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Abstract

Purpose: This study investigated the effect of musical training on phonetic
accommodation in a second language after interacting with a social robot, exploring
the motivations and reasons behind their accommodation strategies. .

Methods: Fifteen L2 English speakers with long-term musical training experience
(musician group) and fifteen speakers without musical training experience (non-
musician group) were recruited to complete four conversational tasks with the social
robot Furhat. Their production of a list of keywords and carrier sentences was collected
before and after conversations and used to quantify their phonetic accommodations.
The spectral cues and prosodic cues of the production were extracted and analyzed.
Results: Both groups showed similar convergence patterns, but different divergence
patterns. Specifically, the musician group showed divergence from the robot’s
production on more prosodic cues (mean f0 and duration) than the non-musician group.
Both groups converged their vowel formants towards the robot without group
differences.

Conclusions: The findings reflect individuals' assessment of the robot's speech
characteristics and their efforts to enhance communication efficiency, which might
indicate a special speech register used for addressing robot. The finding is more
noticeable in the musician group compared to the non-musician group. We proposed
two possible explanations of the effect of musical training on phonetic accommodations:
one involves the training of auditory attention and working memory, and the other

relates to the refinement of phonetic talent in second language acquisition, contributing
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to theories on the relationship between music and language. This study also has
implications for applying musical training to speech communication training in clinical

populations and for designing social robots to better serve as speech therapy partners.

Keywords: phonetic accommodation, musical training, human-robot interaction, L2

speakers
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Introduction

Whether the experience of processing music influences individuals’ speech processing
has long been explored perhaps because these two processes share similar processing
elements (e.g., pitch, duration, intensity) (Sares et al., 2018) and serve common
communicative functions such as expressing emotions (Heffner & Slevc, 2015). In
addition, they involve common cognitive mechanism, such as auditory working
memory and auditory attention (e.g., Patel, 2011, 2012, 2014). Most studies have found
that musical training experience benefits individuals’ perception of more fine-grained
phonetic details (e.g., Chen et al., 2020; Schon et al., 2004; Wu et al., 2015). However,
few studies have investigated this effect on speech production, particularly in terms of
applying the benefits of musical training to speech communication.

Phonetic accommodation describes a phenomenon in which speakers adjust their
phonetic features according to those of their conversation partners (Lewandowski &
Jilka, 2019). This adjustment has been observed not only during interactions but also
persisting afterward (Hogstrom et al., 2018), providing a platform for examining the
transfer effect of musical training on speech communication. The current study aimed
to investigate this phenomenon by eliciting spontaneous speech from individuals with
and without musical training experience. Moreover, because musical training
experience has been found to fine-tune cognitive processes such as auditory working
memory capacity and auditory attention, which are more demanding for second
language speakers in processing the non-native speech, we recruited second language

speakers as target participants to reveal a more robust effect. Instead of focusing on
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online accommodation during interaction, this study investigates the post-interaction
maintenance of accommodation, which is more likely influenced by auditory memory
and thus more susceptible to the effects of musical training. Additionally, we employed
an innovative human-robot interaction (HRI) paradigm to investigate the effect of
musical training on phonetic accommodation. This approach offers advantages on:
controlled and consistent speech features of the conversation partner, relatively natural
spontaneous speech, and insights into how humans adapt their speech when interacting
with technology—an increasingly common occurrence in this digital age.
Robust Yet Conditional Link Between Musical Training and Speech
Processing and Its Predictions for Speech Production

A positive effect of musical training on language processing has been demonstrated,
in particular the processing of two perceptual attributes—pitch and duration. They are
shared acoustic cues for processing melody and rhythm in music, and for generating
linguistic meanings in speech (Chobert & Besson, 2013). Musical experience enhances
pitch processing in sentence intonation and lexical tones. Musicians are more accurate
in identifying pitch in sentences and pure tone sequences than non-musicians (Sares et
al., 2018). They are faster and more accurate in detecting slight incongruous pitch
element of sentences produced in their native (Schon et al.,, 2004) and non-native
languages (Marques et al., 2007). Studies on tonal languages found musicians more
sensitive to tonal information in Mandarin (Wu et al., 2015) and better at normalizing
pitch variabilities in Cantonese (Zhang et al., 2023). On the other hand, individuals with

musical training experience show advantages in processing temporal information in



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

speech, such as subtle modulations of French syllable duration (Marie et al., 2011)
Mandarin tone categorization (Chen et al., 2020), and more adept at identifying changes
in temporal structure and pause in sentences (Sares et al., 2018).

Theoretical frameworks have emerged to account for the relationship between
musical training and speech processing. One such framework is the OPERA hypothesis,
proposed by Patel (2011, 2012, 2014), which posits that musical training can improve
the neural representation of speech under five specific conditions. These conditions
include: Overlap — the brain network for processing music and speech cues should
overlap; Precision — music requires higher precision in sensory or cognitive process
(Patel, 2014); Emotion, Repetition and Attention —musical training should elicit strong
positive emotions, incorporate frequent repetition, and require focused attention, which
are all common characteristics of musical training. Supporting this hypothesis, Tierney
& Kraus (2013) found a correlation between synchronization with a beat and auditory
brainstem response, suggesting shared perception of timing details.

