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Can a human sing with an
unseen artifcial partner?
Coordination dynamics when
singing with an unseen human or
artifcial partner

Rina Nishiyama and Tetsushi Nonaka*

Graduate School of Human Development and Environment, Kobe University, Kobe, Japan

This study investigated whether a singer’'s coordination patterns difer when
singing with an unseen human partner versus an unseen artifcial partner
(VOCALOID 6 voice synthesis software). We used cross-correlation analysis to
compare the correlation of the amplitude envelope time series between the
partner’s and the participant’s singing voices. We also conducted a Granger
causality test to determine whether the past amplitude envelope of the partner
helps predict the future amplitude envelope of the participants, or if the reverse is
true. We found more pronounced characteristics of anticipatory synchronization
and increased similarity in the unfolding dynamics of the amplitude envelopes
in the human-partner condition compared to the artifcial-partner condition,
despite the tempo fuctuations in the human-partner condition. The results
suggested that subtle qualities of the human singing voice, possibly stemming
from intrinsic dynamics of the human body, may contain information that
enables human agents to align their singing behavior dynamics with a
human partner.

inter-personal coordination, anticipatory synchronization, strong anticipation, self-
other integration, togetherness

1 Introduction

Music is an inherently social activity that involves real-time non-verbal communication
(Volpe et al., 2016; Welch et al., 2014). A substantial amount of research in music
performance has concentrated on exploring what insights musical interaction can provide
into general inter-agent interaction (e.g., Moran, 2014; Sawyer, 2014). Te ability to
synchronize among musicians involves perceiving another’s actions and then adjusting
one’s own actions accordingly, which includes continuous micro-timing adjustments and
anticipatory control (Proksch et al., 2022; Keller et al., 2007; Konvalinka et al., 2010;
Sebanz et al., 2006). T erefore, interactions in music are regarded as valuable models for
exploring complex inter-agent interaction dynamics (D’Ausilio et al., 2015), with potential
implications for understanding coordination in human-machine interactions (Kim and
André, 2008).

In recent decades, computer-based technologies have rapidly advanced in their ability to
generate human-like acoustic features in speech, singing, and music playing (Umbert et al.,
2015; Kuhne et al., 2020). One example is singing voice synthesis technology, which
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enables computers to “sing” any song. Since the release of
singing voice synthesis sofware VOCALOID, it has become
especially popular in Japan (Kenmochi and Ohshita, 2007).
Although technologies to mimic human-like acoustic features in
music playing have rapidly improved, the social and collaborative
implications of such music technology have remained unexplored.
Little progress has been made in designing artifcial partners
that ofer a comparable social experience to playing with another
person, despite the fundamental importance of understanding what
enables humans and machines to interact with each other in a
coordinated manner.

Previous studies have shown that bodily movements are crucial
for communication and expression among musicians (Klein et al.,
2022), enabling temporal anticipation of actions to synchronize
with others (Keller et al., 2007; Burger et al., 2014; Saino, 2019;
Schreibelmayr and Mara, 2022). Chang et al. (2017) discovered that
the body sway of one musician infuenced that of others, even when
visual contact between them was absent. Since visual contact was
absent, body sway could not have directly conveyed information
about the partner to them. It has been suggested that body sway
may manifest in the sound produced by musicians, allowing them
to coordinate their behaviors with each other by perceiving subtle
auditory information during music performance (Klein et al., 2022).
T is raises the question: Can a musician coordinate with the sound
produced by an artifcial agent without a human body and still play
music together in a coordinated manner?

Te current study employs VOCALOID 6 (Yamaha
Corporation, Hamamatsu, Japan), an Al-based sofware designed
to generate natural-sounding and highly expressive singing voices
from lyrics and melodies, to explore the following question: When
a human singer performs a song with an unseen artifcial partner
versus an unseen human partner, will the degree of inter-agent
synchrony and the similarity of their singing voices’ amplitude
envelopes difer between these two conditions? T is test examines
whether the coordination dynamics between a singer and an unseen
partner are indistinguishable when the partner is either human or
artifcial (c.f.,, Dotov et al., 2024).

