lack of an overall distributional learning effect
within the participants of our main study was not entirely unexpected. Existing
studies have shown that adults typically experience more difficulty in
perceiving acoustic differences in novel, non-native, phoneme contrasts as
compared to children and infants (e.g., Best & Strange, 1992), and are generally
poorer at extracting distributional cues from training stimuli (e.g., Wanrooij et
al., 2014). This is likely related to the manner in which language learning
strategies shift from distributional learning with age, with adults typically
favouring the use of more salient acoustic and lexical cues for the acquisition of
novel speech sound contrasts (Barrios et al., 2022; Hayes-Harb, 2007; Liu, et al.
2022; Werker, 2018). As the study we adapted was originally conducted on
Grade 3 Dutch children (Vandermosten et al., 2018), children in the original
study were likely more sensitive to the differences in dental-retroflex ambiguity
in the stimuli, and would have been more adept at extracting distributional cues

from the training set in a much shorter period of time.

Additionally, while studies have shown that adults can show
distributional learning effects from distributional learning paradigms, certain
conditions typically have to be met within the nature of the training stimuli for

successful learning to occur. For instance, studies that have successfully elicited
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distributional learning effects in adults typically utilise training stimuli with
enhanced levels of acoustic constrast, akin to that of hyperarticulation present in
infant-directed speech (e.g., Escudero et al., 2011), or utilise training stimuli
with clear featural overlaps with the adult participants’ native languages (e.g.,
Chladkova & Simackova, 2021). The nature of the synthesised Hindi dental-
retroflex /da/-/da/ stimuli used in our study could have compounded the
difficulties faced by our adults in extracting distributional cues during training,
as the stimuli may have been too finely tuned for successful adult-focused

distributional learning.

As mentioned in the methods section of the pilot study, the dental and
retroflex endpoints of the 7-step continuum were synthesised to be very close to
the category boundary for these speech sounds in Hindi, making them harder to
discriminate than in naturalistic Hindi speech (Vandermosten et al., 2018).
Moreover, the degree of acoustic difference between each sound token was very
small, with the tokens only differing slightly from each other on the third
formant and central frequency of the initial burst (Golestani et al., 2002). This
differs from naturalistic Hindi dental and retroflex speech sounds. In an
acoustic analysis of naturalistic productions of the Hindi dental and retroflex
stop phonemes, Verma and Chawla (2003) identified key differences in not
only the third formant, but also the first, second, and fourth formants. These
additional transition cues could be crucial for clear discrimination of the two
phoneme categories, leading to additional ambiguity in the synthesised dental-

retroflex contrast continuum used in this study. In fact, it is worth noting that
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one native Hindi speaking participant (excluded from data analysis) was unable
to discriminate the sound tokens by ear, and did not demonstrate any
distributional learning effect from the bimodal distributional training. It is
therefore likely that the stimulus set used in this study would have fallen
outside of the perceptual sensitivity window of most adults, making it
unsuitable for eliciting distributional learning effects with a passive

distributional learning task.

At the same time, it is also possible that there may have been an
insufficient amount of featural overlap between retroflexion in Hindi and
Mandarin for any transfer effects to occur. A feature of retroflex articulation has
traditionally been applied to fricatives in Mandarin Chinese, and this can be
particularly seen in formal Mandarin education materials which typically
include instructions on producing retroflex frication with a raised and curled
tongue tip similar to that of retroflexion in Hindi (e.g., Ou & Guo, 2014).
However, it is possible that the actual lingual posture used to produce
retroflexion in Mandarin might differ from the “curled” lingual posture typical
to Hindi retroflex. An early x-ray study conducted by Ladefoged and Wu
(1984) on three native standard Mandarin speakers from Beijing demonstrated
that none of the speakers utilised a “curled” sub-apical tongue tip position for
retroflexion, instead using alveolar constriction with the tongue body to
produce “retroflex” frication. This was later described as a laminal post-alveolar
place of articulation by Ladefoged and Maddieson (1996), in which the tongue

tip is lowered, and post-alveolar constriction is made with the tongue blade
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curving upwards (also referred to as a “humped” retroflex in Luo, 2020). More
recently, a lingual ultrasound study by Luo (2020) conducted on 18 native
standard Mandarin speakers recruited in Yangzhou (a city in eastern China)
found that the use of “curled” tongue tip retroflexion is extremely rare in
mainland Mandarin speakers with only one example of true “curled”
retroflexion found in 162 speech tokens. Instead, the “humped” place of
articulation was found to be the most common lingual gesture used in the
production of standard Mandarin retroflexion (Luo, 2020) — see Figure 2.11 for
an example of the difference in lingual shape between the “curled” and
“humped” retroflex places of articulation. While we are not currently aware of
any studies that have examined the lingual gesture of retroflexion in the
Singapore variety of Mandarin, it is possible that there may be a similar pattern
of a “humped” rather than “curled” lingual gesture for retroflexion in the local
variety of Mandarin. If this is indeed the case, we would not be able to assess
shared feature transfer effects between Hindi and Mandarin retroflexion. At the
same time, studies have shown that speakers of certain outer-circle varieties of
Mandarin (including Singapore and Taiwan Mandarin) tend to exhibit
deretroflexion, or phoneme contrast merger between the alveolar and retroflex
places of articulation (Chang & Shih, 2015; Ng, 1985). Thus, even if Singapore
Mandarin speakers do use a “curled” tongue tip gesture for retroflexion, there
could still be a decreased amount of structural overlap between retroflexion in

Hindi and Singapore Mandarin, making it difficult to accurately assess

104



language-specific transfer effect in our adult participants with this set of Hindi

dental-retroflex stimuli.

Figure 2.11
Lingual place of articulation for “curled” (left) and “humped” (right)

retroflexion.

The lack of an overall distributional learning effect in our main study
also likely contributed to the lack of evidence of an interaction effect between
distributional learning effects and our participants’ self-reported Mandarin
understanding abilities. At the same time, the Language ID that we used to
measure self-reported Mandarin understanding abilities may not have been able
to capture a sufficiently meaningful amount of individual variance on a scale of
0 to 7. While a traditional test of language proficiency would likely provide us
with a more detailed measure of Mandarin understanding ability in our
participants, a validated, empirical measure for examining Mandarin
proficiency in adult speakers of the Singapore variety of Mandarin does not
exist at this point in time. Thus, the use of a self-rated language understanding

scale allows us to obtain important information on the relative differences in
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our participants’ Mandarin understanding abilities that we would otherwise not
be able to access. Moreover, studies on second language acquisition have
shown that self-assessment of language abilities can provide an accurate
measure of linguistic ability in a homogenous group of bilinguals, with self-
rated proficiencies being correlated with empirical language proficiency tests
(e.g., Thompson, 2015). Moving forward, we will continue our use of the self-

rated Language ID, while increasing the range of the scale to 0 to 100.

Our use of a power analysis to determine the minimum sample size of
our main study ensured that our study was well-powered enough to obtain a
distributional learning effect if one did indeed exist, and our use of Bayesian
hypothesis testing enabled us to better qualify the null results that we found.
While conventional p-values can only tell us the likelihood of our results being
due to a false positive, the Bayes factor gives us a weighted estimation of how
supportive our data are of either the experimental hypothesis, or the null
hypothesis (Dienes, 2016; Lakens et al., 2018). The Bayes factor we obtained
for our analysis of a distributional learning effect in the main study thus showed
that the data we collected were around 1000 times more supportive of the null
hypothesis rather than the experimental hypothesis (i.e., that phoneme contrast
sensitivity would increase at post-training as compared to pre-training). Thus,
we are confident that the paradigm and stimuli of this study were not suitable
for eliciting distributional learning effects in a well-powered sample size of
Singapore English-Mandarin bilingual adults. This demonstrates the value of

selecting a minimum sample size based on a power analysis, and using a
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Bayesian inference threshold to ensure that sufficient data is collected to obtain

meaningful results in a study.

2.4 Conclusion

On the whole, studies have suggested that language learning advantages
in bilinguals may be linked to language-specific transfer effects arising from
featural overlaps between known and to-be-learnt languages. We attempted to
explore this hypothesis in adult English-Mandarin bilinguals in Singapore with
a bimodal distributional learning paradigm. While we found that some adult
participants were able to show strong distributional learning effects for a
synthesised Hindi dental-retroflex /da/-/da/ contrast following bimodal
distributional training, these results of these participants were not generalisable
to the larger population. As a result of this, we were unable to obtain evidence
of an overall distributional learning effect or of a language-specific transfer

effect in our large-scale preregistered main study.

Existing studies have established that sensitivity for novel phoneme
contrasts as well as the ability to utilise distributional cues for learning tend to
decline with age. Thus, it is likely that this bimodal distributional learning
paradigm paired with an acoustically fine-grained stimulus set would be better
suited to younger participants (e.g., Vandermosten et al., 2018) rather than the
adult participants in our target population. At the same time, research published
after this study was completed suggest that Mandarin and Hindi may not share

as much overlap in retroflexion as we previously thought (Luo, 2020; Tiede et

107



al., 2019). This could make the stimuli used in this study unsuitable for
assessing language-specific transfer effects within Singapore English-Mandarin

bilingual adults.

We believe that a distributional learning paradigm is still appropriate for
our investigation as, studies have shown that adults can show strong
distributional learning effects, particularly when there are clear featural
overlaps between known languages and to-be-learnt speech sound stimuli (e.g.,
Chladkova & Simackova, 2021; Chladkova et al., 2022). In order to accurately
assess distributional learning and language-specific transfer effects in Singapore
English-Mandarin bilinguals, we would first have to obtain a clearer
understanding of the phonology of the under-documented contemporary
Singapore variety of Mandarin. This would allow us to identify and create a
more appropriate set of training stimuli aligned to the acoustic norms of speech

sounds in contemporary Singapore Mandarin.

As very little documentation has been conducted on the nature of the
alveolar-retroflex contrast in the Singapore variety of Mandarin, we thus
commenced a series of novel investigations into the articulatory and acoustic
characteristics of the alveolar-retroflex contrast in Singapore Mandarin. We
first set out to confirm our hypothesis that Hindi and Singapore Mandarin
retroflexion do not, in fact, share any similarities in tongue posture. In the next
chapter we thus conducted a lingual ultrasound imaging study to investigate the

lingual gesture used for “retroflex” phonemes in Singapore Mandarin.
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Chapter 3: Investigating the Singapore Mandarin alveolar-retroflex

sibilant place of articulation with lingual ultrasound imaging

3.1 Introduction

Standard Mandarin ostensibly features a phoneme contrast between
alveolar and retroflex places of articulation for sibilants. In educational material
for formal instruction of Mandarin, the “retroflex” place of articulation is
typically described as a “curled” retroflex characterised by the tongue tip
curling upwards and towards the palatal region (e.g., as described and depicted
in Ou & Guo, 2014), similar to that of retroflexion in Hindi stop phonemes.
However, studies examining the lingual shape of retroflex phonemes produced
by Mandarin speakers suggest that there may in fact be variation in the tongue
shape in which “retroflex” frication is produced in Mandarin. An early x-ray
study by Ladefoged and Wu (1984) found that out of three Beijing Mandarin
speakers, none utilised true “curled” retroflexion in their production of the
Mandarin phoneme /g/, instead utilising a flat laminal post-alveolar place of
articulation to produce this type of frication in speech (Ladefoged &
Maddieson, 1996). A more recent lingual ultrasound study by Luo (2020) found
that while true “curled” retroflexion does occur in mainland Mandarin speech, it
is extremely rare, with only one instance of “curled” retroflexion observed out
of 162 speech tokens recorded from 18 native standard Mandarin speakers.
Instead, Luo (2020) found that contemporary standard Mandarin speakers are
more likely to produce retroflexion with a “humped” tongue position similar to

that of the descriptions of Ladefoged and Wu (1984) and Ladefoged and

109



Maddieson (1996) (see Figure 2.11 for example of “humped” retroflexion), or
less frequently with a “bunched” position characterised by constriction of the
tongue tip in the alveolar region, and tongue root retraction. From these studies,
we can see that the “retroflex” tongue position used by native speakers of the
standard mainland variety of Mandarin typically differs significantly from
classical “curled” retroflexion as found in Hindi and other Dravidian Indian
languages. It is possible that this may be the case for Singapore Mandarin
speakers as well. However, the results of the studies discussed above cannot be
generalised to speakers of the outer-circle variety of Singapore Mandarin.
While there is very little documentation on the phonology of Singapore
Mandarin, early observational studies in the 1980s suggest that Singapore
Mandarin speakers do not produce Mandarin alveolar-retroflex contrast
frication in the same manner as that of standard Mandarin speakers. Instead,
there is likely to be a degree of alveolar-retroflex contrast merger, or
deretroflexion, in Singapore Mandarin due to heavy influence of Southern Min
languages which do not feature a contrast between alveolar sibilants and a post
alveolar/retroflex place of articulation (Lock, 1989, Ng, 1985). Thus, is it likely
that contemporary speakers of Singapore Mandarin may exhibit differences in
production of the alveolar-retroflex contrast (particularly in production of

retroflexion) in comparison to speakers of the standard variety of Mandarin.

Similar to the Singapore variety of Mandarin, Taiwan Mandarin is also
heavily influenced by non-retroflex Southern Min languages and features

different degrees of deretroflexion between speakers (Chang & Shih, 2015;
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Kubler, 1985). The effect of this influence can be seen in recent lingual
ultrasound studies conducted on alveolar-retroflex frication produced by
Taiwan Mandarin speakers. Chiu et al. (2020) investigated Mandarin frication
production in seven native Taiwan Mandarin speakers and found that two
participants consistently showed no significant difference in tongue posture for
alveolar and retroflex frication — typical of total phoneme contrast merger. On
the other, hand two participants consistently showed significant differences in
tongue alveolar and retroflex frication, and the remaining three showed varying
degrees of overlap and non-overlap in different vowel contexts (Chiu et al.,
2020). An electromagnetic articulometry (EMA) and lingual ultrasound study
by Tiede et al. (2019) conducted on three native Taiwan Mandarin speaking
participants found that while all three participants produced Mandarin alveolar
and retroflex frication contrastively, the difference in tongue posture for each
place of articulation was small and largely found in slight differences in
location of tongue-tip constriction (further back in the alveopalatal region for
retroflexion). At the same time, the study by Tiede et al. (2019) found
consistent upward curling of the tongue tip for alveolar constriction in retroflex
frication (albeit without sub-apical contact with the alveopalatal region as in
Hindi retroflexion). This is different from the typical “humped” retroflex
tongue position produced by standard Mandarin speakers, in which there is no
evidence of tongue-tip alveolar constriction (Luo, 2020). Thus, these studies on
lingual imaging of Taiwan Mandarin show that the production of alveolar-

retroflex frication differs between varieties of Mandarin. In particular, speakers
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of varieties of Mandarin that are influenced by non-retroflex languages are
likely to show different degrees of contrast merger between alveolar and
retroflex places of articulation. The typical tongue posture used for the
production of “retroflexion” may also differ between different varieties of
Mandarin. In order to investigate the lingual posture used for the production of
alveolar-retroflex frication in contemporary Singapore Mandarin, we conducted
a preliminary observational lingual ultrasound study on five Singapore English-
Mandarin bilingual adults. This study would allow us to confirm our hypothesis
that contemporary Singapore Mandarin speakers do not use a “curled” lingual
place of articulation in retroflexion, and hence, cannot transfer their mental

representation for this place of articulation in a Hindi phoneme learning task.

3.2 Methods

3.2.1 Participants

Based on the sample sizes of existing lingual imaging studies conducted
on Mandarin speakers, we focused this study on data collected from five
participants (3 female, 2 male). All participants were recruited from the student
population of Nanyang Technological University in exchange for course credits
or payment of $10 following completion of the study. The participants were
aged between 21 — 28 years of age (Median = 24.0, SD = 2.6), all of whom
reported spending their entire lives in Singapore. Informed consent was
collected from all participants prior to commencement of the study, and this
study was approved by the IRB of Nanyang Technological University

institution (IRB-2018-09-002).
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3.2.2 Equipment

The speech production task was presented to participants on a 10-inch
LCD screen on a Microsoft Surface Go computer. Audio recordings of
participants’ speech tokens were captured with an AT3035 Audio-Technica
cardioid condenser microphone powered by a Focusrite Scarlett Solo audio
interface. All recordings were made in stereo WAV format, with a sample rate
of 44.1kHz and a bit depth of 16 bits. Ultrasound video recordings of the
sagittal plane of the tongue were captured with an MC10-5R10S-3 element
(20mm, 5-10MHz) microconvex ultrasound probe using the SonoSpeech micro
ultrasound system operated with Articulate Assistant Advanced version 2.17.06
(AAA,; Articulate Instruments), which synchronised all audio and video signals.
A lightweight aluminium stabilisation headset was used to secure the ultrasound
probe in place under the participants’ chin during data collection. Figure 3.1

contains a schematic of the setup used for data collection.
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Figure 3.1

Ultrasound setup for participant data collection.
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3.2.3 Stimuli

Visual stimuli consisted of 12 Mandarin alveolar-retroflex words from 6
minimal pairs. The words were chosen following consultation with five fluent
local Singapore Mandarin speakers to ensure that this task would be well suited
for participants with different proficiencies in Mandarin. Table 3.1 contains the
list of words. On each trial, participants were presented with the Chinese
character of each word and its corresponding pronunciation in Hanyu Pinyin.
Written stimuli were also included to remind the participant of the language that
the word was in. Figure 3.2 depicts an example of the visual stimuli participants
saw on one trial. Participants also read 25 English words for a separate study.
The recordings for these words were not analysed for this study (see Appendix

3.1). No audio stimuli were used for this speech production task.

114



Table 3.1

List of Mandarin alveolar-retroflex words in speech production task.

No Minimal IPA Place of Character/Pinyin Word
Pair articulation Meaning
1 1 [sdi] Alveolar Z/sai competition
[sdi] sun shining
2 Retroflex Afi/shai
upon
3 2 [san] Alveolar —/san three
4 [san] Retroflex ILi/shan mountain
5 3 [son] Alveolar #R/sen many trees
6 [son] Retroflex & /shen body
7 4 [tson] Alveolar 18 /zéng increase
8 [tsén]  Retroflex % /zhéng kite
[tshou] gather
9 5 Alveolar Z&/cou
together
h s N
10 [ts"ou] Retroflex K/chou smelly
hy1A -
11 6 [ts"uon] - Ajveolar F¥/ctin village
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[tshudn] spring
12 Retroflex & /chiin
(season)

Figure 3.2

Example of visual stimuli presented on a trial of the word reading task.

Mandarin

¥ /cin

Note. Example stimuli depicts the word [tstudn]. Not drawn to scale.

3.3 Procedure

3.3.1 Ultrasound speech production task

Participants were first introduced to the speech production task with
written instructions in English. Participants were informed that a word would
appear on the screen, and their task was to read each word aloud three times
after being verbally prompted to by the researcher in spoken English. To ensure
that speech was produced as naturalistically as possible, participants were
instructed to pronounce the words in a manner similar to that of daily speech.

Emphasis was placed on the fact that the task was not a test of pronunciation
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accuracy, and that we were simply interested in documenting the unique speech

patterns of Singapore Mandarin speakers.

Following the instructions, participants completed one block of audio
recording consisting of 12 trials. For each trial, participants were presented with
one of the 12 Mandarin alveolar-retroflex words, and read each word three
times. Figure 3.2 shows an example of the visual stimuli presented in one trial.
After reading each word three times, the participant made a keypress to move
on to the next trial. The 12 Mandarin words were presented to each participant
in random order. No feedback was given to the participants so as to not
influence their speech production. No trial timeout was implemented to ensure

that participants had sufficient time to read all the words presented.

3.3.2 Language ID

To collect data on participants’ language understanding abilities, they
were asked to rate how well they understood the four main languages in
Singapore (English, Mandarin, Malay, and Tamil) on a scale of 0 to 100 using
an onscreen sliding scale. Participants were also given an option to add in more

languages or dialects to rate.

3.4 Analysis Plan

As this was a preliminary observational study, visual inspection was
conducted for each ultrasound recording made for each retroflex sound token.
The frication portion of each recorded speech token was identified from the

waveform window in AAA, and the peak lingual position of the frication was
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identified by eye. Lingual positions for production of Mandarin retroflex
phonemes were classified into three main lingual shapes based on the
descriptions of Luo (2020) — “humped”, “bunched”, and “curled”. The humped
lingual position of Mandarin retroflexion is characterised by a single, highly
peaked point of laminal post-alveolar constriction (Luo, 2020). The bunched
lingual position of Mandarin retroflexion is characterised by two points of
constriction with anterior alveolar constriction, and tongue root retraction (Luo,
2020). The curled lingual position of Mandarin retroflexion is akin to “true”
retroflexion found in Hindi retroflex phonemes and is characterised by the
curling of the tongue tip upwards and backwards towards the palatal region
(Luo, 2020). Figure 3.3 shows vocal tract diagrams of the humped, bunched,
and curled lingual positions described in Luo (2020). The number of incidences
of each retroflex lingual posture observed were recorded for all five

participants.
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Figure 3.3
Lingual posture for “humped” (left), “bunched” (middle), and “curled” (right)

retroflexion.

Visual inspection was also conducted for the lingual positions of the
Mandarin alveolar phonemes, and the number of incidences of each alveolar
lingual position were recorded for all five participants. Based on Luo (2020)
and Tiede et al. (2019), we do not expect to find observably different lingual
shapes used for alveolar as compared to retroflex frication. Differences between
the two places of articulation are more likely to lie in slight differences in
constriction location — further back for alveolars in Mainland Mandarin, and
further forward for alveolars in Taiwan Mandarin (Luo, 2020; Tiede et al.,

2019).
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3.5 Results

3.5.1 Language ID
Figure 3.4
Participants’ self-reported English and Mandarin understanding ability.

Self-Rated English and Mandarin
Understanding Ability

-
o ~ o
o &) o

Self-Rated Mandarin Understanding
N
(6]

0 25 50 75 100
Self-Rated English Understanding

Note. N = 5. Circles: female, triangles: male.

Overall, participants self-reported high levels of understanding abilities
for spoken English (Range: 71-100, M = 89.2, SD = 14.9), indicating that they
would not have had any issues in understanding the task instructions.
Participants self-reported more varying levels of understanding abilities for
spoken Mandarin (Range: 63-90, M = 75.6, SD = 12.7). Figure 3.4 shows the
distribution of participants’ self-rated English and Mandarin understanding

abilities.
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3.5.2 Ultrasound speech production task
Figure 3.5

Raw lingual ultrasound images of "humped" tongue shape used in production

of alveolar [san] (left) and retroflex [san] (right) frication.

Note. Recorded from Participant 3, female.

Figure 3.6
Raw lingual ultrasound images of "humped" tongue shape used in production

of alveolar [ts'un] (left) and retroflex [£s"usn] (right) frication.

Note. Recorded from Participant 5, male.

Figure 3.7
Raw lingual ultrasound images of "humped" tongue shape used in production

of alveolar [tsay] (left) and retroflex [{son] (right) frication.
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Note. Recorded from Participant 1, female.

Table 3.2

Number of observations of each Mandarin retroflex lingual position.

Lingual position for Mandarin retroflex frication Number of observations
Humped 90
Bunched 0
Curled 0

Note. Based on visual inspection of 90 ultrasound imaging recordings.

Table 3.3

Number of observations of each Mandarin alveolar lingual position.

Lingual position for Mandarin alveolar frication Number of observations
Humped 90
Bunched 0
Curled 0
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Note. Based on visual inspection of 90 ultrasound imaging recordings.

Figure 3.5 shows examples of the humped lingual positions of alveolar
[san] and retroflex [san] frication produced by participant 3. Figure 3.6 shows
examples of the humped lingual positions of alveolar [ts"udn] and retroflex
[tshuan] frication produced by participant 5. Figure 3.7 shows examples of the
humped lingual positions of alveolar [tsan] and retroflex [tsan] frication
produced by participant 1. All ultrasound images reported for this study are
represented with the dental region of the oral cavity on the right (near the

tongue tip), and the pharyngeal region on the left (near the tongue root).

Table 3.2 reports the number of incidences of each lingual position of
retroflex frication that were observed for all speech tokens from all five
participants. Table 3.3 reports the number of incidences of each lingual position
of alveolar frication that were observed for all speech tokens from all five

participants.

3.6 Discussion

Our observational study confirmed the predictions arising from Chapter
2. None of our five participants showed any evidence of a “curled” lingual
tongue position in their productions of Singapore Mandarin retroflex frication.
This is consistent with earlier studies on other varieties of Mandarin which
show that it is extremely rare for Mandarin speakers to utilise “curled”
retroflexion in speech. We also did not find any evidence of a “bunched”

tongue position within the frication productions of our participants. Based on
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the findings of Luo (2020), the “bunched” tongue position for retroflexion is
uncommon amongst Mainland standard Mandarin speakers, with only nine
instanced of “bunched” retroflexion being observed in their study (out of 162).
All five of our participants appear to use a “humped” tongue position for the
production of Singapore Mandarin retroflex frication, wherein post-alveolar
constriction is made with the tongue body. This appears to be similar to the flat
laminal post-alveolar place of articulation described by (Ladefoged &
Maddieson, 1996). There also appear to be noticeable individual differences in
the degree of lingual curvature produced by each of our participants. Future

studies can investigate these individual differences in greater detail.

At the same time, the ultrasound recordings of our participants appear to
show that Singapore Mandarin speakers use a “humped” tongue shape for the
production of both alveolar and retroflex frication, with different locations of
peak constriction for each place of articulation. This is consistent with studies
by Luo (2020) and Tiede et al. (2019) which have found that both standard
Mandarin and Taiwan Mandarin speakers show little difference in overall
tongue shape in their production of alveolar and retroflex frication, with
differences arising mainly in tongue constriction location. Based on our
observations of our Singapore Mandarin speaking participants, the location of
peak constriction for alveolar frication appears to be more posterior in the oral
cavity as compared to retroflex frication. This pattern appears to be aligned
with that of standard Mandarin speakers (alveolar frication constriction more

posterior than retroflex; Luo, 2020), as compared to Taiwan Mandarin speakers
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(alveolar frication constriction more anterior than retroflex; Tiede et al., 2019).
It is also unclear at this stage whether the Singapore Mandarin alveolar-
retroflex phoneme pair /s/ and /s/ may overlap with the Singapore English
alveolar-post-alveolar phoneme pair /s/ and /[/ as there is no current existing
acoustic documentation on frication contrasts in contemporary Singapore
English. It is worth noting, however, that while the Singapore Mandarin
alveolar-retroflex fricative contrast /s/-/s/ may have some overlaps in acoustic
space with the Singapore English alveolar-post-alveolar fricative contrast /s/-/f],
the alveolar-retroflex affricate contrast /tst/-/ts"/ is only found in Mandarin but

not English.

We plan to explore these points of interest in a preregistered follow-up
study. This follow-up study will utilise General Additive Mixed Modelling
(GAMM) and Principal Component Analyses (PCA) as conducted by Lin and
Moisik (2019) on manual traces of peak tongue contours of alveolar and
retroflex frication to identify statistically significant differences between
alveolar and retroflex places of articulation in contemporary Singapore
Mandarin and contemporary Singapore English. Data collection for this study

has been completed.

Overall, we can infer from this study that Hindi and Singapore
Mandarin do not have an overlap in terms of the place contrasts of the dental-
retroflex contrast in Hindi, and the alveolar-retroflex contrast in Singapore

Mandarin. We now have a clearer understanding of the articulatory
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characteristics of “retroflex” frication in Singapore Mandarin, which does not
include tongue tip curling as typically found in retroflexion in other languages.
For the purposes of this project, however, we will continue to refer to this
phoneme contrast of interest as the ‘alveolar-retroflex’ phoneme contrast to
maintain consistency with the nomenclature of existing literature on this
Mandarin frication contrast. We remain primarily interested in the acoustic
nature of this contrast, and the manner in which Singapore English-Mandarin
bilinguals perceive and produce it, regardless of the naming conventions used to
refer to this contrast. The fact that we were unable to obtain an overall
distributional learning effect in the main study of Chapter 2 is likely related to
the fact that the Singapore Mandarin “retroflex” does not share the typical
apical tongue tip retroflexion of Hindi. While some studies have shown that
adults can successfully show distributional learning effects following bimodal
distributional training, these studies typically utilise training stimuli that share
clear featural overlaps with the languages in the participants’ language
repertoires (e.g., Chladkova & Simackova, 2021). The lack of this expected
overlap in Chapter 2 likely made it harder for our adult participants to extract
distributional cues from the training stimuli. At the same time, this lack of
overlap also means that we would not be able to accurately assess for language-
specific transfer effects in Singapore English-Mandarin bilingual adults by

training them on the Hindi dental-retroflex stimuli used in Chapter 2.
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3.7 Conclusion

This observational lingual imaging study demonstrates that the lingual
position of retroflexion present in Singapore Mandarin is indeed different from
the “curled” tongue position typically seen in Hindi stop phonemes. Instead,
Singapore Mandarin speakers appear to use a flat laminal post-alveolar place of
articulation in production of retroflexed frication (as in Ladefoged and
Maddieson, 1996). This shows that the Hindi dental-retroflex contrast stimuli
we used in our distributional learning study in Chapter 2 were likely unsuitable
for our investigation of a language-specific transfer effect in our target
population of Singapore English-Mandarin bilinguals. In order to continue our
project, we need to obtain a more suitable set of stimuli that is valid to the
characteristics of the variety of Mandarin spoken by contemporary Singapore

adults.

At the same time, this study is the first time in which lingual imaging
has been conducted to investigate the phonology of Singapore Mandarin. Based
on the results of this study, we plan to conduct a preregistered follow-up study
on a larger, more representative sample size to determine if the results we have
found are generalisable to other Singapore Mandarin speakers. We also plan to
investigate the nature of the lingual place contrast between alveolar and

retroflex frication in Singapore Mandarin in greater detail.

