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Abstract

Purpose: Listeners often rely on context cues to manage talker variability in speech and
achieve perceptual constancy, a process known as extrinsic normalization. However, everyday
communication typically involves both talker variability and noise, and the interaction between
these factors is not well understood. This study examined the effects of different noise types
and levels on listeners' ability to use contextual cues for adapting to talker variability, and
additionally explored the role of attentional control in this process.

Method: Thirty-seven young native Cantonese speakers participated in a speech perception
task to identify Cantonese tones from four different talkers, using speech contexts provided
either in quiet or noisy environments. The study tested various signal-to-noise ratios (SNRs;
10, 5, 0, -5, and -10 dB) and noise types [babble noise (BN) and babble-modulated noise
(BMN)]. Attentional control was measured using the Stroop Color-Word test.

Results: Listeners were able to use context cues to adapt to talker variability in Cantonese tones
at SNRs of 0 dB and above. The effectiveness of using context cues decreased as the SNR
lowered. BN created more difficulty for extrinsic normalization than BMN at -5 and -10 dB
SNRs. Notably, listeners with lower Stroop interference scores demonstrated better extrinsic
normalization in BMN and at 10 and 0 dB SNRs.

Conclusion: Listeners can effectively use context cues to adapt to talker variability in
Cantonese tones under low to moderate noise conditions. However, high noise levels
significantly hinder this ability. BN presents greater challenges than BMN at lower SNRs,
likely due to increased informational masking. Attentional control plays a crucial role in

facilitating extrinsic normalization in specific noise conditions.

Keywords: Talker variability; Context cues; Noise; Attentional control; Cantonese tones
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Accommodating talker variability in noise with context cues: The case of

Cantonese tones

1. Introduction

Consider a social gathering where individuals engage in discussions with a group of
friends. Owing to various physical and psychological factors, the acoustic properties of the
same word from distinct talkers exhibit considerable variability. In addition to talker-related
differences, listeners at such events are exposed to environmental noise and nearby
conversations. Consequently, listeners confront two challenges in day-to-day communication:
talker variability and background noise. Although numerous studies have examined how
listeners deal with talker variability or background noise in speech perception, limited research
has been conducted on listeners' abilities to simultaneously overcome these dual challenges.
The present study aims to fill in this research gap by investigating listeners' capacity to
accommodate talker variability in noise. The focus would be given to Cantonese tones. The
subsequent section will review existing literature on talker variability in speech perception and

speech perception in noise before delineating the research plan for the current study.

1.1. Talker variability and context effects on speech perception

Talkers exhibit variability in factors such as gender, age, and accent, which contribute
to substantial differences in speech signals produced by distinct individuals (Peterson & Barney,
1952). Talker variability inhibits a fast and accurate speech perception. Nusbaum & Magnuson
(1997) reported that listeners’ word identification was less accurate and took longer time when

the words were presented in the changing-talker condition than in the fixed-talker condition.
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Talker variability in speech signals can sometimes obscure the boundaries between two
acoustically similar phonemes. For example, fundamental frequency (F0) is the primary
acoustic cue for lexical tone perception. However, sometimes, the FO of a male talker’s high
tone could be lower than the FO of a female talker’s low tone (Peng, 2006), making the intrinsic
FO less reliable for tone categorization. Research has shown that listeners use extrinsic contexts,
which surround the target word, to estimate talker-specific spectro-temporal features, and
subsequently, they use this information as a reference to rescale incoming acoustic signals,
effectively reducing talker-related speech wvariability, a process known as extrinsic

normalization (Johnson, 2005; Nearey, 1989). For instance, from a daily greeting “-/R” (/zou

25 san 21/, good morning) of a native Cantonese speaker, listeners will soon identify the FO of
the highest tone point and the FO of the lowest tone point in Cantonese, and they can use this
talker-specific acoustic-phonemic mapping to calibrate the incoming tones (K. Zhang et al.,
2024).

The efficacy of context cues in mitigating talker variability has been observed in the
perception of vowels (K. Zhang & Peng, 2021), consonants (Holt & Lotto, 2002), and lexical
tones (P. C. M. Wong & Diehl, 2003; K. Zhang et al., 2021). Context cues are especially
indispensable for the perception of Cantonese level tones. There are three level tones in
Cantonese: high level (T55), mid level (T33), and low level (T22), which share similar pitch
contours and mainly differ in pitch heights (Yip, 2002). Due to the inter- and intra-talker
variability, the intrinsic FO was less effective to differentiate three level tones, but the
identification of Cantonese level tones significantly improves when presented in speech
contexts (Peng et al., 2012; P. C. M. Wong & Diehl, 2003). In most cases, context cues affect
target perception in a contrastive manner. An ambiguous lexical tone is more likely perceived
as high tone if its preceding context has a low F0 and as a low tone if its preceding context has

a high FO, which is known as the contrastive context effect (Moore & Jongman, 1997; C. Zhang
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et al.,, 2013; K. Zhang et al., 2018). Consequently, the contrastive context effect has been
widely used in previous studies (e.g., Chen et al., 2023; Ladefoged & Broadbent, 1957; Moore
& Jongman, 1997; Sjerps et al., 2011) as an indicator to examine whether listeners can interpret
target speech signals by referring to context cues (i.e., the extrinsic normalization process).
Similarly, the present study will employ the contrastive context effect to investigate the
extrinsic normalization process in noise.

Context provides useful information at multiple levels, such as acoustic, phonemic, and
semantic, to facilitate the extrinsic normalization process. The spectro-temporal acoustic
information in the context is a prerequisite for extrinsic normalization, as only contexts
modulated to exhibit contrastive spectral (e.g., FO or formants) or temporal (e.g., speech rate)
features can trigger normalization of the target speech (P. C. M. Wong & Diehl, 2003; C. Zhang
et al., 2013). Sometimes, even nonspeech sounds with contrastive formants or FO can induce
the normalization process (Aravamudhan et al., 2008; Huang & Holt, 2011). As a result, some
researchers suggested that extrinsic normalization partially relies on the auditory system’s
contrastive encoding of target speech relative to the spectro-temporal structure of the context
speech (Holt et al., 2001; Huang & Holt, 2009). In addition to acoustic cues, language-specific
information such as phonemic content significantly enhances the normalization effect.
Contexts composed of native phonemes elicit stronger normalization effects than those made
up of nonnative phonemes (K. Zhang & Peng, 2021). English speakers even are unable to use
contexts composed of French /y/ sound to normalize talker differences when identifying
English consonants (Kang et al., 2016). Children’s ability to perform extrinsic normalization
is also constrained by their phonemic knowledge (Chen et al., 2023). Semantic information
also plays a critical role. Contexts consisting of meaningful speech are more helpful for the
extrinsic normalization of Cantonese tones than contexts comprising meaningless word

sequencies (C. Zhang et al., 2015). While most behavioral studies emphasize the reliance of
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extrinsic normalization on either low-level acoustic cues (Holt & Lotto, 2002; Huang & Holt,
2011) or high-level language-specific information (e.g., phonemic and semantic) (Nusbaum &
Magnuson, 1997; Viswanathan et al., 2009), a recent study with computational modeling
supported that context cues at all these levels matter for extrinsic normalization. Xie et al. (2023)
compared several computational models simulating extrinsic normalization and found that the
model incorporating perceptual adaptive processing at all levels of speech processing best
predicted human perception data. The reliance on context cues at different levels suggests that
extrinsic normalization may vary in sensitivity to different types of noise, which will be

discussed further in Section 1.2.