In the present study, the artifcial partner (Vocaloid) maintained
a consistent tempo throughout the musical passage. In contrast, the
human partner sang at her own tempo afer listening to a two-
bar metronome cue set at the same tempo as the artifcial partner.
Intuitively, it might seem easier for a singer to synchronize with
music that maintains a constant tempo. However, if real human
singing voices convey subtle information about how dynamics
unfold at diferent time scales, then the small fuctuations inahuman
voice may not be a hindrance. On the contrary, these variations
could provide prospective information that aids in singing along
with the voice. If this latter scenario holds true, we would expect a
higher degree of inter-agent synchrony and dynamic similarity when
asinger performs with a human partner compared to when they sing
with an artifcial partner. Moreover, if the fuctuations in the human
singing voice contain prospective information about how the music
unfolds, then stronger anticipatory adjustments of a singer in such
a way to tune into the dynamics of a partner would be expected
in the condition where a singer sings along with a human partner
compared to the condition involving an artifcial partner.

We tested these hypotheses by conducting cross-correlation
(CC) and Granger causality (GC) analyses on pairs of time series

Frontiers in Robotics and Al

02

10.3389/frobt.2024.1463477

representing the amplitude envelopes of participants’ and their
partners’ singing voices. CC measures the correlation between the
two time series across time-lagged copies of one another within a
range of positive and negative lags. T e sign of the lag at which the
largest CC value occurs suggests the temporal precedence between
the two time series. Although CC indicates how similar the two
time series are, it can also provide a measure of synchrony by
quantifying the correlations with a zero lag when the two time series
are positioned together in time (Klein et al., 2022). Granger causality
is a statistical notion for time series data, where a preceding time
series helps predict a future one (Barnett and Seth, 2014). Intuitively,
if a signal is predictable, it is possible to make predictions about its
future based on its past history. If the amplitude envelopes of two
vocalists singing together are denoted as Y (t) and X(t), and they
are correlated, then the past of X can also be used to predict the
future of Y. If the inclusion of X improves the prediction of future of
Y, then Y is considered to be Granger-caused by X (for details, see
Barnett and Seth, 2014). T e Granger causality (GC) test can also
reveal anticipatory dynamics, where the follower displays behavior
that precedes that of its leader in time (Chen et al., 2023).

In the present study, frst, we expected higher maximum CC
values to indicate stronger correlation between dynamics of singing
voices between a singer and its partner. Second, we expected a higher
zero-lag CC values to indicate higher synchrony between dynamics
of singing voices between a singer and its partner. T ird, we expected
that the lag at which the highest cross-correlation (CC) value occurs,
along with the directional diference in Granger causality (from
partner to participant versus from participant to partner), would
indicate the extent of anticipatory adjustments made while singing
with a partner.

2 Methods
2.1 Participants

Ethical approval for the study (# 725-2) was obtained from the
Ethics Committee at the Graduate School of Human Development
and Environment, Kobe University (Japan). We recruited seven
university students. Because a female synthesized voice was used
in the experiment (see the following section), all the participants
we recruited were female. All participants had experience singing
in a group setting, such as in a school choir. Te average age of
the participants at the time of the experiment was 22.9 (SD =
0.8). In addition, we hired a female semi-professional female singer
who had been singing popular music in a local band to record a
human singing voice to be used as a human partner, with which
participants were instructed to sing along. No participants reported
having hearing or motor disability. Participants received a small fee
for their participation.