127



Chapter 4: Documentation of the perception and production of the

contemporary Singapore Mandarin alveolar-retroflex sibilant contrast
4.1 Introduction
4.1.1 Variations in Mandarin alveolar-retroflex contrast

From the results of our lingual ultrasound study, we can see that

retroflexion in Singapore Mandarin utilises a different place of articulation from
“curled” retroflexion as found in Hindi stop phonemes. Thus, the Hindi dental-
retroflex /da/-/da/ contrast stimuli used in our first distributional learning study
was very likely unsuitable for examining language-specific transferadvantage in
Singapore English-Mandarin bilingual adults. In order to accurately examine
this learning advantage in our target population, we would have to use training
stimuli that is more suited to the phonological norms of Singapore Mandarin
speakers. While stimuli drawn from existing Mandarin corpora such as The
Chinese Lexicon Project (with mainland Mandarin speakers, Sze et al., 2014)
and the two-character compound word Chinese Lexicon Project (with Hong
Kong Mandarin speakers, Tse et al., 2017) would be a closer match to the
linguistic repertoire of our participants, phonological variations in different
varieties of Mandarin mean that such stimuli would not be the best match to the
variety of Mandarin spoken in Singapore. In particular, while the lingual
ultrasound study showed that the majority our Singapore Mandarin speaking
participants produced the retroflex phoneme with a “humped” lingual gesture
similar to that of standard Mandarin speakers (Ladefoged & Maddieson, 1996;

Luo, 2020), there still remains a degree of ambiguity in how similar the
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acoustic nature of the alveolar-retroflex contrast is in Singapore Mandarin as

compared to standard Mandarin.

As discussed earlier, the nature of the alveolar-retroflex contrast varies
in different varieties of Mandarin. Studies have shown that there is generally a
clear alveolar-retroflex phoneme contrast in the standard variety of Mandarin
(Chang, 2012). However, documentations of outer-circle varieties of Mandarin
such as Taiwan Mandarin show that heavy influence from non-retroflex
Southern Min Chinese languages tend to result in different degrees of
deretroflexion in speech, wherein speech productions of the Mandarin retroflex
sibilants /g/, /ts/, and /ts*/ tend to be more alveolar in nature, or are sometimes
entirely replaced with the alveolar phonemes /s/, /ts/, and /ts"/ (Chuang & Fon,

2010; Chang, 2012; Tiede et al., 2019).

4.1.2 Singapore Mandarin alveolar-retroflex contrast

Singapore Mandarin is also an outer-circle variety of Mandarin that is
heavily influenced by non-retroflex Chinese languages. As the majority of early
Chinese migrants to Singapore arrived through seafaring migration from the
coastal South-Eastern regions of China, the Chinese languages that were
initially brought to Singapore consisted of non-retroflex Chinese languages
from those regions — in particular, Hokkien and Teochew. The influence of
these non-retroflex varieties can be seen in observational studies of Singapore
Mandarin speakers conducted in the 1980s which suggest that there is an almost

complete merger of the alveolar and retroflex categories of phonemes in
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Singapore Mandarin, with the retroflex usually being replaced by the alveolar
(e.g., Lock, 1989; Ng, 1985). However, while these early studies provide
valuable insight into the nature of the Singapore Mandarin alveolar-retroflex
contrast in the 1980’s, there is little information on the structural and acoustic
nature of this contrast in contemporary Singapore Mandarin. In fact, more
recent studies have shown that there may be a shift the degree of deretroflexion
present in the variety of Mandarin spoken in present day Singapore due to the
standard variety of Beijing Mandarin being increasingly perceived as a
desirable prestige variety of Mandarin amongst younger Singaporeans (Chong

& Tan, 2013).

Therefore, if we are to accurately assess language-specific transfer
effects using the alveolar-retroflex contrast in Singapore English-Mandarin
bilingual adults, we would have to account for these variations in the phonology
of Singapore Mandarin. We therefore decided to synthesise our own
distributional training stimuli based on the acoustic norms of the alveolar-
retroflex contrast in the local variety of Singapore Mandarin. In order to
accomplish this, we first needed to conduct a detailed acoustic analysis of this
phoneme contrast in Singapore Mandarin as documentation on the acoustic
nature of contemporary Singapore Mandarin does not yet exist in any current

literature.

In this chapter, we therefore set out to closely examine the perception

and production of the Singapore Mandarin alveolar-retroflex contrast in
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English-Mandarin bilingual young adults. To do this, we designed and
conducted two novel tasks. One to broadly document the accuracy of alveolar-
retroflex speech perception with a word identification task, and the second to
build a corpus based on the Singapore Mandarin alveolar-retroflex contrast with
a spoken word production task. Using this data, we aimed to determine if word
identification accuracy could be used as a direct measure of Mandarin alveolar-
retroflex contrast familiarity. Crucially, we also planned to conduct detailed
acoustic analyses on speech productions of the alveolar-retroflex contrast in
Singapore Mandarin to obtain a clearer understanding of the acoustic nature of

this contrast.

To our knowledge, this is the first large-scale documentation and
analysis of the acoustic properties of Singapore Mandarin in existing literature.
Our large-scale corpus of Singapore-Mandarin alveolar-retroflex words
produced by 44 different Singapore Mandarin speakers is open source and is
available online in the Spring-Village Corpus of minimal pairs in Singapore
Mandarin Chinese (https://doi.org/10.21979/N9/ZTMPML). We have also
chosen to make all the visual and audio stimuli of our novel tasks available in a
central repository (https://doi.org/10.21979/N9/PBUDGA) to contribute to open
science practices and facilitate extensions and replications of our work on

Singapore Mandarin.
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4.1.3 Documentation of alveolar-retroflex contrast in Singapore Mandarin
4.1.3.1 Perception of alveolar-retroflex contrast in Singapore Mandarin

To explore our participants’ perception of the alveolar-retroflex contrast
in Singapore Mandarin, we created a novel word identification task (the Spring-
Village word identification task) with 24 picture cards depicting 12 minimal
pairs of Mandarin alveolar and retroflex words. For this task, participants were
presented with matching minimal pairs of picture cards and were instructed to
identify the picture card that matched an auditory target word (presented in
either Singapore or Beijing Mandarin). We designed this task to look for
individual differences in how accurate Singapore Mandarin speakers are at
reliably distinguishing between alveolar and retroflex-initial words in both
Singapore as well as Beijing Mandarin. While this has yet to be explored in
Singapore Mandarin speakers, a study conducted by Shih and Kong (2011)
found that some Taiwan Mandarin speakers may experience a degree of
confusion when tasked with identifying alveolar and retroflex words in Beijing
Mandarin. Therefore, it is possible that we will also find similar patterns of
responses of word identification confusion amongst our target population of

Singapore English-Mandarin bilingual adults.

4.1.3.2 Production of alveolar-retroflex contrast in Singapore Mandarin

To collect data on our participants’ speech productions of the alveolar-
retroflex contrast in Singapore Mandarin, we created a novel word reading task
(the Spring-Village speech production task) in which participants were

presented with one of the 24 picture cards at a time, and were recorded reading
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each word out loud three times each. The speech production data obtained from
this task was used in our fine-grained acoustic analysis of the Singapore
Mandarin alveolar-retroflex contrast. Some studies have suggested that speech
tokens obtained from word reading tasks may contain more formal articulations
of speech (and potentially more retroflexion) as compared to speech tokens
extracted from naturalistic casual conversation (e.g., Jeng, 2006). However, the
collection and extraction of a large corpus of alveolar and retroflex speech
tokens from casual Singapore Mandarin conversation was not feasible at this
point in time, as the main researcher conducting these studies is not a speaker of
any variety of Mandarin. In order to ensure that the speech tokens recorded
were as naturalistic as possible, strong emphasis was placed on the fact that this
task is not a test of reading accuracy, but a documentation of unique local
speech sounds. Participants were thus encouraged to speak each of the words as

they would in everyday life.

To examine the acoustic nature of the speech tokens we obtained, we
chose to conduct two fine-grained acoustic analyses of the alveolar-retroflex
contrast. For our first acoustic analysis of the speech production data, we
focused on a centre of gravity (CoG) measurement of the frication portion of
each word to examine overall differences between the alveolar and retroflex
categories of speech sounds in Singapore Mandarin. The CoG is calculated
from the weighted average of frequencies across a frication spectrum. The use
of CoG values is widely considered to be a robust method of quantifying

acoustic differences between alveolar and retroflex frication both within and
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between different varieties of Mandarin such as Beijing and Taiwan Mandarin
(Chang, 2012; Chuang & Fon, 2010; Chiu et al., 2020; Tso, 2017). Existing
studies examining Mandarin frication CoG values have demonstrated that
alveolar frication tend to generate higher CoG values due to a greater degree of
lingual constriction near the front oral cavity, while retroflex frication tend to
generate lower CoG values as a result of less lingual constriction near the front
oral cavity (Chuang & Fon, 2010). This allows us to effectively capture an
overall measure of the degree of acoustic difference between frication at the
two places of articulation. At the same time, CoG measurements are also
sensitive enough to identify acoustic differences in the contrastiveness of
alveolar and retroflex frication in speakers of different varieties of Mandarin.
For instance, studies have shown that Taiwan Mandarin speakers tend to have
smaller alveolar-retroflex contrast CoG differences as compared to Beijing
Mandarin speakers, as well as higher retroflex CoG values consistent with the
speech patterns of deretroflexion and phoneme contrast merger typically found
in Taiwan Mandarin speakers (e.g., Chang 2012; Tso; 2017). Applying a CoG
analysis on our participants’ speech tokens will thereby allow us to clearly
document an overview of the acoustic nature of the alveolar-retroflex contrast
in Singapore Mandarin for the first time. This will allow us to determine if the
two phoneme categories are in fact produced contrastively in contemporary

Singapore Mandarin.

At the same time, while CoG values are a robust means of

characterising Mandarin frication spectra, the acoustic data obtained from this
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measurement is condensed to a single measure. This analysis may therefore
overlook more important details of the acoustic nature of the alveolar-retroflex
contrast in Singapore Mandarin. To capture this fine-grained acoustic detail, we
also examined the Long-Term Average Spectra (LTAS) of the two places of
articulation. The LTAS is a fast Fourier transform-generated power spectrum
which maps out the spectral density of frequencies across the full duration of a
frication (Lofqvist & Mandersson, 1987). While the LTAS is commonly used to
capture spectral densities across longer speech signals with vocal tract
movement, it has currently been adopted as a robust method of modelling
spectral densities across shorter duration noisy frication spectra in different
languages (Heeren, 2015; Kendall & Fridland, 2021; Punisi¢ et al., 2019;
Stuart-Smith, 2020; van Dommelen, 2019). To model the normative spectral
properties of our participants’ alveolar and retroflex speech productions, we
conducted a General Additive Mixed Models (GAMM) analysis on the LTAS
of each of the word tokens obtained. This allowed us to identify the specific
frequency windows of significant spectral difference in the alveolar-retroflex
contrast of Singapore Mandarin. While LTAS data have been used to model
frication spectra contrasts in Songyuan Mandarin (Li, 2008), this study will be
the first to do so for the alveolar-retroflex frication contrast in Singapore

Mandarin.

To promote open science practices, we have made all relevant data, task

files, stimuli, and analysis files for this study available on the Open Science
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Framework (https://osf.io/g4e2s/) and all speech tokens on DR-NTU

(https://doi.org/10.21979/N9/ZTMPML).

4.2 Speech perception: Spring-Village word identification task

This word identification task was designed to test how accurate our
participants were at distinguishing between minimal pairs of alveolar and
retroflex initial words in both Singapore Mandarin and standard Beijing

Mandarin.

4.2.1 Methods

4.2.1.1 Participants

The 50 participants who successfully completed our first distributional
learning study in Chapter 2 were invited to, and agreed to participate in this
study. The participants (39 female, 11 male) were aged between 18 — 25 years
of age (M = 20.3, SD = 1.7). The majority of participants reported spending
their entire lives in Singapore, with the exception of two participants who had
spent portions of their lives in other countries — one in Malaysia during their
preschool years, and one in Australia during their high school years. Informed
consent was collected from all participants prior to commencement of the study,
and this study was approved by the IRB of Nanyang Technological University

institution (IRB-2019-01-034).

4.2.1.2 Equipment
The Spring-Village word identification task was conducted on a 10-inch

LCD screen on a Microsoft Surface Go computer. All stimuli were presented in
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OpenSesame (Mathot et al., 2012). Audio stimuli were presented to the
participants with a pair of Audio-Technica Over-ear Monitoring Headphones

ATH-MA40x.

4.2.1.3 Stimuli

Audio stimuli for this task consisted of two sets of 12 minimal pairs of
word tokens — one set in Singapore Mandarin, and the other in standard Beijing
Mandarin. These were the same words used in our ultrasound study (see Table
3.1 for the full list of words). The words were chosen following consultation
with five fluent local Singapore Mandarin speakers. To ensure that this task
would be well suited for participants across the lifespan and with different
proficiencies in Mandarin, the selected words were understandable by school-

aged children, and were concrete and imageable.

To create each audio word token for this task, audio recordings were
made for each of the words on the wordlist by one Singapore Mandarin speaker,
and on native standard Beijing Mandarin speaker. Each word was read three
times by each speaker. All recordings were conducted in a sound attenuated
recording booth, with a RODE NT1 Cardioid Condenser Microphone and a pop
filter positioned approximately 30 cm from the speaker’s mouth. Recordings
were recorded in stereo WAV format at a bit depth of 16 and sampling rate of
44.1 kHz using a Zoom H4n Pro Handy recorder. To extract each individual
word token, tokens were spliced from each recording in Goldwave [v.6.51], and

were saved in WAV format. The final token chosen for each word presented in
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the word identification task was selected on the basis of audio clarity. The audio
tokens used for the task can be found in our online repository of study stimuli

(https://osf.iolg4e2s/).

Visual stimuli for this task consisted of 12 picture cards depicting the
six minimal pairs of words in the wordlist (see Table 3.1 for words). Each card
featured an illustrated depiction of the meaning of the word, along with the
Chinese character of the word, and its corresponding pronunciation in Hanyu
Pinyin (see Figure 4.1 for example of a pair of cards). Hanyu Pinyin cues were
included on each card to ensure that all participants would be able to read the
words on the cards. The full set of illustrations and word picture cards can be

found in our online repository (https://doi.org/10.21979/N9/ZTMPML).

4.2.2 Procedure

4.2.2.1 Word identification task

Participants were first introduced to the word identification task with
written instructions in English. Participants were informed that they would be
presented with an audio recording of a Mandarin word and a matching pair of
picture cards on each test trial. Their task was to make a button press response

to indicate which of the two picture cards contained the word that they heard.

Following the instructions, participants completed one block of word
identification trials, with a total of 24 trials. On each trial participants were
presented with one of the Mandarin words from the 24 word tokens in

Singapore and Beijing Mandarin together with the corresponding minimal pair
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of picture cards. Written instructions in English were displayed on each trial to
prompt participants to make a response. Figure 4.1 depicts an example of the

visual stimuli presented on each trial.

Figure 4.1

Example of visual stimuli presented in one trial of the word identification task.

Which word did you hear?

Note. Figure depicts the words: [tstou] (left) and [ts"ou] (right). Not drawn to

scale.

Following a button press response, participants would hear a chime
sound, and a blank screen would be presented for 1000ms. The participant
would then be presented with the next trial (See Figure 4.2 for trial procedure).
No feedback was given to the participants so as to not influence their response
patterns. No trial timeout was implemented to ensure that participants had
sufficient time to respond to all the words presented. The audio word tokens
and their corresponding minimal pair of picture cards were presented in random

order for each participant.
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Figure 4.2
Example of Mandarin alveolar-retroflex Spring-Village word identification

trial.

Which word did you he

trial screen

(unlimited response time)
blank screen

(1000ms)

Note. Not drawn to scale.
4.2.2.2 Language ID

To obtain information on our participants’ language repertoires,
participants were asked to rate their ability in understanding the four official
languages of Singapore (English, Mandarin, Malay, and Tamil), along with any
other languages and dialects they understood on a Likert scale of 0, “I do not
understand this language”, to 7, “I have native-level understanding of this

language”.

4.2.3 Analysis plan
All analyses were conducted with R (R Core Team, 2020). To obtain

word identification accuracy scores for each participant, we obtained the
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number of correctly identified alveolar words for all alveolar words presented,
and the number of correctly identified retroflex words for all retroflex words
presented. Accuracy scores for Singapore Mandarin and Beijing Mandarin were

computed separately.

4.2.4 Results

4.2.4.1 Language ID
Figure 4.3
Participants’ self-reported English and Mandarin understanding ability.

Self-Rated English and Mandarin Understanding Ability

'

English Understanding Ability
" i ¢ - < < I

o

0 1 2 3 4 5 6 7
Mandarin Understanding Ability

Note. N = 50. Circles: female, triangles: male. Responses jittered by .25 for

visualisation.

Figure 4.3 shows the distribution of participants’ self-rated English and
Mandarin understanding abilities. Overall, our participants’ self-reported
English understanding scores were high (Range: 5-7, Median =7, SD = 0.4),

this indicating that they would not have had any issues in understanding the
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task instructions of the study. On the other hand, their Mandarin understanding

scores showed more variability (Range: 3-7, Median = 5.5, SD = 1.1).

4.2.4.2 Word identification task.

Figure 4.4

Distribution of alveolar and retroflex perception scores for each variety of
Mandarin.

Participant Alveolar and Retroflex Perception Scores
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Note. N = 50. Jittered by .3 for visualisation.

Participants’ individual accuracy scores are presented in Figure 4.4.
Visual inspection reveals that the majority of our participants performed at
ceiling level accuracy at identifying alveolar and retroflex words in both
Singapore Mandarin and Beijing Mandarin. Table 4.2 reports the summary

statistics of the overall accuracy scores of all participants.
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Table 4.1

Summary statistics for accuracy score on word identification task.

Variety of Place of Median Accuracy  Accuracy Score
Mandarin Articulation Score (out of 6) Range
Singapore

Alveolar 6 3-6
Mandarin

Retroflex 6 4.2-6

Beijing Mandarin Alveolar 6 3-6
Retroflex 6 4-6

4.2.5 Discussion

Our word identification task was designed to examine differences in
Singapore Mandarin speakers’ perception of the Mandarin alveolar-retroflex
contrast. We reasoned that we would be able to capture an objective measure of
individual variance in perceptual sensitivity for this contrast using this task.
However, the results showed that our participants had an overall high level of
accuracy at distinguishing between the alveolar and retroflex places of
articulation in both the local variety of Singapore Mandarin, as well as the

standard variety of Beijing Mandarin.

The ceiling level accuracy we found for the local Singapore Mandarin
word tokens is consistent with existing studies which have demonstrated that

individuals typically show a good degree of perceptual sensitivity for the
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alveolar-retroflex contrast in a native variety of Mandarin. For instance, Tso
(2017) found that Taiwan Mandarin speakers typically demonstrate high levels
of accuracy at identifying alveolar and retroflex words spoken by other native
Taiwan Mandarin speakers. On the other hand, the ceiling level accuracy we
found for the Beijing Mandarin word tokens contrasts with the study by Shih
and Kong (2011) which showed that some Taiwan Mandarin speakers
demonstrate a degree of difficulty in distinguishing between alveolar retroflex
words in a non-native variety of Beijing Mandarin. This suggests that speakers
of contemporary Singapore Mandarin may have greater familiar with the
phonology of standard Beijing Mandarin due to exposure to this variety of

Mandarin in formal education (Chong & Tan, 2013).

Following this task, we set out to examine the acoustic nature of
contemporary Singapore Mandarin speakers’ production of the Mandarin
alveolar-retroflex contrast. While early observational studies have suggested
that there is an almost complete merger of the alveolar-retroflex phoneme
contrast in Singapore Mandarin (e.g., Ng, 1985), the influence of standard
Mandarin in formal education and Mainland Chinese media could have an
impact on the degree of phoneme contrast present in the alveolar-retroflex

speech productions of contemporary Singapore Mandarin speakers.

4.3 Speech production: Spring-Village speech production task
This speech production task was designed to collected data on our

participants’ speech productions of alveolar and retroflex initial words in
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Singapore Mandarin. Speech elicitation was conducted with the use of the same
picture cards used in the word identification task above, and speech recordings
were obtained for fine-grained acoustic analyses to examine the acoustic nature
of the alveolar-retroflex phoneme contrast in contemporary Singapore

Mandarin.

4.3.1 Methods

4.3.1.1 Participants

The 50 participants who completed the word identification task were
invited to then participate in the speech production task. One male participant
was excluded from the acoustic analyses due to a failure to follow the task
instructions. Additionally, as this study took place during a heightened period
of contact restrictions during the COVID-19 pandemic, participants were not
allowed to access the sound attenuated recording booth for this study.
Therefore, although the audio recordings for this task were conducted in a quiet
office room, occasional background noises were captured in the recordings. As
the acoustic pattern of frication is easily masked by high ambient noise floors,
some of the recordings were not suitable for fine-grained acoustic analysis.
During each recording session, the researcher made a note of loud, unexpected
background noises, together with the nature of the noise. To ensure that our
audio data were of sufficient quality for the frication analyses we had planned,
recordings were excluded from data analysis if they contained loud noises of
thunderstorms, passing jet planes, air-conditioning noises, and voices of people

talking outside the office room.
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As CoG measurements are highly sensitive to deviations in background
noise, 11 of the recordings were excluded from our CoG analyses due to
background noises, leaving 39 suitable audio samples (30 female, 9 male) from
participants aged between 18 — 24 years (Median = 20; SD = 1.5). On the other
hand, we were able to retain more data for our GAMM analysis of the LTAS
data as general additive mixed modelling is robust to frequency fluctuations in
the sound signal and is better suited to account for unexpected noise artefacts in
the audio data. Thus, eight recordings were excluded from the GAMM analysis
due to background noises, leaving 42 suitable audio samples (32 female, 10

male) from participants aged between 18 — 25 years (Median = 19; SD = 1.6).

Informed consent was collected from all participants prior to
commencement of the study, and this study was approved by the IRB of
Nanyang Technological University institution (IRB-2019-01-034). We also
collected consent from participants for their audio recordings to be released
under the terms of the Growing Collection (see Appendix 4.1). All participants
who took part in the production task consented to the Growing Collection, and

chose a random identifier to be uploaded with their recordings.

4.3.1.2 Equipment

The Spring-Village speech production task was conducted with a 10-
inch LCD screen on a Microsoft Surface Go computer. All stimuli were
presented in OpenSesame (Mathét et al., 2012). Speech recordings were made

with a Zoom H4n Pro Handy Recorder. Participants spoke into a RODE
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Lavalier lapel microphone attached to a RODE Lav-Headset mount. All
recordings were made in stereo WAV format, with a sample rate of 44.1kHz

and a bit depth of 16 bits.

4.3.1.3 Stimuli
Visual stimuli consisted of the same 12 Mandarin alveolar-retroflex
word picture cards used in the word identification task. No audio stimuli were

used for this speech production task.

4.3.2 Procedure

Participants were first introduced to the speech production task with
written instructions in English. Participants were informed that a picture card
would appear on the screen, and their task was to read each word aloud three
times with a three second pause between each reading. To ensure that speech
was produced as naturalistically as possible, participants were instructed to
pronounce the words in a manner similar to that of daily speech. Emphasis was
placed on the fact that the task was not a test of pronunciation accuracy, and
that we were simply interested in documenting the unique speech patterns of

Singapore Mandarin speakers.

Following the instructions, participants completed one block of audio
recording consisting of 12 trials. For each trial, participants were presented with
one of the 12 Mandarin alveolar-retroflex picture cards together with written
instructions in English prompting them to read each word three times. Figure

4.5 shows an example of the visual stimuli presented in a trial. After reading
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each word three times, the participant made a keypress to move on to the next
trial. The 12 picture cards were presented to each participant in random order.
No feedback was given to the participants so as to not influence their speech
production. No trial timeout was implemented to ensure that participants had

sufficient time to read all the words presented.

Figure 4.5

Example of visual stimuli presented in one trial of speech production task.

Please read this word 3 times,
then press the spacebar for the next
word.

Note. Picture card depicts the word [ts"udn]. Not drawn to scale.

4.3.3 Analysis Plan

4.3.3.1 Audio Processing

Individual word tokens were obtained from each of the participants’
audio files. Each word was manually selected, labelled, and spliced from the
raw audio file in Goldwave [v.6.51], and saved as separate audio files in wav
format. The complete set of raw audio files and individual word tokens are

archived in the Spring Village Corpus under the Growing Collection of audio
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recordings (Goh et al., 2022) and can be accessed here:
https://doi.org/10.21979/N9/ZTMPML. Following this, the frication portion of
each segmented token was manually selected based on visual inspection of the
waveform, labelled, and spliced in Praat 6.1.16 (Boersma & Weenink, 2020).
Each individual frication token was saved as separate files in short txt and wav
format. Figure 4.6 shows the identified frication portions of an alveolar word
[tshuan] and a retroflex word [s"uan] token produced by one participant
(Participant 8). Figure 4.7 shows the spectral slices of the full spectra of the
extracted frication of an alveolar word [ts"uan] and a retroflex word [(stuan]

token produced by one participant (Participant 8).
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Figure 4.6

Waveform of alveolar [ts'ua n] (top) and retroflex word [zs"us n] (bottom).
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Note. Both recorded from the same participant (Participant 8). Segmentation is

conservative such that no voicing from the following vowel is included in the

voiceless segment for analysis.
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Figure 4.7
Spectral slices of frication spectrum of alveolar [ts'usn] (top) and retroflex

[zs"uén] (bottom).
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Note. Both recorded from the same participant (Participant 8).

4.3.3.2 CoG Analysis

Following the methodology of Chang and Shih (2015) and Tso (2017),
frication CoG values were obtained from the middle 30ms of the frication
spectra of each token using the centre of gravity function in Praat 6.1.16
(Boersma & Weenink, 2020). Summary statistics were obtained for the alveolar

and retroflex CoG values obtained in this speech production task.

To determine if there was a significant difference between the CoG

values of alveolar and retroflex frication produced in Singapore Mandarin, a
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linear mixed effects model analysis was conducted on the CoG data in R (R
Core Team, 2020) with the Ime function from the nime package (Pinheiro et al.
2022). We chose to include gender as a factor of interest in this analysis, as
studies on Taiwan Mandarin have previously shown that retroflexion may be
less common in male speakers due to extralinguistic factors (Rau & Li, 1994;
Chuang & Fon, 2010). The CoG analysis therefore looked at the categorical
fixed factors of place of articulation (alveolar vs retroflex) and gender (male vs
female), as well as the interaction between place of articulation and gender,
with random intercept for participant and random by-participant slope for trial

number.

4.3.3.3 LTAS GAMM Analysis

To conduct the GAMM analysis, we exported the full frication spectra
of each word token as LTAS matrices from Praat 6.1.16 16 (Boersma &
Weenink, 2020). Using the bam function from the mgcv package (Wood, 2011)
in R (R Core Team, 2020), we conducted a GAMM analysis on the LTAS
matrices with the parametric fixed terms of place of articulation (alveolar vs
retroflex) and gender (male vs female), along with a parametric interaction term
between place of articulation and gender, smooth terms of place of articulation
and gender, and random smooths for participant and trial number. Based on
Soskuthy (2017), a significant effect of a parametric term indicates a significant
difference in the overall spectral density of the modelled data for each condition
of the parametric term. Thus, we reported the effects of each parametric term

assessed in the model. To assess for differences within the modelled spectral
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trajectories of each place of articulation, individual windows of spectral
difference between the alveolar and retroflex places of articulation were
identified using the plot_diff function from the itsadug package (van Rij et al.,

2020) in R (R Core Team, 2020).

To follow up on any significant gender interaction effect, individual
GAMMs were carried out on the alveolar and retroflex LTAS data separately
with the parametric fixed term of gender (male vs female), along with smooth
term of gender, and random smooths for participant and word token trial
number. Individual windows of spectral difference between each gender for
each place of articulation were then identified using the plot_diff function (van

Rij et al., 2020) in R (R Core Team, 2020).

To ensure that the basis dimensions of each model would not result in
oversmoothing of the LTAS data (Wieling, 2018), model criticism checks were
conducted for each GAMM analysis using the gam.check function of the mgcv
package (Wood, 2011). Based on the results of the criticism checks, the k-
values of all models were set at 90. While this k-value is high, a comparison of
the EDF values from the model criticism checks revealed that a k-value of 90
would be optimal for ensuring that an optimal amount of “wiggliness” of the

LTAS data would be captured by the models.
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4.3.4 Results

4.3.4.1 CoG Results

Figure 4.8
Distribution of each participant’s alveolar and retroflex CoG values for each

word token.
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Table 4.2

Summary statistics of alveolar and retroflex CoG values.

Alveolar CoGs (Hz)

Retroflex CoGs (Hz)

Mean

Range

Mean

Range

Overall

Female

8254.2
(1085.1)
8468.1

(1056.3)

2334.6 —

10678.4

2334.6 —

10678.4
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5941.3 (852.7)

6028.4 (822.1)

3637.2 —

9484.9

3637.2 —

9484.9



Male 7541.3 5568.0 — 5651.3 (890.6)  4125.2—

(852.5) 9665.5 8970.4

Note. Standard deviation in parentheses.

Figure 4.9

Distribution of the mean CoG values of each participant by gender and PoA.
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Note. N = 39. Circles: female; triangles: male.