The empirical evidence above, together with theoretical frameworks, suggests a
robust yet conditional link between musical training and speech processing. The
relationship between speech production and perception has been confirmed by previous
studies (for a review, see Diehl et al., 2004). Given musicians' enhanced ability to
discern fine-grained auditory details such as pitch and duration, it is logical to assume
that their production may be influenced by their heightened perceptual acuity.

A few studies have examined the effect of musical training on speech production.

For example, individuals with extensive musical training tend to produce more precise
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harmonics series in speech and singing (Stegemoller et al., 2008). In a study on
Cantonese merging tone pairs, musicians are found to be more accurate and quicker in
tone identification and discrimination while their production of the merging tone pairs
did not differ significantly from non-musicians (Ong et al., 2020). Although we are still
unable to draw a solid conclusion, the relationship between speech production and
perception, along with the conditions raised in OPERA hypothesis, might suggest that
the effect of musical training on speech production is likely to exist under certain
conditions. Specifically, only cues that require overlapping processing areas in music
and speech, such as pitch and duration, will exhibit the musical effect on speech
production. This assumption is supported by previous studies such as Pei et al. (2016),
where individuals with high music aptitude tend to produce overall prosodic features in
foreign language more accurately, but not vowels and consonants. However, some
studies refute this selectivity, finding that individuals with high musical aptitude have
more accurate pronunciation of foreign language phonemes than those with low musical
aptitude (Milovanov et al., 2010). Additionally, musical hearing skills improve the
effect of accent training on L2 vowel production (Jekiel & Malarski, 2021). Therefore,
there exists a gap in understanding the effect of musical training on speech production,
which the present study aims to address.

While the above studies have constrained the impact of musical training on
articulation precision, the capacity to manipulate speech cues not only correlates with
improved pronunciation accuracy but also contributes to smoother communication. The

present study delves into a phenomenon emerging from speech interaction—phonetic
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accommodation—to explore the influence of musical training on individuals'
modulation of phonetic cues during communication and the maintenance of this effect.
Shared Cognitive Mechanisms between Phonetic Accommodation and
Musical Training

Phonetic accommodation refers to the phenomenon where speakers adjust their
phonetic features based on those of their conversation partners during interactions. The
adjustment can involve getting closer to the partner’s speech, referred to as
‘convergence’, or distancing one’s own speech features from their partners, referred to
as ‘divergence’ (Giles et al., 1973). Individual variation in accommodation has been
modelled as a result of differences in external factors influencing social motivations
and internal psychological factors (Lewandowski & Jilka, 2019). More specifically,
external factors, such as speakers' evaluation of interactions, are associated with
individuals' motivations to manipulate social distance or enhance social communication.
Regarding internal factors, individual differences in phonetic accommodation have
been linked to the language talent of speakers (Lewandowski, 2012), their personality
traits (Yu et al., 2013), among others.

Furthermore, Lewandowski (2012) and Lewandowski & Jilka (2019) propose that
the external and internal factors mediate phonetic accommodation by impacting
cognitive mechanisms related to attention and working memory. Within an exemplar-
based theoretical framework (Goldinger, 1998), phonetic accommodation begins with
an acquisition stage where speakers acquire the exemplars with detailed phonetic

features from their interlocutors. This stage involves a ‘noticing-recognition-coding’
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procedure (Pierrehumbert, 2006). Variations in attention resources allocation may lead
to differences in perceiving, storing phonetic details, and in retrieving the appropriate
exemplars during the output stage. Moreover, phonetic accommodation depends
heavily on the working memory resources that allocated to it (Heath, 2017). Working
memory capacity can determine the capacity for processing received speech and the
details to be stored. The significant roles of attention and working memory help explain
various external and internal factors, such as conversation success (Michalsky et al.,
2018), where individuals are more likely to be attracted to and allocate more attention
to successful conversations, and personality traits (Yu et al., 2013), where individuals
who are more open to experience may signal higher engagement, potentially leading to
greater attention to the interlocutor’s speech.

Hence, it is reasonable to expect that processes beneficial to working memory
capacity and attention should also facilitate phonetic accommodations. Previous
literature has demonstrated that musical training significantly improves individuals’
abilities in these two areas. For example, musicians are significantly faster in directing
auditory attention (Strait et al., 2010), and have increased abilities to allocate their
attention resources to target information (Marie et al., 2011). In terms of working
memory, earlier studies such as Chan et al. (1998) have revealed that musicians develop
better verbal working memory due to enhanced cognitive function in the left temporal
area and they have longer auditory sequency memory spans (Tierney et al., 2008). It
can be predicted that musical training will improve one’s working memory capacity

and attention allocation, thereby facilitating phonetic accommodation.
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Potential Effect of Musical Training on Phonetic Accommodation of Second
Language Speakers

A significantly larger effect of musical training experience on non-native speech
perception than on native speech perception has been reported (Jansen et al., 2023).
Some tone processing studies even report benefits only in non-native contexts. For
example, musical training aided non-native speakers in Cantonese tone discrimination
(Mok & Zuo, 2012) and improved categorical perception of Mandarin pitch contour in
non-native speakers (Chen et al., 2020), but these benefits were not found in native
speakers. These discrepancies are attributed to the ceiling effect in native speakers.