2.2 Music materials

We selected two Japanese popular songs with diferent tempi,
Sincerely (75 BPM in 4/4 time, hereafer referred to as a “slow song™)
and Shojo Rei (Tempo: 150 BPM in 4/4 time, hereafer referred
to as a “fast song”), for participants to sing along (Figure 1). Both
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FIGURE 1
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The refrains of the two songs sung in the experiment: (A) Slow Song (“Sincerely” originally sung by TRUE and (B) Fast Song (“Shoujo Rei” originally sung

by Miku Hatsune).

songs were sung by a female vocalist in their original versions.
Slow Song was originally sung by a human female artist TRUE,
while Fast Song was originally sung by a female VOCALOID virtual
singer Miku Hatsune. Fast Song involves a series of notes that are
an octave (8 notes) apart, while Slow song has a relatively simple
melody with smaller note changes (Figure 1). Te chorus/refrain
part was extracted from each song to be sung by participants in the
experiment (Slow Song: 10 bars, 37 s, Fast Song: 17 bars, 29 s).

For each song, we created an audio recording with a human
singer and a VOCALOID Al singer (HARUKA), which was
used as a singing voice of a partner for participants to sing
along. First, recordings of an artifcial Vocaloid singer were
created with VOCALOID 6 singing voice synthesis sofware (audio
fles are available in Supplementary Material). Next, we sent the
audio recordings of a Vocaloid singer to a human singer and
instructed her to sing as close to the vocal style and pitch
changes of the Vocaloid singer as possible (audio fles are available
in Supplementary Material). Both singing voices were recorded
in Cubase LE Al Elements 13 (Steinberg, Hamburg, Germany)
as monophonic 16-bitWAV fles at 44.1 kHz sampling rate. Te
recording of both songs included the two measures of metronome
sounds before the chorus began. Once the chorus has begun, no
metronome clicks were available for listeners to hear in either
partner condition. In other words, the pickup metronome clicks
indicated only the starting tempo of the pieces. While the Vocaloid
partner sung with a constant tempo throughout the chorus, the
human partner sung with her own tempo afer listening to the
two-bar metronome sounds which indicated the beginning of the
recording. T e vocal recordings of both the Vocaloid partner and
the human partner are available in Supplementary Material.

2.3 Procedure
Chorus parts for both pieces sung by an artifcial (Vocaloid)

singer and a human singer were sent to participants a week prior
to the experiments for participants. Each participant was instructed
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to sing along in unison with the singing voice of an unseen
partner (either a human or an artifcial partner) played through a
headphone monitor, following the partner’s singing voice as closely
as possible (Figure 2). Te experimental setting was analogous to
the situation where a singer sings along with a partner in a separate
room without visual information. Before the start of the singing
voice, participants heard the two-bar metronome (as was the case
in the recording of the singing voice of the human partner) so
that they can adjust the timing at the beginning. T e singing voice
of each participant was recorded on Cubase LE Al Elements 13
with Scarlett 2i2 Studio microphone, pre-amp, and USB audio
interface (Focusrite, High Wycombe, United Kingdom). When each
participant arrived in the lab, participants practiced singing along
with the recordings for a few times to test participants’ recording
setups to familiarize them with the procedure. Participants recorded
fve times for each song (Slow Song and Fast Song) in each
partner condition (a human partner and an artifcial partner). All
participants sang Slow Song frst before singing Fast Song. Within
each song, the order of the trials of the two partner conditions (a
human partner vs. an artifcial partner) was randomized.

2.4 Data analysis

2.4.1 Amplitude envelope

Allvocal audio recordings were imported into MATLAB R2023b
(MathWorks, Natick, MA) and resampled to a rate of 16 kHz.
Te temporal envelope of each vocal sample was obtained by
computing the magnitude of the Hilbert transform (Issa et al., 2024,
Braiman et al., 2018). Building on previous studies that analyzed
temporal modulations in human speech and music separately from
spectral information (Ding et al., 2017; Elliott and T eunissen,
2009), we isolated slow temporal modulations in sound amplitude
(<32 Hz) by applying a 3rd order Butterworth IIR flter with a 32 Hz
cutof frequency to the time series twice—once forward and once
backward. T e amplitude envelope time series were then down-
sampled to 200 Hz by averaging the time points within consecutive,
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FIGURE 2
Experimental setup. (A) Human partner condition where participants sing along with a human partner. (B) Artifcial partner condition where participants

sing along with the vocal synthesizer.