Figure 4.8 shows the CoG values obtained from each individual alveolar
and retroflex word token of each participant. Overall summary statistics for the
CoG values are presented in Table 4.3. The linear mixed effects model analysis
conducted on the CoG values revealed that there was a significant main effect
of place of articulation, t(1,1363) = -51.7, p <.0001, 5p? =.70 indicating that
there was a significant difference between our participants’ overall CoG values
for their alveolar and retroflex frication, with higher CoG values for alveolar

words, and lower CoG values for retroflex words (see Table 4 for summary
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statistics). The analysis also revealed a significant main effect of gender, t(1,37)
=-4.38, p =.0001, np? = .21, indicating that there was an overall difference in
the CoG values of our male and female participants, with female participants
having higher overall CoG values as compared to male participants (see Table 4
for summary statistics). Finally, the CoG analysis also revealed a significant
interaction between place of articulation and gender, t(1,1363) = 5.94, p<.0001,
np? = .02. Figure 4.9 presents the mean CoG values of each participant by place
of articulation and gender. A visual inspection of Figure 4.9 shows that male
participants have lower CoG values than female participants, particularly in
their alveolar frication, resulting in less contrast between the alveolar and

retroflex places of articulation for male as compared to female participants.

4.3.4.2 LTAS GAMM Results
Figure 4.10

Fitted models of alveolar and retroflex frication LTAS data.
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Note. Alveolar: red line; retroflex: turquoise dotted line.

Figure 4.11

Model of spectral difference between alveolar and retroflex frication LTAS
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The overall fitted LTAS models of our participants’ alveolar and
retroflex frication are presented in Figure 4.10, plotted with the plot_smooth
function from the itsadug package (van Rij et al., 2020). The individual
frequency windows of significant difference between the alveolar and retroflex
fitted models are presented in Figure 4.11, plotted with the plot_diff function

from the itsadug package (van Rij et al., 2020).

The main GAMM analysis revealed that there was a significant main

effect of the parametric term of place of articulation, t(1,1279) =-88.1, p
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<.00001, indicating that there was a significant difference in the overall spectral
densities of the alveolar and retroflex frication of our Singapore Mandarin
speaking participants. The results also revealed a significant interaction
between the parametric terms of place of articulation and gender, t(1,1279) =
13.4, p <.00001. No significant main effect of the parametric term of gender
was found, t(1,1279) = 1.12, p = .26. Three frequency windows of significant
difference between the modelled alveolar and retroflex spectra were found with
the plot_diff function: 387.9 — 581.8 Hz, 1163.6 — 6206.1 Hz, and 6787.9 —
19200.0 Hz (as shown in Figure 4.11). This indicates that there were significant
differences in not only the overall spectral density, but also in the shape of the
modelled trajectories of the alveolar and retroflex frication spectra as produced

by our Singapore Mandarin speaking participants.
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Figure 4.12

Fitted models of alveolar and retroflex frication LTAS, coloured by gender.
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As the main GAMM analysis revealed a significant interaction between
the parametric terms of place of articulation and gender, two follow-up GAMM
analyses were then conducted on the alveolar and retroflex LTAS data
separately. These analyses revealed that there was no overall significant effect
of the parametric term of gender on the alveolar, t(1,1219) = 0.98, p = 0.33, or
retroflex, t(1,1219) = 1.92, p = .05 LTAS data. This indicates that there was no
significant difference in the overall spectral densities of our male and female
participants for either the alveolar or retroflex places of articulation. The fitted
models for gender differences in the alveolar and retroflex LTAS data are
shown in Figure 4.12, plotted with th/ plot_smooth function from the itsadug
package (van Rij et al., 2020). However, three individual frequency windows
of significant difference between each gender were found with the plot_diff

function for both the alveolar and the retroflex spectra. Alveolar: 1336 —
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1559Hz, 2450 — 6236Hz, and 14032 — 14255Hz, retroflex: 1114 — 1782Hz,
2227 — 2673Hz, and 10245 — 12918Hz. Moreover, visual inspection of Figure
4.12 reveals that while the spectral trajectories of both male and female
participants were very similar for the retroflex place of articulation, the alveolar
spectral trajectories of each gender diverged visibly at around the 2000 —
6000Hz region. This indicates that while there was little impact of gender on
the overall spectral densities of each place of articulation, individual windows
of spectral trajectory difference for each gender (particularly in the case of the
alveolar place of articulation) could have contributed to the significant
parametric interaction effect found between place of articulation and gender as

found in the main GAMM analysis.

4.3.5 Discussion

While early observational studies in the 1980°s have suggested that
there is a high prevalence of deretroflexion in Singapore Mandarin (e.g., Lock,
1989; Ng, 1985), the results of our speech production task revealed evidence of
a a significant acoustic contrast in articulations of alveolar and retroflex
fricative phonemes in contemporary Singapore Mandarin. This acoustic
contrast is evident in the results of both our CoG analysis as well as the LTAS
GAMM analysis we conducted on a large sample size of adult Singapore
Mandarin speakers. In particular, the LTAS GAMM results showed that there is
not only a significant difference in the overall spectral densities of the two
places of articulation, but that there is also evidence of significant differences in

the spectral trajectory of each place of articulation with three specific frequency
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windows of difference being identified between the modelled alveolar and

retroflex spectra.

The results we obtained have given us a clearer understanding of the
acoustic nature of the alveolar-retroflex phoneme contrast in contemporary
Singapore Mandarin, and we are now in a better position to understand how the
local variety of Mandarin compares to other previously documented varieties of
Mandarin. For instance, a documentation by Chang (2012) on the alveolar-
retroflex contrast in Taiwan Mandarin and standard Beijing Mandarin speakers
reported the CoG values of Taiwan Mandarin (Alveolar: Mean = 8757.6;
Retroflex: Mean = 6224.1) and Beijing Mandarin (Alveolar: Mean = 9115.6;
Retroflex: Mean = 5160.7) speakers. While the sensitive nature of CoG analysis
means that we cannot directly compare our results to this data, our CoG results
nevertheless suggests that the articulations of our participants may be closer in
nature to that of Taiwan Mandarin speakers as compared to standard Beijing
Mandarin speakers (see Table 4 for summary statistics of our CoG values). This
suggests that there may still be a degree of alveolar-retroflex phoneme contrast
merger in Singapore Mandarin, although not to the extent that was observed in

the 1980’s (e.g., Lock, 1989; Ng, 1985).

At the same time, we have also identified a possible effect of gender on
alveolar-retroflex articulations in Singapore Mandarin. Our CoG analysis
revealed that male participants produced lower overall CoG values (particularly

in their alveolar frication), and less contrast between their alveolar and retroflex
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CoG values. The LTAS GAMM analysis also revealed that male participants
produced a higher concentration of lower frequencies in their alveolar frication,
particularly in the 2000 — 6000Hz region (see Figure 4.12). It is possible that
the cause of this difference could be anatomical in nature due to structural
differences in male and female vocal tracts — for instance, the longer front oral
cavities of male vocal tracts have been found to contribute to lower spectral
peaks in frication (e.g., Jongman et al., 2000). On the other hand, it is also
possible that our male participants could have been intentionally using different
articulations to approximate more “formal” acoustic targets. This could be akin
to the phenomenon of hypercorrection which has been documented in Taiwan
Mandarin speakers. Chung (2006) found that Taiwan Mandarin speakers would
engage in hypercorrection when they were aware that retroflexion should be
present in Mandarin speech, yet remain uncertain of which words should be
retroflexed, leading to overcompensation in retroflexion to account for possible
lapses in speech. Indeed, a study conducted on Singapore Mandarin speakers in
the 1980s found that male speakers were more likely to engage in
hypercorrection as compared to female speakers in contexts designed to elicit
more ‘formal’ speech production (Ng, 1985). At this point in time, however, we
cannot make any generalisations to the larger population of Singapore male
speakers as our sample size of male participants in this study is very small
(CoG: N =9; LTAS: N = 10). Future studies can focus on collecting more data

from male speakers to obtain a more representative sample size.
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4.4 Conclusion

This study has presented us with novel information on the nature of the
alveolar-retroflex phoneme contrast in contemporary Singapore Mandarin. To
our knowledge, this is the first time in which this contrast in the local variety of
Mandarin has been documented in a large sample size with the use of fine-
grained acoustic analyses and a test of word identification accuracy. The results
of our study demonstrate that Singapore Mandarin speakers do indeed
distinguish between the two places of articulation, both in production as well as
in perception. While the place distinction observed in our participants’ speech
production is not as contrastive as in Beijing Mandarin, our participants
nevertheless showed high levels of accuracy at perceptually distinguishing
words in minimal pairs of both Singapore and standard Beijing Mandarin.
These results may reflect shifting attitudes towards standard Beijing Mandarin
as a prestige language used in formal education in Singapore (Chong & Tan,

2013).

Overall, the results of our study contribute not only to local
understanding of Singapore Mandarin, but also add to a growing body of work
on the phonology of outer-circle varieties of languages. In the local context of
education in Singapore, our acoustic analyses can help to inform the way in
which Mandarin is taught and assessed. The speech patterns of our participants
demonstrate that there can be considerable variation in production of the
alveolar-retroflex contrast in Singapore Mandarin, while not precluding high

levels of comprehension for words in both the local and standard Beijing
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varieties of Mandarin. Understanding the local articulations of Mandarin speech
can enable educators to account for the speech norms of local students in
lessons and assessments, while also helping them to understand how phonology

varies in other varieties of Mandarin.

The documentation of this outer-circle language of Singapore Mandarin
is also of importance in contributing to variationist sociolinguistics perspectives
on the legitimisation of variations in language use in different contexts.
Moreover, our study also provides new insight into the effects of contact-
induced change in an outer-circle language over the course of a few decades —
while the early use of Singapore Mandarin was highly influenced by non-
retroflex Chinese languages, the effect of more recent contact with standard
Beijing Mandarin can already be seen in the retroflexion found in our
participants. The availability of acoustic norms and corpora of outer-circle
languages is also crucial for well-designed studies in the fields of language
cognition and psycholinguistics. Such documentation will ensure that
researchers will have access to language stimuli that is aligned with the acoustic
norms of local varieties rather than having to resort to the use of “standard”
varieties that may differ significantly from local phonological norms. At the
same time, acoustic documentation of outer-circle varieties of languages is also
crucial for ensuring the validity of medical tests of hearing. Speech audiometry
tests are an important component of audiologic tests, where they are used for
identifying and diagnosing hearing impairments specific to different

phonological aspects of speech. Studies have shown that it is necessary for
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speech audiometry material to be phonologically aligned with the native variety
of the listener in order to ensure that results are not confounded by stimuli that
is inherently unfamiliar to the listener (Soh & Loo, 2023). This can be
particularly difficult to accomplish in the case of outer-circle varieties of
languages that lack sufficient acoustic documentation such as in Singapore
Mandarin. As a result of this, Soh and Loo (2020) have found that there is no
existing Mandarin speech audiometry material suitable for accurately assessing
hearing in Singapore Mandarin speakers due to the confounding effects of
word, accent, and phonological unfamiliarity in audiometry batteries of Taiwan
and standard Mandarin. Our acoustic documentation in this study can function
as a step in informing the creation of suitable Mandarin audiometry material

that is aligned to the acoustic norms of contemporary Singapore Mandarin.

From this study, we can see that the phonology of the alveolar-retroflex
contrast in Singapore Mandarin differs from other well-documented varieties of
Mandarin with existing corpora (e.g., The Chinese Lexicon Project, Sze et al.,
2014; The Chinese Lexicon Project, Tse et al., 2017). In order to accurately
assess a language-specific transfer effect in our target population of Singapore
English-Mandarin bilinguals, we thus synthesised our own training stimuli
based on the acoustic norms of the local variety of Singapore Mandarin
obtained in this study. As the perception task used in this study showed that
word identification alone was not sensitive enough to capture individual
variance in perception of the Mandarin alveolar-retroflex contrast, we designed

a new study using this new set of stimuli to capture a more fine-grained
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measure of individual differences in perception for a Singapore Mandarin

alveolar-retroflex contrast.
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Chapter 5: Fine-grained analysis of perception of a Singapore Mandarin

alveolar-retroflex sibilant contrast (Spring-Village CROWN Game)
5.1 Introduction

5.1.1 Synthesis of novel Singapore Mandarin alveolar-retroflex stimuli

Our earlier documentation of the Singapore Mandarin alveolar-retroflex
contrast show that the phonology and articulation of Singapore Mandarin
speakers appears to differ from other varieties of Mandarin. To test for the
presence of language-specific transfer effects in Singapore English-Mandarin
bilingual adults, we would need speech sound stimuli that share structural
overlaps with the unique local variety of Singapore Mandarin. We reasoned that
stimuli in existing Mandarin corpora such as The Chinese Lexicon Project (Sze
et al., 2014) and the two-character compound word Chinese Lexicon Project
(Tse et al., 2017) would not be best suited for our purposes as they are based on
the speech of standards of Mainland Mandarin and Hong Kong Mandarin
speakers whose articulatory norms likely differ from Singapore Mandarin
speakers. As such, we synthesised our own novel set of Mandarin alveolar-
retroflex stimuli based on the acoustic norms of contemporary Singapore

Mandarin speech as assessed in Chapter 4.
The stimuli that we created consists of a synthesised 8-step Singapore
Mandarin [tstudn]-[tstudn] (% “village’ - & ‘spring’) alveolar-retroflex

continuum contrast aligned to the acoustic measurements of the local Singapore

Mandarin speakers in our earlier documentation. Our decision synthesise this
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stimulus set with the minimal word pair [tstudn]-[ts"udn] was based on the
following criteria. First, we needed a minimal pair of words that are imageable
and easily recognisable by Singapore Mandarin speakers. Second, we
specifically needed a word pair that is perceptually difficult to discriminate. Our
study in Chapter 3 showed that Singapore Mandarin speakers tend to have very
high levels of accuracy at discriminating minimal pairs of alveolar and retroflex
words. Thus, perceptual complexity would be necessary to capture a fine-
grained measure of individual differences in speech sound perception. Third,
we needed to ensure that the word pair we chose would contain a Singapore
Mandarin alveolar-retroflex contrast that unique to Mandarin, and is not similar

to any speech sounds present in Singapore English.

The minimal pair [tstudn]-[ts"uan] fit all three of these criteria. The
words are easily recognisable and imageable with the alveolar [ts"udn] meaning
“village”, and the retroflex [ts"udn] meaning “spring” (the season). Next, the
low rounded vowel present in both words lends perceptual complexity to this
contrast. Existing studies show that there is a larger degree of phonological
ambiguity for Mandarin alveolar and retroflex frication that are followed by
low rounded vowels (Chang, 2012; Jeng, 2006). Our study in Chapter 4
confirms this, with a visual inspection of Figure 4.8 showing that a larger
degree of alveolar-retroflex CoG overlap for the minimal pair [tstudn]-[{s"uan]
as compared to the words. Finally, the alveolar affricate /ts"/ is not used
contrastively with a retroflex or post-alveolar phoneme in a word-initial place

in Singapore English. This would allow us to avoid any potential spillover
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effects from the phonology of Singapore English, as it is possible that there may
be overlaps between the Singapore English alveolar-post-alveolar /s/-//
phoneme contrast, and the Singapore Mandarin /s/-/s/ phoneme contrast.
However, the alveolar-retroflex affricate contrast /ts"/-/ts"/ is found only in
Mandarin but not English. Thus, we reasoned that the word pair [ts"uan]-

[ts"uan] would be ideal for our stimulus set.

To create our 8-step Singapore Mandarin [tshudn]-[tstudn] alveolar-
retroflex contrast continuum, we first used a GAMM analysis to model the
overall averaged spectral trajectories of all the [ts"udn] and [tshudn] frication
LTAS matrix files obtained from the 42 participants in our last study with a
GAMM analysis. A Euclidean distance analysis of similarity was then
conducted with all the individual [ts"udn] and [ts"udn] LTAS matrix files to
identify the word tokens that had the smallest Euclidean distance from the
modelled overall average spectral trajectories. Following this, a trained native
Singapore Mandarin speaker recorded several high audio quality tokens of the
words [tstudn] and [tstuan] in a sound attenuated recording booth while
listening to the [ts"udn] and [ts"uan] word tokens identified with the Euclidean
distance analysis. All tokens were recorded with a Zoom H4n Pro Handy
Recorder, and the speaker spoke into a microphone with a pop filter. All
recordings were made in stereo WAV format, with a sample rate of 44.1kHz

and a bit depth of 16 bits.
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The most suitable high audio quality [tstudn] and [tshudn] word tokens
were then selected with a second Euclidean distance analysis of similarity to the
modelled overall average [tstudn] and [tstuan] frication spectra of the earlier 42
participants. We then ensured that the chosen high audio quality word tokens
also sounded as similar to each other as possible in terms of pitch, vowel
transitions, vowels, and nasals. We modified the durations of their initial
frication onsets (i.e., before peak frequencies) and nasal offsets (i.e., after peak
frequencies) with Goldwave [v.6.51] to ensure that both tokens were similar in
length, and then equalised the intensity and pitch tracks of both tokens in Praat
(Boersma & Weenik, 2020). This ensured that perceptual ambiguity between

these two tokens would be isolated to the frication spectra as much as possible.

Once we had obtained our two final high audio quality [ts"uan] and
[tshuan] word tokens, we synthesised our 8-step continuum using these two
tokens as the continuum endpoints. This was conducted with the TANDEM-
STRAIGHT speech analysis and synthesis software (Kawahara & Morise,
2011) in MATLAB (R2020a), following the methodology of the sibilant
continuum creation tutorial designed by McAuliffe (2017). This resulted in a
synthesised [ts"udn]-[tstudn] Singapore Mandarin alveolar-retroflex contrast
continuum of eight 580ms word tokens that were equally spaced from each
other in acoustic distance. Our synthesised continuum stimulus set can be found
here (https://osf.io/rng4w). As this stimulus set was synthesised based on the
norms of a large dataset of local Mandarin speakers, we reasoned that it would

be well suited for examining language-specific transfer effects in Singapore
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Mandarin speakers with a distributional learning task. However, before
conducting this investigation, we first needed to ensure that the new stimulus
set was indeed suitable for capturing fine-grained levels of individual
differences in perceptual sensitivity among the local population of Singapore
Mandarin speakers. To do so, we designed a new study paradigm to assess
perceptual sensitivity for this new [ts"udn]-[ts"uan] Singapore Mandarin

alveolar-retroflex contrast continuum.

5.1.2 Spring-Village CROWN Game

We designed a new paradigm to obtain a more fine-grained measure of
phoneme contrast perception — the Spring-Village CROWN Game. The Spring-
Village CROWN Game is based on a 2-alternative forced choice (2AFC) task
created by Ke et al. (2021) known as the CROWN Game. In this paradigm,
participants are presented with sound tokens drawn from a continuum of speech
sounds varying in acoustic ambiguity from each other. Participants are then
instructed to make categorical identification decisions for each of the sounds
they hear. The response patterns of each participant can then be used to measure
perceptual sensitivity to different degrees of acoustic ambiguity in the sound
tokens. Similar 2AFC paradigms have successfully been used to examine
individual differences in phoneme contrast perception, such as in Chang (2012)
who tested Taiwan and Beijing Mandarin speakers on their perceptual response
patterns for a continuum of Mandarin alveolar-retroflex speech tokens (Chang,
2012). The original CROWN Game has also been successfully used to capture

fine-grained individual differences in the perception of voice onset time (VOT)
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phoneme contrasts in English and Mandarin with multilingual participants (Ke
etal., 2021; Pan et al., 2021). Thus, we were confident that this paradigm would
be well suited for obtaining a more detailed measure of perceptual differences
in the resolution of Mandarin alveolar-retroflex ambiguity in our target

population of Singapore English-Mandarin bilinguals.

5.1.3 Link between fine-grained measure of sensitivity and Mandarin
understanding ability

Besides using this new task to determine if our new Singapore Mandarin
stimulus set could capture individual differences in perceptual sensitivity for
alveolar-retroflex contrast ambiguity, we also planned to explore the question
of whether this fine-grained measure of phoneme contrast perception might be
linked to our participants’ overall Mandarin understanding abilities. While other
studies have yet to examine a link between Mandarin alveolar-retroflex
phoneme contrast sensitivity and general Mandarin comprehension ability, we
have some reason to believe that such a link may exist. Existing studies appear
to show that there is a link between the manner in which the Mandarin alveolar-
retroflex contrast is perceived, and the variety of Mandarin that individuals are
familiar with. For instance, Chang (2012) compared how Taiwan and Beijing
Mandarin speakers resolved perceptual ambiguity for sound tokens on an 8-step
alveolar-retroflex contrast continuum synthesised from standard Beijing
Mandarin. The results of the study showed that the variety of Mandarin that
individuals spoke was linked to different patterns of perceptual ambiguity

resolution. In particular, speakers of the deretroflexed variety of Taiwan
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Mandarin displayed a higher level of tolerance for phonological ambiguity in
retroflexion as compared to Beijing Mandarin speakers who had a stricter cut-
off for the degree of phonological ambiguity in acceptable examples of
retroflexion (Chang, 2012). It is possible that this difference in perception may
extend to Mandarin comprehension, as Taiwan Mandarin speakers have been
documented to display a degree of perceptual confusion when tasked with
identifying alveolar and retroflex words in Beijing Mandarin speech (Shih &
Kong, 2011). However, it is important to note that the test stimuli used in both
of these studies consisted of word tokens aligned to the phonological norms of
the standard Beijing variety Mandarin. Thus, the results found in these studies
may not be generalisable to how Mandarin alveolar-retroflex phoneme contrast
sensitivity is linked to language perception and comprehension in a local,
familiar variety of Mandarin. In fact, studies have found that Taiwan Mandarin
speakers typically show high levels of overall Mandarin comprehension ability
despite some level of perceptual confusion for the alveolar-retroflex contrast in
both the Taiwan and the standard Beijing varieties of Mandarin (e.g., Chung,
2006). Therefore, while the results of this study might reveal a link between
overall Mandarin understanding abilities and perceptual sensitivity for the
Mandarin alveolar-retroflex contrast, it is also possible that the results will
show that high levels of daily Mandarin proficiency may be possible without
the presence of correspondingly high levels of fine-grained perceptual

sensitivity for the Mandarin alveolar-retroflex contrast.
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To promote open science practices, we have made all relevant data, task
files, stimuli, and analysis files for this study available on the Open Science

Framework (https://osf.io/rngdw/).

5.2 Methods

5.2.1 Participants

We had no prior estimate of effect size for our examination of a link
between Mandarin understanding abilities and perceptual sensitivity for the
Mandarin alveolar-retroflex contrast. As such, we preregistered a sample size
range instead, with a Bayesian inference threshold as our data collection stop
rule. Our minimum sample size was based on an a priori power analyses in
G*Power 3.1.9.7 to observe a large effect size (p = 0.5) in a test of correlation
at an alpha level of 0.05 with a power of 1-B = 0.95. This analysis revealed that
a minimum sample size of N = 34 participants would be required if a large
effect size were present in the data. Our maximum sample size was based on an
a priori power analyses in G*Power 3.1.9.7 to observe a minimum effect size of
interest (p =0.3) in a test of correlation at an alpha level of 0.05 with a power of
1-=10.95. This analysis revealed that a sample size of N = 111 would be
required if a minimum effect size were present in the data. Thus, we
preregistered a sample range of N = 34 — 111. Once the minimum sample size
of N = 34 was reached, a Bayesian significance test was then carried out on the
data with each consecutive participant to determine if the results of a correlation
analysis between self-rated Mandarin Understanding scores and Decision

Gradient slopes (as described in the analysis section) were substantially
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supportive of either H1 (i.e., that there is a correlation between the two factors;
BF>3), or HO (i.e., that there is no correlation between the two factors;
BF<0.33) (Dienes, 2014). The prior for the Bayesian significance test was set at
a correlation of p = 0.25, based on a study conducted by Pan et al. (2021), and

we would stop data collection once a substantial Bayes factor was obtained.

Based on our preregistered sample size guidelines, 69 participants (41
female, 28 male) were recruited from the student population of Nanyang
Technological University in exchange for course credits or payment of $5
following completion of the study. Four female and three male participants
were excluded from data analysis due to a failure to follow task instructions, or
for not being from the target demographic of Singapore Mandarin speakers. The
remaining sample of 62 participants were aged between 18 — 29 years of age
(Median = 22.0, SD = 2.1), all of whom reported spending their entire lives in
Singapore. Informed consent was collected from all participants prior to
commencement of the study, and this study was approved by the IRB of

Nanyang Technological University institution (IRB-2019-01-034).

5.2.2 Equipment

The Spring-Village CROWN Game was conducted on a 10-inch LCD
screen on a Microsoft Surface Go computer. All stimuli were presented in
OpenSesame (Mathot et al., 2012). Audio stimuli were presented to the
participants with a pair of Audio-Technica Over-ear Monitoring Headphones

ATH-M40x.
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5.2.3 Stimuli

Visual stimuli consisted of cartoon depictions of a monkey, and of the
two target words in Mandarin Chinese: a village for [tstudn], and a spring
festival (also known as Lunar New Year) for [ts"udn]. Figure 5.1 contains an

example of the visual stimuli presented to participants.

Audio stimuli consisted of eight 580ms acoustic tokens synthesised

along an 8-step Singapore Mandarin alveolar-retroflex [tstudn]-[tshudn] (#

‘village’ - & ‘spring’) continuum. Each token on the continuum was spaced

equally from its adjacent tokens terms of acoustic distance. The alveolar end of
the continuum (i.e., the most alveolar [tstuadn]-like sound) was represented by
Sound 1, and the retroflex end of the continuum (i.e., the most retroflex

[ts"uan]-like sound) was represented by Sound 8.

5.3 Procedure

Participants were introduced to the task with written instructions in
English. The instructions followed a storyline in which participants were told
they needed to help a little monkey collect flowers for a flower crown by
directing the little monkey travel to one of two locations (i.e., to the village or

to the spring festival) based on the word that they heard on each trial.

5.3.1 Practice phase
To ensure that participants were familiar with the word sound to picture

pairing, participants first completed two practice blocks. On each practice trial,
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participants were presented with the little monkey in the middle of the screen,
and the pictures of the two locations (i.e., the village and the spring festival) on
either side of the screen, while either Sound 1 or Sound 8 was played (see
Figure 5.1 for example of visual stimuli). The participant would then make a
keypress response to direct the monkey to either side of the screen. Following a
keypress response, written feedback in English would be provided at the top of
the screen (see Figure 5.2 for example of feedback provided following each
practice response). Each sound token was played two times in random order
over the course of each block, and the location of the village and spring festival

pictures were counterbalanced across practice blocks.
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Figure 5.1

Visual stimuli presented to participant in CROWN game.

Note. Not drawn to scale.

Figure 5.2

Examples of visual feedback given during training phase.

Good job!
Monkey went to the village!

O

Good job!
Monkey went to the spring festival!

Oh no!
Monkey went to the wrong place!

A

Note. Left: correct Sound 1 response. Middle: Correct Sound 8 response. Right:

Incorrect response. Not drawn to scale.

5.3.2 Test phase

Following completion of the practice phase, participants completed a

total of 10 test blocks. The test blocks were similar to the practice phase, with

the exception that all eight sound tokens from the 8-step Singapore Mandarin

alveolar-retroflex continuum were played in random order across each block,
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and no written feedback was given following a keypress response so as to not

influence the participants’ response patterns.

5.3.3 Language ID

To collect data on participants’ language understanding abilities, they
were asked to rate how well they understood the four main languages in
Singapore (English, Mandarin, Malay, and Tamil) on a scale of 0 to 100 using
an onscreen sliding scale. Participants were also given an option to add in more

languages or dialects to rate.

5.4 Analysis Plan
5.4.1 Spring-Village CROWN GAME

We obtained two measures of Mandarin alveolar-retroflex contrast
perception from the response patterns of our participants in the Spring-Village
CROWN game. First, we determined the average boundary threshold on the 8-
step Mandarin alveolar-retroflex [tstudn]-[ts"udn] continuum at which the
majority of the participants’ sound token identification decisions switched from
the alveolar-initial word [ts"uan] to the retroflex-initial word [tshudn]. Next, we
obtained the slope value of the decision gradients of each participants’ response
patterns for each sound token on the continuum. This decision gradient slope
values represent the manner in which participants resolve perceptual ambiguity
for speech tokens falling between the prototypical alveolar Sound 1 [tstuan] and
retroflex Sound 8 [tstuan]. Steep slopes represent a highly systematic response

pattern consistent with a high degree of contrast sensitivity for perceptually
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ambiguous sound tokens the continuum, and shallow slopes represent a less
systematic response pattern consistent with a lower degree of contrast

sensitivity for perceptually ambiguous sound tokens on the continuum.

To obtain the boundary threshold and decision gradient slope values, we
obtained the number of “spring festival” (Sound 8 retroflex [tshuan]) responses
each participant made for each of the eight sound tokens on the alveolar-
retroflex contrast continuum across the test phase. Psychometric functions were
then fit for each participant with quickpsy function in R (Linares & Ldpez-
Moliner, 2016; R Core Team, 2020) based on the proportion of “spring festival”
(Sound 8 retroflex [ts"uan]) responses made out of all the responses for each of
the eight tokens on the alveolar-retroflex contrast continuum. Individual slope
and boundary threshold values were then extracted for each participant from
their fitted psychometric functions. Following this, we then obtained the median
boundary threshold of all our participants. This median boundary threshold
represents the median Mandarin alveolar-retroflex boundary threshold for our

Singapore Mandarin speakers.

5.4.2 Link between Mandarin understanding and decision gradient slopes
To determine if Mandarin understanding abilities are associated with
individual differences in our participants’ perceptual sensitivity for ambiguity
in a Singapore Mandarin alveolar-retroflex contrast continuum, we then
conducted a one-tailed Pearson correlation analysis between our participants’

self-rated Mandarin understanding ability scores, and their individual decision

180



gradient slope values. Individual Mandarin understanding ability scores were
obtained directly from each participants’ Language ID, and individual decision
gradient slope values were extracted from the psychometric slopes fitted to their

responses on the Spring-Village CROWN Game.