Additionally, another possible explanation is that the effect of musical training is
amplified when speech processing demands more attention and other cognitive
resources (Dittinger et al., 2018). Non-native speech processing is one such case,
supported by a study where subjects showed greater computational demands in
processing L2 sentence prosody than L1 (Gandour et al., 2007). Some non-native
speech perception accounts, such as the Perceptual Assimilation Model (So & Best,
2010, 2014), suggest that sensitivity and attention to fine-grained phonetic details might
facilitate second language perception. It can be referred that musical training enhances
speakers’ perception of fine-grained sound details, thereby improving their non-native
speech perception (Jansen et al., 2023).

However, whether this larger effect extends to second language speech production,
specifically speech accommodation in our study, is unknown. According to the Speech

Learning Model, perception accuracy is highly correlated with the establishment of
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phonetic contrasts in non-native sounds, which is related to the accuracy of producing
non-native sounds (Flege, 1995). Therefore, we also expect a larger effect of musical
training on second language speech production.

As mentioned above, phonetic accommodation involves three major processes:
perceiving phonetic features of the target sound, encoding and storing the related
properties, and reproducing the stimuli (Kim & Clayards, 2019). This relationship
between perception and production during interaction suggests that phonetic
accommodation in a second language is likely to similarly benefit from musical training.
Current Study: Investigating Phonetic Accommodation in Human-Robot
Interaction

Phonetic accommodation involves mutual adjustment by both communicators.
Because a common approach to measure phonetic accommodation is by assessing
differences in target phonetic features between interlocutors over time, it is challenging
to discern each participant’s specific contributions. For example, Lehnert-LeHouillier
et al. (2020) discovered that the observed accommodation in their target participants,
indicated by differences between them and the experimenters, was actually influenced
by the experimenters. Moreover, phonetic accommodation often shows relatively small
effect sizes (Lewandowski & Jilka, 2019), making it crucial to use a controlled
conversation partner to uncover a more robust effect.

A social robot presents such a benefit. It produces controlled speech devoid of
phonetic accommodation and maintains consistent social complexities, which can

elucidate the effect of musical training on phonetic accommodation. Yet, it remains
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unclear whether speakers will accommodate phonetically towards the robot as they do
with humans. According to human-technology equivalence theories, such as ‘Computer
As Social Actor’ account (CASA; Nass et al., 1994), humans tend to attribute social
stereotypes to computers. It makes sense to expect that humans will transfer their
accommodation strategies from human-human interaction (HHI) to HRI. On the other
hand, a growing body of research suggests that humans develop a specific speech
register tailored for interacting with technology (e.g., Cohn et al., 2022, 2024). Based
this, we hypothesize that second language speakers in our study are also able to
accommodate their speech in HRI, either by transferring their behaviors from HHI or
by adopting a specific technology-directed speech register.

Nevertheless, previous studies on phonetic accommodation of human technology
interaction have focused on different design or features of the robot, such as the robot’s
personas (Oviatt et al., 2004), manipulating the robot to entrain its prosody towards
humans (Molenaar et al., 2021), the robot’s speech rate (Shimada & Kanda, 2012), and
the robot’s voice quality (Gessinger, 2022). Other studies have examined individual
variabilities in the evaluation of the robot (e.g., Cohn et al., 2020; Hong et al., 2023).
They tend to investigate phonetic accommodation from a social perspective, but seldom
from a phonetic perspective. The current study, based on the potential relationship
between musical training and individuals’ sensitivity to certain phonetic features,
intends to examine whether this experience affect individuals’ phonetic accommodation.
Since one of the core benefits of musical training is the fine-tuning of auditory memory,

investigating the maintenance of phonetic accommodation after interaction is more
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relevant for demonstrating its effect. Furthermore, while there is a robust yet
conditional link between musical training and speech processing—primarily through
overlapping brain areas involved in processing musical and speech cues—the
relationship between musical training and speech production remains unclear. This
study will also address this gap by examining the phonetic accommodation of different
speech cues. Hence, our research questions are:

* Do L2 speakers show phonetic accommodation after interacting with the social
robot?

* Do L2 speakers with musical training experience demonstrate different patterns
of phonetic accommodation compared to L2 speakers without musical training
experience?

* Does the effect of musical training only show on prosodic cues, or are spectral
cues (i.e., vowel formants) also affected by it?

Methods
Data collection

The main task was adapted from the design used in Hong et al., (2023), which
involved collecting production of a list of keywords and carrier sentences before and
after four conversations with a social robot. In the conversations, the participants
engaged with the robot to identify differences among four sets of pictures.
Stimuli

We selected the farm-themed picture set from DiapixUK tasks (Baker & Hazan,

2011), which originally comprised twelve pairs of cartoon images designed for the
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“spot-the-difference” game in English. Each theme contains four pairs of pictures that
share similar vocabulary and depict identical keywords. Considering the setting
involving scripting the robot to interact with the participants, we reduced the number
of differences to five to simplify the task. These differences involve alternations to
items (e.g., two white sheep in picture A vs. two grey sheep in picture B) or missing
items (e.g., some red peppers on the floor in picture A vs. nothing on the floor in picture
B). To enhance visual clarity, areas with discrepancies between picture pairs were
circled and numbered. The keywords corresponding to these differences will be used to
analyze phonetic accommodation.
Participants