FIGURE 3
Examples of the audio amplitude envelope time of the singing voice in the two partner conditions (a human partner and an artifcial Vocaloid partner)

for (A) Fast Song and (B) Slow Song from the experiment (each taken from the ffth trial of participant ID P5).

non-overlapping 5-ms windows. T is process resulted in a smooth We derived three measures based on the CC analysis:

curve that refects the fuctuations in sound intensity over time. . . .
y 1. Maximum CC Value: Te highest CC coefcient across all

time lags was calculated for each trial, resulting in one cross-
correlation coefcient per trial per participant. Tis value
indicates the similarity of the amplitude envelope time series

2.4.2 Cross correlation
To assess the similarity of temporal modulations in sound
intensity between participants’ performances and the recorded vocal

sounds of their partners that the participants followed, we calculated between the partner’s and the participants voices.

cross-correlations (CC) between the amplitude envelope time series 2. Lag at Maximum Correlation: Te time delay at which the
of each partner’s recording (a human singer and a Vocaloid singer) maximum correlation occurred in each trial was identifed.
and each participant’s performance during every trial while singing Tis measure indicates the time diference between the two
along in unison. CC coefcients were calculated across the entire time series that produced the highest similarity. Positive lag
waveforms for each trial for lags between —0.1 and 0.1 s. values suggest that the participant’s voice lagged behind the
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FIGURE 4

The results of cross correlation (CC) analysis of the temporal modulations in sound amplitude between the partner and the participant as a function of
tempo (Fast Song vs. Slow Song) and the type of partner (Human or Vocaloid). (A) The maximum values of the CC coe¥cients across all time lags that
indicate the similarity of the amplitude envelope time series between the partner and the participant. (B) The lag at which the maximum correlation
occurred, which indicates the time delay between the two time series that produced the highest degree of similarity. (C) Cross correlation coefcients
computed with a zero lag when the two time series are positioned together in time that indicate a measure of phase alignment between the singing
voices of the partner and the participant. Positive lag values would indicate that the singing voice of the participant lags behind that of the singing voice
of the partner, where lagging the voice of the partner produced the highest degree of similarity, while negative lag values would indicate that the
singing voices of the participant preceded that of the partner. Error bars representu +1 standard error of the mean.

partner’s voice, while negative lag values indicate that the
participant’s voice preceded the partner’s.

. Zero Lag CC CoeTcient: Te CC coefcients were computed
with a zero lag, where the two time series are aligned in
time. T is measure indicates the phase alignment synchrony
between the amplitude envelopes of the partner’s and the
participant’s singing voices.

2.4.3 Granger causality

We calculated the magnitude of Granger causality (GC)
from the amplitude envelope time series of the recording of
the partner (Human or Vocaloid) to the amplitude envelope
time series of the performance of the participant and vice
versa—for each participant and each trial following the procedure
implemented in the Multivariate Granger Causality (MVGC)
Toolbox for MATLAB (Barnett and Seth, 2014). An optimal
model order (the number of past points in the time series
included in the model) was chosen for each trial for each
participant using the Akaike information criterion. Ten, for each
participant for each song, the maximum model order out of their
fve trials was used to calculate GC values for all fve trials.
Te average model orders used for participants when singing
Fast Song and Slow Song were 75ms (15 points) and 85ms
(17 points), respectively.
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2.4.4 Statistical analysis

We modeled the three aforementioned CC measures as outcome
variables in a linear mixed efects model using the “Ime” function
from the “nlme” package (Pinheiro et al., 2024) in R version 4.4.1.
T e fxed efects factors were partner (a human singer vs. an artifcial
Vocaloid singer), and tempo (Slow Song vs. Fast Song). Similarly,
we modeled GC as an outcome variable in a linear mixed efects
model with partner, tempo, and the direction of GC (partner to
participant vs. participant to partner) as fxed efects. To account
for the correlation between performances of the same participant,
a participant factor was included as a random efect for the intercept
for both models. Bonferroni-adjusted post hoc pairwise comparisons
based on estimated marginal means were conducted using the
“emmeans” package (Lenth, 2024) in R. Te alpha value for a
signifcant efect was set at 0.05.