5.5 Results

5.5.1 Language ID
Figure 5.3
Participants’ self-reported English and Mandarin understanding ability.

Self-Rated English and Mandarin
Understanding Ability

-
<)) ~ o
o o o

Self-Rated Mandarin Understanding
N
(4]

0 25 50 75 100
Self-Rated English Understanding

Note. N = 62. Circles: female, triangles: male. Responses jittered by 10 for

visualisation.

Figure 5.3 shows the distribution of our participants’ self-rated English
and Mandarin understanding abilities. Overall, our participants self-reported
high levels of understanding abilities for spoken English (Range: 60-100,

Median =95, SD = 8.2), indicating that they would not have had any issues in
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understanding the task instructions. Participants self-reported more varying
levels of understanding abilities for spoken Mandarin (Range: 37-100, Median

=76,SD =17.2).

5.5.2 Spring-Village CROWN GAME

Figure 5.4
Decision gradient slopes of individual participants, showing fitted psychometric

functions.
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Note. N = 62. Dotted lines indicate median boundary threshold.

The individual decision gradient slope values of each participant are
shown in Figure 5.4 together with the overall median alveolar-retroflex
boundary threshold (represented by grey dotted lines). From the fitted
psychometric functions, we obtained an overall median boundary threshold of

5.6 (SD = .67).
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5.5.3 Link between Mandarin understanding and decision gradient slopes
Figure 5.5

Distribution of each participants’ psychometric slope values and self-rated
Mandarin understanding ability.

Relationship Between Log-Transformed
Slope Values and Mandarin Understanding

Decision Gradient Slope Values

O J | )

40 60 80 100
Self-Rated Mandarin Understanding Proficiency

Note. N = 62. Mandarin understanding abilities rated on scale of 0 — 100.

Figure 5.5 shows each participant’s decision gradient slope value plotted
against their self-reported Mandarin understanding ability scores. As there were
two slope value outliers in the dataset, we applied a log transformation to all
slope values to approximate a Gaussian distribution before further analysis was
conducted. The Pearson correlation analysis was then conducted on the log-
transformed slope values to assess the strength of relationship between
Mandarin understanding ability scores, and decision gradient slope values. The
analysis revealed a weak correlation coefficient of r = .02, t(1,60) = .14; p =

44; BH(o, 0.25) = 0.14, indicating that there was no significant correlation
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between our participants’ self-rated Mandarin understanding ability scores and

their contrast sensitivity decision gradient slope values.

5.6 Discussion

Overall, the results of this study are consistent with that of our earlier
word identification study. Our currently study shows that the majority of our
Singapore Mandarin speaking participants demonstrate perceptual sensitivity
response patterns consistent with the perception of a distinct Mandarin alveolar-
retroflex phoneme contrast. Moreover, this study shows that this contrastive
perception is not restricted to word identification alone, but can also be found
with a fine-grained measure of perceptual sensitivity using the minimal word
pair [tshudn]-[tstuan]. As this minimal pair has been documented to contain
higher degrees of phonological ambiguity (e.g., as shown in our earlier CoG
analysis; Chang, 2012; Jeng, 2006), we can see that Singapore Mandarin
speakers can demonstrate high levels of alveolar-retroflex phoneme contrast

sensitivity for the local variety of Mandarin.

We also found a range of individual differences in our participants’
patterns of ambiguity resolution across the Mandarin alveolar-retroflex [tshuan]-
[tshudn] continuum. A visual inspection of Figure 5.4 shows that some of our
participants had visibly steeper decision gradient slopes, characteristic of high
levels of sensitivity to different degrees of phonological ambiguity across the
continuum. On the other hand, some participants had visibly shallower decision

gradient slopes, characteristic of lower levels of perceptual sensitivity for
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phonological ambiguity across the continuum. This shows that fine-grained
individual differences in phoneme contrast sensitivity can be effectively
captured with this set of stimuli using the paradigm of the Spring-Village

CROWN game.

Our examination of our participants’ perceptual alveolar-retroflex
boundary thresholds revealed that the median boundary threshold of our sample
of Singapore Mandarin speakers lies between Sound 5 and Sound 6, closer to
the retroflex end of the continuum. This indicates that on average, our
participants showed a greater tolerance for ambiguity in alveolar articulations,
with the majority of our participants judging a wider range of ambiguous sound
tokens to be consistent with their representation of the voiceless alveolar
affricate in [ts"udn] as compared to the voiceless retroflex affricate in [ts"uan].
This boundary threshold patterns differs from existing documentation on how
both Taiwan and Beijing Mandarin speakers resolve acoustic ambiguity on a
Beijing Mandarin alveolar-retroflex contrast continuum. Chang (2012) found
that the boundary thresholds of Taiwan and Beijing Mandarin speakers lie
closer to the retroflex end of the continuum, indicating that unlike Singapore
Mandarin speakers, they had a higher tolerance for ambiguity in retroflexion
(with Taiwan Mandarin speakers showing more tolerance for retroflex
ambiguity than Beijing Mandarin speakers). It is possible that this difference
could be related to variations in the manner in which the alveolar and retroflex
places of articulation are used in each of the different varieties of Mandarin.

However, we cannot directly compare our results to that of Chang (2012), as
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the stimuli used in their study were synthesised from Beijing Mandarin, which
is phonologically distinct from both Taiwan and Singapore Mandarin. Thus, the
ambiguity resolution patterns of Chang’s (2012) study apply specifically to how
Taiwan and Beijing Mandarin speakers perceive the alveolar-retroflex contrast
in the standard variety of Beijing Mandarin, and cannot be generalised to

findings in other varieties of Mandarin.

Finally, we did not find evidence of any significant relationship between
our participants’ Mandarin understanding abilities and their perceptual
sensitivity for ambiguity embedded in our Singapore Mandarin alveolar-
retroflex contrast continuum. This shows that daily overall Mandarin speech
comprehension does not appear to be related to the degree of sensitivity that
Singapore Mandarin speakers for sensitivity to ambiguity along the alveolar-
retroflex [ts"udn] — [ts"uadn] contrast. Thus, highly structured contrast sensitivity
for the Mandarin alveolar-retroflex contrast does not appear to be needed for
accurate speech comprehension in naturalistic daily Mandarin speech. This is
consistent with an observational study of Taiwan Mandarin speakers which
found that misplaced retroflex use does not appear to have an impact on overall
speech comprehension (Chung, 2006). In fact, documentations of naturalistic
conversational speech in Taiwan Mandarin have shown that Taiwan Mandarin
speakers may deliberately utilise deretroflexion or hypercorrection (where
retroflexion is used in place of the alveolar place of articulation) as a stylistic
speech choice to highlight concepts and enhance listening comprehension in

daily conversation (Chung, 2006).
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Similarly, Singapore Mandarin speakers may have a more flexible
understanding of how different places of articulation should be used in
Mandarin, and may instead rely more heavily on other naturalistic speech cues
(e.g., context) to distinguish between words. This could be a more efficient
speech comprehension strategy in daily conversation, as Mandarin contains a
large number of homophones that cannot be disambiguated through strict

phoneme contrast identification alone.

5.7 Conclusion

On the whole, our fine-grained perceptual analysis showed that
Singapore Mandarin speakers do in fact perceive a distinct contrast in an
alveolar-retroflex contrast acoustically aligned to the norms of the local variety
of Mandarin. We have also found that a range of individual differences can be
found in our participants’ perceptual sensitivity for different degrees of
ambiguity embedded in our continuum of voiceless alveolar-retroflex affricate
[tshudn] — [ts"uan] sound tokens. While some participants display high levels of
ambiguity resolution sensitivity, others display less sensitivity for different
degrees of alveolar-retroflex ambiguity. However, these individual differences
in perceptual sensitivity do not appears to be related to our participants’ ability
to comprehend spoken Mandarin in daily speech. This suggests that Singapore
Mandarin speakers may not require high levels of structured phoneme contrast

sensitivity to have functional levels of conversational Mandarin comprehension.
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Our findings have helped to establish a set of stimuli that is valid for the
local population of contemporary Singapore Mandarin speakers. The use of
such validated stimuli will ensure that future studies are well-suited to the
speech norms of Singapore Mandarin speakers, and can be used to inform
educators on how local students perceive and understand speech sounds. We
have also made our stimuli and Spring-Village CROWN game task available in
an online repository (https://osf.io/rng4w) to facilitate replications and
extensions of our research. With this study, we have established that a fine-
grained measure of perceptual sensitivity for the Singapore Mandarin alveolar-
retroflex contrast can be obtained with our Spring-Village CROWN game, we
are confident that this this set of stimuli and this paradigm can be used to
effectively assess different aspects of how Singapore Mandarin speakers
perceive this Mandarin alveolar-retroflex contrast. We now have a validated
method of assessing perceptual sensitivity for the Singapore Mandarin alveolar-
retroflex contrast with a novel set of stimuli aligned to the acoustic norms of
contemporary Singapore Mandarin. Thus, we are confident that we will be able
to investigate a language-specific transfer effect in Singapore English-Mandarin

bilinguals with a distributional learning task.

Before we began our distributional learning study, we first conducted an
exploratory study to examine any possible links between perception and
production of the Singapore Mandarin alveolar-retroflex contrast. Existing
studies have demonstrated that there is a link between the degree of contrast in

perception and production of phonemes by native language speakers (Fox,
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1982; Newman, 2003). Moreover, evidence also suggests that perceptual
sensitivity training on phoneme contrasts can lead to corresponding increases in
contrastiveness of phoneme contrast in speech production (Inceoglu, 2016;
Sakai & Moorman, 2018). We thus conducted a small-scale exploratory study
to investigate if any such links exist between perception and production of the
Singapore Mandarin alveolar-retroflex contrast. Based on the results that we
find, we may design future studies to determine if distributional training for
perceptual sensitivity to our Singapore Mandarin [ts"uan]-[tshudn] alveolar-

retroflex contrast might lead to changes in contrastiveness in speech production.
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Chapter 6: Investigating speech perception-production links for a

Singapore Mandarin alveolar-retroflex sibilant contrast

6.1 Introduction

In Chapter 4, we examined the fine-grained acoustic characteristics of
speech production of the Singapore Mandarin alveolar-retroflex contrast, and
found that Singapore Mandarin speakers have a range of individual differences
in the acoustic characteristics of their production of the two categories of
speech sounds. We also conducted a fine-grained examination of how
Singapore Mandarin speakers perceive an alveolar-retroflex contrast in
Singapore Mandarin in Chapter 5, and found a wide range of perceptual
patterns in how Singapore Mandarin speakers resolve acoustic ambiguity for
speech sounds in this contrast. As studies have suggested that there may be
links between perception and production of phoneme contrasts, we set out to
examine possible links between individual differences in how Singapore
Mandarin speakers perceive and produce the Singapore Mandarin alveolar-
retroflex [ts"uan]-[ts"udn] contrast. Although we have previously collected
measures of Singapore Mandarin alveolar-retroflex speech production and
perceptual word recognition in Chapter 4, the results we obtained were not well
suited for an assessment of links between speech perception and production.
We were unable to clearly assess individual differences in perception in
Chapter 4 as the majority of the participants performed at ceiling level accuracy
for the word identification task. Moreover, we were unable to obtain suitably

high quality audio recordings of speech production in Chapter 4 as the study

190



took place at the height of the COVID-19 pandemic, we were not able to access
a high quality sound-attenuated recording environment due to social distancing
restrictions. As COVID-19 restrictions have since been relaxed, we were able to
conduct speech recordings for Chapter 6 in an on-campus sound-attenuated
recording booth. This allowed us to obtain high quality audio recordings
without high ambient noise levels, making this data well suited for examining
fine-grained links between frication perception (with the Spring-Village
CROWN Game) and production (with the speech elicitation task in Chapter 4).
As this study was entirely exploratory in nature, we did not conduct a
preregistration prior to data collection as we did not have any particular
expectations for the pattern of results we would find. However, in line with
open science principles, all our task files, analysis files, and the data analysed in
this study have been saved in a repository on the Open Science Framework and

are available here https://osf.io/nh9sw/.

6.1.1 Theories and evidence on auditory-motor links in speech perception
Theories on the manner in which motor activation in speech production
is involved in the perception of speech signals have been extensively discussed
in the existing literature. These theories suggest that motor representations of
speech production play an integral role in the perceptual processing of speech.
One of these classes of theories — Motor Theories — suggest that speech
perception extends beyond the auditory domain, with links existing between the
perception and production of speech. According to Motor Theory (Lieberman

& Mattingly, 1985), speech perception is achieved through directly referencing
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how speech is produced by the listener. This is achieved by matching the
acoustics of the speaker voice to the listener’s own model of how they would
move their own articulators to produce the same speech sounds. The Analysis
by Synthesis theory (Stevens & Halle, 1967) further suggests that while motor
gestures are involved in speech perception, the exact process is less direct and
occurs as a result of listeners mentally synthesising incoming speech signals
into corresponding motor commands — these synthesised motor commands are
then referenced against the perceived speech signals to accurately decipher the

incoming information.

Indeed, there is evidence of motor regions of the brain being involved in
speech perception. Such studies have been conducted with both adults and
infants, suggesting that the generation of motor models may indeed be involved
in the perception of speech. Callan et al. (2014) conducted an fMRI study to test
native English speakers and Japanese speaker on their discrimination of the
English /r/-/1/ contrast. The results of their study revealed different patterns of
auditory and motor region activation based on whether or not the contrast was
present in the participants’ native language. In particular, English speakers in
their study showed greater activation in the auditory areas such as the superior
temporal gyrus (STG) as compared to motor areas of the brain, while the
Japanese speakers showed the inverse, with less auditory region activation, and
greater activation of motor regions such as Broca’s area, the premotor cortex,
and the anterior insular (Callan et al., 2014). Similarly, Kuhl et al. (2014)

conducted a series of MEG studies to compare regions of brain activation in 7-
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month-old and 11-to-12-month-old infants when they were presented with
native vs. non-native phoneme contrasts. As discussed in Section 1.3.1, infants
typically begin life sensitive to a wide variety of speech sounds, and begin
losing sensitivity for non-native phoneme contrasts at around 10 months of age.
Kuhl et al. (2014) found that the 7-month-olds who had not yet developed
native-language phoneme perceptual sensitivities showed equal amounts of
activation in the STG and Broca’s area. On the other hand, the 11-to-12-months
olds who had already begun developing sensitivities to native language
phoneme contrasts showed less activation in Broca’s area as compared to the
STG. The results of Callan et al. (2014) and Kuhl (2014) have been suggested
by the authors to be indicative of auditory-motor links which become innate for
native speech sounds due to extensive listening experience, but which require
higher levels of effortful activation for the construction of mental motor models
of non-native speech sounds. The patterns of brain region activation observed in
these studies appear to suggest that the motor activation of speech production is
likely to be important for the perception of speech. More directly, studies also
show that speech perception-production links can be found in behavioural

studies of phoneme perception and production.

6.1.2 Behavioural evidence for perception-production links in speech
Behavioural studies have shown that there appear to be links between

speech perception and production of speech across the lifespan. Infant studies

have demonstrated that such a link can be observed from very early on in life.

For instance, Kuhl and Meltzoff (1982) demonstrated that 18- to 20-month old
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infants were able to accurately match videos of lip movements to audio
recordings of speech sounds, suggesting that the ability to map articulatory
motor gestures onto speech sounds is present from early life. Tsao et al. (2004)
also found a link between speech perception in even younger infants and speech
production abilities later in infancy by demonstrating that phonetic
discrimination sensitivities in 6-month-olds were correlated with their language

and vocabulary development later in life at 24 months of age.

More direct links between perception and production of speech can also
be found in studies of children with specific articulatory disorders. These
studies typically show that children with articulatory disorders specific to
certain phonemes tend to demonstrate corresponding difficulties in perceiving
the same phonemes in speech. For instance, Rvachew & Jamieson (1989) tested
5- and 7-year-old children with functional articulatory disorders on their
perceptual sensitivity to different phoneme contrasts and found that the
children had perceptual sensitivity difficulties for the phoneme contrasts their
articulatory disorders were linked to. A large subset of the 5 year-old children
with articulatory disorders linked to the voiceless frication /[/ showed
difficulties at accurately identifying words with a /s/-/f/ initial place of
articulation. At the same time, all the 7-year-olds with articulatory disorders
specific to the voiceless frication phonemes /s/ and /8/ demonstrated similar
difficulties at identifying words with a /s/-/0/ initial place of articulation. The

results of this study appear to show that functional articulatory disorders in
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children are linked to perceptual difficulties specific to the phonemes that they

have difficulty in producing.

Similarly, Hearnshaw et al. (2018) investigated differences in speech
perception-production links in Australian English speaking children with and
without speech sound disorders (SSD) using word identification and speech
production tasks for words with the initial phonemes of /k/, /1/, /f/, and /s/.
While the study found that children with Australian SSDs appeared to show
generalised difficulties in perceiving words with all four initial phonemes as
compared to the children with typical speech development, the study also
revealed an overall correlation in speech perception and production accuracy
for all participants. Moreover, Hearnshaw et al. (2018) also found an overall
trend of all participants showing more difficulties in producing /i/-initial words.
As Australian English is a non-rhotic variety of English, it is possible that this
could be linked to the participants’ lack of perceptual experience with the /1/
phoneme in daily conversation. Therefore, these studies show that difficulties in
the production of specific speech sounds may be linked to corresponding

difficulties in perception the same categories of speech sounds.

At the same time, studies on adults have also demonstrated that
improvements in perception may be linked to corresponding improvements in
production of certain phonemes. Studies focusing on non-native phoneme
contrast training have found that training in the perceptual domain often has

effects that carry over to the production domain of speech. For instance,
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Bradlow et al. (1997) conducted a speech perception and production study on
Japanese-speaking adults, in which they trained participants on their perception
of a novel English /r/-/l/ contrast. The phonemes /r/-/I/ are non-contrastive in
Japanese, and are therefore difficult for native Japanese speaking adults to
perceive and produce. Bradlow et al. (1997) found that participants who
showed improvements in perceptual sensitivity for the contrast following
training were more likely to also showed concomitant improvements in their
production of the contrast. Similarly, Inceoglu (2016) trained English speakers
on their perceptual sensitivity for the French /3/, /a/, /¢/ vowels which are not
present in English. Inceoglu (2016) likewise found that their participants’
improvements in perceptual sensitivity for the vowel contrasts corresponded
with improvements in production of the vowels. Moreover, this pattern of
results is borne out in a meta-analysis conducted by Sakai and Moorman (2018)
on 30 studies of novel phoneme perception training followed by speech
production assessment. This meta-analysis revealed that perceptual training for
novel phoneme contrasts generally results in at least a small to medium
improvement in speech production that is stable over time (Sakai & Moorman,
2018). Thus, evidence appears to show that links exists between improvements
in perceptual sensitivity to novel phonemes, and corresponding improvements

in production of said phonemes.

Studies examining the production and perception of phonemes in native
language speakers have also shown evidence for perception-production links.

For instance, Fox (1982) tested English speaking participants on how
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constrastively they perceived and produced English vowels in terms of acoustic
space. The results of this study revealed a significant correlation between the
two, with participants who reported perceiving the vowels more contrastively
from each other also producing vowels that were at a greater distance from each
other in acoustic space (Fox, 1982). Similarly, Newman (2003) assessed native
English speakers for a link between contrastiveness in perception and
production of the English consonant contrasts /b/-/p/ or /s/-/f/. Newman (2003)
obtained data on participants’ speech production in a task in which participants
were recorded producing the syllables /ba/ and /pa/ or /see/ and/fe/. Following
this, information was obtained on participants’ perceptual prototypes of each
phoneme using a “goodness of fit” rating scale in which participants were
presented with sound tokens on a /ba/-/pa/ or /sa&/-/fee/ continuum and told to
rate each token on how well it fit the category of /p/ or /[I. The results of
Newman’s (2003) study revealed that there was a significant link between
participants’ perception and production of the phonemes, with the participants
giving higher ratings to speech sounds that were more closely aligned to their
own productions of the phonemes in terms of voice onset time (VOT) and peak
spectral frequency. From these studies, we can see that there is evidence that
differences in the how phoneme contrasts are perceived in acoustic space are
correspondingly linked to the acoustic characteristics of the same phonemes

when produced in speech.

On the other hand, some studies appear to show weaker links between

perception and production of speech in native language speakers. For instance,
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Frieda et al. (2000) conducted a study on the link between hyperarticulation in
perception and production of the English vowel /i/ - this study proposed that
there would be a link between perceptual preferences for hyperarticulation, and
hyperarticulation of the vowel in speech. To obtain data on participants’
perceptual prototypes of the vowel /i/ participants were instructed to select their
perceived best exemplar tokens out of 330 /i/ tokens varying incrementally in
F1 and F2. Following this, participants were instructed to produce speech
tokens of words with the vowel /i/ in naturalistic speech, or in “clear” speech to
approximate hyperarticulation. F1 and F2 data were then extracted from the
speech recordings tokens, and compared to the perceptual tokens. However, the
link that Frieda et al. (2000) expected to find was not fully supported by the
results of the study. While a small subset of participants did indeed have a link
between their chosen /i/ vowel prototypes and the degree to which they
hyperarticulated /i/ in speech, the majority of participants showed a pattern of
preferring vowel prototypes with hyperarticulation that exceeded even that of
their own “clear” speech production tokens. Similarly, a study by Bailey and
Haggard (1980) examined links between perception and production in 3-year-
old children, but did not find a significant positive correlation between their
averaged perceptual discrimination boundaries across a series of voiced-
voiceless /b/-/pl/, [d/-1t/, Ig/-/k/ VOT continuums, and the averaged VOTSs of
their productions of different minimal pairs of words with an initial
voiced/voiceless consonant (i.e., bin/pin, bear/pear, deer/tear, goat/coat,

girl/curl). While Bailey and Haggard (1980) did report finding a moderate
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correlation between the averaged production boundary threshold and the
perceptual boundary threshold for /b/-/p/, no similar links were found for /d/-/t/
or /g/-/k/. Thus, these studies demonstrate that perception-production links in

speech may vary in strength between individuals and conditions.

It is possible, however, that methodological differences could have
contributed to the contrasting results found in the studies discussed above. For
instance, it is possible that requiring participants to identify best-fit examples of
vowels (as in Frieda et al. 2000) could have resulted in participants choosing
perceptual prototypes with greater degrees of hyperarticulation than in
naturalistic speech. This could occur as a result of the Hyperspace Effect
proposed by Johnson et al. (1993). According to this Hyperspace Effect, native
language speakers typically store perceptual templates of phonemes in more
hyperarticulated forms, leading to highly hyperarticulated tokens being
preferred in tasks of best-fit phoneme token selection (Johnson et al, 1993). At
the same time, it is worth noting that the speech tokens used in the perception
and production analysis of Bailey and Haggard’s (1980) study were not always
directly matched, collapsing across different places of articulation and using
different minimal pairs of words to obtain overall measures of perception and
production. This could have impacted the results of their study, as collapsing
across categories of speech sounds and minimal pairs of words fails to account
for individual sources of variance from different places of articulation, and
different coarticulation effects from vowels across different minimal pairs of

words. Moreover, the participants in Bailey & Haggard’s (1980) study
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consisted of 3-year-old children who were assessed on their perception of word
tokens synthesised to the norms of adult speech. This could have led to an
additional source of mismatch in the stimuli. Studies have demonstrated that
there are significant differences between both perception and production of
voiced-voiceless phoneme contrasts in adults and children. For instance, Zlatin
and Koenigsknecht (1976) compared the perception and production of similar
voiced-voiceless initial consonant minimal pairs of words in 2- and 6-year-old
children and adults. This study revealed that there are significant differences
between the perception and production of young children and adults, with
adults typically producing speech tokens more contrastively, and having a
narrower phoneme contrast boundary in perception as compared to children.
This discrepancy could therefore have introduced further complications to the
results of Bailey & Haggard’s (1980) study. Thus, any perception-production

links that do exist in speech could have been attenuated.

6.1.3 Analysis of perception-production link in Singapore Mandarin alveolar-
retroflex contrast

Based on what we have found in existing literature, we designed our
investigation of a perception-production link in Singapore Mandarin to ensure
that the target sound tokens used in perception and production were as closely

linked as possible. For our measure of speech perception, we chose to use our

synthesised 8-step Singapore Mandarin #¥ [tstudn] (village) - & [ts"u4n]

(spring season) affricate alveolar-retroflex continuum that we created in
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Chapter 5 based on the acoustic norms of Singapore Mandarin speakers in
Chapter 4. For our measures of speech production, we obtained spoken word
recordings of the words [ts"udn] and [ts"uan] from native speakers of Singapore
Mandarin. Finally, in order to ensure that our measure of speech perception
would not be affected by a task-dependent hyperspace effect (Johnson et al.
1993), we used our fine-grained measure of alveolar-retroflex contrast
perception — the Spring-Village CROWN Game used in Chapter 5. This
paradigm would allow us to obtain fine-grained measures of phoneme contrast
sensitivity across a continuum without requiring participants to choose a best-fit

prototype of each sound.

While there does not yet exist evidence pointing towards a perception-
production link for Mandarin alveolar-retroflex contrasts, some studies appear
to show that there are links between the variety of Mandarin that is spoken and
the manner in which the standard Beijing Mandarin alveolar-retroflex contrast
is perceived. For instance, Chang (2012) and Chang et al. (2013) investigated
Taiwan and Beijing Mandarin speakers’ perception of an alveolar-retroflex
contrast continuum in standard Beijing Mandarin, and found that Taiwan
Mandarin speakers were typically more accepting of a wider range of acoustic
ambiguity in retroflexion as compared to standard Beijing Mandarin speakers.
Chang et al. (2013) suggested that this pattern of perceptual responses reflects
how clearly retroflexion is produced in Taiwan Mandarin (less distinct from the
alveolar to deretroflexion) as compared to Beijing Mandarin (more distinct

from the alveolar). This suggests that we might likewise be able to obtain
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evidence of perception-production links in a Singapore Mandarin alveolar-
retroflex contrast by examining individual difference in our participants’

Mandarin speech perception and production.

To promote open science practices, we have made all relevant data, task
files, stimuli, and analysis files for this study available on the Open Science

Framework (https://osf.io/nh9swy/).

6.1.3.1 Acoustic analysis of production of Singapore Mandarin /ts"uan]-
[zs"uan] contrast

To obtain speech production data from our participants, we conducted
the Spring-Village speech production task first used in Chapter 4, in which
word tokens were recorded from participants reading out loud from a wordlist

of alveolar-retroflex minimal pairs of words (see Table 3.1 for wordlist).

However, we focused our acoustic analyses on the word tokens #Y [tstudn]

(village) - & [tshudn] (spring season) only. As in our earlier analysis of the

Spring-Village speech production task in Chapter 4, we focused on two main
analyses to first examine differences between productions of frication for the
alveolar [tstudn] and retroflex [ts"udn] in Singapore Mandarin. We conducted
an analysis on the Centre of Gravity (CoG) values of each frication token, and a
general additive mixed model analysis (GAMM) on the long-term averaged

spectrum (LTAS) data of each frication token.
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For the examination of perception-production links in speech, we also
obtained measures of alveolar-retroflex contrastiveness in speech from the CoG
values and LTAS matrices. A measure of alveolar-retroflex CoG
contrastiveness (CoG A) was obtained for each participant from the difference
between the mean of each participant’s [tshudn] and [tstuan] frication CoG
values. Larger CoG A values represent a greater degree of contrast in speech
and smaller CoG A values represent less contrast in speech. A measure of
alveolar-retroflex contrastiveness was also obtained for each participant from

their LTAS matrices.

6.1.3.2 Analysis of perceptual sensitivity for Singapore Mandarin /ts"uan]-
[zs"uan] contrast

To obtain fine-grained measures of alveolar-retroflex contrast
perceptual sensitivity, we used the Spring-Village CROWN game (first used in
Chapter 5) to assess participants’ patterns in ambiguity resolution for an 8-step
[tshudn]-[tstuan] Singapore Mandarin continuum. As in our earlier analysis of
the Spring-Village CROWN game in Chapter 5, we obtained individual
boundary threshold values for each participant to determine the point at which
their sound token identification decisions switched from the alveolar-initial
word [ts"udn] to the retroflex-initial word [tshuan]. We also obtained individual
decision gradient slope values as a measure of alveolar-retroflex contrastiveness
in perception, with steeper slopes and higher decision gradient slope values

representing more contrastive speech perception.
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6.1.3.3 Perception-production link for Singapore Mandarin /ts"uan]-[fs"uan]
contrast

For our investigation of perception-production links in the alveolar-
retroflex contrast in Singapore Mandarin, we focused on three main links of
interest. First, we examined for links between contrastiveness in perception and
production of the alveolar-retroflex frication contrast. We assessed for
relationships between perceptual decision gradient slope values and CoG A
values, and perceptual decision gradient slope values and alveolar-retroflex

difference LTAS matrices.

Next, we examined for links between perceptual alveolar-retroflex
boundary thresholds, and productions of Mandarin alveolar and retroflex
frication. We assessed for relationships between perceptual boundary thresholds
and individual alveolar and retroflex CoG values. We also assessed for
relationships between perceptual boundary thresholds and individual alveolar

and retroflex LTAS data.

6.2 Speech Production: Spring-Village Speech Production Task

To ensure that there would be no accent transfer effects from the
perception task to the speech production task, all participants completed the
speech production task before completing the perception task. This speech
production task was a methodological replication of the Mandarin alveolar-

retroflex Spring-Village speech production task in Chapter 4.
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6.2.1 Methods

6.2.1.1 Participants

21 participants (15 female, 5 male, and 1 participant who identified as
non-binary on the perception task, and female on the production task) were
recruited via an NTU student studies recruitment group in exchange for $5 for
every half hour of their participation. One male participant was excluded from
the study due to not completing all the tasks. The remaining sample of 20
participants were aged between 20 — 33 years of age (Median = 23.5, SD =
3.83). All participants self-identified as English-Mandarin bilinguals, and
reported that they had grown up in Singapore and had not spent more than one
year living outside of Singapore. Informed consent was collected from all
participants prior to commencement of the study, and this study was approved
by the IRB of Nanyang Technological University institution (IRB-2019-01-

034).