1.2. Perceiving high-variability speech in noise and attentional control

Although talker variability and noise frequently cooccur in daily communication, only
a few researchers have explored their intertwine. Buchan et al. (2008) discovered that sentence
perception in both single-talker and multi-talker conditions was equally affected by babble
noise (BN). Similarly, the impact of BN on the perception of CV syllables was comparable
when they were presented in the single- or multiple- talker conditions (Hazan et al., 2013). It
seems that BN is not an additional burden for perceiving sentences and CV syllables in the
high-variability conditions. However, when it comes lexical tones, the results were different.
Lee et al. (2013) reported that Mandarin tone perception was more severely affected by the
speech-shaped noise when the Mandarin tones were presented in changing-talker conditions
compared to blocked-talker conditions. Speech perception in changing-talker conditions
requires more frequent talker adaptation than in blocked-talker conditions. The results from
Lee et al. (2013) suggested that speech-shaped noise posed a noticeable challenge to the

adaptation to talker variability in lexical tones. It is worth noting that lexical tones in Lee et al.
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(2013) were presented in isolation. As mentioned before, contexts cues are effective for
listeners to overcome talker variability in tone perception (Moore & Jongman, 1997; Peng et
al., 2012; P. C. M. Wong & Diehl, 2003). It remains unknown if listeners can successfully
accommodate lexical tone variability in noise when context cues are provided, which is the
focus of the present study.

Aside from the possibility that the perception of high-variability lexical tone is more
vulnerable to noise relative to other speech segments, the different results among Buchan et al.
(2008), Hazan et al. (2013), and Lee et al. (2013) may be attributed to differences in noise
levels and noise types employed. Lee et al. (2013) which reported a negative effect of noise on
perceiving high-variability Mandarin tones, utilized lower signal-to-noise ratios (SNR) than
Hazan et al. (2013) (-5, -10, and -15 dB vs. 0 dB). Generally, speech perception worsens at
lower SNRs. In addition to noise levels, these studies also used different noise types (BN vs.
speech-shaped noise). Corbin et al. (2016) and Wang et al. (2023) found that two-talker BN
has a more detrimental effect on word identification tasks than speech-shaped noise. However,
when BN includes many speakers (e.g., 12 speakers), its negative impact on speech perception
becomes less severe compared to speech-shaped noise (Jin & Liu, 2012), which may result
from diminished informational masking (IM) in BN composed of multiple overlapping speech
streams (Calandruccio et al., 2017). Therefore, it is possible that the BN in Buchan et al. (2008),
which was generated from the speech of 20 speakers, likely exerted a relatively weaker
masking effect than speech-shaped noise. The afore-mentioned studies suggested that another
potential explanation for the absence of noise effects on the perception of high-variability
speech in Hazan et al. (2013) and Buchan et al. (2008) may be due to the high SNRs (relative
to -15 to -5 dB in Lee et al., 2013) and the less disturbing BN (due to involving to many

speakers) adopted in their studies.
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Noise level and noise type are two crucial factors to consider when investigating speech
perception in noise. The intelligibility of speech decreases as SNR decreases, but not in a linear
fashion. The identification accuracy of words (P. C. M. Wong et al., 2009) and phonemes
(Phatak & Allen, 2007; Qi et al., 2017) in noise is comparable to those in quiet conditions when
the SNR is at or near 0 dB. However, the identification accuracy begins to decline when the
energy of noise surpasses that of the speech signals (Phatak & Allen, 2007; P. C. M. Wong et
al., 2009). Therefore, to better understand the effect of noise on talker accommodation, it is
necessary to include multiple SNRs both above and below 0 dB, which would be addressed in
the present study. Noise type also matters, as different noise types affect speech perception in
distinct ways. Some noises, such as white noise, pink noise, or speech-shaped noise, are
nonspeech and thus not intelligible. They primarily affect speech perception through energetic
masking (EM), where the energy of the target signals and noise overlap across time and
frequency regions, rendering portions of the target signal inaudible. BN is composed of speech
from different speakers, and sometimes its components are intelligible, especially when SNR
is low and when BN is from a few speakers. When both target signals and noise are intelligible,
listeners can hardly separate the signals from similar background noise (Brungart et al., 2001;
Wang & Xu, 2021). In such conditions, IM occurs, which acts beyond the peripheral auditory
process (Kidd et al., 2008). IM has multiple facets and encompasses factors that reduce the
intelligibility of target signals once EM has been accounted for (Cooke et al., 2008). EM and
IM are two main ways that noise affects speech perception, and typically investigated using
speech-shaped noise and multi-talker babbles, respectively (Wang et al., 2023). It has been
shown that BN and speech-shaped noise at the same SNR have different effects on Mandarin
and Cantonese tone perception mainly due to the different effects of EM and IM on tone
perception (Wang et al., 2023; Wang & Xu, 2020; P. Wong et al., 2018). As discussed earlier

in Section 1.1, extrinsic normalization depends on multiple context cues. Acoustic cues may
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be more susceptible to EM, while language-specific cues may be more vulnerable to IM.
Therefore, it is necessary to include both BN and noise composed of nonspeech to gain a
comprehensive understanding of talker accommodation of lexical tone variability in noise,
which would be considered in the experimental design of the present study.

Apart from understanding how noise affects the extrinsic normalization process, it is
also meaningful to explore the potential cognitive factors that contribute to the extrinsic
normalization in noise. Many studies have indicated that attentional control is one of the key
factors affecting speech perception in noise (see Porto et al., 2023 for a review). Attentional
control refers to the ability to overtly or covertly select task-relevant information to process
while ignoring other distractions (Anderson, 2021). Competing noises often act as attentional
lures, requiring listeners to control their attention and prevent it from drifting away from the
target speech signals (Tierney et al., 2019). It has been demonstrated that individuals with
better attentional control can, to some extent, ignore distracting noise and perceive speech
signals more effectively in noise (Dryden et al., 2017; Price & Bidelman, 2021; Stenbick et al.,
2021). Therefore, it is possible that attentional control also contributes to listeners’ utilization
of context cues to normalize talker variability in noise, which would be tested in the present

study.

1.3 The present study

The perception of high-variability lexical tones is more difficult in noise than in the
quiet conditions (Lee et al., 2010, 2013). Although speech cues such as the speakers’ pitch
heights (Holt, 2006) and pitch ranges (C. Zhang et al., 2012), the phonemic categories (Kang
et al., 2016; K. Zhang & Peng, 2021), and the semantic information (C. Zhang et al., 2015)

provided by surrounding contexts facilitate listeners’ perception of high-variability lexical
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tones in quiet conditions, no researchers have investigated if listeners can use these speech cues
in extrinsic contexts to accommodate lexical tone variability in noise. The present study would
investigate if listeners can cope with talker variability using context cues in noise through a
Cantonese tone perception task. Previous studies by Lee et al. (2010, 2013) examined the
perception of high-variability speech in noise with Mandarin tones. However, Mandarin tones
have distinct pitch contours, making them less susceptible to talker variability. In contrast,
Cantonese tones, particularly the three level tones (T22, T33, and T55), rely primarily on pitch
height for differentiation and are therefore more vulnerable to speaker variability (Peng et al.,
2012). This makes Cantonese tones more suitable for testing the talker normalization process.
Additionally, compared to Mandarin, the distribution of Cantonese tones is more condensed
along the pitch height dimension (i.e., three level tones), requiring finer-grained processing of
pitch height for accurate identification. Investigating the perception of Cantonese tones in noise
will provide deeper insights into how noise affects the processing of fine pitch height cues in
lexical tone perception.

Noise level and noise type are two important factors affecting speech perception in
noise. To have a comprehensive understanding of how noise affects listener’s utilization of
context cues to accommodate tone variability, the present study would use multiple SNRs (i.e.,
10 dB, 5 dB, 0 dB, -5 dB, and -10 dB) and two noise types [i.e., babble-modulated speech-
shaped noise (BMN) and BN]. These SNRs encompass three scenarios: noise being greater
than context speech, noise being equal to context speech, and noise being less than context
speech. This approach allows for a comprehensive examination of how different SNR levels
influence the extent to which context cues are utilized for tone perception. Meanwhile, the
present study also adopted two different noise types, BMN and BN, which can test both the
effect of EM and IM of noise on the utilization of context cues. The present study used BMN

instead of speech-shaped noise (Lee et al., 2013; Wang et al., 2023). BMN matches BN in both

10
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long-term average spectrum (LTAS) and temporal envelope, whereas speech-shaped noise
only matches in LTAS (Tang et al., 2018). Consequently, the EM exerted by BMN is more
comparable with the EM exerted by BN than speech-shaped noise. The strict control of the EM
in the two noise types offers the present study an opportunity to examinate how EM and IM
affect the extrinsic normalization process (Liu et al., 2021).