3 Results

Figure 3 presents the examples of the audio amplitude envelope
time series of the singing voice in the two partner conditions (a
human partner and an artifcial \ocaloid partner) for (A) Fast Song
and (B) Slow Song from the experiment. Visual inspection of the
time series suggests that the singing voice of the participant generally
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FIGURE 5

10.3389/frobt.2024.1463477

The results of Granger causality (GC) analysis of the temporal modulations in sound amplitude between the partner and the participant as a function of
tempo (Fast Song vs. Slow Song) and the type of partner (Human or Vocaloid). Granger causality values for both directions, from the amplitude
envelope of the partner to that of the participant, and from the amplitude envelope of the participant to that of the partner are presented. Error bars

represent +1 standard error of the mean.

closely mirrored that of the partner in both partner conditions and
songs with diferent tempi.

Figure 4 presents the results of the cross-correlation analysis
when the data from all participants were pooled. Visual
inspection of Figure 4A suggests that when a participant sung
along with an unseen partner in unison, the participant generally
exhibited greater degree of similarity of the temporal modulation of
sound intensity with the human partner compared to the artifcial
Vocaloid partner, and in the Slow Song compared to the Fast Song.
A linear mixed efect model analysis on maximum CC coefcients
confrmed these impressions, fnding a highly signifcant efect of
partner, F 155 = 91.30, p < 0.0001. Te linear mixed efect model
analysis also found a signifcant efect of tempo, F ; 159 = 41.87, p <
0.0001, with a relatively weak signifcant interaction between partner
and tempo, F 159 = 6.22, p = 0.014, where the diference in the
degree of similarity between the human and the Vocaloid partners
was greater when participants sang the Fast Song compared to the
Slow Song. No other signifcant efects were found. A Bonferroni-
corrected post hoc analysis confrmed that the participant exhibited a
signifcantly greater degree of similarity of the temporal modulation
of sound intensity with the human partner compared to the artifcial
Vocaloid partner when singing Fast Song, t (130) = 8.52, p < 0.0001,
as well as when singing Slow Song, t (130) = 4.99, p < 0.0001.

T e phase relations between the singing voice of participants and
that of the unseen partner exhibited a diference between the human
partner condition and the artifcial Vocaloid partner condition.
When a participant sang along with a human partner, she generally
coordinated with the partner in an anticipatory manner, preceding
the partner (Figure 4B). By contrast, when participants sung along
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with an unseen artifcial partner, participants did not go ahead of
the partner as much. A linear mixed efects model analysis on the
lag at which maximum correlations occurred found a signifcant
efect of partner, F(; 150) = 184.62, p < 0.0001, confrming the above
impression. T e analysis also found a signifcant efect of tempo,
F (1,130 = 14.35, p = 0.0002, where the participants got ahead of the
partner to a greater degree when singing the Fast Song compared to
the Slow Song. No other signifcant efects were found.

A similar tendency was observed in the zero-lag cross
correlation values which indicate the degree of synchrony of the
amplitude envelope time series between voices of the partner
and the participant (Figure 4C). A linear mixed-efects model on
zero-lag cross-correlation (CC) coeffcients revealed a signifcant
efect of partner type, F(; 130 = 16.62, p = 0.0001, indicating that
participants in this experiment were more synchronized with the
unseen human partner than with the artifcial Vocaloid partner.
Tis fnding is somewhat counterintuitive, given that the Vocaloid
partner maintained a constant tempo, whereas the human partner
did not. Te analysis also found that participants were generally
more synchronized with the partner when they were singing the
Slow Song compared to the Fast Song, F; 13 = 59.52, p < 0.0001.
No other signifcant efects were found.