6.2.1.2 Equipment

All stimuli were presented on a 10-inch LCD Microsoft Surface Go.
Speech recordings were conducted in a sound-attenuated recording booth.
Participants spoke into a microphone with a pop filter, and speech was recorded
with a Zoom H4n Pro Handy Recorder. All recordings were made in stereo

WAV format, with a sample rate of 44.1kHz and a bit depth of 16 bits.
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6.2.1.3 Stimuli

Visual stimuli for the speech production task were identical to that of
the Mandarin alveolar-retroflex Spring-Village speech production task of
Chapter 4, and consisted of 12 Mandarin word picture cards. The 12 words
comprised six alveolar-retroflex minimal pairs. Table 3.1 contains the full list
of minimal pairs, and Figure 4.5 shows an example of a picture card. Each card
featured an illustrated depiction of the meaning of the word, along with the
Chinese character of the word, and its corresponding pronunciation in Hanyu
Pinyin. The full set of illustrations and word picture cards can be found in our

online repository (https://doi.org/10.21979/N9/ZTMPML).

No auditory stimuli were used for this task.

6.2.2 Procedure
The procedure for the speech production task was identical to that of the
Mandarin alveolar-retroflex Spring-Village speech production task of Chapter

4.

6.2.2.1 Spring-Village speech production task

Participants were first introduced to the speech production task with
written instructions in English. Participants were informed that a picture card
would appear on the screen, and their task was to read each word aloud three
times with a three second pause between each reading. To ensure that speech
was produced as naturalistically as possible, participants were instructed to

pronounce the words in a manner similar to that of daily speech. Emphasis was
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placed on the fact that the task was not a test of pronunciation accuracy, and
that we were simply interested in documenting the unique speech patterns of

Singapore Mandarin speakers.

Following the instructions, participants completed one block of audio
recording consisting of 12 trials. For each trial, participants were presented with
one of the 12 Mandarin alveolar-retroflex picture cards together with written
instructions in English prompting them to read each word three times. Figure
4.5 shows an example of the visual stimuli presented in a trial. After reading
each word three times, the participant made a keypress to move on to the next
trial. The 12 picture cards were presented to each participant in random order.
No feedback was given to the participants so as to not influence their speech
production. No trial timeout was implemented to ensure that participants had

sufficient time to read all the words presented.

6.2.2.2 Language ID

To collect data on participants’ language understanding abilities, they
were asked to rate how well they understood the four main languages in
Singapore (English, Mandarin, Malay, and Tamil) on a scale of 0 to 100 using
an onscreen sliding scale. Participants were also given an option to add in more

languages or dialects to rate.
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6.2.3 Analysis Plan

6.2.3.1 Audio processing

The audio processing was identical to the audio processing conducted
for the Mandarin alveolar-retroflex Spring-Village speech production task in
Chapter 4 with the exception that frication segmentation was only conducted on
[tshudn] and [tshuan] word tokens. Individual word tokens were obtained from
each of the participants’ audio files. Each word was manually selected, labelled,
and spliced from the raw audio file in Goldwave [v.6.51], and saved as separate
audio files in WAV format. The complete set of raw audio files and individual
word tokens are archived in the Spring Village Corpus under the Growing
Collection of audio recordings (Goh et al., 2022) and can be accessed here:

https://doi.org/10.21979/N9/ZTMPML.

Following this, the frication portion of each segmented [ts"uan] and
[tshuan] token was manually selected based on visual inspection of the
waveform, labelled, and spliced in Praat 6.1.16 (Boersma & Weenink, 2020).
Each individual frication token was saved as separate files in short txt and wav
format. Figure 6.1 shows the identified frication portions of an alveolar word
[tshudn] and a retroflex word [ts"uan] token produced by one participant
(Participant 7). Figure 6.2 shows the spectral slices of the full spectra of the
extracted frication of an alveolar word [ts"udn] and a retroflex word [tstuan]

token produced by one participant (Participant 7).
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Figure 6.1

Waveform of alveolar [ts"udn] (top) and retroflex [zs"uan] (bottom).

e )

VVVVVVV

retroflex: [ts"udn]

Note. Both recorded from the same participant (Participant 7). Segmentation is
conservative such that no voicing from the following vowel is included in the

voiceless segment for analysis.
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Figure 6.2
Spectral slices of frication spectrum of alveolar [ts'usn] (top) and retroflex

[zs"uén] (bottom).
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Note. Both recorded from the same participant (Participant 7).

6.2.3.2 CoG analysis

Following the methodology of Chang and Shih (2015) and Tso (2017),
frication CoG values were obtained from the middle 30ms of the frication
spectra of each token using the centre of gravity function in Praat 6.1.16
(Boersma & Weenink, 2020). Summary statistics were obtained for the alveolar
[tshudn] and retroflex [tstuén] CoG values obtained in this speech production

task.
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To determine if there was a significant difference between the CoG
values of the frication of the alveolar [ts"udn] and retroflex [ts"uén] produced by
our Singapore Mandarin speakers, a linear mixed effects model analysis was
conducted on the CoG data in R (R Core Team, 2020) with the Ime function
from the nlme package (Pinheiro et al. 2022). As we had a very small number
of male participants in our sample (N = 4), we collapsed across gender for all
analyses. The CoG analysis therefore looked at the categorical fixed factor of
place of articulation (alveolar vs retroflex), with random intercept for

participant and random by-participant slope for test phase.

6.2.3.3 LTAS GAMM analysis

To conduct the GAMM analysis, we exported the full frication spectra
of each word token as LTAS matrices from Praat 6.1.16 16 (Boersma &
Weenink, 2020). Using the bam function from the mgcv package (Wood, 2011)
in R (R Core Team, 2020), we conducted a GAMM analysis on the LTAS
matrices with the parametric fixed term of place of articulation (alveolar vs
retroflex), smooth term of place of articulation, and random smooths for
participant and trial number. Based on Sdskuthy (2017), a significant effect of a
parametric term indicates a significant difference in the overall spectral density
of the modelled data for each condition of the parametric term. Thus, we
reported the effects of each parametric term assessed in the model. To assess for
differences within the modelled spectral trajectories of each place of

articulation, individual windows of spectral difference between the alveolar and

211



retroflex places of articulation were identified using the plot_diff function from

the itsadug package (van Rij et al., 2020) in R (R Core Team, 2020).

To ensure that the basis dimensions of the GAMMSs would not result in
oversmoothing of the fitted data, we conducted model criticism checks for each
GAMM analysis using the gam.check function of the mgcv package (Wood,
2011). Based on the criticism checks comparing the EDF values of the model,
we selected a k-value of 70 for this GAMM analyses to ensure that sufficient

basis functions were included in the model to avoid oversmoothing of the data.
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6.2.4 Results

6.2.4.1 Language ID

Figure 6.3
Participants’ self-reported English and Mandarin understanding ability.

Self-Rated English and Mandarin
Understanding Ability

-
o ~ o
o &) o

Self-Rated Mandarin Understanding
N
(6]

0 25 50 75 100
Self-Rated English Understanding

Note. N = 20. Circles: female; triangles: male. Responses jittered by 10 for

visualisation.

Figure 6.3 shows the distribution of our participants’ self-rated English
and Mandarin understanding abilities. Overall, our participants self-reported
high levels of understanding abilities for spoken English (Range: 70-100,
Median =100, SD = 9.2), indicating that they would not have had any issues in
understanding the task instructions. Participants self-reported more varying
levels of understanding abilities for spoken Mandarin (Range: 20-100, Median

=81, SD = 19.0). While one of our participants reported a Mandarin
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understanding ability that was much lower than our other participants (score of

20), all participants had taken part in formal education in Singapore and would

likely have received at least 10 years of formal education in Mandarin.

Moreover, the words that we chose for our Mandarin speech production and

perception tasks were easily understandable by young children. Therefore, we

did not have reason to exclude this participant from our analyses.

6.2.4.2 CoG results

Figure 6.4

Distribution of each participant’s alveolar [ts"un] and retroflex [fs'uén] CoG

values for each recorded word token.
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Figure 6.5
Mean CoG values of each participant by gender and PoA.
Participant Mean [tshuan]/[tshuan] CoG Distribution
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Note. N = 20. Circles: female, triangles: male.

Table 6.1

Summary statistics measured for [ts'udn] and [zs"uén] CoG values.

Alveolar [ts"udn] CoGs (Hz) Retroflex [ts"uén] CoGs (Hz)

Mean (SD) Range Mean Range
Overall ~ 7051.5(1408.9) 1849.5- 6065.6 (642.2) 4789.9-
9235.99 7774.9
Female  7093.6 (1540.5) 1849.5- 6103.7 (671.8) 4789.9-
9236.0 7774.9
Male 6883.0 (684.9) 6060.6- 5912.9 (502.2) 5153.3-
8660.2 7001.0

Note. Standard deviation in parentheses.
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Figure 6.4 shows the CoG values obtained from each individual alveolar
[tshudn] and retroflex [tstuén] word token. Figure 6.5 shows the difference
between mean alveolar [ts"uan] and retroflex [ts"uén] CoG values of each
participant. Overall summary statistics for the CoG values are presented in

Table 6.1.

The linear mixed effects model analysis conducted on the CoG values
revealed that there was a significant main effect of place of articulation, t(1,59)
=-6.58, p <.000001, 7p? = .42, indicating that there was a significant difference
between our participants’ overall CoG values for their alveolar [ts"uan] and
retroflex [ts"uén] frication, with higher CoG values for the alveolar [ts"uan]
tokens, and lower CoG values for retroflex [tstuén] tokens (see Table 6.1 for

summary statistics).

216



6.2.4.3 GAMM LTAS results
Figure 6.6

Fitted models of alveolar and retroflex frication LTAS data.
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Figure 6.7
Model of spectral difference between alveolar and retroflex frication LTAS

data.
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The overall fitted LTAS models of our participants’ alveolar and
retroflex frication are presented in Figure 6.6, plotted with the plot_smooth
function from the itsadug package (van Rij et al., 2020). The individual
frequency windows of significant difference between the alveolar and retroflex
fitted models are presented in Figure 6.7, plotted with the plot_diff function

from the itsadug package (van Rij et al., 2020).

The GAMM analysis revealed that there was a significant main effect of
the parametric term of place of articulation, t(1,535) = -50.0, p <.00001,

indicating that there was a significant difference in the overall spectral densities
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of the alveolar [tstudn] and retroflex [ts"uén] frication of our Singapore
Mandarin speaking participants. Three frequency windows of significant
difference between the modelled alveolar [ts"udn] and retroflex [tshuén] spectra
were found with the plot_diff function: 668.2 — 890.0Hz, 1336.4 — 3564Hz, and
4009.1 — 22050.0Hz. This indicates that there were significant differences in
not only the overall spectral density, but also in the shape of the modelled
trajectories of the alveolar [tstudn] and retroflex [ts"uén] frication spectra as

produced by our Singapore Mandarin speaking participants.

6.2.5 Discussion

As in our earlier documentation on production of the Singapore
Mandarin alveolar-retroflex contrast (in Chapter 4), the results of the speech
production portion of this study once again shows that Singapore Mandarin
speakers do produce alveolar and retroflex frication with a clear acoustic
distinction. This is even found for frication in the minimal pair of words
[tshudn] and [tshuén] which have been documented to have higher levels of
acoustic ambiguity in speech production due to coarticulatory effects from the
low rounded vowel /ua/ (Chang, 2012; Jeng, 2006). At the same time, there are
observable differences in our participants’ speech productions, with some
participants demonstrating higher degrees of articulatory contrast as compared

to others. This can be seen from a visual inspection of Figure 6.5.
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6.3 Speech Perception: Spring-Village CROWN Game

Following the production task, participants then took part in the Spring-
Village CROWN Game, run on Open Sesame (Mathét et al., 2012). This task
was identical in methodology to the Spring-Village CROWN game of Chapter

5.

6.3.1 Methods

6.3.1.1 Participants
The participants of the speech perception task were identical to the

participants of the speech production task.

6.3.1.2 Equipment

The Spring-Village CROWN Game was conducted on a 10-inch LCD
screen on a Microsoft Surface Go computer. All stimuli were presented in
OpenSesame (Mathot et al., 2012). Audio stimuli were presented to the
participants with a pair of Audio-Technica Over-ear Monitoring Headphones

ATH-M40x.

6.3.1.2 Stimuli

Visual stimuli consisted of cartoon depictions of a monkey, and of the
two target words in Mandarin Chinese: a village for [ts"udn], and a spring
festival (also known as Lunar New Year) for [ts"udn]. Figure 5.1 contains an

example of the visual stimuli presented to participants.
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Audio stimuli consisted of eight 580ms acoustic tokens synthesised

along an 8-step Singapore Mandarin alveolar-retroflex [tstudn]-[tstudn] (¥

‘village’ - & ‘spring’) continuum. Each token on the continuum was spaced

equally from its adjacent tokens terms of acoustic distance. The alveolar end of
the continuum (i.e., the most alveolar [tstudn]-like sound) was represented by
Sound 1, and the retroflex end of the continuum (i.e., the most retroflex

[ts"uan]-like sound) was represented by Sound 8.

6.3.2 Procedure
The procedure for the Spring-Village CROWN Game and the Language
ID for the speech perception portion of this study were identical to that of the

Spring-Village CROWN Game of Chapter 5.

Participants were first introduced to the task with written instructions in
English. The instructions followed a storyline in which participants were told
they needed to help a little monkey collect flowers for a flower crown by
directing the little monkey travel to one of two locations (i.e., to the village or

to the spring festival) based on the word that they heard on each trial.

6.3.2.1 Practice phase

To ensure that participants were familiar with the word sound to picture pairing,
participants first completed two practice blocks. On each practice trial,
participants were presented with the little monkey in the middle of the screen,

and the pictures of the two locations (i.e., the village and the spring festival) on

221



either side of the screen, while either Sound 1 or Sound 8 was played (see
Figure 5.1 for example of visual stimuli). The participant would then make a
keypress response to direct the monkey to either side of the screen. Following a
keypress response, written feedback in English would be provided at the top of
the screen (see Figure 5.2 for example of feedback provided following each
practice response). Each sound token was played two times in random order
over the course of each block. To maximise participants’ likelihood of being
able to remember the sound to picture pairing, the two locations (i.e., the village

and the spring festival) were not counterbalanced across blocks.

6.3.2.2 Test phase

Following completion of the practice phase, participants completed a
total of 10 test blocks. The test blocks were similar to the practice phase, with
the exception that all eight sound tokens from the 8-step Singapore Mandarin
alveolar-retroflex continuum were played in random order across each block,
and no written feedback was given following a keypress response so as to not

influence the participants’ response patterns.

6.3.3 Analysis Plan

The analysis plan for the Spring-Village CROWN Game responses was
identical to that of the analysis plan in Chapter 5. We obtained two measures of
Mandarin alveolar-retroflex contrast perception from the response patterns of
our participants in the Spring-Village CROWN game. First, we determined the

average boundary threshold on the 8-step Mandarin alveolar-retroflex [ts"uan]-
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[tshudn] continuum at which the majority of the participants’ sound token
identification decisions switched from the alveolar-initial word [ts"udn] to the
retroflex-initial word [ts"udn]. Next, we obtained the slope value of the decision
gradients of each participants’ response patterns for each sound token on the
continuum. This decision gradient slope values represent the manner in which
participants resolve perceptual ambiguity for speech tokens falling between the
prototypical alveolar Sound 1 [tshudn] and retroflex Sound 8 [tstudn]. Steep
slopes represent a highly systematic response pattern consistent with a high
degree of contrast sensitivity for perceptually ambiguous sound tokens the
continuum, and shallow slopes represent a less systematic response pattern
consistent with a lower degree of contrast sensitivity for perceptually

ambiguous sound tokens on the continuum.

To obtain the boundary threshold and decision gradient slope values, we
obtained the number of “spring festival” (Sound 8 retroflex [ts"udn]) responses
each participant made for each of the eight sound tokens on the alveolar-
retroflex contrast continuum across the test phase. Psychometric functions were
then fit for each participant with quickpsy function in R (Linares & Ldpez-
Moliner, 2016; R Core Team, 2020) based on the proportion of “spring festival”
(Sound 8 retroflex [ts"uan]) responses made out of all the responses for each of
the eight tokens on the alveolar-retroflex contrast continuum. Individual slope
and boundary threshold values were then extracted for each participant from
their fitted psychometric functions. Following this, we then obtained the median

boundary threshold of all our participants. This median boundary threshold
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represents the median Mandarin alveolar-retroflex boundary threshold for our

Singapore Mandarin speakers.

6.3.4 Results
Figure 6.8
Individual fitted decision gradient slopes of each participant.
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Note. N = 20. Dotted lines indicate individual perceptual boundary thresholds.

The individual decision gradient slope values of each participant are
shown in Figure 6.8 together with each participant’s alveolar-retroflex
boundary threshold (represented by grey dotted lines). From the fitted
psychometric functions, we obtained an overall median boundary threshold of

5.0 (SD = 1.46).
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6.3.5 Discussion

The results of this Spring-Village CROWN game revealed that the
majority of our participants showed decision gradient responses characteristic
of perception of a distinct Mandarin alveolar-retroflex phoneme contrast. This
is similar to the results of our earlier Spring-Village CROWN game in Chapter
5. However, visual inspection of Figure 6.8 shows that our participants had a
range of individual differences in their response patterns. In particular, the
steepness of the alveolar-retroflex discrimination pattern differed between
participants. One participant showed little evidence of systematic
discrimination of the sound tokens (pink shallow slope), and one participant
showed a highly systematic discrimination pattern for the sound tokens heard in

the task (green steep slope).

The majority of participants’ boundary thresholds were clustered around
the midpoint of the continuum, and most participants’ perceptual identification
responses switched over from the alveolar to the retroflex at sound token 5.
However, individual differences can still be seen, with some participants having
a boundary threshold closer to the alveolar or retroflex end of the spectrum.
This shows that there are individual differences in the degree of acoustic
ambiguity that participants accept in a representation of an alveolar or retroflex
sound. Participants with boundary thresholds closer to the alveolar end of the
spectrum accepted a wider range of acoustic ambiguity as being consistent with

retroflexion, while participants with boundary thresholds closer to the retroflex
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end of the spectrum accepted a wider range of acoustic ambiguity as being

consistent with alveolar frication.

6.4 Perception-Production Links in Speech?

From the results of our participants’ perception and production of the
Singapore Mandarin alveolar-retroflex word pair [tstudn] and [tstuan], we can
see that there is a range of individual differences in how contrastively the
alveolar and retroflex frication are perceived and produced. There are also
observable differences in perceptual alveolar-retroflex boundary thresholds, and
the densities of speech productions of alveolar and retroflex frication. We thus
examined this data to determine if we could find any links within the individual
differences of our participants’ perception and production of frication in the

Singapore Mandarin alveolar-retroflex word pair [tstudn] and [tstuan].

6.4.1 Analysis Plan

We collapsed across gender for all analyses as our sample size of male
participants was very small (N = 4). As the decision gradient slope values and
the perceptual boundary thresholds obtained for each participant in this study
were not normally distributed, a log transform was carried out on all decision
gradient slope values and perceptual boundary thresholds to approximate
Gaussian distribution. One female participant (Participant 22) was excluded
from the perception-production analyses as the participant showed little

evidence of being able to discriminate between the words [ts"udn] and [tshuan],
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and their extremely low boundary threshold data had an influential outlier effect

on the boundary threshold analyses that we conducted.

6.4.1.1 Perception-production link analyses with CoG values

We conducted three linear mixed models analyses on the speech
production CoG data to examine links between our participants’ perception and
production of frication in the Singapore Mandarin alveolar-retroflex word pair

[tshuan] and [ts"uan].

The first model assessed links between the degree of contrast in our
participants’ perception and production of the alveolar-retroflex phoneme
contrast. We used our participants’ Spring-Village CROWN Game decision
gradient slope values as a measure of their phoneme contrast sensitivity. As a
measure of speech production contrastiveness, CoG A values were obtained for
each participant. CoG values were averaged over each place of articulation for
each participant, and individual CoG A values were obtained from the

difference between the averaged alveolar and retroflex CoG values.

A linear mixed effects model analysis was conducted in R (R Core
Team, 2020) with the Ime function from the nlme package (Pinheiro et al. 2022)
on the CoG A values with a fixed factor of decision gradient slope value, and

random intercept and slope of participant.

The second model assessed links between our participants’ perceptual
alveolar-retroflex boundary thresholds and the CoG values of each of their

alveolar frication productions. A linear mixed effects model analysis was
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conducted in R (R Core Team, 2020) with the Ime function from the nlme
package (Pinheiro et al., 2022) on all participants’ alveolar [tstudn] frication
CoG values with a fixed factor of perceptual boundary threshold, and random

intercept of participant random by-participant slope for trial number.

The third model assessed links between our participants’ perceptual
alveolar-retroflex boundary thresholds and the CoG values of each of their
retroflex frication productions. A linear mixed effects model analysis was
conducted in R (R Core Team, 2020) with the Ime function from the nlme
package (Pinheiro et al. 2022) on all participants’ retroflex [ts"uan] frication
CoG values with a fixed factor of perceptual boundary threshold, and random

intercept of participant and random by-participant slope for trial number.

6.4.1.2 Perception-production link analyses with LTAS GAMMs
We then conducted three general additive mixed model (GAMM)
analyses to examine links between our participants’ perception and production

of frication in the Singapore Mandarin alveolar-retroflex word pair [ts"udn] and
[tshuan].

As with the CoG analyses, the first model assessed links between the
degree of contrast in our participants’ perception and production of the
alveolar-retroflex phoneme contrast. We used our participants’ Spring-Village
CROWN Game decision gradient slope values as a measure of their phoneme
contrast sensitivity. As a measure of speech production contrastiveness, we

obtained alveolar-retroflex difference matrices for each participant. The LTAS
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matrices of each frication token were interpolated across 100 frequency bins
from 0-22050Hz, and spectral data were averaged across each place of
articulation for each participant. An alveolar-retroflex difference matrix was
obtained for each participant from the difference between their averaged
alveolar and retroflex LTAS matrices. Using the bam function from the mgcv
package (Wood, 2011) in R (R Core Team, 2020), we then conducted a GAMM
analysis on the alveolar-retroflex differences matrices with the parametric fixed
term of place of decision gradient slope value, smooth term of decision gradient

slope value and random smooths for participant and trial number.

The second model assessed links between our participants’ perceptual
alveolar-retroflex boundary thresholds and the LTAS matrices obtained for
each of their alveolar [ts"udn] frication productions. Using the bam function
from the mgcv package (Wood, 2011) in R (R Core Team, 2020), we conducted
a GAMM analysis on our participants’ alveolar [ts"udn] frication LTAS data
with the parametric fixed term of place of perceptual boundary threshold,
smooth terms of perceptual boundary threshold and random smooths for

participant and trial number.

The third model assessed links between our participants’ perceptual
alveolar-retroflex boundary thresholds and the LTAS matrices obtained for
each of their retroflex[tstuan] frication productions. Using the bam function
from the mgcv package (Wood, 2011) in R (R Core Team, 2020), we conducted

a GAMM analysis on our participants’ retroflex [tshudn] frication LTAS data
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with the parametric fixed term of place of perceptual boundary threshold,
smooth term of perceptual boundary threshold, and random smooths for

participant and trial number.

Based on Séskuthy (2017), a significant effect of a parametric term
indicates a significant difference in the overall spectral density of the modelled
data for each condition of the parametric term. Thus, we reported the effects of
the parametric terms assessed in each of the models. To ensure that the basis
dimensions of the GAMMSs would not result in oversmoothing of the fitted data,
we conducted model criticism checks for each GAMM analysis using the
gam.check function of the mgcv package (Wood, 2011). Based on the criticism
checks, we selected k-values 70 for the first GAMM analysis, and 30 for the

second and third GAMM analyses.
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6.4.2 Results
6.4.2.1 Perception-production results with CoG values
Figure 6.9
Individual [ts'uan]-[ts"usn] CoG 4 values plotted against decision gradient
slope values.
Contrastiveness in Perception and Production
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Note. N = 20. Circles: female; triangles: male. Slope values jittered by .25 for

visualisation. Participant 22 — pink circle — excluded from statistical analysis.

The first linear mixed effects model analysis conducted on the CoG A
values revealed that there was no significant main effect of decision gradient
slope values, t(1,17) = -.31, p = .76, 5p? <.0001, indicating that there was no
significant link between constrastiveness of perception and production of
frication in the alveolar-retroflex affricate contrast in [tstudn] and [tstuén].
Figure 6.9 shows participants’ perceptual decision gradient slope values plotted

against their CoG A values.
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Figure 6.10
Individual alveolar /ts"usn] frication CoG values plotted against perceptual
alveolar-retroflex boundary thresholds.
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Note. N = 20. Circles: female; triangles: male. Boundary threshold values
jittered by .25 for visualisation. Participant 22 — pink circles — excluded from

statistical analysis.

The second linear mixed effects model analysis conducted on the
alveolar [tstuan] frication CoG values revealed that there was no significant
main effect of perceptual boundary threshold, t(1,17) = 2.10, p = .051, np? =
.21, indicating that there was no significant link between the degree of acoustic
ambiguity participants accepted for representations of alveolar frication, and
their production of alveolar frication as measured by CoG values. Figure 6.10
shows participants’ perceptual boundary threshold values plotted against their

alveolar CoG values.
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Figure 6.11
Individual retroflex [£s’uan] frication CoG values plotted against perceptual
alveolar-retroflex boundary thresholds.
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analysis.

However, the third linear mixed effects model analysis conducted on the
retroflex [ts"uan] frication CoG values revealed that there was a significant
main effect of perceptual boundary threshold, t(1,17) = 3.16, p = .0057, np? =
.37 indicating that there was a significant link between the degree of acoustic
ambiguity participants accepted for representations of retroflex frication, and
their production of retroflex frication as measured by CoG values. Figure 6.11
shows participants’ perceptual boundary threshold values plotted against their

retroflex CoG values.
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6.4.2.2 Perception-production link results with LTAS GAMMSs
Figure 6.12
Models of alveolar [ts"udn]-retroflex [zs'uén] frication spectra difference

matrices fitted individually for each participant.
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decision gradient slope values.

The first GAMM analysis conducted on the alveolar-retroflex
differences matrices revealed that there was no significant main effect of the
parametric term of decision gradient slope value, t(1,64) = -0.26, p = .80,
indicating that there was no significant link between constrastiveness of

perception and overall spectral density differences in the production of frication
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in the alveolar-retroflex affricate contrast in [tshudn] and [ts"uén]. Figure 6.12
shows the modelled difference matrices of each participant, with each trajectory
coloured by decision gradient slope value on an orange to green gradient
(orange: lower decision gradient slope values, green: higher decision gradient

slope values).

Figure 6.13

Models of alveolar [ts"usn] frication spectra fitted individually for each

participant.
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Note. N = 19. Lines coloured by boundary threshold on a red-blue gradient.
Red: boundary thresholds closer to the alveolar end of the continuum, Blue:

boundary thresholds closer to the retroflex end of the continuum.

The second GAMM analysis conducted on the alveolar [tstuan] frication

LTAS data revealed that there was no significant main effect of the parametric
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term of perceptual boundary threshold, t(1,1200) = .40, p = .69, indicating that
there was no significant link between the degree of acoustic ambiguity
participants accepted for representations of alveolar frication, and the overall
spectral density of their productions of alveolar frication. Figure 6.13 shows the
modelled alveolar frication spectra of each participant, with each trajectory
coloured by boundary threshold on a red to blue gradient (red: boundary
thresholds closer to the alveolar end of the continuum, blue: boundary

thresholds closer to the retroflex end of the continuum).

Figure 6.14

Models of retroflex [£suén] frication spectra fitted individually for each

participant.
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Note. N = 19. Lines coloured by boundary threshold on a red-blue gradient.
Red: boundary thresholds closer to the alveolar end of the continuum, Blue:

boundary thresholds closer to the retroflex end of the continuum.

However, the third GAMM analysis conducted on the retroflex [tstuan]
frication LTAS data revealed that there was a significant main effect of the
parametric term of perceptual boundary threshold, t(1,1192) = 2.72, p = .0065,
indicating that there was a significant link between the degree of acoustic
ambiguity participants accepted for representations of retroflex frication, and
the overall spectral density of their productions of retroflex frication. Figure
6.14 shows the modelled retroflex frication spectra of each participant, with
each trajectory coloured by boundary threshold on a red to blue gradient (red:
boundary thresholds closer to the alveolar end of the continuum, blue: boundary

thresholds closer to the retroflex end of the continuum).

6.4.3 Discussion

Our investigation of perception-production links in speech for a
Singapore Mandarin alveolar-retroflex [ts"uan]-[tshuan] contrast showed that
there does not appear to be a link between the degree of contrast sensitivity that
our Singapore Mandarin speakers have for the Mandarin alveolar-retroflex
contrast, and the degree of contrastiveness that is present in acoustic
measurements of their production of alveolar and retroflex frication. This
appears to indicate that high levels of phoneme contrastiveness in speech

production are not required for Singapore Mandarin speakers to demonstrate
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high levels of structured perceptual sensitivity for the Mandarin alveolar-
retroflex contrast. This pattern was consistent between analyses using both CoG
values as well as LTAS data as measurements of alveolar-retroflex frication in

speech production as no significant links were found for either analysis

At the same time, our analyses also showed that there does not appear to
be a link between the degree of perceptual ambiguity that participants judged to
be consistent with their representation of a voiceless alveolar affricate in the
Singapore Mandarin [tshudn], and individual differences in their speech
productions of the same voiceless alveolar affricate. This pattern was consistent
between analyses using both CoG values as well as LTAS data as
measurements of alveolar frication in speech production as no significant links

were found for either analysis.