Fifteen participants (11 females, 4 males; mean age: 21 + 1.71) with musical
training experience (“musicians”) and fifteen participants (9 females, 6 males; mean
age: 22.4 + 3.07) without musical training experience (“non-musicians”) were recruited
from the campus. The musician group were reported receiving formal musical training
for more than five years (excluding music courses taken at schools; mean years of
musical training: 8.17 = 2.97) while the non-musician group did not report receiving
any formal musical training. They were all native Cantonese speakers and acquired
English as their second language. Their age of English acquisition and their English
proficiency are shown in Table 1. In addition to Cantonese and English, all participants
reported acquiring Mandarin as a third language, with their age of Mandarin acquisition
also detailed in Table 1. We limited data collection to the first three languages

participants identified as acquired, as exposure to other languages was irrelevant to the
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current study. Two questionnaires containing this information are missing: No. 1140
from musician group and No. 0071 from non-musician group. However, they indicated
that they are second language speakers of English when they came to the experiment.
For the remaining participants, their English AOA and each subscore of English
proficiency between the two groups are comparable. All of them signed a written
consent form and were reimbursed for participation. The whole procedure was
approved by the Departmental Research Committee of the Hong Kong Polytechnic
University (ethics number: HSEARS20211011005).

Experiment setting

The Furhat social robot (Al Moubayed et al., 2012) served as the conversational
partner in our study. It features a physical body with a neck and a movable head,
projecting a light-based face for interaction. Using the voice of an American English
male generated by Amazon Polly neural TTS system, the robot’s speech production was
pre-scripted to respond to specific triggering words. The speech volume remained
consistent across all interactions with the children.

The interaction was carried out in a soundproof booth at the Hong Kong
Polytechnic University’s speech and language lab. The robot was positioned on a table
around 85 cm from the participants, who sat facing it. A picture used to prompt speech
interaction was placed on a table between them. Speech recordings were captured at a
44100Hz sampling rate with 16-bit resolution using an Audio-Technica AT2035

microphone, connected to Praat (Boersma & Weenink, 2001) on a computer.
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Procedure

Each participant recorded all the keywords before the interaction. They were given
a list of keywords and were asked to produce them as naturally as possible. Each
keyword was spoken in singular and plural forms, twice in isolation and once in a carrier
sentence “I can see the KEYWORD(s) in the picture”, which should be the most
frequently produced sentences during interaction. Following the recordings, the
experimenter introduced the procedure of interaction to them and asked them to practice
identifying differences between a pair of pictures depicting unrelated themes.

The interaction with the social robot commenced with a “say-hello” session, where
the robot greeted the participants to get them familiar with its voice. The main session
involved identifying differences in four pairs of pictures, each launched individually by
the experimenter in a randomized order. Each task lasted for 10-15 minutes. After the
interaction, the participants recorded all the keywords again, following the same
procedure as that before interaction.

Data processing
Data extraction and normalization

For keywords produced in isolation, a trained student manually segmented the
vowel portions before and after the interaction using Praat (Boersma & Weenink, 2001).
A Praat script was adapted to extract vowel formants at 40% of the vowel portion,
through linear predictive coding (LCP) with the 'To Formants (Burg)' command. To
minimize anatomical variability arising from individual differences, the vowel formant

values (F1 and F2) were transformed using Equivalent Rectangular Bandwidth (ERB)
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via the phonR package (McCloy, 2012/2023). The mean fundamental frequency (f0)
and duration of the vowel portions were extracted by the script ProsodyPro (Xu, 2013).
For carrier sentences, the whole sentences were manually segmented. Mean {0,
maximum f0, minimum f0 and duration were extracted for analysis.
Data analysis

To quantify accommodation, we calculated the absolute difference between each
human participant’s mean speech feature and the corresponding feature extracted from
robot’s production (referred to as HRDiff, as showed in below equation).

HRDif feat = |SPekeTmoqn — RODOtmeqnl (1)

Here, feat denotes the speech features (F1, F2, local mean FO, global mean FO0, global
FO range, local duration and global duration) we investigate. HRDifffea: represents the
difference in a speech feature between the speaker and the robot before and after the
interaction. HRDiffra after the interaction was compared with that before the
interaction. As the persistence of convergence effects has been firmly reported in
previous literature (e.g., Delvaux & Soquet, 2007; Pardo, 2006), in this study, we
regarded the adjustments after interaction as signals of accommodation carried over
from the interaction period. A significantly higher HRDifffa after the interaction
indicated divergence, while a significantly lower value indicated convergence.

For statistical modeling, we initiated with a basic linear mixed effect model (Bates
et al., 2015) in R. HRDiffra served as the response variable, with subject and item as
random variables. We incrementally added 'period' (before interaction vs. after

interaction), ‘musicianship’ (musician vs. non-musician), their interaction terms,
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conducting a likelihood ratio test for each addition until we obtained the optimal model.
We conducted post-hoc analysis using ‘emmeans’ (Lenth et al., 2023) package in R.
The full emmeans outputs were reported in Appendix L.

Results

Figure 1 approximately here.