Listeners' attentional control would be assessed by the Word-Color Stroop task, and
then their performance would be entered into the regression model to evaluate if attentional
control contributes to the extrinsic normalization of lexical tones in noise. There are many
assessments to test attentional control, such as the Word-Color Stroop task, Flanker task, Simon
task, Continuous Performance Test, and Attention Network Test (Burgoyne et al., 2023). The
Word-Color Stroop task was chosen because it shares similarities with the speech perception
in noise task. Subjects in both tasks will be simultaneously presented with language-related
information and information from other modalities, and they need to choose one aspect to focus
on while ignoring another. Therefore, it could better predict listeners’ performance in the
Cantonese tone perception in noise task. Meanwhile, the main task (i.e., Cantonese tone
perception in noise) is relatively long (i.e., 2 noise types x 5 SNRs + 1 quiet condition). The
Word-Color Stroop task is relatively short and easy to conduct, making it the best choice for
the present study.

Our hypothesis is that the impact of noise on listeners' ability to use context cues to
accommodate talker variability varies depending on noise type, noise level, and attentional
control. Three specific predictions are outlined here. Since previous studies suggested that
word identification accuracy in noise is comparable to quiet conditions at 0 dB SNR but
declines as noise energy exceeds speech signal levels (Phatak & Allen, 2007; P. C. M. Wong
et al., 2009), we predicted that listeners could still use context cues to accommodate Cantonese

tone variability when SNR is above or equal to 0 dB, but fail to do so when SNR is below 0

11
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dB. Compared to speech-shaped noise, BN introduces additionally IM on speech perception.
The extent of IM, however, depends on the number of talkers in the babble. Previous studies
indicate that IM from two-talker BN significantly impairs Mandarin tone perception (Wang et
al. (2023), whereas IM effects diminish substantially in twelve-talker (Jin & Liu, 2012) and
twenty-talker BN (Buchan et al., 2008). To ensure detectable IM effects on the talker
normalization process in the present study, six-talker BN was selected because it generates
remarkable IM compared with most multi-talker babbles (Liu et al., 2021; Simpson & Cooke,
2005). As Wang et al. (2023) found that two-talker BN with effective IM disrupted Mandarin
word perception more than speech-shaped noise, we predicted that the extrinsic normalization
of Cantonese tones varies across noise types and is more difficult in six-talker BN used in the
present study which produces additional IM than speech-shaped noise. Since attentional control
is reported to facilitate speech perception in noise (Dryden et al., 2017; Price & Bidelman,
2021; Stenbick et al., 2021), we predicted that people with better attentional control would
show better utilization of context cues to normalize talker variability in Cantonese tones as

well.

2. Materials and Methods

2.1 Subjects

Forty young native Cantonese speakers were initially recruited for the present study.

However, three of them (1 male and 2 females) had mild to moderate hearing impairment, as

assessed by the pure-tone air-conduction hearing screening test (average threshold > 20 dB HL

for 125 to 8,000 Hz at either left or right ear) and thus were excluded. As a result, 37

participants (12 males and 25 females; Mage = 20.9, SDqge = 2.5) with normal hearing at both

12
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ears (average pure-tone threshold < 20 dB HL for 125 to 8,000 Hz) were included in the final
data analysis. All the 37 participants reported that Cantonese was their first language, and they
spend most of their time in Macau, China, where Cantonese is the dominant language. None
of them reported a history of language or speech disorder. All of them were right-handed
according to the Edinburgh handedness scale (Oldfield, 1971). All participants were well-
informed about the experimental procedures and signed consent forms before the experiment

started. A small remuneration was given to each participant as compensation for their time.

2.2 Cantonese word identification tasks

2.2.1 Stimuli

The stimuli were largely adapted from C. Zhang et al. (2013). The auditory stimuli in
each trial were composed of two parts: context and target. Three types of contexts were used
in the present study: speech context (SP) in quiet, SP in BN, and SP in BMN. To introduce
inter-talker variability, four native Cantonese speakers with different pitch heights [female high
(FH), female low (FL), male high (MH), male low (ML)] were invited to produce the original

speech materials. The context was a four-syllable Cantonese phrase “WeflEl 12> (/1i55 ko33
tsi22 hei22/, “This word is”). The target was the Cantonese character “¥&” (e.g., /ji33/,

“meaning”). The context and target in each trial were from the same talker. The original FO
contour of each speech context was raised or lowed by three semitones using Pitch-
Synchronous Overlap and Add (PSOLA) method in Praat (Boersma & Weenink, 2023),
resulting in three speech contexts of different pitch heights for each speaker: high-F0, mid-FO,
and low-FO0 contexts. The manipulation of the FO contours was to trigger the context-dependent

interpretation of target tones, and to introduce intra-talker variability. Four talkers with varying

13



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

pitch heights make tone identification challenging. Under such conditions, if listeners correctly
identify the target tones, it suggests they might be relying on contextual cues. However, it is
difficult to rule out the possibility that their responses are based solely on intrinsic cues of the
targets. To evaluate whether listeners rely on contextual cues, we manipulated the FO contours
of the contexts and included the most ambiguous target tone, /ji33/, in each trial. Since the
target tone for a single talker remains constant, if listeners identify it as different words, they
must use the contextual cues. Moreover, speech variability occurs not only between speakers
but also within a single speaker. A speaker's speech signals can vary due to different emotional
or biological states and at different times of the day (Audibert & Fougeron, 2022; Stevens,
1971). It is essential to consider both inter- and intra-talker variability when discussing the
talker normalization process. Manipulating the pitch cues in the context also allows us to
introduce intra-talker variability into the study. The duration of each speech context was kept
unchanged (811-1005 ms), but the intensity was normalized to 55 dB. The duration of the target
was normalized to 450 ms and the intensity to 55 dB. The experiment also included fillers. The

contexts in the filler trials were four-syllable Cantonese phrases “F 1M 58" (/9023 ji21 kas5
tuk2/, “Now I will read”) from FL and MH speakers and “&5 f4 0B (/tshin25 lou21 sem55

thin55/, “Please listen carefully to”) from FH and ML speakers. The target in the fillers trials

were “7&” (/ji33/) from FL and MH speakers or “ . (/ji22/) from FH and ML speakers. The

duration and intensity manipulations were also applied to the filler trials.