However, we did find a link between the degree of perceptual ambiguity
that participants judge to be consistent with their representation of a voiceless
retroflex affricate in the Singapore Mandarin [ts"uan], and individual
differences in their speech productions of the same voiceless retroflex affricate.
Looking at the perception-production analysis on the retroflex [ts"uan] frication
CoG values (see Figure 6.11), we can see that there appears to be a trend in
which participants who articulate their retroflex frication more closely to the
alveolar in acoustic space (i.e., higher CoG values) are also more likely to judge
ambiguous sounds as alveolar rather than retroflex (i.e., with perceptual

boundary thresholds closer to the retroflex end of the spectrum). At the same
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time, a similar trend can also be seen in the perception-production GAMM
analysis conducted on the retroflex [ts"udn] frication LTAS data. A visual
inspection of Figure 6.14 shows that participants with perceptual boundary
thresholds closer to the retroflex end of the spectrum appeared to also have
spectral trajectories for retroflexion that were closer in acoustic space to the
alveolar trajectories shown in Figure 6.13. As such, both the CoG and GAMM
analyses revealed that there was a significant link between perceptual boundary
thresholds and retroflexion in speech production, with higher boundary
thresholds being linked to the production of retroflex frication that is more

alveolar-like.

This pattern of results appears to show that participants who display
more deretroflexion in speech tend to have lower levels of sensitivity for
retroflex cues in ambiguous speech tokens. Instead, they appear to only identify
less ambiguous stimuli as acceptable examples of retroflexion. This aligns with
studies on second language acquisition and specific articulatory disorders which
demonstrate that individuals typically have lower levels of perceptual
sensitivity for phonemes that they do not produce as clearly (Bradlow et al.,
1997; Rvachew & Jamieson, 1989; Sakai & Moorman, 2018). With a larger,
more representative sample size, we will be able to determine if this link is
generalisable to the wider population of Singapore Mandarin speakers. At the
same time, studies have found that perceptual training on phoneme contrasts
can lead to concomitant changes in production of the phoneme contrasts (e.g.,

Bradlow et al., 1997; Inceoglu, 2016; Sakai & Moorman, 2018). It would be of
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interest to determine if perceptual training on this Singapore Mandarin alveolar-

retroflex contrast might lead to changes in speech production.

On the other hand, the link that we found between retroflexion in speech
and perceptual boundary thresholds appears to contrast with findings in existing
studies on Mandarin speakers. Chang et al. (2013) suggested that deretroflexion
in Taiwan Mandarin speakers is linked to a higher degree of tolerance for
perceptual ambiguity in retroflexion — this is the opposite of what we found
with our participants. However, this difference in our findings could be related
to the fact that Chang et al. (2013) assessed perceptual sensitivity in their
Taiwan Mandarin speaking participants with ambiguous alveolar-retroflex
speech tokens synthesised based on standard Beijing Mandarin. In an earlier
study, Chang (2012) found that the distance in acoustic space for the Mandarin
alveolar-retroflex contrast is typically larger in Beijing Mandarin speakers as
compared to Taiwan Mandarin speakers. Chang (2012) also found that Taiwan
Mandarin speakers tend to have higher retroflex CoG values as compared to
Beijing Mandarin speakers. Thus, it is possible that the Taiwan Mandarin
speakers tested by Chang et al. (2013) may have accepted a larger degree of
ambiguity in Beijing Mandarin as being consistent with their mental
representations of retroflexion, as the acoustic characteristics of the ambiguous
speech tokens may have in fact been more closely aligned to the acoustic norms
of retroflex frication rather than alveolar frication in their native variety of

Taiwan Mandarin. This demonstrates that speech perception tests should take
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into consideration the unique characteristics of the native language variety of its

participants.

6.5 Conclusion

Overall, this study revealed that there does indeed appear to be a link
between speech perception and production of a Singapore Mandarin alveolar-
retroflex affricate [tshudn]-[ts"uan] contrast on the level of the individual. In
particular, we discovered that participants whose retroflex speech productions
were closer to alveolar frication in acoustic space tend to show less sensitivity
for retroflex cues in ambiguous stimuli, and required higher levels of acoustic
clarity in order to perceive sound tokens on a Singapore Mandarin [tstudn]-
[tshuan] continuum as acceptable examples of Mandarin retroflexion. We did
not find significant evidence for any similar link in our participants’ alveolar
speech productions, suggesting that the perception-production link of this
[tshudn]-[tstuan] contrast in Singapore Mandarin may be more closely tied to
the retroflex place of articulation rather than the alveolar. At the same time, we
did not find any links between degrees of contrastiveness in perception and
production of the Singapore Mandarin [tsuan]-[ts"udn] contrast, indicating that
general distance in acoustic space of Mandarin alveolar-retroflex speech
productions does not appear to be related to how the level of perceptual
sensitivity that participants have for a Singapore Mandarin alveolar-retroflex

contrast.
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Further investigation can be conducted with a larger, more
representative sample size to determine if this perception-production link we
found can be generalised to the larger population of Singapore Mandarin
speakers. We also plan to examine the effect of perceptual sensitivity training
on this Singapore Mandarin [ts"udn]-[tstudn] contrast to determine if changes in
fine-grained perceptual sensitivity might carry over to changes in speech
production. This would be of value in education settings, as well as in speech
therapy settings to assist individuals in learning to perceive and produce speech
sounds. A suitable perceptual training paradigm would be of great value for this
future investigation. We have developed such a paradigm based on

distributional learning which will be discussed in our next chapter.

Over the course of the studies discussed so far, we have created a well-
validated stimulus set that is aligned to the acoustic norms of the Singapore
Mandarin [ts"uan]-[ts"uan] alveolar-retroflex affricate contrast. At the same
time, we have also developed a well-validated means of assessing fine-grained
perceptual sensitivity for this contrast with the Spring-Village CROWN Game.
With this set of stimuli and the Spring-Village CROWN Game, we plan to
effectively investigate the hypothesis of a language-specific transfer leaning

effect in Singapore English-Mandarin bilingual adults.
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Chapter 7: Investigating a language-specific learning advantage with a
synthesised alveolar-retroflex sibilant contrast based on Singapore

Mandarin (distributional learning)

7.1 Introduction

In the very first study reported for this project, we attempted to address
the question of whether language learning advantages in bilinguals might be
linked to language-specific advantages based on transfer effects from overlaps
between known and to be learnt language stimuli. For the purposes of our first
study on this question, we chose to utilise a bimodal distributional training
paradigm to train Singapore English-Mandarin bilingual adults on a novel 7-
step Hindi dental-retroflex /da/-/da/ contrast continuum taken from a series of
learning studies conducted with children and adults (Golestani & Zatorre, 2004;
Golestani & Zatorre, 2009; Vandermosten et al. 2018). We based our training
stimulus decision on an understanding that higher levels of Mandarin
understanding abilities should be linked to language-specific transfereffects for
the novel Hindi dental-retroflex contrast as Hindi and Mandarin shared a
dental/alveolar-retroflex place of articulation contrast, albeit with a different
manner of articulation (stops for Hindi, sibilants for Mandarin). However, we
were unable to observe any evidence for a language-specific transfer effect in
our first study, as we did not obtain an overall distributional learning effect in a

large, representative sample of our target population.

We reasoned that the results we obtained in our first study were likely

due to two main factors. Firstly, the synthesised Hindi dental-retroflex
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continuum created by Golestani and Zatorre (2004) was likely to be too difficult
for adults to learn via distributional learning. In fact, a native Hindi speaker
who participated in our first study reported being unable to tell the /da/ and /da/
continuum endpoint tokens apart, and also showed no distributional learning
effect following bimodal distributional training. While studies using this set of
stimuli have managed to find some learning effects in adults, these studies
utilise a much longer “perceptual fading” training paradigm lasting around an
hour with trial-by-trial feedback — this paradigm may have been more suitable
for adults who are typically poorer at extracting distributional cues from non-

native phoneme stimuli (e.g., Wanrooij et al. 2014).

Secondly, the Singapore variety of Mandarin does not, in fact, utilise the
same place of articulation as in Hindi for the production of phonemes typically
described as a “retroflex”, and our lingual ultrasound study examining
Singapore Mandarin retroflexion showed that our sample of Singapore
Mandarin speakers typically produce Mandarin “retroflex” phonemes with a
“humped” laminal alveopalatal place of articulation, unlike the “curled”
retroflex found in Hindi. The lack of structural overlap between the feature of
retroflexion in Hindi and Singapore Mandarin, may explain why we were
unable to observe evidence of any language-specific transfer effects amongst

Singapore English-Mandarin bilingual adults.

In order to accurately assess such language-specific learning effects in

our target population, we needed to ensure that the training stimuli we used
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would actually be aligned to the acoustic norms of the local population of
Singapore Mandarin speakers. Such a stimulus set did not yet exist at the start
of our project. While there are existing large-scale corpora of Mandarin words
such as The Chinese Lexicon Project (Sze et al., 2014) and the two-character
compound word Chinese Lexicon Project (Tse et al., 2017), these corpora are
compilations of the typical speech of speakers of standard Mainland Mandarin
(Sze et al., 2014), and Hong Kong Mandarin speakers (Tse et al., 2017), and
would not be well-suited for Singapore Mandarin speakers. We know from
existing studies that the Singapore variety of Mandarin is distinct from the
standard variety Mandarin, particularly in the kind of retroflexion in speech due
to influence from non-retroflex varieties of Chinese languages such as Hokkien
(e.g., Chenetal., 2016; Lock, 1989; Ng, 1985). Thus, we set out to synthesise
our own set of stimuli suitable for use in a distributional learning study of
Singapore Mandarin speakers. This would allow us to more accurately assess

language-specific transfer effects in our target population.

We thus created our own set of stimuli consisting of an 8-step
synthesised alveolar-retroflex [ts"uan]-[tshuan] contrast continuum based on the
acoustic norms of 42 Singapore Mandarin speaking adults (Chapter 4). We also
developed a study paradigm (the Spring-Village CROWN Game) that we have
validated in 62 Singapore Mandarin speaking participants (Chapter 5) to be
sensitive enough to capture fine-grained individual differences in perceptual
contrast sensitivity for our synthesised alveolar-retroflex [ts"udn]-[tstuan]

contrast continuum. As such, we were confident that we would be able to use
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this set of stimuli with a distributional learning adaptation of the Spring-Village
CROWN Game to investigate if bilingual learning advantages are linked to
language-specific transfer effects. In order to ensure that our stimuli would be
suitable for eliciting distributional learning effects in Singapore English-
Mandarin bilingual adults, we first conducted a small pilot study of N = 20
participants to determine if we could find overall distributional learning effects
in the form of increased sensitivity for ambiguity embedded in our new
synthesised alveolar-retroflex [tstudn]-[ts"udn] contrast continuum with the use
of a bimodal distributional training paradigm. Following this, we then
conducted a preregistered (https://osf.io/ab8gp) large-scale study of N = 50
participants to determine if a distributional learning effect could be generalised
to a larger, more representation sample size, and to assess for language-specific
transfer effects. We hypothesised that we would find distributional learning
effects for our participants, and we also hypothesised that if language-specific
transfer effects exist, participants with stronger Mandarin abilities would have
larger distributional learning effects for the synthesised alveolar-retroflex

[ts"uan]-[tshuan] contrast following bimodal distributional training.

To promote open science practices, we have made all relevant data, task
files, stimuli, and analysis files for this study available on the Open Science

Framework (https://osf.io/h9myq/).
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7.2 Pilot Study

Before conducting a full-scale study to examine our two hypotheses, we
first conducted a pilot study of N = 20 to ensure that bimodal distributional
training on our synthesised Singapore Mandarin alveolar-retroflex [tstudn]-
[tshudn] contrast would indeed elicit overall distributional learning effects
bilingual adults of the Singapore varieties of English and Mandarin. As in
Chapter 2, the term ‘distributional learning effects’ will be used to refer to
changes in perception of a phoneme contrast following training on a bimodally
distributed frequency of sounds drawn from a continuum based on the target
contrast. In this chapter, the term ‘distributional learning effects’ will
specifically refer to increases in perceptual sensitivity for ambiguity embedded
in a synthesised Singapore Mandarin alveolar-retroflex contrast continuum

following bimodal distributional training on sounds drawn from the continuum.

7.2.1 Methods

7.2.1.1 Participants

All participants who took part in our perception-production study in
Chapter 6 were invited to take part in the distributional learning study. All
participants except for one male participant agreed to participate in this pilot
study. As such, 20 participants (16 female, 4 male) took part in this study in
exchange for $5 for every half hour of their participation. Participants were
aged between 20 — 33 years of age (Median = 23.5, SD = 3.8). All participants
reported being English-Mandarin bilinguals, and having grown up mostly in

Singapore. The study was reviewed by the ethics board of the university (NTU-
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IRB-2019-01-034) and all participants gave informed consent prior to taking

part in the study tasks.

7.2.1.2 Equipment

This pilot study was conducted on a 10-inch LCD screen on a Microsoft
Surface Go computer. All stimuli were presented in OpenSesame (Mathot et al.,
2012). Audio stimuli were presented to the participants with a pair of Audio-

Technica Over-ear Monitoring Headphones ATH-M40x.

7.2.1.3 Stimuli

The visual stimuli used in the practice and test phases of this pilot study
were identical to that of the Spring-Village CROWN game tasks conducted in
our earlier studies. As such, visual stimuli consisted of cartoon depictions of a
monkey, and of the two target words in Mandarin Chinese: a village for
[ts"uan], and a spring festival (also known as Lunar New Year) for [tshuan].
Figure 5.1 contains an example of the visual stimuli presented to participants.
The visual stimuli used during the unattended bimodal distributional training
phase of the study consisted of muted cartoon clips (selected clips from Series 2

of Mr Bean: The Animated Series; Atkinson et al., 2003).

The audio stimuli used in this task were identical to those of the Spring-
Village CROWN Game conducted in our earlier studies (Chapters 5 and 6). As

such, audio stimuli consisted of eight 580ms acoustic tokens synthesised along

an 8-step Singapore Mandarin alveolar-retroflex [tstun] - [tstudn] (A ‘village’
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- & ‘spring’) continuum. Each token on the continuum was spaced equally

from its adjacent tokens in terms of acoustic distance. The alveolar end of the
continuum (i.e., the most alveolar [ts"udn]-like sound) was represented by
Sound 1, and the retroflex end of the continuum (i.e., the most retroflex
[tshudn]-like sound) was represented by Sound 8. During the unattended
bimodal distributional training phase of the study, participants were presented
with a series of sound tokens drawn from the 8-step Singapore Mandarin

alveolar-retroflex contrast continuum.

7.2.2 Procedure

The procedural flow of the study is shown in Figure 7.1.

Figure 7.1

Procedural flow of bimodal distributional learning study.

Pre-training Practice N Pre-training
Phase - Test Phase

—

Bimodal Distributional
Training Phase

—

Post-training Practice N Post-training
Phase - Test Phase

7.2.2.1 Pre- and post-training practice phase
To ensure that participants were familiar with the sound to picture

pairing [tshudn]: ‘village’, [ts"uan]: ‘spring’ festival, participants completed two
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practice blocks prior to each test phase. The practice phases in this study were
identical to those of the Spring-Village CROWN Game conducted in our earlier

study (Chapter 6).

7.2.2.2 Pre- and post-training test phase

Participants took part in two test phases, one before the training phase,
and one after the training phase. The training phases in this study were identical
to those of the Spring-Village CROWN Game conducted in our earlier study

(Chapter 6).

7.2.2.3 Bimodal distributional training phase

Figure 7.2

Bimodal distributional frequency of training sound tokens presented to
participant.

Bimodal Distribution of Word Tokens
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1000
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Tokens on [ts"udn] — [{s"udn] alveolar-retroflex continuum

All participants took part in one unattended bimodal distributional
training phase. During the training phase, participants were instructed to watch

muted cartoon clips while audio stimuli played over a pair of headphones. For
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this unattended training paradigm, participants heard a total of 4,800 sound
tokens drawn from the 8-step Singapore Mandarin alveolar-retroflex [tstudn]-
[tshudn] continuum presented in a bimodally distributed frequency of sound
tokens (see Figure 7.2 for distribution of sound tokens). Sound tokens were
presented to the participants in a random order with an 80ms ISI between each

sound. The training phase lasted approximated 30 minutes in total.

7.2.2.4 Language ID

To collect data on participants’ language understanding abilities, they
were asked to rate how well they understood the four main languages in
Singapore (English, Mandarin, Malay, and Tamil) on a scale of 0 to 100 using
an onscreen sliding scale. Participants were also given an option to add in more

languages or dialects to rate.

7.2.3 Analysis Plan

To obtain individual measures of contrast sensitivity for each
participant, we obtained the slope values of the decision gradients of each
participants’ response patterns for each sound token on the continuum at pre-
training test phase, and post-training test phase. The decision gradient slope
values represent the manner in which participants resolve perceptual ambiguity
for speech tokens falling between the prototypical alveolar Sound 1 [ts"udn] and
retroflex Sound 8 [tshuan]. Steep slopes represent a highly systematic response
pattern consistent with a high degree of contrast sensitivity for perceptually

ambiguous sound tokens the continuum, and shallow slopes represent a less
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systematic response pattern consistent with a lower degree of contrast

sensitivity for perceptually ambiguous sound tokens on the continuum.

To do this, we obtained the number of alveolar [ts"udn] (village) and
retroflex [ts"uan] (spring) responses each participant made for each of the eight
tokens on the contrast continuum, and then obtained the proportion of retroflex
[tshuan] responses made for each of the eight tokens on the continuum. We fit
psychometric functions to the response patterns of each participant at pre-
training test phase and post-training test phase, and extracted the slope values of
each psychometric function using the quickpsy function in R (Linares & Lopez-
Moliner, 2016; R Core Team, 2020). Decision gradient slope values were

computed separately for the pre- and post-training test blocks.

7.2.3.1 Pre-training control analysis

To ensure that exposure to the sound tokens presented prior to the
bimodal distributional training phase had not led to any distributional learning
effects, we first conducted a control analysis on the slope values of the first half
and second half of the pre-training blocks to determine if significant changes in
slope value had occurred prior to the training phase. Individual slope values
were obtained separately for each participant for the first half and second half of
the pre-training test blocks for comparison. As the sample size was small, a
non-parametric Wilcoxon signed rank test was conducted to compare changes

in slope values between the first half and second half of the pre-training blocks.
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7.2.3.1 Distributional learning analysis

We then conducted our main analysis and assessed for distributional
learning effects by comparing our participants’ pre-training baseline slope
values to their post-training slope values. This is aligned with the methodology
of existing bimodal distributional learning studies (e.g., Chladkova et al., 2022).
As the pilot sample size was small, a non-parametric Wilcoxon signed-rank test
was conducted to determine if there were significant changes in slope values
between the pre- and post-training test blocks using the wilcox.test function
from the stats package (R Core Team, 2020). We expected to find a significant
increase in slope values at post-training test phase as compared to pre-training

test phase, indicating the presence of an overall distributional learning effect.

All analyses were carried out with the statistical software R (R Core

Team, 2020).
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7.2.4 Results

7.2.4.1 Language ID

Figure 7.3

Participants’ self-reported English and Mandarin understanding ability.

Self-Rated English and Mandarin
Understanding Ability

-
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Self-Rated Mandarin Understanding
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(6]

0 25 50 75 100
Self-Rated English Understanding

Note. N = 20. Responses jittered by 10 for visualisation.

Overall, our pilot participants self-reported high levels of understanding
abilities for spoken English (Range: 70 - 100, Median = 100, SD = 9.2),
indicating that they would not have had any issues understanding the task
instructions. Participants self-reported more varying levels of understanding
abilities for spoken Mandarin (Range: 20 - 100, Median = 81, SD = 19.0).
While one of our participants reported a Mandarin understanding ability that
was much lower than our other participants (score of 20), all participants had
taken part in formal education in Singapore and would have had received at

least 10 years of formal education in Mandarin. Moreover, the words that we
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chose for our Mandarin speech production and perception tasks were easily
understandable by young children. Therefore, we did not exclude this
participant from our analyses. Figure 7.3 shows the distribution of our

participants’ self-rated English and Mandarin understanding abilities.

7.2.4.2 Pre-training control results

The control analysis revealed that there was no significant difference in
decision gradient slope value between the first and second half of the pre-
training phase, (Z = .64, p = .55, r = .14; pre-1: slope M =.70, SD = .33; pre-2:
slope M = .68, SD = .25). This indicates that no learning had occurred prior to

the bimodal distributional training phase.
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7.2.4.2 Distributional learning results
Figure 7.4
Individual decision gradient slopes showing fitted psychometric functions for

responses at pre-training test and post-training test.
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Note. N = 20. Pre-training test: left. Post-training test: right.

Fitted psychometric slopes for participants’ pre- and post-training
responses can be seen in Figure 7.4, where a number of participants show
visibly steeper slopes at the post-training as compared to the pre-training test
block. The Wilcoxon signed-rank test revealed a significant difference in
decision gradient slope values between pre-training and post-training test
blocks, (Z =-1.98, p = .048, r = -.44, pre-training slope values: M = 2.5, SD =
3.4; post-training slope values: M = 12.1, SD = 24.9). This indicates that
learning had occurred following the unattended bimodal distributional training

phase.
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7.2.5 Discussion

From the results of the pilot study, we can see that our participants did
indeed have a significant overall distributional learning effect in the form of an
overall increase in perceptual sensitivity following unattended bimodal
distributional training on a synthesised Singapore Mandarin alveolar-retroflex
[tshuan] - [ts"udn] continuum. Moreover, we can see clear distributional
learning effects even for participants whose responses at pre-training test phase
showed little sensitivity for contrastive perception of the different sound tokens
(i.e., shallow slopes such as the pink line and green line in the pre-training
section of Figure 7.4). As the distributional learning effect we obtained in the
pilot study appears to extend to participants of different baseline ranges of
contrast sensitivity, we were confident that this distributional learning effect
would be generalisable to a larger, more representative sample size of

Singapore English-Mandarin bilingual adult participants.

We thus conducted our next full-scale study with reason to believe that
this study paradigm would allow us to test our experimental hypotheses. We
expected that firstly, overall distributional learning effects can be found in
Singapore English-Mandarin bilingual adults using our synthesised 8-step
contrast continuum capturing sounds from the local variety of Singapore
Mandarin. Secondly, we expected that we would be able to find evidence of a
language-specific transfer effect amongst our participants, with stronger
Mandarin understanding abilities being linked to larger distributional learning

effects.
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7.3 Main Study

Following the successful learning in the pilot study, we conducted our
main full-scale study to investigate the hypothesis of language-specific transfer
effects. As discussed in our first distributional learning study, familiarity with
the feature of Mandarin retroflexion is likely to be associated with higher levels
of Mandarin understanding abilities, as retroflexion is common in the standard
variety of Mandarin typically used in formal education in Singapore (Chong &
Tan, 2013). Therefore, if learning advantages in bilinguals stem from transfer
effects from shared features between known languages and novel language
stimuli (with more ambiguity than would be encountered in daily life), we
reasoned that larger distributional learning effects should be found in
individuals with higher levels of Mandarin understanding abilities. As in our
earlier studies, we utilised our self-rated Language ID to obtain estimates of our
participants” Mandarin understanding abilities. Studies have shown that self-
assessment of language abilities can provide an accurate measure of linguistic
ability in the absence of suitable empirical language proficiency tests for local
varieties of languages. This is particularly so for self-rating language
assessments conducted within a homogenous group of bilinguals, with self-
rated proficiencies typically being correlated with empirical language

proficiency tests (e.g., Thompson, 2015).

To ensure that our main study would be well-powered, we conducted an
a priori power analysis in G*Power 3.1.9.7 to determine an appropriate

minimum sample size, and established that 48 participants would be needed to
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observe an effect size equal to that of the pilot study (dz = .48) at an alpha level
of .05 with a power of 1-B = 0.95. We chose to increase our minimum sample
size to N = 50 to ensure that we would have sufficient power for an additional
supplementary exploratory factor analysis of language factors (de Winter et al.,
2009). Additionally, we preregistered a data collection stop rule based on a
Bayesian significance test of the distributional learning effects obtained. For
this Bayesian test, we used a prior of .057 based on the log-transformed
distributional learning effect obtained in the pilot study to determine if the
distributional learning effect was substantially supportive of either H1 (BF > 3),

or HO (BF < 0.33) (Dienes, 2014).

7.3.1 Methods

7.3.1.1 Participants

52 participants (37 female, 15 male) were recruited from the NTU
student population in exchange for course credits, or via an NTU student
studies recruitment telegram group in exchange for $5 for every half hour of
their participation. Two female participants were excluded from analysis, one
due to not being in the target demographic, and one due to a loss of data
following technical issues during the study. The remaining 50 participants were
aged between 19 — 33 years of age (Median = 22, SD = 2.5). All participants
reported being English-Mandarin bilingual, and having grown up mostly in
Singapore. The study was reviewed by the ethics board of the university (NTU-
IRB-2019-01-034) and all participants gave informed consent prior to taking

part in the study tasks.
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7.3.2 Procedure

The procedure for the main study was identical to that of the pilot study
with the exception that participants also completed a Mandarin-specific
Language ID. To collect data on our participants’ Mandarin background, they
were asked to complete a series of questions. Participants were asked how old
they were when they first started understanding Mandarin, how many years
they had spent formally studying Mandarin (i.e., preschool, middle-high school,
university), and how old they were when they first began formally studying
Mandarin. They were also asked to rate the percentage of media they typically
consume in local Singapore Mandarin, and standard Beijing Mandarin. Finally,
they were asked to rate the percentage of time they spent communicating with
others in local Singapore Mandarin, and standard Beijing Mandarin (see

Appendix 7.1).

7.3.3 Analysis Plan

Decision gradient slope values were obtained for each participant in the
same manner as in the pilot study. As the slope values obtained in this study did
not fit a normal distribution, a log-transform was carried out on all slope values
to approximate Gaussian distribution using the log1p function from the base

package (R Core Team, 2020).

7.3.3.1 Pre-training control analysis
To ensure that exposure to the sound tokens presented prior to the

bimodal distributional training phase had not led to any distributional learning

260



effects, we first conducted a control analysis on the slope values of the first half
and second half of the pre-training blocks. Individual slope values were
obtained separately for each participant for the first half and second half of the
pre-training test blocks for comparison. A paired-samples t-test was conducted
to compare changes in slope values between the first half and second half of the
pre-training blocks using the t.test function from the stats package (R Core

Team, 2020).

7.3.3.2 Distributional learning analysis

Following this, we conducted a main analysis to determine if overall
learning had occurred following bimodal distributional training, and to
investigate the effects of Mandarin understanding ability on individual
differences in our participants’ distributional learning effects. A linear mixed
effects model analysis was conducted in R (R Core Team, 2020) with the Ime
function from the nime package (Pinheiro et al. 2022) on the log-transformed
decision gradient slope values of all participants. The main analysis looked at
the categorical fixed factor of test phase (pre-training, post-training), and the
interaction between test phase and Mandarin understanding scores, with random

intercept of participant, and random by-participant slope for test phase.

We expected to find a significant effect of test phase with an increase in
slope values at post-training as compared to pre-training, indicating the
presence of an overall distributional learning effect. We also expected to find a

significant interaction between test phase and Mandarin understanding scores,
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signifying the presence of a language-specific transfer effect. Individual
Mandarin understanding ability scores were obtained directly from the
Language ID based on the number rating (from 0 — 100) that each participant

gave for their Mandarin understanding ability.

7.3.3.3 EFA of Learning Microstructure and Language Factors
(supplementary)

We then conducted an exploratory analysis to determine if different
aspects of language background were related to distributional learning effects at
different points across the study. We conducted an EFA on 14 language and
learning factors using the princomp function (R Core Team, 2020). For this
EFA, we included three language factors with scores derived from the
Language ID. The three factors are as follows 1) Mandarin understanding score
of each participant, 2) the total number of languages understood by each

participant, and 3) the overall language understanding score of each participant.

We also included seven Mandarin background factors with scores
derived from the Mandarin-specific Language ID. The seven factors are as
follows 1) age of first understanding, 2) first formal education age, 3) years of
formal education, 4) percentage of total media consumption in local Singapore
Mandarin, 5) percentage of total media consumption in standard Beijing media,
6) percentage of total communication in local Singapore Mandarin, 7)

percentage of total communication in standard Beijing Mandarin.
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Finally, we included four additional learning microstructure variables
derived from the decision gradient slope values at pre-test and post-test, as well
as from individual test blocks in the distributional learning task: ‘overall
learning’, and three variables previously investigated in Chapter 2: ‘no-training

baseline’, ‘plasticity’, and ‘elasticity’.

7.3.3.3.1 Language factors

1) Mandarin understanding: The Mandarin understanding score of each
participant was obtained directly from the number rating that each
participant gave for Mandarin on the Language ID.

2) Total number of languages understood: The total number of languages
understood for each participant was computed as the total number of
languages the participant rated at 1 or higher on the language ID.

3) Overall language understanding score: The overall language
understanding score of each participant was computed as the total of the
number ratings each participant gave on their Language ID. For
instance, a participant who rated their English understanding at 80, their
Mandarin understanding at 65, and their Malay understanding at 25

would have an overall language understanding score of 170.

7.3.3.3.2 Mandarin background factors
1) Age of first understanding: The age at which each participant first

started understanding Mandarin.
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2) First formal education age: The age at which each participant first began
formal education in Mandarin.

3) Years of formal education: Total number of years each participant spent
in formal Mandarin education.