Spectral cues

For HRDiffr1, we observed significant improvement of the model by adding
‘period’ (Df = 1, Chisq = 9.0929, p = 0.002**) and then ‘musicianship’ (Df =2, Chisq
= 5393, p = 0.025*) as fixed effects. The interaction between ‘period’ and
‘musicianship’ did not significantly improve the model (Df = 1, Chisq = 0.1174, p =
0.73). HRDiffr> showed similar results. Only ‘period’ significantly improved the model
(Df=1, Chisq =5.424, p = 0.020%). This suggests that participants accommodated their
F1 and F2 after interaction, regardless of their musical training background. Figure 1
shows that both HRDiffr; and HRDiffr: reduced after interaction, compared to the
values before the interaction, indicating that the participants converged their F1 and F2
towards the robot’s production after interacting with the robot.

Figure 2 approximately here.

Prosodic cues
Local cues

We investigated the mean FO and duration of HRDiff for each keyword produced
in isolation to analyze accommodation in local cues. Adding ‘period’ as a fixed effect

significantly improved the model for mean FO HRDiff (Df = 1, Chisq = 21.712, p =
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0.000***). The interaction between ‘period’ and ‘musicianship’ did not significantly
affect the model, indicating both groups accommodated mean FO in similar manner. As
shown in Figure 2 (top left), both groups enlarged HRDiff of local mean f0 after
interaction, indicating divergence. Musicians diverged more, though not significantly.

For HRDiff of duration, we found a main effect of ‘period’ (Df =1, Chisq=94.173,
p = 0.000*%**) and an interaction between ‘period’ and ‘musicianship’ (Df = 1, Chisq =
63.667, p = 0.000***). Post-hoc analysis showed this effect was contributed by
musician group, who significantly accommodated the duration of keywords after
interaction (Df = 1160, t.ratio = -12.907, p = 0.000***). Figure 2 (top right) shows
musician group significantly enlarged HRDiff of duration after interaction, indicating
divergence, while non-musician group tended to maintain HRDiff after interaction.
Global cues

For global mean FO in HRDiff, adding ‘period’ (Df = 1, Chisq = 30.903, p =
0.000***) and its interaction with musicianship (Df = 2, Chisq = 23.724, p = 0.000***)
significantly improved the model. Post-hoc analysis showed musicians significantly
accommodated global mean FO after interaction, (Df = 567, trratio = -7.536, p =
0.000***), indicating significant divergence (Figure 2, bottom left).

For global duration in HRDiff, the addition of ‘period’ (Df =1, Chisq =22.57, p =
0.000***) and 1its interaction with ‘musicianship’ (Df = 2, Chisq = 6.007, p =
0.049*) also improved the model significantly. Post-hoc analysis showed non-
musicians significantly accommodated global duration after interaction (Df = 572,

tratio = 5.14, p = 0.000***). The reduction of HRDiff in carrier sentences (Figure 2,
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bottom right) indicates convergence towards the robot’s duration.

In addition, we analyzed FO range of the whole carrier sentences to examine
accommodation of sentence intonation. For HRDiff in FO range of the carrier sentences,
we found a main effect of ‘musicianship’ (Df = 1, Chisq = 4.55, p = 0.033*) and a
marginal interaction effect between ‘period’ and ‘musicianship’ (Df = 2, Chisq = 4.76,
p =0.092.). Post-hoc analysis revealed significant HRDiff differences between groups
before interaction (Df =72.2, t.ratio = 2.89, p = 0.025%), but not after (Df =71.9, t.ratio
= 0.63, p = 0.923). Figure 3 shows a trend of musicians reduced HRDiff in fO range

after interaction, while non-musicians maintained consistent HRDiff.

Figure 3 approximately here.

Discussion

The current study investigated the effect of musical training experience on L2
English speakers’ maintenance of phonetic accommodation after interacting with a
social robot. We analyzed spectral cues (F1 and F2) and prosodic cues (mean FO,
duration, and FO range) of keyword and carrier sentence production. Error! Reference
source not found. summarizes the main findings. Convergence occurred when
speakers’ features became closer to the robot’s corresponding feature after the
interaction, while divergence indicated the opposite. Both groups converged spectral
cues towards the robot, with no significant group differences. However, we found more
evidence of accommodation in musicians than non-musicians, supporting the prediction

that musical training enhances phonetic accommodation during interaction.

Figure 4 approximately here.
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Possible realizations of effect of musical training on phonetic accommodations

Overall, we observed more post-interaction phonetic accommodation in musician
group than non-musician group, supporting our prediction that musical training
experience facilitated phonetic accommodation. We offer two potential explanations for
these beneficial effects, as depicted in Figure 4. One explanation involves the training
of auditory attention and working memory, while the other relates to the refinement of
phonetic talent in second language acquisition.