The six-talker BN was a ten-second recording of news from six talkers (three males and
three females) in Mandarin. The present study used Mandarin instead of Cantonese to generate
the BN primarily to avoid potential confounding effects from both the speech context and
Cantonese BN. Listeners can occasionally discern words in the six-talker BN, especially at
high SNRs. Previous research suggests that speech from different speakers can serve as

contexts for the normalization process (Laing et al., 2012). Thus, listeners might utilize the
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tonal information from the Cantonese BN instead of the intended context speech for
normalization. Impaired normalization in such cases could stem from either the masking effect
of BN or the choice of inappropriate contexts. By contrast, listeners are less likely to choose
Mandarin BN for the normalization process, and thus the impaired normalization can be caused
by the masking effect alone. Meanwhile, Mandarin, as a tonal language, can generate
interference at both suprasegmental and segmental levels. Although BN composed of the same
language as the target signal produces a stronger masking effect than BN composed of other
languages (Chen et al., 2013), Lew et al. (2024) found that for bilingual speakers, familiarity
with the masking language is more important than the similarity between masking and target
languages. The participants in the present study were university students from Macau China,
where both Cantonese and Mandarin are official languages, and most of them are balanced
bilinguals. Therefore, the masking effects elicited by Mandarin BN should closely approximate
(if not equal) those of Cantonese BN. In addition, Cantonese is predominantly spoken in Hong
Kong, Macau, and Guangdong Province of China, where most of the population is Cantonese-
Mandarin bilingual. It is common that some people talk in Cantonese while others surrounding
them are in Mandarin. Therefore, the use of Mandarin BN is not only practical but also
ecologically valid. The BMN was generated by applying the LTAS and the temporal envelope
of the six-talker BN on a ten-second white Gaussian noise in Praat (Boersma & Weenink, 2023).
Each speech context (4 talkers x 3 shifts + 2 fillers x 2 talkers) was mixed with BMN and BN
which were randomly chosen from the original ten-second noises in MATLAB. Five SNRs
were used for each noise type: 10, 5, 0, -5, and -10 dB SNR. The target words were presented

in quiet.
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2.2.2 Experimental procedure
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Speech in quiet Speech in noise

[ Highfo | [ HighFo | mizz?:; ] W N some
| MidFo | | MidFo |x R

Babble =B
[ LowFo | | LowFo | noise -10dB

Figure 1. The experiment procedure for the Cantonese word identification task

All participants completed the Cantonese word identification task in a quiet room. The
Cantonese word identification task was implemented in 11 sessions, and each with a different
context type: SP in quiet, BMN at 10 dB SNR, BMN at 5 dB SNR, BMN at 0 dB SNR, BMN
at -5 dB SNR, BMN at -10 dB SNR, BN at 10 dB SNR, BN at 5 dB SNR, BN at 0 dB SNR,
BN at -5 dB SNR, and BN at -10 dB SNR. The eleven sessions were presented in a pseudo-
randomized order across subjects. In each session, there were five blocks, and each block
contained 16 non-repeated trials (4 talkers x 3 shifts + 2 fillers x 2 talkers) which were
presented in a random order. The auditory stimuli were presented bilaterally to subjects via a
Sennheiser HD headphone. The trial procedure was illustrated in Figure 1. In each trial, the
context sound was played first. After a silence jittered between 350-450 ms, the target sound
was played which was followed by a question mark. Subjects were asked to press the
corresponding buttons on the keyboard to indicate which word the last syllable was after seeing

the question mark. There are three choices available for listeners: % (/ji55/, doctor), = (/ji33/,
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meaning), and —. (/ji22/, two). The maximum response time (RT) for each trial was three

seconds. The next trial was played automatically after detecting a response or reaching the

maximum RT.

2.3 The Stroop Color-Word Test

The traditional Chinese characters — 4L (red), %% (green), ¥ (blue) — printed in either

red, green, or blue color were used as the stimuli in the Stroop Color-Word Test. In each trial,
one of the color words was shown on the screen. Subjects were asked to identify the ink color
of the word instead of the meaning of the word by pressing the corresponding button. No time
limitation was set. The next trial was shown automatically after detecting a response. The inter-
trial-interval was 500 ms. The key response and RT of each trial were recorded. A short practice
session, consisting of six congruent trials and six incongruent trials, was carried out before the

formal test. The formal test contained 60 trials (30 congruent trials and 30 incongruent trials).

2.4 Statistical Analyses

The data were analyzed in two steps. Step 1 aimed to reveal if listeners could use
context cues to perceive Cantonese tones (i.e., the emergence of the extrinsic normalization) in
each context condition. Step 2 would zoom in to speculate how noise type, noise level, and
attentional control affected the use of context cues to accommodate Cantonese tone variability.

To statistically evaluate if there was a context-dependent perception of target tones (i.e.,
the extrinsic normalization process) in each condition, a multinomial logistic regression model
was fitted to all participants’ responses in the Cantonese word identification task, using the

nnet package (Venables & Ripley, 2002) in R (i.e., Step 1 analysis). Response category (three
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levels: /ji22/, /ji33/, and /ji55/; with /ji33/ as the reference level) was the dependent variable.
Pitch height (three levels: high FO, mid FO, and low FO; dummy coded with mid FO as the
reference level), noise condition (11 levels: SP in quiet, BMN at 10 dB SNR, BMN at 5 dB
SNR, BMN at 0 dB SNR, BMN at -5 dB SNR, BMN at -10 dB SNR, BN at 10 dB SNR, BN
at 5 dB SNR, BN at 0 dB SNR, BN at -5 dB SNR, and BN at -10 dB SNR; dummy coded with
SP in quiet as the reference level), and pitch height by noise condition interaction were included
as the fixed effects. Due to convergence problems, only the by-subject intercept was included
as the random effect. The significance of each predictor was assessed using likelihood ratio
tests via the anova() function from the car package. The main purpose of Step 1 analysis was
to reveal if there was an extrinsic normalization process in each listening condition. Therefore,
including each noise condition instead of noise type and SNR into the model can more
intuitively answer this question.

To further evaluate the impact of noise level, noise type, and attentional control on the
use of context cues to normalize talker variability in lexical tones, a generalized linear mixed-
effects model was fitted to participants’ tone perception in noise conditions using the /mer4
package (Bates et al., 2015) in R (i.e. Step 2 analysis). The dependent variable was accuracy
rate. If participants made the expected response, the accuracy rate for that trial was coded as 1;
otherwise, it was coded as 0. Compared with response category, accuracy rate can more
intuitively reveal the effect size of context cues on lexical tone normalization process.
Attentional control was indexed by the Stroop interference. The Stroop interference was
calculated by subtracting the mean RT in congruent trial from the mean RT in incongruent trial
(Scarpina & Tagini, 2017). The larger the Stroop interference, the worse the attentional control.
The model fitting started with the maximum model which included all the relevant factors and
their possible two-way, three-way, and four-way interactions as the fixed effects, and by-

subject and by-speaker (i.e., FH, FL, MH, and ML) slopes and intercepts as the random effects:

18



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

pitch height (three levels: high FO, mid FO, and low FO; dummy coded with mid FO as the
reference level ), SNR (five levels: 10, 5, 0, -5, and -10 dB SNR; dummy coded with -10 dB as
the reference level), noise type (two levels: BMN and BN; dummy coded with BMN as the
reference level), and Stroop interference (mean centered). The model selection started from
simplifying the random effects in a stepwise way until the model converged. The model was
then iteratively simplified by removing fixed effects that did not significantly contribute to the
model's explanatory power. The final regression model included pitch height, SNR, noise type,
Stroop interference, and their possible two-way interactions as the fixed effects and by-subject
intercept and by-speaker intercept as the random effects. The significance of main effects and
interactions was assessed using Type II Wald chi-square tests from the Anova() function in the

car package.

3. Results

In this section, we first present the statistical results from the multinomial logistic
regression model, which examined whether an extrinsic normalization process occurred in each
experimental condition. We then provide a comprehensive analysis of the statistical results
from the generalized linear mixed-effects model, which tested the effects of noise type, noise

level, and attentional control on the Cantonese lexical tone normalization process.