4) Percentage of local Singapore Mandarin media: Percentage of media
typically consumed in local Singapore Mandarin.

5) Percentage of standard Beijing Mandarin media: Percentage of media
typically consumed in standard Beijing Mandarin.

6) Percentage of local Singapore Mandarin communication: Percentage of
daily conversations typically conducted in local Singapore Mandarin.

7) Percentage of standard Beijing Mandarin communication: Percentage of

daily conversations typically conducted in standard Beijing Mandarin.

All scores and ages were obtained directly from each participants’ responses

on the Mandarin-specific Language ID.

7.3.3.3.3 Learning microstructure variables
1) “Overall learning”: This variable was obtained as a measure of the
overall distributional learning effect of each participant following the
bimodal distributional learning phase. The variable was obtained for
each participant by deducting their overall decision gradient slope value
at pre-training test phase from their overall decision slope value at post-
training test phase. Positive values would indicate an overall

improvement in perception following training.
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2)

3)

4)

“No-training baseline”: This variable was obtained to determine if any
participants showed an increase in sensitivity to the Singapore Mandarin
alveolar-retroflex [ts"uan] -[ts"uan] contrast continuum prior to
distributional training. The variable was obtained for each participant by
deducting their decision gradient slope value derived from the first half
of the pre-training test phase from their decision slope value derived
from the second half of the pre-training test phase. Positive values
would indicate an improvement in perception prior to training.
“Plasticity”: This variable was obtained to determine if participants
showed a distributional learning effect immediately after training,
relative to their pre-training response patterns. This variable was
obtained for each participant by deducting their decision gradient slope
value derived from the second half of the pre-training test phase from
the first half of the post-training test phase. Positive values would
indicate an improvement in perception immediately following training.
“Elasticity”: This variable was obtained to determine if learning attrition
occurred over time following the end of the training phase. This variable
was obtained for each participant by deducting their decision gradient
slope value derived from the first half of the post-training test block
from the decision gradient slope value derived from the second half of
the post-training test block. Negative values would indicate that learning

attrition had occurred over time.
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7.3.4 Results

7.3.4.1 Language ID

Figure 7.5

Participants’ self-reported English and Mandarin understanding ability.
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Note. N = 50. Responses jittered by 10 for visualisation.

Figure 7.5 shows the distribution of our participants’ self-rated English
and Mandarin understanding abilities. Overall, our participants reported high
levels of understanding abilities for spoken English (Range: 80-100, Median =
100, SD = 6.3), indicating that they would not have had any issues in
understanding the task instructions. Participants self-reported more varying
levels of understanding abilities for spoken Mandarin (Range: 30-100, Mean =

75.5, SD = 18).
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7.3.4.2 Pre-training control results

The control analysis revealed a significant difference in decision
gradient slope value between the first and second half of the pre-training phase,
albeit due to a significant overall decrease in slope values in the second half of
the pre-training phase, (t(49) = 2.75; p = .008; Pre-1: M = .51, SD = .23; pre-3:
M = .46, SD =.23). This indicates that no learning had occurred prior to the

bimodal distributional training phase.

7.3.4.3 Distributional learning results
Figure 7.6
Individual decision gradient slopes showing fitted psychometric functions for

responses at pre-training test and post-training test.
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Fitted psychometric slopes for participants’ pre- and post-training
responses can be seen in Figure 7.6. Similar to the pilot study, a number of

participants show visibly steeper decision gradient slopes at post-training as
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compared to pre-training test block. However, three participants also appear to

have had no visible distributional learning effect.

The linear mixed effects model analysis conducted on the decision
gradient slope values revealed that there was a significant main effect of test
phase, t(1,48) = -2.28, p = .03; np? = .04; Bh(o.057) = .09; Pre-training slope
values: M = .93, SD = .53; Post-training slope values: M = 1.06, SD = .80. This
indicates that there was a significant overall increase in decision gradient slope
values following bimodal distributional training on a Singapore Mandarin

alveolar-retroflex [tshuan]-[ts"udn] contrast.

Figure 7.7
Individual post-test minus pre-test slope differences plotted against
participants’ self-rated Mandarin understanding abilities.
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Figure 7.7 shows individual changes between pre- and post-training
slope value for each participant, plotted against their self-rated Mandarin
understanding ability. The linear mixed effects model analysis conducted on the
decision gradient slope values also revealed that there was a significant
interaction effect between test phase and self-rated Mandarin understanding
ability, with larger changes correlating with higher Mandarin understanding

abilities t(1,48) = 3.09, p =.003; #p? = .17; B(0.0007) = 54.6.

7.3.4.4 EFA of Learning Microstructure and Language Factors
(supplementary)
7.3.4.4.1 Language factors.

1) Refer to the Language ID section of the main study results for
participants’ Mandarin understanding scores.

2) Participants reported understanding an average of 5.2 languages each
(SD = 1.7, Range: 2-8). Note that participants typically gave
understanding ratings of 50 and above only for English, Mandarin, and a
third language, with fourth languages and beyond typically receiving
low understanding ratings.

3) Participants had an average overall understanding score of 251.2 (SD =

81.4, Range: 130.0-550.0).
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7.3.4.4.2 Mandarin background factors.

1)

2)

3)

4)

5)

6)

7)

First understanding age: Participants reported an average age of 2.72
years at which they first started understanding Mandarin (SD = 1.23,
Range: 1.0-5.0)

First formal education age: Participants reported an average age of 5.24
years at which they first started formal education in Mandarin (SD =
2.24, Range: 2.0-16.0)

Years of formal education: Participants reported an average of 12.7
years spent in formal Mandarin education (SD = 3.04, Range: 4.0-19.0)
Percentage of local Singapore Mandarin media: Participants reported
that on average, 16.0% of the media they consumed was in local
Singapore Mandarin (SD = 16.1, Range: 0%-61%).

Percentage of standard Beijing Mandarin media: Participants reported
that on average, 15.1% of the media they consumed was in standard
Beijing Mandarin (SD = 17.7, Range: 0%-82%).

Percentage of local Singapore Mandarin communication: Participants
reported that on average, 25.8% of the daily conversations they had
were conducted in local Singapore Mandarin (SD = 15.7%, Range: 3%-
60%)

Percentage of standard Beijing Mandarin communication: Participants
reported that on average, 5.74% of the daily conversations they had
were conducted in standard Beijing Mandarin (SD = 10.5, Range: 0%-

40%).
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7.3.4.4.3 Learning microstructure variables.

1) Participants had an average ‘overall learning’ slope change of 2.03 (SD
=12.0, range: -15.3-81.42)

2) Participants had an average ‘no-training baseline’ slope change of -.10
(SD =.28, range: -1.31-.41)

3) Participants had an average ‘plasticity’ slope change of -.02 (SD = .20,
range: -.43-.46)

4) Participants had an average ‘elasticity’ slope change of .00 (SD = .17,

range: -.39-.42)

7.3.4.4.4 Factor loadings for EFA of Learning Microstructure and Language
Factors
Table 7.1

Factor loadings on EFA of language factors and learning microstructure.

Component
1* 2* 3* 4 5 6
Eigenvalues 3.17* 2.05* 148* 136 115 946
Percent Variance 22.6% 14.7% 105% 9.74% 8.19% 6.76%
Explained
Factor loadings
Overall Learning .266 .097 383 .307 592 .028

No-Training Baseline 112 -135 -567 .382 153 -.443

Plasticity -009 -222 543 034 430 .083
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Elasticity -205 -183 -652 .232 448 192
Mandarin 733 -417  -132 189 -141  -.021
Understanding Ability

Age of Mandarin -347 -367 154 -069 .397 -478
Understanding

Age of First Formal -402 -414 -245 -097 189  .625
Mandarin Education

No. Years Formal 556 357 190 202 105 227
Mandarin Education

% Media Local .098 -776 193 .064 -146 .036
Singapore Mandarin

% Media standard 642 -132  -.032 -634 .189 -.103
Beijing Mandarin

% Communication 278 -725 193 333 -263 .061
Local Singapore

Mandarin

% Communication .589 -207 -238 -616 .175 .034
standard Beijing

Mandarin

Total number of 581 385 -108 229 068  .130

languages understood
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Overall language .855 027 -082 .173 .004  .007

understanding score

Note. Elasticity is inversely represented, with positive value indicating lower
Elasticity. * Indicates principal components of interest identified via scree plot
by identifying the ‘elbow’ in the distribution of the components (scree plot:

https://osf.io/hj3kt). Factor loadings in bold indicate loadings of interest.

Figure 7.8
EFA Component 1 (Deep Mandarin) and Component 2 (Shallow Mandarin)
coloured by Component 3 (Microlearning).

C1 (Deep Mandarin) and C2 (Shallow Mandarin) scores
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Note. N = 50.

Table 7.1 shows the factor loading for each component derived from the
EFA, and Figure 7.8 shows the distribution of scores of Components 1 and 2,

coloured by Component 3. According to Holland (2021), factor loadings of
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interest can be identified by the amount of information they contribute to each
component. ‘Large’ loadings can be estimated as the square root of 1/number of
variables per component. We chose to include Overall Learning as a factor of
interest in Component 1 as it was very close to the estimated value of a ‘large’

loading (.267).

The results of the EFA conducted on the 14 language and learning
factors revealed three components of interest — C1 (Deep Mandarin), C2
(Shallow Mandarin), C3 (Microlearning). Figure 7.8 shows the distribution of
scores for C1 (Deep Mandarin) and C2 (Shallow Mandarin), coloured by C3
(Microlearning). Component 1 (Deep Mandarin) shows a cluster of variables
related to early and successful learning of Mandarin, together with high levels
of Mandarin input (particularly Beijing input) from media and in
communication, as well as strong overall language scores, clustering together
with overall distributional learning effects. Component 2 (Shallow Mandarin)
shows a cluster of variables related to early exposure to Mandarin, together
with low levels of passive Mandarin input (particularly local Singapore
Mandarin media), and low active Mandarin use (local Singapore Mandarin in
communication), clustering together with lower self-rated proficiency in
Mandarin. This component is unrelated to distributional learning effects in the
current sample. Component 3 (Microlearning) shows a cluster of variables
whereby participants who showed the greatest overall learning showed a
tendency towards less learning in the pre-training period (no training baseline),

more change immediately after training (plasticity), coupled with a negative
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elasticity (i.e., a change back towards pre-training levels), meaning that their

learning gains were at their peak shortly after the training period.

7.3.5 Discussion

As we predicted, our large-scale main study revealed a significant
overall distributional learning effect, demonstrating that Singapore English-
Mandarin bilingual adults can indeed show distributional learning effects
following training on a bimodal distribution frequency of sounds along a
Singapore Mandarin alveolar-retroflex [ts"udn]-[tshuan] contrast continuum.
This result is consistent with existing studies in which distributional learning
effects have been successfully obtained in adults with the use of training stimuli
that share featural similarities with languages in the participants’ language
repertoires (e.g., Escudero et al., 2011; Chladkova et al., 2022). Our result of a
significant overall distributional learning effect therefore lends further support
to studies which have shown that distributional learning for language
acquisition can be accessed well into adulthood. In particular, our results show
that adults can be adept at extracting information from distributional linguistic
cues when there is sufficient overlap between the featural characteristics of the
training stimuli, and the speech sounds in their existing language repertoire. In
this case, sharpening the discriminant function for two known words in the one
of the speakers’ languages on the basis of distributional information provided

during training.
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At the same time, the results of our study also revealed that there is
indeed a language-specific component to the distributional learning effects that
we found. In our exploration of a language-specific transfer effect, we predicted
that our participants” Mandarin understanding abilities would have a significant
positive relationship with distributional learning effects on a distributional
training paradigm with a Singapore Mandarin alveolar-retroflex [tstuan]-
[ts"uan] contrast continuum. We reasoned that this would be so, as individuals
with higher Mandarin understanding proficiencies would be more likely to be
exposed to Mandarin retroflexion across the lifespan through a variety of
avenues such as Singapore Chinese news on television and the radio (which
typically use the more ‘formal’ variety of Standard Mandarin), as well as mass
media from Mainland China. As such, higher levels of Mandarin understanding
proficiency are likely to be related to greater familiarity with the feature of
Mandarin retroflexion, which would lead to larger language-specific transfer
effects for the Singapore Mandarin alveolar-retroflex [tshudn]-[tstudn] contrast
continuum. This prediction was indeed borne out in the significant interaction
effect that we found. Visual inspection of Figure 7.7 which shows a clear effect
of higher Mandarin understanding abilities being associated with larger
distributional learning effects. Moreover, the effect size that we obtained for
this interaction was large (p? = .17), and we obtained a Bayes factor of 54.6 for
this interaction. This Bayes factor indicates that the data collected were 54.6
times more supportive of a speaker’s Mandarin understanding impacting the

strength of the observed distributional learning effect, rather than having no
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impact. Thus, we can state with a high degree of confidence that we have
obtained evidence of a language-specific learning advantage in our Singapore
English-Mandarin bilingual adults, and this effect is stronger for bilinguals with
stronger language skills in the target language. This is consistent with existing
studies which show that language learning effects are typically enhanced by
featural and structural overlaps between participants’ languages and the training
stimuli (e.g., Antoniou et al., 2015). Crucially, while existing studies on
language-specific learning effects in adults have typically compared different
groups of native language speakers (e.g., Greek vs Czech speakers; Chladkova
and Simackova, 2021) our study shows that language-specific transfer effects
can be strong enough to be observed even within the individual differences in
language backgrounds for a single group of Singapore English-Mandarin
bilingual adults. Moreover, as the results of our earlier perception study in
Chapter 5 revealed that baseline levels of contrast sensitivity for this
synthesised Singapore Mandarin alveolar-retroflex contrast are not in fact
linked to overall Mandarin understanding abilities, the interaction effect that we
found here appears to show that there may be a specific transfer advantage

linked to Mandarin exposure regardless of baseline sensitivity to these sounds.

However, the Bayes factor that we obtained for the main overall
distributional learning effect was unexpectedly substantial in the opposite
direction that we predicted. The Bayes factor we obtained for the main
distributional learning effect was BF = .09. As this is less than .33, this appears

to show that our data are substantially supportive of the null hypothesis, i.e.,
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that there was no overall distributional learning effect following bimodal
distributional training. Therefore, it is important to note that we obtained a
significant main effect of test phase in the presence of a significant interaction
between test phase and Mandarin understanding ability (with a large interaction
effect size). As such, the distributional learning effects obtained in our main
study would naturally have been moderated by the range of individual
differences in our participants’ Mandarin understanding abilities. As this
resulted in a smaller overall distributional learning effect in our larger sample
size as compared to in the pilot study, the Bayes factor we obtained could be
obscuring a very real distributional learning effect. Schmalz et al. (2023) found
that false negatives in Bayesian hypothesis testing can be very common (up to
80% of the time) if an effect size found is much smaller than the chosen prior.
Moreover, based on the a priori analysis that we conducted to determine a well
powered sample size, a sample size of N = 48 would have been sufficient to
obtain a similar distributional learning effect to that of the pilot study. Thus, we
can conclude that there was likely a modest overall distributional learning effect
in our main study which cannot be interpreted on its own without accounting
for the highly significant interaction effect between distributional learning and

Mandarin understanding that we also found.

Our supplementary EFA also revealed interesting relationships between
our participants’ distributional learning effects, and various aspects of their
linguistic and Mandarin background. C1 (Deep Mandarin), shows that stronger

overall distributional learning effects are linked to not only to Mandarin
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understanding abilities and early language exposure, but also to the degree of
engagement that individuals have with Mandarin in daily life (i.e., in
communication and media consumption. This shows that high levels of daily
active and passive engagement with Mandarin may facilitate the language-
specific transfer effects seen in the study. At the same time, C1 (Deep
Mandarin) also showed that high levels of active and passive exposure to
Beijing Mandarin had a larger impact on overall distributional learning effects
as compared to the local variety of Mandarin. This could indicate that exposure
to the clear alveolar-retroflex contrast present in standard Beijing Mandarin
could have carry-over transfer effects for phoneme contrast sensitivity for an
alveolar-retroflex contrast in Singapore Mandarin. C1 (Deep Mandarin) also
showed that stronger distributional learning effects were linked to higher
understanding proficiencies in a wider range of languages. This could lend
some support to the domain-specific, language-general account of language
learning advantages by demonstrating that the experience of successfully
managing large language repertoires may be linked to metalinguistic

advantages in multilinguals.

While C2 (Shallow Mandarin) was not related to any distributional
learning effects, it demonstrated that earlier Mandarin exposure and longer
periods of formal Mandarin education can be linked to weaker Mandarin
understanding abilities in the presence of low levels of engagement with
Mandarin in daily life. This suggests that early exposure and longer periods of

formal education alone may not be sufficient for individuals to attain high
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levels of Mandarin understanding abilities. Instead, higher levels of both
passive and active engagement with the language may be needed to attain high

levels of Mandarin proficiency.

Finally, C3 (Microlearning) was not related to any language effects, and
instead showed that some participants may exhibit learning patterns in which
weaker pre-training contrast sensitivity is linked to short-lasting increases in
contrast sensitivity immediately following training, but resulting in strong
overall distributional learning effects. This suggests that high general baseline
levels of perceptual sensitivity for this Singapore Mandarin alveolar-retroflex
contrast are not needed for individuals to show strong distributional learning
effects following distributional training, although this effect declines over time-

since-training for some participants.

7.4 Conclusion

On the whole, this study has shown that the effects of bimodal
distributional training can in fact be found well into adulthood. The results of
both our pilot and main study demonstrate that our target population of adult
Singapore English-Mandarin bilinguals are indeed able to show significant
overall distributional learning effects following distributional training on a
Singapore Mandarin alveolar-retroflex [ts"uan]-[ts"usn] contrast continuum. By
comparing the distributional learning effects of this study to that of our first

distributional learning study which we conducted with a completely novel
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Hindi dental-retroflex contrast, we can see that a language-specific overlap
between known speech sounds, and to-be-learnt language stimuli plays an
important role in determining whether adult participants will even be capable of

extracting linguistic information from distributional cues.

Moreover, the impact of a language-specific transfer effect can be
clearly seen in the significant interaction that we found between distributional
learning effects and Mandarin understanding abilities in our main study. This
result revealed that participants with higher Mandarin understanding ability
scores showed greater distributional learning advantages (i.e., larger increases
in contrast sensitivity) for a fine-grained Singapore Mandarin alveolar-retroflex
[tshudn]-[tstuan] contrast continuum as compared to participants with lower
Mandarin understanding ability scores. As such, we can confidently say that we
have found evidence for the language-specific hypothesis of bilingual learning
advantages that we first set out to test at the start of this project. However, such
an effect only emerges when the acoustic features of the stimuli are finely tuned
to the local linguistic variety, such that a speaker can transfer information from
their mental representation to the task. In the current study, we were able to
achieve this through a combination of preliminary bioacoustic imaging
(Chapter 3), psychoacoustic analysis (Chapter 4), and perceptual mapping of
acoustic space (Chapter 5). This multidisciplinary approach provides nuanced
insights into the specificity of linguistic representations for speakers of

Singapore Mandarin.
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Chapter 8: General Discussion and Conclusion

8.1 Overall Discussion

In this project, we set out to determine if we could find evidence for a
language-specific transfer advantage in bilingual adults. According to this
language learning hypothesis, language-learning advantages are specific to the
individual’s linguistic experience, and learning advantages are closely tied to
featural and structural overlaps between the individuals’ known languages, and
the to-be-learnt language stimuli. We chose to focus our investigation on
contemporary Singapore English-Mandarin bilingual adults as they consist of a
group with a largely homogenous experience of language exposure to English
and Mandarin through daily life and formal education, albeit with intragroup
heterogeneity in their degree of proficiency with Mandarin Chinese. In line with
the language-specific hypothesis of learning advantages, we reasoned that
individuals with a higher proficiency in Mandarin Chinese would have an
advantage at learning language stimuli that share featural regularities with
Mandarin Chinese, but not with English. We chose to investigate this with a
distributional learning paradigm as studies have shown that it is a robust
method of identifying bilingual learning advantages tied to language experience
in adults (Chladkova & Simackova, 2021; Chladkova et al. 2022). Moreover,
distributional learning paradigms are easily adapted for participants across the
lifespan, for example with younger participants (e.g., Infants: Maye et al., 2022;

Children: Vandermosten et al., 2018).
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In our first study, we explored the language-specific hypothesis with a
methodological adaptation of a distributional learning study by Vandermosten
et al. (2018). We trained English-Mandarin bilingual adult participants on a
bimodal distributional frequency of sounds drawn from a completely novel 7-
step Hindi dental-retroflex /da/-/da/ contrast continuum, and tested their
sensitivity for this contrast before and after the distributional training. As Hindi
and Mandarin Chinese both ostensibly feature a contrast between
alveolar/dental and retroflex places of articulation (while English does not), we
reasoned that individuals with higher Mandarin understanding abilities should
show larger distributional learning effects for this Hindi contrast. However, we
did not manage to find an overall distributional learning effect for this Hindi
dental-retroflex /da/-/da/ contrast, and were unable to observe graded language-
specific learning effect in our English-Mandarin bilingual adult participants.
The lack of an overall distributional learning effect was unlike that of
Vandermosten et al. (2018) who reported significant overall learning results in
their child participants. It is possible that the stimuli used may have been too
difficult for our adult participants to learn with a distributional learning
paradigm. Indeed, studies have suggested that adults may face particular
difficulties in extracting distributional cues from novel language stimuli (e.g.,
Wanrooij et al., 2014). Moreover, research published after the study in Chapter
2 was completed has since revealed that there may not be featural regularities
shared between the kind of retroflexion in Hindi and contemporary Mandarin

phonology, as the Mandarin “retroflex” has a tongue posture that differs from
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the “curled” retroflexion found in Hindi (Taiwan Mandarin: Chiu et al., 2020;
Tiede et al., 2019; Standard Mainland Mandarin: Luo, 2020). To investigate
whether this was also the case in the local Singapore variety of Mandarin, we
conducted a preliminary observational lingual ultrasound study in Chapter 3.
This study found that none of the participants that we reported on showed
evidence of a “curled” tongue position in their production of Singapore
Mandarin retroflexion. This suggests that the Hindi dental-retroflex contrast
continuum used in Chapter 2 was not well-suited for eliciting distributional
learning via transfer in Singapore English-Mandarin bilingual participants. Note
that existing examples of successful distributional learning in adults largely
involve the use of stimuli that contain structural overlaps with the participants’
languages (e.g., Chladkova & Simackova, 2021; Chladkova et al. 2022;
Escudero et al., 2011). Chapter 2 reveals that we would not be able to
effectively assess language-specific transfer effects due to the lack of any
featural or structural overlaps between the training stimuli and the Mandarin

alveolar-retroflex contrast.

Thus, it was evident at this point that a locally valid set of language
stimuli would be needed to accurately assess the language-specific hypothesis
of bilingual learning advantages in our target population. However, little
research into contemporary Singapore Mandarin was available at this point for
such purposes. As such, we conducted a large-scale perception and production
study on the alveolar-retroflex contrast in Singapore Mandarin in Chapter 4 to

obtain the acoustic documentation needed for our investigation to continue. We
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utilised CoG value measurements and GAMM on LTAS data to measure
alveolar and retroflex frication production in Singapore Mandarin for the first
time in known literature. From our investigation, we discovered that
contemporary Singapore Mandarin speakers generally exhibit high levels of
Mandarin alveolar-retroflex word identification accuracy in both the local as
well as the standard Beijing varieties of Mandarin. This contrasts with findings
from Taiwan Mandarin speakers who have been documented to show poorer
contrast perception, likely due to the influence of deretroflexion in Taiwan
Mandarin (Shih & Kong, 2011). At the same time, we found that contemporary
Singapore Mandarin speakers do indeed produce word-initial alveolar and
retroflex phonemes contrastively (i.e., the acoustics of the productions are
significantly different), albeit with a range of individual differences in the
degree of contrast produced. This is different from earlier observational studies
of Singapore Mandarin in the 1980s which have suggested almost complete
merger of the alveolar-retroflex contrast in speech (Lock, 1989; Ng, 1985). This
suggests that modern influences, such as the formal education system and
Mainland Mandarin media may be playing a role in influencing the phonology

of contemporary Singapore Mandarin.

Based on the corpus of contemporary Singapore Mandarin speech and
the acoustic measurements that we obtained in Chapter 4, we then synthesised a

novel set of language stimuli consisting of an 8-step alveolar-retroflex contrast

continuum based on the acoustic norms of the words [tstudn]-[tstudn] (A%
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‘village’ - & ‘spring’) as produced by our Singapore Mandarin speakers. Our

goal was to use this set of stimuli to further investigate the language-specific
hypothesis of bilingual learning advantages. Thus, we first needed to determine
if this set of stimuli could be effectively used to capture fine-grained measures
of individual differences in perceptual sensitivity for this contrast in the local
target population. We designed a novel 2AFC task based on the CROWN Game
of Ke et al. (2021) — the Spring Village CROWN Game — designed to measure
ambiguity resolution for sound tokens on the 8-step [tstudn]-[ts"uan]
continuum. We validated the Spring-Village CROWN Game in a sample of our
target population of Singapore English-Mandarin bilingual adults in Chapter 5.
The results of our study in Chapter 5 showed that the majority of contemporary
Singapore Mandarin speakers show evidence of perceiving a clear contrast
between alveolar and retroflex places of articulation, in line with the word
identification task results of Chapter 4. At the same time, the results also
demonstrated that the Spring-Village CROWN Game was capable of
effectively capturing fine-grained individual differences in perceptual
sensitivity for different degrees of acoustic ambiguity embedded in the [tstuan]-
[tshuan] alveolar-retroflex contrast continuum. Thus, we had good reason to
believe that this would be well-suited for adaptation for a distributional learning
task that would allow us to examine language-specific transfer effects amongst
Singapore English-Mandarin bilingual adults in a manner that was valid to the

variety of Mandarin spoken in contemporary Singapore.
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Before we began this final distributional learning study, we conducted
an exploratory study in Chapter 6 using methods we had established so far to
determine if we could find perception-production links in Singapore Mandarin
speech for a [tshudn]-[ts"uan] alveolar-retroflex contrast. We conducted this
study as research has shown that such links for speech sounds may exist on the
level of the individual (Fox, 1982; Hearnshaw et al., 2018; Newman, 2003).
Moreover, studies have found that perceptual sensitivity training on speech
sounds can result in concomitant changes in speech production (Bradlow et al.,
1997; Inceoglu, 2016; Sakai & Moorman, 2018). Evidence of perception-
production links would thus give us future directions to consider following our
final distributional learning study. The results of this study showed that there is
a significant perception-production link tied to the retroflex place of articulation
in Singapore Mandarin. Participants who produced retroflex frication that was
more similar to typical alveolar frication in acoustic space (deretroflexion) were
found to show less perceptual sensitivity for retroflex cues in ambiguous speech
sounds. This is aligned with existing studies on second language acquisition and
articulatory disorders which show that individuals typically have reduced
perceptual sensitivity for speech sounds that they produce less clearly (e.g.,

Rvachew & Jamieson, 1989; Sakai & Moorman, 2018).

Finally, we completed our investigation into the language-specific
hypothesis of bilingual learning advantages with a distributional learning study
in Chapter 7. We trained English-Mandarin bilingual adult participants on a

bimodal distributional frequency of sounds drawn from our synthesised 8-step
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alveolar-retroflex [tshudn]-[ts"udn] contrast continuum, and tested individual
differences in sensitivity for this contrast before and after the distributional
training with the Spring-Village CROWN Game. The contrast continuum used
in this study was synthesised to be acoustically aligned to the norms of
alveolar-retroflex frication produced by contemporary Singapore Mandarin
speakers. Thus, based on the language-specific hypothesis of bilingual learning
advantages, we reasoned that individuals with higher Mandarin understanding
abilities should show larger distributional learning effects due to a larger degree
of overlap between their language repertoires and the training stimuli. The
results of the main study of Chapter 7 revealed that our participants showed a
significant overall distributional learning effect following bimodal
distributional training — this is consistent with studies which show that adults
can successfully extract distributional cues from training stimuli (Chladkova &
Simackova, 2021; Chladkova et al. 2022; Escudero et al., 2011; Escudero &

Williams, 2014; Wanrooij et al., 2013).

Moreover, we found a significant positive interaction between
distributional learning effects and Mandarin understanding abilities. As we
predicted, participants with higher Mandarin understanding abilities were found
to have larger distributional learning effects. This supports previous studies that
have shown that bilinguals have language-specific transfer abilities tied to their
language repertoires, where language experience facilitates the transfer of
linguistic knowledge between known languages and to-be-learnt language

stimuli (e.g., Antoniou et al., 2015; Chladkova & Siméackova, 2021; Chladkova
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et al. 2022; Kuo et al., 2016). In particular, while evidence for language-
specific theories have largely been found in the context of comparing
monolinguals to bilinguals, or by comparing different groups of bilingual
speakers (e.g., Antoniou et al., 2015; Bialystok et al., 2003; Kuo et al., 2016)
our study has shown that language-specific transfer effects are robust enough to
be identified within individual differences in the language proficiencies of a

largely homogenous group of bilingual adults.