Given that previous research has identified attention and memory as core cognitive
mechanisms underlying phonetic accommodation (Lewandowski & Jilka, 2019).
Musical training likely enhances these abilities, thereby facilitating phonetic
accommodation. Existing literature links musical training to auditory attention (Marie
et al., 2011; Strait et al., 2010), showing that playing music trains one’s ability to
effectively share attentional resources in auditory domain. Studies on musical training
and working memory (Chan et al., 1998; Tierney et al., 2008) attribute improved
working memory to musicians’ intensive experience in perceiving music, which tunes
their processing of auditory temporal sequences in immediate memory. Our study
suggests that these benefits extend from speech processing to production. Speakers with
musical training experience are superior in directing their attention to particular
auditory cues. These cues are encoded and stored in their memory with greater details,
enabling them to retrieve a more complete exemplar for comparison and select a more
proper exemplar for production. On the other hand, according to a previous study (Feng

et al., 2021), working memory is required to process pitch details. When other tasks
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occupy these resources, listeners’ sensitivity to pitch details is reduced. It can be
inferred that musicians’ enlarged auditory working memory capacity may help preserve
their sensitivity to phonetic details, especially given that the tasks in the current study
also placed high demands on working memory in other areas. Furthermore, because
this study focuses on phonetic accommodation during post-interaction period,
musicians with greater auditory working memory capacity are more likely to retain the
speech details for a longer duration, which aids them in selecting appropriate production
tokens even after interaction.

This idea supports the OPERA hypothesis (Patel, 2014), which posits that music
benefits speech when both demonstrate overlapping cognitive processes, with music
having higher demands. During music playing, incoming sounds can only be stored as
acoustic details, requiring greater auditory working memory capacity (Patel, 2014).
Playing music also demands higher selective auditory attention to particular dimensions
of sound to ensure the music is in tune (Patel, 2014). In conversation, speakers store the
sounds both in acoustic forms for preparing phonetic accommodation and in semantic
forms for understanding content. Although speakers perceive and store the sound for
phonetic accommodation, they do not consciously attend to particular sound
dimensions. The demands of auditory working memory capacity and selective auditory
attention in phonetic accommodation are not as high as music playing. Therefore, the
positive effect of musical training on phonetic accommodation is well explained.

On the other hand, as proposed by Lewandoski (2019), phonetic talent plays a

crucial role in predicting phonetic accommodation among second language speakers.
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Those with greater phonetic talent tend to exhibit more accommodation toward a
second language compared to those with less talent. The concept ‘phonetic talent’ stems
from the notion of “talent for accent” in second language acquisition, indicating an
innate and variable ability to acquire second language pronunciation (Dornyei & Ryan,
2015). It represents cognitive-based learner variabilities (Dornyei & Ryan, 2015). This
variability suggests that phonetic talent influences both the quantity and quality of
stored exemplars perceived from conversation partners, as well as one's ability to
successfully access matching exemplar pools and select the most appropriate exemplars
for production (Lewandowski, 2012), resulting in varying degree of accommodation.
The individual variabilities of phonetic talent intersect with the cognitive mechanism
of phonetic accommodation, as depicted in Figure 4.

Phonetic talent has been reported to be associated with specific growth in certain
brain areas (Geschwind & Galaburda, 1985). Neurobiological evidence suggests that
musical training enhances the neural encoding of speech sounds and improves auditory
cortical structure and function, leading to increased auditory precision (Patel, 2012).
That indicates that musical training has the potential to improve individuals’ hard-wired
auditory ability, a significant component of phonetic talent. Moreover, research has
shown that musical training enhances phonetic abilities in second language acquisition.
For example, it improves L2 speakers’ perception and production of consonant
contrasts (Sleve & Miyake, 2006), the nativeness of vowel production (Jekiel &
Malarski, 2021), the ability to memorize and reproduce non-native sounds (Coumel et

al., 2023), and overall performance in L2 pronunciation tests (Milovanov et al., 2010).
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Although the current study did not measure speakers’ phonetic talent, it is reasonable
to infer that by enhancing phonetic abilities in L2 acquisition, musical training may
improve their ability to manipulate phonetic variations and exhibit greater phonetic
accommodation. Future study should aim to provide more empirical evidence on the
three-way interaction between speakers’ phonetic talent, musical training experiences
and phonetic accommodation to further support this proposed mechanism.
Musical training experience does not affect all phonetic cues equally

Our findings found no group differences in spectral cues (i.e., F1 and F2)
accommodation, but distinct group patterns in prosodic cues (i.e., pitch and duration).
This suggests that musical training may not uniformly influence phonetic
accommodation across all phonetic cues. This aligns with research showing musical
training experience benefits prosodic processing, such as sentence intonation (Sares et
al., 2018), syllable duration (Marie et al., 2011) and lexical tone (Wu et al., 2015).
Performing a high-quality musical sequence requires exact timing to execute desired
notes. In contrast, speech processing involves various cues beyond pitch and duration,
such as semantic and contextual cues, which can aid comprehension. Consequently, the
stringent requirement for precision in pitch and duration is alleviated, allowing for
potential improvement. According to the OPERA hypothesis, the heightened demands
of musical training enhance the plasticity of neurons responsible for encoding these
signals, thereby benefiting processing of pitch and duration in speech (Patel, 2011). Our
findings extend the beneficial impact of musical training from enhancing the processing

of pitch and temporal information to improving the extraction of corresponding
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information for speech production.