3.1 The emergence of extrinsic normalization process in different listening conditions.

The percentage of three responses (i.e., /ji22/, /ji33/, and /ji55/) in each experimental

condition is illustrated in Figure 2. As can be seen, the perceptual patterns changed a lot across

different listening conditions. The final output of the multinomial logistic regression model
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which was conducted to reveal if there was an extrinsic normalization process in each noise
condition was summarized in Supplementary Material (Table 1S). The analysis revealed
significant main effects of pitch height [y* (4) = 2613.57, p < .001] and noise condition [x* (20)
= 82.23, p < .001]. There is also a significant pitch height by noise condition interaction [y
(40) =892.24, p <.001], indicating that participants' perceptual patterns varied across different
contexts. The post-hoc analysis of the significant pitch height by noise condition interaction
was conducted using the emmeans package (Lenth, 2019) in R to determine the emergence of
extrinsic normalization processes of target tones in each noise condition (e.g., SP in quiet,
BMN at 10 dB SNR etc.). If participants perceived the target tone based on context pitch cues,
/1155/ responses would be most prevalent in low-FO contexts, /ji33/ responses most prevalent
in mid-FO contexts, and /ji22/ responses most prevalent in high-FO contexts. Consequently, in
the post-hoc analysis, this study compared the percentage of expected responses (rows in bold

in Table 2) with the percentages of the other two responses in each pitch height for each noise

condition, applying Bonferroni adjustment to address the issue of multiple comparisons.

Speech BMN 10dB BMN 5dB | BMNOdB BMN —5dB BMN —10dB
613 0.5 . 0.45
°° i 0 e - 75 0.4 T 04l N ok gapl T
Y 0.4- 041 , 047 | 3| |l . il 48 0.35
< <N/ v 03] ] 0.3 0.3- 0.3 050
o 0.2 0.2 0.2 0.2+ g 0-25
g ~ Jo4 0.1 - 0.2 = i
‘5 Low Mid High Low Mid High Low Mid High Low Mid High Low Mid High Low Mid High
. = BN 10dB BN 5dB BN 0dB BN -5dB BN -10dB
T esponse 0.6 1 05 » 0.51 A 0.45 N r re——
5 fiiza/ o ) N i : 0.40 *» 0.40
S - /ji33/ 0.4 . |04y 0 0.47 ¥ & T 0.35
= 0 - ‘ 0.35 :
@ ji55/ ‘ . | :
o 0.3 0.3 0.30 0.30
e .| |02 0.2- 0.25 025 i
Low Mid High Low Mid High Low Mid High Low Mid High Low Mid High
Pitch height

Figure 2. The percentage of three responses in each experimental condition in the Cantonese

word identification task.
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478
479  Table 1. The results of the post hoc analysis on the pitch height by noise condition interaction

480 in the Cantonese word identification task

481

context PH Resp. prob SE p context PH Resp. prob SE p

BMN  high /i55/ 0.1 0.01 .001 | BN high /ji55/  0.07 0.01 .001
10dB  high /i33/ 033 0.02 <.001 |10dB high /i33/ 034 0.02 <.001

A
A

high /ji22/  0.58 0.02 high /ji22/ 0.59 0.02

mid  /i55/ 022 0.02 <.001 mid  /i55/ 02  0.01 <.001

mid  /i33/ 0.54 0.02 mid  /ji33/ 0.55 0.02

mid  /i22/ 025 0.02 <.001 mid  /ji22/ 025 0.02 <.001

low /ji55/ 0.52 0.02 low /ji55/ 0.5  0.02

low /ji33/ 033 0.02 <.001 low /ji33/ 033 0.2 <.00l

low /ji22/ 0.15 0.01 <.001 low /ji22/ 0.17 0.01 <.001
BMN  high /i55/ 0. 0.01 <.00l | BN high /ji55/ 0.12 0.01 <.001
5dB  high /ji33/ 034 002 <.001|[5dB  high /i33/ 035 002 <.001

high /ji22/  0.57 0.02 high /ji22/ 0.53 0.02

mid  /4i55/ 021 0.2 <.001 mid  /ji55/ 022 0.02 <.001

mid  /i33/ 052 0.02 mid  /ji33/ 0.53 0.02

mid  /i22/ 027 0.2 <.001 mid  /i22/ 025 0.02 <.001

low /ji55/ 0.5  0.02 low /ji55/ 0.47 0.02

low /ji33/ 035 0.2 <.001 low /ji33/ 035 0.02 .02

low /ji22/ 0.15 0.01 <.001 low /ji22/ 0.18 0.01 <.001
BMN  high /i55/ 0.13 0.01 <.001 | BN high /ji55/ 0.15 0.01 <.001
0dB  high /i33/ 035 002 <.001|0dB  high /i33/ 038 0.02 0.029

high /ji22/  0.52  0.02 high /ji22/ 0.47 0.02

mid  /i55/ 026 0.02 <.001 mid  /ji55/ 023 0.02 <.001

mid  /i33/ 05  0.02 mid  /i33/ 0.51 0.02

mid  /i22/ 024 0.02 <.001 mid  /ji22/ 026 0.02 <.001

low /ji55/ 0.48 0.02 low /ji55/ 0.42  0.02

low /ji33/ 035 0.02 .007 low /ji33/ 038 0.02 1

low /ji22/ 0.18 0.01 <.001 low /ji22/ 02  0.01 <.001
BMN  high /i55/ 02 001 <.00l | BN high /ji55/ 023 0.02 <.001
-5dB  high /i33/ 037 002 <.001|-5dB high /ji33/ 041 0.02 1

high /ji22/ 043  0.02 high /ji22/ 0.36 0.02

mid  /i55/ 025 0.02 <.001 mid  /ji55/ 023 0.02 <.001

mid  /i33/ 049 0.02 mid  /ji33/ 045 0.02

mid  /i22/ 027 0.2 <.001 mid  /i22/ 031 0.2 <.01

low /ji55/ 0.45 0.02 low /ji55/ 027 0.02

low /ji33/ 036 0.02 38 low /ji33/ 0.44 0.02 <.001
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482
483
484
485
486

487

488

489

490

491

492

493

494

495

low /ji22/ 0.19 0.01 <.001 low /ji22/ 029 0.02 1
BMN  high /jiS5/ 0.22 0.02 <.001 [ BN high /ji55/ 023  0.02 .01

-10dB high /ji33/ 04 0.02 1 -10dB  high /ji33/ 0.43 0.02 2
high /ji22/ 0.38 0.02 high /ji22/ 0.34 0.02
mid /ji55/ 023 0.02 <.001 mid /ji55/ 0.22 0.02 <.001
mid  /ji33/ 0.46 0.02 mid /ji33/ 0.42 0.02
mid  /ji22/ 031 0.02 <.001 mid /ji22/ 036 0.02 1
low /jiS5/ 0.3  0.02 low /jiS5/ 0.22  0.02
low /ji33/ 0.43 0.02 <.01 low /ji33/ 0.44 0.02 <.001
low /ji22/ 027 0.02 1 low /ji22/ 035 0.02 <.001
Sp high /ji55/ 0.06 0.01 <.001

m high /ji33/ 031 0.02 <.001
quiet
high /ji22/ 0.63 0.02
mid  /jiS5/ 023 0.2 <.001
mid  /ji33/ 0.54 0.02
mid  /ji22/ 023 0.2 <.001
low /ji55/ 0.62 0.02
low /ji33/ 029 0.02 <.001

low /ji22/ 0.1 0.01 <.001

*Notes: PH refers to pitch height and Resp. for response. Conditions in bold did not follow the
typical contrastive context effect. P values were calculated by comparing each response with

the expected response in each condition (i.e., the row without a p value).

As shown in Table 1 which summarizes the results of the post-hoc analysis, when
context was presented in quiet, in BMN at 10 dB SNR, in BMN at 5 dB SNR, in BMN at 0 dB
SNR, in BN at 10 dB SNR, or in BN at 5 dB SNR, participants provided significantly more
expected tone responses than the other two alternatives, demonstrating the typical context-
dependent interpretation of target tones (ps < .05; see Table 1 for specific prob and p-values in
each condition). However, when context was presented in BN at -5 dB SNR, in BN at -10 dB
SNR, or in BMN at -10 dB SNR, participants were more likely to perceive the target tone token
as /j133/, regardless of context pitch heights, indicating no effective extrinsic normalization

processes. The results for contexts with BN at 0 dB SNR and BMN at -5 dB SNR were complex.
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Participants in mid- and high-FO contexts gave more expected responses than two alternative
choices, exhibiting a typical context-dependent interpretation of target tones. However, in the
low-F0 context, they gave comparable /ji33/ and /ji55/ responses (ps > .3).