8.2 Discussion of the language-specific account of learning advantages in
Singapore English-Mandarin bilingual adults
8.2.1 Implications

The nature of language learning advantages can largely be classified
into three main overarching hypotheses: domain-general accounts suggesting
that bilinguals have general cognitive advantages, domain-specific and
language-general accounts suggesting that bilinguals have general
metalinguistic advantages, language-specific accounts suggesting that language
learning advantages in bilinguals are tied to their unique linguistic experience.
In this project, we have found evidence to support language-specific accounts
of learning advantages in bilinguals. In Chapter 7, we found that English-
Mandarin bilingual adults showed larger distributional learning effects for a
novel synthesised [tstudn]-[ts"uan] alveolar-retroflex contrast if they had higher
Mandarin understanding proficiencies. This shows that larger transfer effects
were found for participants who had more extensive experience with a relevant

language. Moreover, the supplementary EFA that we conducted on various
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aspects of our participants’ Mandarin experience also shows that familiarity
with both the local variety as well as a different variety of Mandarin (standard
Beijing Mandarin) are linked to larger distributional learning effects. This
suggests that language-specific metalinguistic advantages in bilinguals may be
enhanced by experience with any relevant languages and varieties that share
featural regularities with the to-be-learnt stimuli. As such, it is possible that
experience with local vernacular languages may facilitate the learning of
“official” languages in the formal education system. Local vernacular languages
often share large degrees of featural and structural regularities with the
“official” languages. For instance, studies have suggested that the large degree
of phonological overlap between Hokkien and Mandarin may give Hokkien
speakers an advantage at learning Mandarin phonology (Newman, 1982; 1983).
Evidence for a cross-language transfer effect between Hokkien and Mandarin
has also been found by Newman (1982) who found that fluent Hokkien
speakers were successfully able to transfer their knowledge of tones to
Mandarin speech with a high level of accuracy. This demonstrates that local
home languages from the Chinese language family could potentially be
beneficial for the acquisition of ‘Mother Tongue’ languages in formal
education, particularly if there are phonological overlaps shared between the
languages. This finding also aligns with a previous report of young adults’ self-
assessed language proficiency and early childhood language exposure, in which
earlier and larger exposure to non-Mandarin Chinese varieties was associated

with advantages in Mandarin proficiency in later life (Wu et al., 2020). This
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suggests that the use of local vernacular home languages may, in fact, be
mutually supportive of the acquisition of ‘Mother Tongue’ languages. The use
of these home languages may be encouraged to facilitate acquisition of ‘Mother

Tongue’ languages.

8.2.2 Limitations

To date we have only examined language-specific transfer effects in a
single group of bilinguals. This limits the generalisability of the results of our
study. To more clearly determine if the learning effect we found is specific to
the language experiences of Singapore English-Mandarin bilingual adults, it
would be of value to conduct a replication of our study in Chapter 7 with a
different group of bilinguals with language repertoires that do not share
phonological regularities with the current set of stimuli. A follow-up study can
be conducted with Singapore English-Malay bilinguals to achieve this — data

collection for this follow-up study has already begun.

Next, as we focused our investigation solely on bilinguals, the results of
our study do not tell us if there is also a language-general, domain-specific
metalinguistic advantage that comes solely from the experience of being
bilingual or multilingual. In order to determine if there is indeed a language-
general metalinguistic learning advantage tied to the experience of bilingualism,
one possibility would be to conduct a follow-up study on a well-matched
comparison group of monolingual Mandarin speakers. This would be difficult

to achieve in the context of Singapore as the majority of residents in the country
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are either bilingual or multilingual (DOS, 2021), and almost all young adults
who report monolingualism are monolingual in English. Monolingual
participants from other countries could be considered for such a follow-up
study. However, differences in the varieties of Mandarin spoken in different
countries would be likely to have a confounding effect on the results which

would make comparisons with the current study difficult to interpret.

A monolingual comparison group would undoubtedly have interesting
implications for determining if the experience of acquiring multiple languages
might confer additional learning advantages on bilinguals. However, existing
research comparing learning between monolingual and early bilingual adults
has typically found mixed results. It is thus possible to hypothesise that we may
obtain a variety of different outcomes with a comparison group of Mandarin

monolinguals for the distributional learning study in Chapter 7.

First, it is possible that English-Mandarin bilinguals may demonstrate an
overall distributional learning advantage as compared to a well-matched
Mandarin monolingual group of participants. This would be similar to the
results of Antoniou et al. (2015) who trained English monolingual and English-
Mandarin early bilingual adults on synthesised English-based frication
contrasts, and found that the bilingual group showed larger learning effects as
compared to the monolingual group. Alternatively, such a study might find that
different subsets of English-Mandarin monolinguals may perform differently

against Mandarin monolinguals depending on whether they are English-
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dominant or Mandarin-dominant in their daily language use. This would be
similar to the results of a different study by Antoniou et al. (2012) who found
that English-dominant Greek-English early bilingual adults performed as well
as English-monolinguals at learning English-based contrasts, but were

outperformed by Greek monolinguals at learning Greek-based contrasts.

In light of these different possible outcomes, is important to highlight
that even if we were hypothetically able to obtain a comparison group of
monolingual contemporary Singapore Mandarin speakers to examine language-
specific transfer effects as in Chapter 7, this comparison group would have to
be well-matched to the Mandarin proficiencies of contemporary Singapore
English-Mandarin bilinguals to avoid a confounding effect of higher overall
proficiencies in Mandarin-only monolinguals. The acquisition of such a
Mandarin monolingual comparison group would come with its own set of
challenges. It would be difficult to ensure that monolingual Mandarin-speaking
participants with low Mandarin proficiencies would be able to understand and
perform the task as required, and it would also be necessary to adequately
screen for potential learning disabilities that might result in low language

proficiencies in Mandarin monolinguals.

This discussion thus highlights how crucial it is to ensure that the
research design at hand has ecological validity to the population in question.
This is particularly important when conducting research on typically

underdocumented populations with unique differences in language diversities.
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The lack of consideration for global linguistic diversities is a widespread issue
in existing literature. For instance, a review of literature by Kidd and Garcia
(2002) found that the majority of papers published on child language
acquisition are disproportionately focused on western monolingual English
populations. Similar trends can also be seen in adult psycholinguistic research.
Analyses of existing literature show that only 0.6% of languages in the world
have been investigated (Jaeger & Norcliffe, 2009), with the vast majority of
studies focusing on only 10 languages, and English studies taking up a large
proportion of this research real estate (Anand et al., 2011). Thus, forcing the
investigation to fit the framework of previous research that has typically been
conducted in western, industrialised populations would be a disservice to
research participants in a population that does not fit these standards and would
be akin to insisting that all psycholinguistics research conducted in primarily
monolingual countries should also have a bilingual comparison group in order

to adequately make sense of their findings.

As such, the lack of a monolingual comparison group could be viewed
as a limitation in terms of how closely our research conforms to the existing
conventions of bilingualism research, wherein bilingualism is often viewed
through the context of its differences from monolingualism. However, this
thesis instead proposes a different framework of treating bilingualism as a
standalone linguistic phenomenon which can and should be examined by virtue
of its own relevance as the mainstream language model of linguistic repertoires

in contemporary Singapore. As such, this project is primarily interested in
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examining bilingualism as the standard language model in Singapore by
investigating how bilinguals differ amongst themselves based on individual
differences in their language backgrounds. The results of this project therefore
demonstrate the power of investigating bilingualism as a continuous variable
within a single group of participants who share languages of exposure but differ

in their language proficiencies (i.e., the depth of bilingualism in Mandarin).

8.2.3 Future directions

In Chapter 7, we largely focused our examination of language-specific
transfer effects on Singapore Mandarin speakers learning a novel set of
ambiguous stimuli based on the acoustic norms of Singapore Mandarin. It
would be of interest to determine if we can also find evidence for a cross-
language transfer effect between our participants’ known languages, and a less-
familiar set of stimuli based on a different language. Previous literature has
described overlaps between Hokkien and Mandarin phonology and grammatical
structural regularities (Newman, 1982; Newman 1983; Newman, 1988). Hence,
a follow-up study could be conducted on Singapore English-Mandarin bilingual
adults with Hokkien-based training stimuli, for example Hokkien tones. Given
the transfer effects seen in Chapter 7, we predict that we would be able to find
evidence for such a cross-language transfer effect. Such a study would
strengthen the validity of the language-specific hypothesis of learning
advantages in bilinguals by demonstrating clear evidence of a cross-language

transfer effect.
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8.3 Discussion of distributional learning in adults
8.3.1 Implications

We conducted two distributional learning studies (Chapter 2 and
Chapter 7) to elicit learning effects for phoneme contrasts in adults. These two
studies have provided us with more insight into the mechanism of distributional
learning in adults, and provide more support for existing studies. Some research
has suggested that adults lack the sensitivity needed to extract distributional
cues from language training stimuli (Liu et al., 2022; Terry et al., 2015;
Wanrooij et al., 2014). On the other hand, other studies have shown that adults
can successfully extract distributional cues from language training stimuli
(Chladkova & Siméackova, 2021; Escudero et al., 2011; Wanrooij et al., 2013),
and may even show long-term learning from such training paradigms (Escudero

& Williams, 2014).

One crucial difference between these two different sets of results is that
the studies with adult participants who failed to show any distributional
learning effects typically used training stimuli that contained no linguistic
overlaps with the languages in their participants’ language repertoires (e.g.,
Mandarin-based tone stimuli with Australian English speaking adults, Liu et al.,
2002). However, the studies with adult participants who showed robust learning
effects typically used training stimuli that contained some degree of linguistic
overlap with the languages in the participants’ existing language repertoires

(e.g., durationally cued vowel contrasts with Czech speaking adults).
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Our two distributional learning studies support the findings of these
studies. In Chapter 2, we did not find an overall distributional learning effect in
our English-Mandarin bilingual adult participants following training on a
specific Hindi dental-retroflex contrast that did not share linguistic overlap with
any of the languages in their language repertoire. However, we found a
significant overall learning effect in Chapter 7 when our English-Mandarin
bilingual adult participants were trained on a Singapore Mandarin-based
alveolar-retroflex contrast. This shows that adults can in fact successfully utilise
distributional learning for novel language stimuli if there is sufficient linguistic
overlap between the stimuli and their known languages. Moreover, our study in
Chapter 7 has shown that adults can be sensitive enough to extract distributional
cues in an unattended training paradigm while focusing their attention on a
different set of visual stimuli (muted cartoons). This suggests that the
unattended training paradigm can be adapted to facilitate perceptual sensitivity

enhancements for speech sounds in other unattended settings.

8.3.2 Limitations

The validity of the distributional learning effects found in Chapter 7
could be further clarified through the inclusion of a control group to
demonstrate whether changes in perceptual sensitivity are indeed the direct
result of bimodal distributional training as opposed to a test-retest effect. A
control group could consist of a separate group of individuals trained on a
unimodal frequency distribution of sounds drawn from the synthesised

Singapore Mandarin alveolar-retroflex contrast (e.g., Chladkova & Simackova,
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2021; Wanrooij et al., 2014) or exposed to a similar duration of unrelated
sounds such as music during the training phase (e.g., Escudero & Williams,

2014; Wanrooij et al., 2013).

As such, a control group exposed to a different set of stimuli during
training could serve to rule this possibility out. While the in-group comparison
of pre- and post-training perceptual differences has been used in existing
research as a standalone analysis to determine if distributional learning effects
have occurred following bimodal distributional training (e.g., Chladkové et al.,
2022), it is possible that changes in perception at post-training may simply be
due to changes in perceptual sensitivity for these sounds following the natural
passage of time. The inclusion of a well-matched control group will be of great

research value in future distributional learning studies.

Despite this limitation, it is important to note that our investigation of
language-specific transfer effects was primarily interested in determining if
changes in perceptual sensitivity might be linked to the Mandarin proficiencies
of our participants. As this is indeed what we found in Chapter 7, our results
nevertheless show that there is a language-specific component linked to the
increase in perceptual sensitivity seen in participants at post-training, regardless

of the process that resulted in this change.

8.3.3 Future directions
As mentioned in Section 8.2.3, it would be of interest to investigate if

our target population of English-Mandarin bilingual adults would be able to
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successfully extract distributional cues from a set of stimuli based on a
language that they are less familiar with (e.g., a Hokkien-based contrast).
Conducting such a study would allow us to determine the degree of familiarity
that adults need to have with different language structures in order for
successful distributional learning to occur. At the same time, while we have
shown in Chapter 7 that adults do show learning effects following bimodal
distributional training on speech sound stimuli, we do not yet know how long
these learning effects can last for. It would be of interest to conduct a follow-up
study in line with that of Escudero and Williams (2014) to determine if the
bimodal distributional training might likewise have long-lasting effects on

perceptual sensitivity.

Finally, as we have only conducted our distributional learning studies on
adults, it would be of interest to determine if the results we have found can be
generalised to participants at other points of the lifespan. In future follow-up
studies, the distributional learning paradigm we used in Chapter 7 can be
adapted for infants and children to investigate this question (e.g., with the use of
eye tracking for infants and young children). Based on existing research, we
predict that younger participants will be able to show robust learning effects in

these studies.
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8.4 Discussion of perception and production of Singapore Mandarin

alveolar-retroflex sibilant contrast

8.4.1 Implications

Our studies on perception and production of the contemporary
Singapore Mandarin alveolar-retroflex contrast (Chapter 4, 5, and 6) comprise
the first time in which detailed documentation have been conducted on this
contrast in known literature. We can see from these studies that the phonology
of contemporary Singapore Mandarin spoken by young adults is different from
that of adults in the 1980s. Earlier observational studies found evidence of a
large degree of deretroflexion or almost complete alveolar-retroflex phoneme
contrast merger in the speech of adult Singaporeans (Lock, 1989; Ng, 1985).
However, our studies show that contemporary Singapore Mandarin speaking
adults largely produce these phonemes contrastively in speech (Chapter 4 and
Chapter 6) and typically have high levels of perceptual contrast sensitivity for
word identification (Chapter 4) and speech sound ambiguity resolution (Chapter

5and 6).

Documentation of these differences is important as these details can
have implications on the variety of Mandarin that should be used in different
situations in daily life, such as in formal education settings. In Chapter 4, we
discussed the importance of documenting outer-circle languages to ensure that
speech audiometry will be valid to the local population. Speech audiometry
material are necessary in the medical field for the purposes of identifying and

diagnosing hearing difficulties linked to specific phonological aspects of
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speech. According to Soh & Loo (2023), the use of audiometry material not
aligned to local varieties can lead to inaccurate results due to listeners being
inherently unfamiliar with the phonology of the stimuli. This has been
identified as a particular issue in Singapore, as there is no existing audiometry
material that is valid for the local context of Singapore Mandarin speakers (Soh
and Loo, 2020). Our study shows that there may be considerable
intergenerational difference in the phonology of Mandarin spoken across age
groups in Singapore. This suggests that future work on speech audiometry
material in Singapore should not only focus on ensuring that stimuli are valid to
Singapore Mandarin, but that different sets of material are available for accurate

speech hearing tests across different generations.

On the whole, the studies we have conducted in this project show how
important it is to conduct fine-grained documentation on the specific features of
local varieties of languages to ensure that speech stimuli used in studies of
language learning and perception are well aligned with the acoustic norms of
the target population. This project also demonstrates the effectiveness of
applying interdisciplinary methods from linguistics and psychology to obtain a

comprehensive understanding of the research topic at hand.

8.4.2 Limitations
It is worth noting that some of the methodological decisions in our
Singapore Mandarin perception and production tasks could potentially have

resulted in unintended priming effects leading to participants producing
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Mandarin speech in a different manner to how they normally would in daily
life. For instance, participants in Chapter 4 completed the speech production
task after the word identification task. It is thus possible that there could have
been some degree of accent transfer from the stimuli that they heard to their
production of Mandarin speech. However, as participants heard an equal
number of Singapore Mandarin and Beijing Mandarin word tokens in random
order over the course of the word identification task, it is unlikely that they
would have been more influenced by one variety of Mandarin as compared to
the other. Moreover, the speech production task did not occur immediately after
the word identification task. Instead, there was a transition period of 5 — 10
minutes between each task during which participants were given instructions in
English on how to use the recording equipment and perform the speech
production task. It is therefore unlikely that the participants would have retained
a sufficient amount of influence from the word identification task to
significantly affect their production of the Mandarin alveolar-retroflex words.
Moreover, it is worth noting that a similar result of a significant difference
between the production of alveolar and retroflex frication in Singapore
Mandarin was also found in Chapter 7 where participants completed the speech

production task before the word identification task.

It is also worth considering that the inclusion of Hanyu Pinyin on the
alveolar-retroflex minimal word pair picture cards could have prompted our
participants to be more aware of the alveolar-retroflex contrast, and to thus

produce the contrast more clearly in speech. However, the use of word-reading
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tasks is not exclusive to this study. Reading from a list of words has been used
as an established method of documenting accent varieties in English, where the
spelling of English words may inherently provide participants with cues as to
the pronunciation of different words. This can be seen in the documentation of
English vowels by Peterson and Barney (1952) as well as in Wells Lexical Set
(Wells, 1982), and even for vowels in Singapore English (Deterding, 2007).
Additionally, we determined that the inclusion of Hanyu Pinyin was necessary
to ensure that participants with a wide range of Mandarin proficiencies would
be capable of reading the words on the cards, as individuals assisting in the
design of the study reported difficulties in being able to read and recognise the
words when presented as Chinese characters alone. Moreover, even with the
inclusion of Hanyu Pinyin on the picture cards, the results of Chapters 4 and 6
nevertheless show that there is still a wide range of individual differences in
how contrastively alveolar and retroflex frication are produced in Singapore
Mandarin speech. This suggest that individual differences in production of the
Singapore Mandarin alveolar-retroflex contrast exist even in the presence of

cues that might highlight the contrast in question.

Besides this, it is possible that the use of a word reading task for speech
data collection could have led to contrastiveness in production of the alveolar-
retroflex contrast being better preserved as compared to speech production data
collected from conversational free-speech prompts (e.g., Chang 2012).
However, it would have been more difficult to elicit natural utterances via

conversational styles of data collection as the primary researcher and data
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collector for this project does not speak or understand Mandarin, which could
have reduced the ecological validity of a conversational prompt. Moreover, we
believe that the data collected on production of the contemporary Singapore
Mandarin alveolar-retroflex contrast nevertheless reflects genuine evidence
supporting the increase in retroflexion in contemporary Singapore Mandarin
speech in comparison to the speech of young adults in the 1980’s. This is
particularly so as the word-reading methodology used in this project was also
used by Ng (1985) to collect data on the use of the retroflex /s/ phoneme in

Singapore Mandarin speech of the time.

Finally, this project would likely have benefitted from consultation with
a Mandarin linguist from the outset, as this would have allowed us to better
understand the nature of “retroflexion” in Mandarin before conducting our first
distributional learning study in Chapter 2. Despite this, it is important to note
that the results of Chapter 2 prompted further investigation into the alveolar-
retroflex contrast in Singapore Mandarin, yielding novel information on the
linguistic nature of the contrast, as well as detailed acoustic documentations of
the contemporary Singapore Mandarin alveolar-retroflex contrast for the first
time in known literature. This information has far-reaching implications beyond

that of research, which we have discussed in greater detail in Section 8.4.1.

8.4.3 Future directions
While we have collected some ultrasound data and performed a

preliminary visual inspection of the lingual positions used in alveolar and
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retroflex frication in Singapore Mandarin in Chapter 3, we have yet to conduct
a more fine-grained statistical analysis examining the precise nature of lingual
articulation for the alveolar-retroflex contrast in Singapore Mandarin. At this
point in time, we have collected lingual ultrasound data from 21 participants,
and plan to conduct a follow-up study by conducting a principal component
analysis (PCA) and general additive mixed modelling (GAMM) on the lingual
ultrasound traces of the speech tokens of all 21 participants. As we have also
collected lingual ultrasound data on the production of the alveolar-post-alveolar
contrast in Singapore Mandarin from these 21 participants, we likewise plan to
conduct similar analyses on this data to examine if there are overlaps between
the Singapore Mandarin alveolar-retroflex contrast and the Singapore English
alveolar-post-alveolar contrast. This will provide us with a clearer picture of
the nature of lingual articulation typically used in production of alveolar and

retroflex frication in the Singapore variety of Mandarin.

At the same time, it is also worth highlighting that our perception-
production studies typically had smaller numbers of male participants as
compared to female participants. While this does not affect the overall results of
the studies that we have conducted, the lack of a balanced number of male
participants in these studies has made it harder for us to investigate gendered
differences in speech perception and production of the Singapore Mandarin
alveolar-retroflex contrast. Studies on Taiwan Mandarin suggest that there may
be gendered extralinguistic factors in retroflex production — such as higher

incidences of deretroflexion in Taiwanese men (Rau & Li, 1994; Chuang &
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Fon, 2010). On the other hand, early studies on Singapore Mandarin suggest
that the opposite may be true, with evidence that Singapore Mandarin-speaking
men may instead engage in hypercorrection when producing formal examples
of speech (Ng, 1985). Future studies on perception and production of the
Singapore Mandarin alveolar-retroflex contrast can focus on recruiting a larger
number of male participants to determine if gendered trends can be observed in

contemporary Singapore Mandarin speakers.

Next, our study on perception-production links in Chapter 6 showed that
there is an apparent link in speech perception and production tied to the
retroflex phoneme in Singapore Mandarin. As the sample size for this study
was not large, a more representative sample size in future studies may reveal if
this link is generalisable to the larger population. At the same time, future
follow-up studies on this link could also investigate the effect that perceptual
sensitivity training for this contrast has on speech production of the contrast.
The results of existing studies suggest that we may find concomitant changes in
speech production following perception training (e.g., Sakai & Moorman,
2018). Perceptual training can be conducted with our distributional learning

paradigm used in Chapter 7.

8.5 Overall Conclusion
Overall, this project has found evidence in support of the hypothesis that
language learning advantages seen in bilinguals are often linked to language-

specific transfer effects. This supports other literature showing transfer effects
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in adults (e.g., Antoniou et al., 2015; Bialystok et al., 2003; Chladkova &
Simac¢kova, 2021) and in children (e.g., Kuo & Anderson, 2012, Kuo et al.,
2016). Moreover, our finding that individual differences in Mandarin
understanding ability are linked to differences in distributional learning effects
further demonstrates that language-specific learning effects can be robust
enough to be observed even within the linguistic variations in a single, largely
homogenous group of English-Mandarin bilingual adults in Singapore. We have
also shown that adults can successfully show distributional learning effects
from an unattended training paradigm if there is sufficient overlap between the
training stimuli and their known languages. Our detailed investigations into the
perception and production of the contemporary Singapore Mandarin alveolar-
retroflex contrast also provide fresh insights into the changing phonology of
this outer-circle variety of Mandarin. This documentation has valuable
implications on different aspects of life in Singapore including in education
(e.g., for language acquisition) and healthcare (e.g., for audiometry testing)
settings. In line with open science principles, we have made our study stimuli,
procedures, data, and analyses available in online repositories for research
transparency. This will allow other researchers to conduct further explorations

on these topics with the materials that we have created.
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Appendices

Appendix 3.1

Table Al List of English words for follow-up ultrasound study

No. Word
1 Cat-seat
2 Catsit
3 Catsuit
4 Cheap
5 Cheat
6 Chin
7 Cho
8 Choo
9 Chop
10 Seat
11 Seep
12 Sheep
13 Sheet

14 Shin

15 Shoe

16 Shop

17 Show

18 Shun
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19

20

21

22

23

24

25

Shy
Sin
Sigh
So
Soon
Sun

Sop
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Appendix 4.1

Growing Collection Consent Form

The Growing Collection of Human Voices Release Form for VVocal Recordings

of Speech

Thank you for allowing us to record your voice for the current study. We plan
to use the recording in the manner described to you previously in the
Information Sheet: Only the investigators involved in the project will hear your
vocal recording, your identity will be kept anonymous, and the digital file will
be deleted after the conclusion of the study. However, interested participants
might like to consider releasing their digital files into an ongoing collection

designed to maximize the impact of your contribution.

The Growing Collection of Human Voices

It is one of our goals to build up a collection of vocal recordings from different
communities around the world, which will help us to answer questions about
the function and features of speech produced for different listeners. We are
particularly interested in how child directed speech might highlight aspects of
language which might facilitate learning, and how these features might differ
from other types of speech. The more vocal recordings we add to this
collection, the more powerful it will be in helping us to answer these questions.

We would like to invite you to join the Growing Collection, and have prepared
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this document to help you understand what is involved. We will ask you for a
set of permissions, and in return, we provide you with a set of assurances. More

details can be found on the reverse of this page.

The reason we are asking for special permission is that every human voice is
unique, rich, and special. This means that there is a possibility that at some
future time, someone may hear your voice and think that they recognize you as
the speaker. We therefore cannot guarantee complete anonymity in this

collection, but we will do our best to protect you.

Permissions requested:

* Permission to retain your recording and information

* Permission to play recordings to participants in future studies

* Permission to present recordings in public

* Permission to share recordings with other registered researchers

Assurances:

* Your choice of anonymity or identity

* Respect

Permission to retain your recording and information
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We would like to add your recorded voice to the Growing Collection of vocal
recordings designed to investigate different aspects of Child Directed Speech,
and how it compares to speech across different contexts. For this reason, we
would like permission to keep the recording of your voice and the other
information we collected about you, instead of deleting all files after the end of
the study. In this way, when future research questions arise, your vocal sample
could help us to answer those questions as well. The primary records of the
Growing Collection of Human Voices will be stored on password protected PCs
of the Growing Collection manager, currently Asst Prof Suzy Styles, at
Nanyang Technological University, Singapore. The manager of the Growing
Collection may change in the future, but you can find details on the website

https://researchdata.ntu.edu.sg/dataverse/GrowingCollection/

Permission to play recordings to participants in future studies

Since it is difficult for us to predict all possible research possibilities which
may arise as the outcome of our current study, we would like permission to play
your vocal recordings to participants in future studies. For example, vocal
recordings might be used in guessing games (e.g., “guess which picture this
recording was describing”); vocal recordings might be combined with story-
book pictures, so that the eye-movements of adults or children can be
monitored while they listen and watch the story; or samples from the vocal
recordings might be evaluated for acoustic properties such as intonation

contour, affective intensity, and congruence.
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Permission to present recordings in public

When we have concluded the current study, and analyzed our results, it is
sometimes useful to accompany a scientific description of the findings with
some examples to illustrate the method and results. These kinds of illustrations
can be helpful to the scientific community, and also help to show parents what
kind of work we do, and what they might expect if their child were to take part
in one of our studies. For this reason, we would like permission to present your
recording to members of the broader public, as an illustration of our method
and/or results. In some contexts, this may mean transferring broadcast rights to
a third party (for example a scientific journal, or a documentary film company),
so that they may include the recording in their online audio-visual publications,
or their broadcasts. In the case of rights transfer, only vocal recordings and non-
identifiable information will be transferred. Your information/recordings will

not be sold for profit.

Permission to share recordings with other researchers

In the future, the recordings and information in the Growing Collection may
have relevance outside the interests of the current investigators. For this reason,
we would like your permission to share your recordings with other researchers,
so that your recordings can have the greatest possible scientific impact. In order
to protect you from risk, embarrassment, or any form of unpleasantness, all
current and future investigators who are allowed access to the Growing

Collection, will be required to abide by the conditions laid out in the sections
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below. Please note that this means copies of your recordings may be stored on

sites other than those listed above.

Assurance of anonymity or identity

In general, we will not store your real name with any of the information or
recordings collected from you. However, since every human voice is unique,
there is the possibility that a listener may think they recognize your voice when
they hear your recording. We will do our best to keep your identity
anonymous, but there is always the potential for re-identification. The
recordings you have made contain no sensitive, unpleasant or individually
identifying information, so the potential risk associated with re-identification is
considered to be quite low. However, you can decide whether you are
comfortable with this risk. On the other hand, since the recordings represent
your unique vocal style, you might like to know when a sample of your speech
has been used as an illustration. For this reason, we allow you to select a
Username, which will appear with your voice any time it is used in illustration.
For example, you might like your recordings to be known as TomsMum,
MiniKate, or a stage name, if you are an actor. Clearly, selecting a username
which identifies you to others could make it impossible to ensure your

anonymity, but we leave this choice up to you.

Assurance of respect

Any researcher who joins the project or requests access to the recordings will

have to agree to the following conditions before being allowed access to the
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recordings: Researchers must give their name and current research affiliations
(school, university, or equivalent research organization). Recordings of voices
must be treated with respect, and should not be presented in any context which
might cause harm or embarrassment to the speaker. For example recordings
should not be associated with assessments of racial prejudice, evaluations of
likely criminality, sexual orientation, religious affiliation, or any other sensitive
material. Recordings should not be paired with distressing or unpleasant stimuli
in another sensory domain (e.g., unpleasant pictures, unpleasant smells). No
individual should be identified as ‘bad at’ any aspect of the task. Where
Usernames have been given, Usernames must be presented alongside any vocal
samples used as illustrations of method or results. For example, named or listed
in the credits of a documentary; named in a digital file published as
supplementary material in a journal article; or listed in live demonstrations
(e.g., Presentation at academic conferences, Public science lectures).
Publications and presentations arising from access to the Growing Collection
must follow the citation guidelines available on the website:

https://researchdata.ntu.edu.sg/dataverse/GrowingCollection/

Your Agreement:

I have received the relevant information and agree to release the recording of
my voice, and non-identifiable information collected at the time of the

recording, into the Growing Collection of Human Voices.
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0 | agree (1)

0 | disagree (2)

Please enter your Participant ID here:
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Appendix 7.1

Language ID Mandarin Background Questions

Please tell us a bit about your Mandarin experience by answering the following

questions.

How old were you when you first started understanding Mandarin?

How old were you when you first started speaking Mandarin?

How many years did you formally study Mandarin? (i.e., preschool, school, and

university)
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How old were you when you first began formally studying Mandarin?

When you consume media (e.g., music, TV shows, movies), what percentage of

the media is in:

0 10 20 30 40 50 60 70 80 90 100

Local Singapore
Mandarin Chinese

Formal Putonghua
(e.g. Beijing
Mandarin Chinese)

Others (e.g.
English, Malay)
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When you communicate with people, what percentage of your conversation is

in:

Local Singapore
Mandarin Chinese

Formal Putonghua
(e.g. Beijing
Mandarin Chinese)

Others (e.g.
English, Malay)
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