Neural encoding of spectral shape is essential for vowel identification (Zatorre et
al., 2002), involving mechanisms distinct from pitch processing. Unlike speech, which
necessitates precise processing of spectral shape, music may not impose as high
demands on spectral shape processing (Patel, 2012). Based on the OPERA hypothesis,
the effect of musical training on spectral shape processing is thus constrained (Patel,
2012). Our findings support this view on the selective influence of musical training on
speech processing. Vowel formants represent spectral energy peaks in speech (Shannon
et al., 1995), and their processing and extraction involve neural encoding of spectral
shape. Such encoding is not expected to be enhanced by musical training experience.
Our result is consistent with previous studies where overall musical ability did not
significantly predict vowel production accuracy (Ghaftarvand Mokari & Werner, 2018).

The finding that musical training’s benefits are selective aligns with the Speech
Learning Model, which correlates the accuracy of L2 sound production with perception
(Best & Tyler, 2007; Flege, 1995). It also aligns with second language perceptual
learning studies where perceptual training of particular phonetic features can be directly
related to production of those features. For example, Wang et al. (2003) investigated
whether the tone contrasts gained perceptually transferred to production. In their study,
non-native speakers recorded a list of Mandarin words before and after perceptual
training. Native-speakers’ perceptual judgements revealed significant improvement of
Mandarin tone contrast after training. Acoustic analyses further revealed the nature of

the improvement, showing that post-training tone contours approximate native norms
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to a greater degree than pretraining tone contours (Wang et al., 2003). Their study
demonstrated that benefits gained in perception can be directly reflected in production.
Similarly, our study found consistent results, showing that the speech aspects affected
by musical training are consistent between perception and production.
Accommodation strategies in human-robot interaction: technology-human-
equivalence or technology-directed speech?

In this study, we observed phonetic accommodation in HRI, confirming our general
hypothesis that individuals are able to accommodate their speech features when
interacting with a non-human agent. However, we observed that different speech cues
were realized by different strategies: both groups converged vowel formants towards
the robot after interaction, while they employed a mix of convergence and divergence
strategies for prosodic cues.

As established in technology equivalence accounts such as Computers As Social
Actors paradigm (CASA; Nass et al., 1994): people are more likely to apply between-
human social behaviors when interacting with techonology. This account is able to
explain parts of the findings in the current study. In previous HRI study, speakers with
prestigious accents led to increased convergence of vowel formants from the
interlocutors, especially among bilingual speakers (Gnevsheva et al., 2021). In our HRI
study, our social robot produced standard American English, which might be perceived
as prestigious accent by second language speakers, triggering their convergence of
vowel formants. Regarding divergence in prosodic cues, previous studies on HHI where

reported divergence mostly associated it with subjects’ evaluation of the partner. In
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face-to-face situations, with decreasing evaluation of likability, speakers were detected
more divergence of pitch-accent realization patterns away from their conversation
partners (Schweitzer et al., 2017). Similarly, Abrego-Collier et al. (2011) found that
negative evaluations of narrators led to divergence in voice onset time. Speech
accommodation theory posits that speakers may diverge their speech behaviors when
they want to bring their interlocutor’s speech patterns to “a personally acceptable level”
(Beebe & Giles, 1984, p. 8). Unlike vowel formants, the robot’s prosody may not be a
representable standard target for second language speakers. Although participants
perceived robot’s vowel production as positive and prestigious, they likely evaluated
the robot’s prosody relatively negatively and wished to bring the robot’s speech into a
more acceptable level by diverging their own speech.

There are reasons why the robot’s prosody is evaluated more negatively. Despite
efforts to make it sound natural, the robot’s voice is still synthetic. In the current study,
the robot used a synthetic voice called Matthew from Amazon Polly TTS platform. A
survey study (Cambre et al., 2020) reported that Matthew voice received an average
score of 29 points for voice quality. This score included questions about whether the
voice sounded monotone, natural, or lacked emotion/personality, which is still lower
than the lowest human voice rating of 63 points. In fact, in the study of Abrego-Collier
et al. (2011), although the recorded narrative was real human voice with VOT manually
extended, the shadowers still noticed and described the speech as ‘robotic’ and
‘unusual’, leading to divergence. The synthetic nature of the voice influences

participants’ accommodation strategies, consistent with prior research on synthetic
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voices (Cohn et al.,, 2019). Similarly, Gessinger et al. (2021) reported reduced
convergence and occasional divergence when shadowing synthetic voices compared to
shadowing natural voice. The authors argued that participants could perceive the non-
humanness of synthetic voice, which created a sense of social separation. In a
conversation study, Zellou et al. (2021) observed that speakers only perceptually
aligned with human interlocutors, not voice-Al interlocutors. The similarity attraction
theory may explain these findings, as individuals tend to be drawn to those who are
similar to themselves (Sutton et al., 2019). Because the prosody of robots is less similar
to that of human participants, they might feel less attracted by it and less inclined to
converge. Given the importance of prosody in conveying emotions, in language and
particularly in music (Jansen et al., 2023), participants with musical training in our
study may be more sensitive to the robot's unusual prosody. This sensitivity could
explain their tendency to diverge more: musicians diverged the mean f0 of both
keywords and carrier sentences while non-musicians diverged only keywords.
However, since we did not compare the findings between HRI and HHI in this
study, the conclusion inspired by previous HHI studies should be interpreted with
caution. On the other hand, speakers might accommodate to facilitate communication
efficiency, as predicted by CAT (Giles et al.,, 1973). This also aligns with listener
intelligibility accounts such as Audience Design theory (Clark & Murphy, 1982), which
suggests that speakers adjust their speech features to meet the need of their interlocutors.