In summary, the multinomial logistic regression analysis demonstrated that participants
can effectively use context cues to perceive lexical tones when context cues were presented in
quiet, in BMN at 10, 5, and 0 dB SNR, and in BN at 10 and 5 dB SNR. However, the context
cues were almost useless for accommodating Cantonese tone variability if they were presented
in BMN at -10 dB SNR and BN at -5 and -10 dB SNR. When the context cues were presented
in BN at 0 dB SNR and BMN at -5 dB SNR, extrinsic normalization of Cantonese tones was

evident in the mid and high- FO contexts, but not in the low-FO0 contexts.

3.2. The effects of noise level, noise type, and attentional control on the extrinsic normalization

of Cantonese tones

The accuracy rate for each noise condition was illustrated in Figure 3 (a). The Stroop
interference of each subject was illustrated in Figure 3 (b). The final output of the binomial
logistic regression model which was to evaluate the effects of noise level, noise type, and
attentional control on normalization process was summarized in Supplementary Material
(Table 2S). The analysis revealed that all main effects and interactions in the model were
statistically significant (see Table 2). To further understand the significant main effects of SNR,
noise type, and pitch height, post hoc pairwise comparisons were conducted using the emmeans
package (Lenth, 2019) in R with Tukey’s adjustment for multiple comparisons. All results are
reported in log odds ratio unless otherwise specified. Post hoc comparisons revealed significant
differences across almost all SNR conditions (ps < .01), except the comparison between SNR

at 10 dB and 5 dB (p = .07). Low SNR generally led to lower normalization accuracy. BMN
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521  yielded significantly higher accuracy compared to BN (£ = 0.173, SE = 0.028, z = 6.213, p
522 <.001). Mid-FO led to significantly higher accuracy than both the low FO (8= 0.372, SE =
523 0.034,z=10.881, p <.001) and high FO (= 0.089, SE = 0.034, z=2.637, p <.023). Low FO

524 led to significantly lower accuracy than high FO (f=-0.283, SE = 0.034, z =-8.221, p <.001).
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525
526  Figure 3. (a) The normalization accuracy rate of the Cantonese word identification task in
527  contexts with noise and (b) the Stroop interference for each subject in the Word-Color Stroop

528  task.

529  Table 2. The significance of each predictor in the generalized linear mixed-effects model

530

Predictor e df p-value
SNR 454.64 4 <.001
Noise type 35.54 1 <.001
Stroop interference 3.94 1 .047
Pitch height 116.11 2 <.001
SNR : Noise type 27.80 4 <.001
SNR : Stroop interference 16.31 4 .003
Noise type : Stroop interference 6.37 1 012
Pitch height : Stroop interference 43.06 2 <.001
Pitch height : SNR 72.37 8 <.001
Pitch height : Noise type 19.00 2 <.001
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Similar analyses were conducted on the significant SNR by noise type, noise type by
pitch height, and SNR by pitch height interactions. Post hoc comparison for the significant
SNR by noise type interaction revealed significant differences between BMN and BN for SNR
at-10dB (f=0.272, SE=0.07,z=4.19, p=.001) and -5 dB (#=0.398, SE = 0.06, z = 6.37,
p <.001), but not for SNR at 0 dB, 5 dB, and 10 dB (ps > .4), indicating that BN had a greater
negative impact on normalization accuracy at lower SNRs. Post hoc comparison for the
significant noise type by pitch height interaction revealed that BMN led to significantly higher
accuracy than BN in the low- (f=0.327 SE = 0.049, z = 6.66, p < .001) and high- FO conditions
(f=0.163, SE=0.048, z=3.38, p =.009), but not in the mid-FO condition (p =.989). Post hoc
comparison for the significant SNR by pitch height interaction revealed greater differences
among SNRs in the low- and high- compared to mid- FO conditions. Specifically, in the low-
FO condition, normalization accuracy significantly differed across most SNR levels (ps < .05),
expect for the comparisons between 0 dB and 5 dB (p =.712) and between 5 dB and 10 dB (p
= .995). Similarly, in the high FO condition, normalization accuracy significantly differed
across most SNR levels (p < .05), except for the comparisons between -10 dB and -5 dB (p
=.681),0dB and 5 dB (p = .182), and 5 dB and 10 dB (p = .74). In contrast, in the mid-FO
condition, significant differences were observed only between pairs with relatively large SNR
differences: -10 dB and 0 dB (p = .028), -10 dB and 5 dB (p < .001), -10 dB and 10 dB (p
<.001), and -5 dB and 10 dB (p =.004).

To explore the effect of Stroop interference (a continuous variable) on normalization
accuracy, post hoc simple slope analyses were conducted at each level of the categorical factors
that significantly interacted with Stroop interference (i.e., SNR, noise type, and pitch height).
Estimated marginal trends were computed using the emtrends() function in R, and significance
was assessed using z-tests with Tukey’s adjustment for multiple comparisons. The analysis of

the Stroop interference by SNR interaction revealed a simple main effect of Stroop interference
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at 0 dB (f =-1.354, SE=0.527,z=-2.57,p=.01) and 10 dB (f = -1.589, SE = 0.527,z = -
3.02, p = .00), but not at -10 dB, -5 dB, and 5 dB (ps >.1), indicating that greater Stroop
interference led to worse normalization at moderate and low noise levels. The analysis on the
Stroop interference by noise type interaction revealed that Stroop interference significantly
reduced normalization accuracy in BMN (f = -1.21, SE = 0.477, z = -2.54, p = .011), but not
in BN (p = .255). The analysis on the Stroop interference by pitch height interaction revealed
a significant negative effect of Stroop interference on normalization accuracy in the mid- (f =
-1.564, SE = 0.494, z = -3.17, p = .002) and high- (8 =-1.416, SE = 0.495, z = -2.86, p = .004)
FO conditions but not in the low-F0 condition (p = .48).

In summary, the normalization accuracy rate increased as the SNR improved from -10
to 5 dB, but did not continue to improve with further increase in the SNR. The normalization
accuracy rate was higher in contexts presented with BMN compared to those with BN when
SNR was below 0 dB, but comparable in the two noise types when SNR was equal to or above
0 dB. The influence of Stroop interference on normalization accuracy was modulated by both
SNR and noise types. Subjects with shorter Stroop interferences showed higher normalization
accuracy rates in BMN, but Stroop interference did not significantly affect lexical tone
normalization in BN. Meanwhile, subjects with shorter Stroop interference also had
significantly better extrinsic normalization of lexical tones at 10 and 0 dB SNRs, but not at
other SNRs. The normalization process in the present study is more difficult in the low-FO0
condition than in the mid- and high- FO conditions, probably due to the stimuli manipulation

(see section 4.1 for more discussion).
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4.Discussion

Perceiving high-variability speech is challenging in noise. The present study aims to
examine whether noise hinders listeners' use of context cues to overcome talker variability by
having them perceive Cantonese level tones with context cues, either in quiet or noisy
conditions. The findings are generally consistent with our hypothesis: the effect of noise on
listeners’ ability to use context cues to accommodate talker variability depends on noise levels,
noise types, and attentional control. Specifically, participants were able to use context cues to
normalize talker variability in Cantonese tones effectively when the SNRs were relatively high
(e.g., > 0 dB), but the extrinsic normalization process became difficult in lower SNRs (e.g., <
-5 dB). This aligns closely with our prediction that listeners can still use context cues to
accommodate Cantonese tone variability at SNRs of 0 dB or higher but struggle to do so when
the SNR falls below 0 dB. Furthermore, our prediction that tone normalization is more difficult
in BN (babble-noise) was only partially supported. The results revealed that SNR exhibited an
interaction with noise types. BN demonstrated a stronger negative impact on the extrinsic
normalization of Cantonese tones only at low SNRs but not at moderate to high SNRs (i.e., 0,
5 and 10 dB). Similarly, the prediction regarding attentional control was also partially
supported. Attentional control indeed facilitated listeners’ use of context cues to accommodate
talker variability in Cantonese tones, but this effect was limited to specific noise conditions —

namely, in BMN (babble-modulated speech-shaped noise) and at SNRs of 10 dB and 0 dB.