Figure 1 approximately here.

In our study, in addition to mean f0, the accommodation of other cues yielded
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inconsistent results. Musicians significantly diverged keyword duration after
interaction. Upon closer analysis, this involved a significant lengthening of duration --
the participants might not intend to diverge; rather, they might aim to hyperarticulate
the keywords by extending their duration during interaction, and this hyper-articulation
effect was carried over to post-interaction period (See Figure 5 for the raw averages of
duration). This finding aligns with previous studies where speakers lengthened the
speech segments and pauses for hyper-articulation when facing miscommunication
with computer systems (Oviatt et al., 1998). Such lengthening was considered an
attempt to increase the comprehensibility of utterances (Branigan et al., 2010).
Musicians also showed a trend of converging f0 range towards the robot, which in fact
represented an increase in f0 range, as shown in Figure 3. Some studies have found that
speakers hyperarticulate through increased f0 range when the computer voice make
more mistakes (Burnham et al., 2010; Cohn et al., 2022). Therefore, musicians’ increase
in f0 range may be a strategy to improve the intelligibility of their utterances and capture
the conversation partner’s (i.e. the robot’s) attention during interaction. These two
significant manipulations were observed in musicians but were absent in non-musicians,
indicating that participants with musical training experience are more capable and
flexible in manipulating prosodic cues to meet the robot’s needs.

In fact, the lengthening of target word duration and increasement of sentence {0
range in musician group could be characteristics of a special speech register used for
addressing Al-voice. An increasing number of studies are exploring this phenomenon

(e.g., Cohn et al., 2022, 2024), calling it ‘Al-voice directed speech’, which signals a
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systematic adaptation of speech register when interacting with Al-voices (see review in
Cohn et al., 2022). Our study contributes empirical evidence to this line of research and
further demonstrates individual variability influenced by musical training in the use of
this speech register.

Conclusion

This study investigated the impact of musical training on the phonetic
accommodation of second language speakers after interacting with a social robot.
Results showed convergence of vowel formants without group differences and a
combination of accommodation strategies concerning prosodic cues, with more
accommodation observed in the musician group. The beneficial effect of musical
training on phonetic accommodation was confirmed, albeit with specific cues. Musical
training may either directly improve auditory attention allocation and auditory memory
capacity to facilitate phonetic accommodation or fine-tune individuals’ phonetic talent
in second language acquisition to achieve this. The mix use of accommodation strategy
may be related to individuals’ evaluation of robot’s speech features or the need to
facilitate communication efficiency, showing potential support to a specific speech
register employed to interacting with Al-voice.

This study has implications for language learning programs and speech training for
populations with speech problems, suggesting that musical training could enhance their
phonetic accommodation abilities, thereby improving their communication skills.
Additionally, designing social robots with more human-like prosody could make them

better language learning companions or speech therapy partners.
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Finally, this study has several limitations that offer directions for future research.
First, the study did not include data during interaction, making it impossible to
investigate in-the-moment accommodation. Comparing phonetic accommodation
during and after interaction could provide insights into the strength of accommodation
maintenance, potentially influenced by auditory working memory, which may be
affected by musical training. Second, one reviewer noted that different types of musical
training might impact phonetic accommodation, particularly f0 accommodation. Since
we did not account for variations in musical training types, we could not directly
address this issue. Future studies should either control musical training types to yield
more convincing results or explore the relationship between musical training types and
pitch perception and production. In addition, as another reviewer noted, factors such as
speaker gender and vowel type may introduce confounding effects on vowel formant
differences, potentially influencing accommodation outcomes. However, since this
study focused on general accommodation patterns, we did not analyze these factors
separately. Future studies should more carefully account for these potential
confounding factors by incorporating them into the study design or statistical analysis

to better understand their influence.
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Figure 1. Mean vowel formant difference in ERB transformation form between human speakers

and the robot (HRDiff) before and after interaction. Error bars indicate +1 standard error.

Figure 2. Mean difference between human speakers and the robot (HRDiff). Error bars indicate +1

standard error. Symbols in red indicate significant differences before and after interaction.

Figure 3. FO range produced by the robot, musician group and non-musician group. The triangle

indicates the mean fO range of each group.

Figure 4. Possible mechanisms of musical training experience affecting phonetic accommodation.

Figure 5. Duration of keywords (local) and sentence (global) produced of two groups. The triangle

indicates the mean fO range of each group.
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English  |Mandarin [listening |speaking [reading  writing
AOA AOA
Musicians [2.57+1.874.21 +1.89}4.43 £0.51 [3.93+0.83 4.63+0.74 4 £ 0.68
Non- 257+19945+32 [4.43+051 4.29+047 4.57+0.654.29+0.61
Musicians

Table 1. Mean age of acquisition in English and self-evaluated English skills (out of 6 points). One

missing data from musician group and one missing data from non-musician group.
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Musician Non-musician
Spectral cues F1 Converge Converge
F2 Converge Converge
Prosodic cues Mean f0 (local) Diverge Diverge
Duration (local) Diverge /
Mean f0 (global) Diverge /
Duration (global) / Converge
/

FO range (global)

Converge (trend)

Table 1. summary of main results