4.1 Noise level matters in the extrinsic normalization of Cantonese tones

The present study revealed a significant main effect of SNR in the Cantonese tone

normalization accuracy, suggesting that noise level plays an important role in the Cantonese

tone normalization in noise. In general, subjects can more effectively use the context cues to

27



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

accommodate Cantonese tone variability when the SNR is higher. More importantly, the
present study also revealed that the turning point for successful extrinsic normalization in noise
may be around 0 dB SNR. The analysis on each context condition in section 3.1 revealed that
listeners could use context cues to accommodate the Cantonese tone variability when the SNR
was at or above 0 dB (with the exception of low-FO0 context in BN at 0 dB SNR, which would
be discussed later), but that context cues became ineffective for the normalization process at -
10 dB SNR and only partially effective at -5 dB SNR depending on noise types.

Prior studies have shown that listeners' speech perception at 0 dB SNR is comparable
to that in quiet conditions (Phatak & Allen, 2007; Qi et al., 2017; P. C. M. Wong et al., 2009),
suggesting that the intelligibility of speech signal is acceptable when SNR is at or above 0 dB.
Similar results were also revealed in Cantonese tone perception (Shao et al., 2016). Under such
conditions, listeners may effectively extract the low-level spectro-temporal information and
the high-level phonemic and semantic information in contexts, and then they could use such
information to estimate the talker-specific acoustic-phonemic mapping to accommodate talker
variability in target tones. This finding is also partially in alignment with Lee et al. (2013),
which reported that listeners can cope with talker variability in Mandarin tones in quiet and in
speech-shaped noise at 0 dB SNR, but that the perception of high-variability Mandarin tones
significantly deteriorated compared to the low-variability conditions in speech-shaped noise
when SNRs lowered to -10 dB and -15 dB. These results also elucidate the absence of noise
effects on the perception of high-variability speech in Hazan et al. (2013), in which the noise
level was at 0 dB SNR.

It was worth noting that the extrinsic normalization of Cantonese tones in BN at 0 dB
and in BMN at -5 dB was successful in high-FO contexts but not in low-F0 contexts. We also
observed that normalization accuracy was significantly lower in the low-FO condition

compared with the mid- and high- FO conditions. The unequal impact of noise in these
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situations could be attributed to the pitch manipulation method in the present study. The context
pitch was shifted equally up and down (by three semitones). However, the pitch height
difference between T55 and T33 was considerably greater than that between T33 and T22
(Peng, 2006). Therefore, interpreting T33 as T55 in low-F0O contexts was more difficult than
interpreting T33 as T22 in high-FO contexts. Successful extrinsic normalization processes
might be observed in low-F0 contexts with BN at 0 dB and BMN at -5 dB if the context pitch
had been lowered further. Similarly, the main effect of pitch height and interactions involving
pitch height may no longer be significant if the context pitch had been further lowered.
Listeners failed to use context cues to accommodate lexical tone variability at lower
SNRs, which could be caused by either the inaudibility of context cues due to noise masking
or the inability to utilize the perceived context cues. L. L. N. Wong et al. (2012) observed that
the intelligibility of Cantonese sentences was approximately 10% in a Chinese restaurant
setting and 20% in speech-shaped noise at -10 dB. Given that BN is somewhat similar to the
Chinese restaurant setting and BMN is close to the speech-shaped noise in L. L. N. Wong et
al. (2012), it is plausible that Cantonese contexts in the present study were inaudible at -10 dB
SNR, which resulted in the absence of the normalization process in these noise conditions. L.
L. N. Wong et al. (2012) further reported over 50% intelligibility of Cantonese sentences in a
Chinese restaurant setting at -5 dB SNR. Therefore, it is reasonable to assume that participants
in the present study perceived some useful contextual cues in BN at an SNR of -5 dB. The
absence of the normalization process in -5 dB BN may be attributed to participants' inability to
effectively utilize the perceived context cues. The present study observed a significant effect
of attentional control on normalization accuracy in certain noisy conditions (see 4.3 for more
discussions). Listeners with poorer attentional control may leave fewer attentional resources
for the normalization process, resulting in a failure to utilize the perceived context cues. These

findings suggest that extrinsic normalization is an actively controlled process that relies on
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attentional resources (Nusbaum & Magnuson, 1997). Future studies could ask participants to
report the content of the context (phonemic and semantic information) as well as the pitch
height of the context (acoustic/phonetic information) to better quantify the intelligibility of
context cues at each SNR. This approach would help to further investigate how two factors—

context cue availability and the attentional resources required to utilize these cues—interact.

4.2. The effect of noise type on the extrinsic normalization of Cantonese tones.

The present study utilized two different types of noise: BMN and six-talker BN, and
the analysis revealed a significant main effect of noise type, indicating that listeners’ utilization
of context cues to normalize Cantonese tones varies across noise types. In general, the
utilization of context cues in Cantonese tone normalization was less affected by BMN than BN.
The finding was in line with previous reports that BN compromised the Mandarin word
identification (Wang et al., 2023) and English word identification (Kilman et al., 2014) more
than BMN. The different effects of BN and BMN on the Cantonese tone normalization in the
present study might be due to EM and IM they possessed (Kilman et al., 2014). Noise primarily
affects speech perception through EM and IM (Wang & Xu, 2021). BN and speech-shaped
noise are two types of noise that are frequently used to test the effect of EM and IM on speech
perception (Wang et al. 2023). BN and BMN in the present study were matched in temporal
envelope and LTAS, resulting in nearly comparable EM on the perception of context cues at
the same SNR. However, BN, being composed of speech, was somewhat intelligible,
particularly when its energy exceeded that of context speech (i.e., at low SNRs). Listeners
could somewhat pick up a few prominent words from the BN. Intelligible speech maskers (i.e.,
BN) impose additional IM on the perception of context cues, leading to a more severe negative

impact of BN on speech normalization. Meanwhile, it is also worth noting that the effect of
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noise type was further modulated by SNR. BN exhibited greater interference on the extrinsic
normalization of Cantonese tones than BMN in low SNRs (i.e., -10 and -5 dB), but the
normalization accuracies in two types of noise were similar when speech signals were equal to
or exceeded noise (i.e., 0, 5, and 10 dB). The results indicate that when the energy of context
cues was equal to or exceeded that of noise (i.e., audible), the noise type is no longer a
modulator on the talker normalization process.

Two types of noise also revealed the impact of different context cues on the extrinsic
normalization process. Context information at either the acoustic level (e.g., Holt, 2001) or
language-specific level (i.e., the phonemic and semantic information) (e.g., K. Zhang et al.,
2021; C. Zhang et al., 2015) has been found to contribute to extrinsic normalization. BMN
mainly affected the processing of context cues by EM since its spectral and temporal
characteristics overlap with those of co-occurrent context speech. BMN in the present study
hindered the extrinsic normalization of Cantonese tones at -10 dB SNR and partially at -5 dB
SNR, indicating that spectro-temporal information in the context speech is essential for the
extrinsic normalization of Cantonese tones. Concurrently, IM alone in BN also obscured the
extrinsic normalization of Cantonese tones as evidenced by the poorer extrinsic normalization
of Cantonese tones compared to BMN at the same SNRs (i.e., -10 dB and -5 dB). Part of IM
results from processing linguistic information in competing maskers (i.e., phonemic and
semantic), which in turn disrupts the processing of linguistic information in the context speech.
The interference from IM in BN in the present study suggested that the phonemic and semantic
information in the context speech contributed to the extrinsic normalization of Cantonese tones.
Taken together, the effects of EM and IM on the processing of context cues suggested that
extrinsic normalization was more likely a multi-stage process that incorporates both

acoustically contrastive encoding at the general auditory level and acoustic-phonemic mapping

31



705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

at the language-specific processing level, which was consist with the results from the

computational modeling study (Xie et al., 2023).

4.3. Attentional control and extrinsic normalization in noise

The present study also attempted to examine how the general cognitive ability
contributes to the extrinsic normalization of Cantonese tones in noise. We chose the attentional
control, one of the most frequently reported factors affecting speech perception in noise (e.g.,
Porto et al., 2023), and found that participants with poorer attentional control, as indicated by
larger Stroop interference, demonstrated inferior lexical tone normalization in BMN and in 10
and 0 dB SNRs. The findings revealed an important role of attentional control on the extrinsic
normalization of Cantonese tones, which was consistent with the results from the prior research
that listeners with better attentional control performed more effectively in identifying words or
phonemes in noisy conditions, probably because their attentional control abilities allowed them
to focus on target speech signals while disregarding background noise (Dryden et al., 2017,
Stenbéck et al., 2021).

The results of the present study suggested the influence of attentional control on the
extrinsic normalization of Cantonese tones in noise was modulated by SNR, as attentional
control facilitated lexical tone normalization at 10 dB SNR and 0 dB SNR, but not at SNRs
lower than 0 dB. The intensity of context signals was relatively more prominent compared to
background noise in SNR higher than 0 dB but weaker in -10 dB and -5 dB SNRs. It is plausible
that, as the intensity of noise becomes more dominant, even individuals with good attentional
control struggle to effectively segregate context cues from the overwhelming background noise.
In such challenging listening conditions, the negative impact of noise on the context cue

processing might overshadow the potential benefits of attentional control, resulting in a lack of
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observable effect. The absence of a positive effect of attentional control in 5 dB conditions is
difficult to explain. Stroop interference was observed in the significant interaction with noise
type and pitch height at 5 dB SNR, but the post-hoc analysis showed that it was not significant
at any condition at 5 dB SNR. This might indicate that the sample size was not large enough
to detect the significant simple main effect of attentional control on lexical tone normalization
at 5 dB SNR. It is also possible that intermediate noise levels (i.e., 5 dB SNR) impose specific
demands on cognitive or auditory processing. Several other cognitive and auditory factors,
such as working memory capacity (Ingvalson et al., 2015) and pitch sensitivity (Maggu et al.,
2021), may also affect lexical tone normalization in noise. The relative importance of
attentional control might be diminished due to the influence of these other factors in this
particular listening condition. Future research should include more participants and incorporate
more measurements of cognitive and auditory abilities to explore the interplay between
attentional control and other factors, aiming to gain a deeper understanding of extrinsic
normalization in noise.

Meanwhile, the influence of attentional control on the extrinsic normalization of
Cantonese tones in noise was modulated by noise type, since the Stroop interference was
significant on the analysis of normalization accuracy in BMN but not in BN. Although the
BMN matched the BN in terms of LTAS and temporal envelope, the finer spectral details of
BMN might be more uniformly distributed compared to BN due to the original white Gaussian
noise’s flat spectrum. This slight homogeneity enabled the attentional control system to inhibit
BMN from disturbing the processing of context cues. Thus, we observed a significant positive
effect of attentional control on lexical tone normalization in BMN. However, the BN used in
each trial was randomly extracted from a 10-second six-talker BN, which is highly variable,
creating a complex and dynamic auditory environment. This low predictability requires more

cognitive effort to manage, which probably overwhelmed the attentional control system. As a
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result, listeners’ attentional control ability can hardly predict their lexical tone normalization
performance in BN. The modulation of noise type on how attentional control affected the
extrinsic normalization process might be explained from the perspective of EM and IM exerted
by BMN and BN as well. The BMN only exerted EM on the processing of context cues, which
might be manageable for the attentional control system. However, the BN exerted both EM
and IM on the processing of context cues, which might overwhelm the attentional control
system. In sum, the findings highlight that attentional control may not always work properly in
facilitating Cantonese tone normalization in noise. When noise is relatively simple and
predictable, attentional control can more effectively suppress the background noise, enhancing
the listener's ability to process context cues. In contrast, listening conditions with high
variability and cognitive demands might limit the effectiveness of attentional control in
facilitating Cantonese tone normalization.

It is noteworthy that the current study employed the Stroop Color-Word Test to assess
participants’ attentional control capabilities. The Stroop Color-Word Test primarily engages
visual-semantic processing, whereas the talker normalization process examined in this study
pertains to auditory speech processing. Although Roberts & Hall (2008) demonstrated
substantial overlap in the brain regions activated during visual (color-word) and auditory
(pitch-word) Stroop tasks, suggesting a partially shared neural basis for attentional control
across two sensory modalities, the visual Stroop Color-Word test may not fully capture the
attentional control ability in the auditory tasks. This limitation might be one of the reasons why
the Stroop interference scores in the present study did not consistently predict variations in the
talker normalization process at SNR of 0 dB and above. Future research should incorporate
auditory Stroop tasks to further elucidate the influence of attentional control on talker

normalization in noise.
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4.4. Implications

This study represents the first investigation of the extrinsic normalization process in
noisy environments. Using Cantonese level tones, which are particularly sensitive to talker
variability, we found that intelligible noise, such as BN, and noise levels with SNR lower than
0 dB, challenge the effective utilization of context cues to mitigate talker variability. This
highlights the importance of considering environmental factors, such as noise, when discussing
extrinsic normalization process. Additionally, this study is the first to examine the perception
of high-variability speech in noise using Cantonese tones. Previous research demonstrated that
Mandarin speakers could achieve over 80% accuracy in identifying high-variability Mandarin
tones in -10 dB speech-shaped noise (Lee et al., 2013). However, unlike Lee et al. (2013), who
investigated Mandarin tones with distinct pitch contours, this study focuses on the impact of
noise on Cantonese tone perception. In our experiment, noise was paired with contexts
consisting of words with level tones (e.g., /1155 ko33 tsi22 hei22/). Notably, there were no
significant normalization effects observed at an SNR of -10 dB, indicating that listeners were
unable to effectively perceive the pitch of the Cantonese contexts under these noisy conditions.
The findings suggest that the processing of finer pitch heights is more vulnerable to noise than
the perception of pitch contours in lexical tone recognition. Therefore, when considering the
effects of noise on tone perception, it is necessary to account for the specific tonal features of

different languages.

5. Conclusion

By testing how native Cantonese speakers utilize context cues to overcome talker

variability in Cantonese tones under different noise conditions (i.e., the extrinsic normalization
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process), the present study revealed a complex interplay between the extrinsic normalization
of lexical tones, noise, and attentional control. Listeners’ ability to use context cues to
accommodate lexical tone variability declined with lower SNRs, and even no significant
normalization process was observed at -10 dB SNR with BMN and BN and at -5 dB with BN,
suggesting that SNR is critical for the extrinsic normalization in noise and that 0 dB might be
a pivotal turning point. The extrinsic normalization of lexical tones in BN was worse than in
BMN especially at low SNRs, indicating a more detrimental effect of BN on extrinsic
normalization. Both EM and IM inhibited listeners’ ability to use context cues effectively,
implying that the extrinsic normalization process relies on both the general acoustic and high-
level linguistic information. Another key finding was that participants with poorer attentional
control exhibited inferior extrinsic normalization performance across various noisy conditions,
underlining the crucial role of attention control in successful speech perception under adverse
listening conditions. These insights advance our understanding of the robustness of human
speech perception amidst both talker variability and noise, informing the design of cognitive

training paradigms to improve speech perception in challenging conditions.
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