Figure 5 presents the GC values in the two directions (partner
to participants; participants to partner) within-subjects for each
tempo separately. When participants sang along with the Vocaloid
partner, as expected, participants generally followed the partner
because the recording of the partner was fxed. However, with the
human partner, the tendency reversed, where participants exhibited
the anticipatory dynamics leading the human partner (Figure 5). A
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FIGURE 6
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The results of cross correlation (CC) analysis of the temporal modulations in sound amplitude between the partner and the participant as a function of
tempo (Fast Song vs. Slow Song) and the type of partner (Human or Vocaloid) for individual participants (P1 - P7). (A) The maximum values of the CC

coeFcients, and (B) the lag at which the maximum correlation occurred.

linear mixed efect efects model analysis on GC values confrmed
the visual impression, fnding a highly signifcant interaction
between partner and direction, F ; ,g6) = 86.65, p<0.0001. T'is result
confrmed the presence of anticipatory dynamics when singing
with the human partner, with participants displaying the temporal
modulation of sound intensity that preceded their partner’s in time.
It also indicated that, when singing with the Vocaloid partner,
participants generally followed the partner’s lead. In addition, the
analysis found a marginally signifcant efect of tempo, F ; 55, = 6.35,
p = 0.012, where GC values tended to be greater in the Fast Song
compared to the Slow Song. No other signifcant efects were found.

Te data from individual participants demonstrated that the
participants generally sang with more similar temporal variation
patterns with the unseen human partner compared to the artifcial
Vocaloid partner, except one individual (P6) who did not exhibit
such a diference when singing the Slow Song (Figure 6).

Individual GC data indicated that some participants
consistently followed (P4 and P5) or led (P1) their partner
across both conditions (Figure 7). Nevertheless, all participants
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exhibited a stronger tendency to synchronize in an anticipatory
manner with the unseen human partner than with the artifcial
Vocaloid partner, though the degree of this efect varied
among them (Figure 7).

4 Discussion

Music, typically involving multiple agents engaged in a
temporally coherent manner, provides an ideal platform for
studying the dynamics of human interaction with artifcial agents.
Te primary objective of this study was to explore whether a
human singer can efectively “sing together” with an unseen
partner—a human singer or a vocal synthesizer—necessitating
the synchronization of one’s behavior with the dynamic singing
patterns of the partner in an anticipatory manner. We specifcally
investigated whether a human singer demonstrates similar time-
varying properties in their singing voice when singing alongside
two diferent partners: another human singer and a Vocaloid singer.
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FIGURE 7

10.3389/frobt.2024.1463477

The results of Granger causality (GC) analysis of the temporal modulations in sound amplitude between the partner and the participant as a function of
tempo (Fast Song vs. Slow Song) and the type of partner (Human or Vocaloid) for individual participants (P1 - P7). Granger causality values for both
directions, from the amplitude envelope of the partner to that of the participant, and from the amplitude envelope of the participant to that of the
partner are presented. Error bars represent +1 standard error of the mean.

We investigated whether the temporal correlations between a human
singer’s amplitude envelope and that of an unseen partner could be
distinguished across conditions featuring a human partner versus
an artifcial Vocaloid partner.

T e results of the present experiment suggested that participants
in the present experiment distinguished the human partner and
the artifcial partner by “doing” Even without visual cues, our
participants synchronized their singing behavior more anticipatorily
with the human partner compared to the artifcial partner,
highlighting distinct dynamics between the two partners. Tis
anticipatory synchronization led to a closer temporal alignment of
the amplitude envelopes of singing sounds with those of the human
partner compared to the artifcial partner condition.

Considering the subtle tempo fuctuations in the human
partner’s singing voice, it is unlikely that our participants relied on
a “constant tempo” strategy, where they would maintain a steady
tempo akin to a metronome in their minds. What alternative
strategies enable human participants to better coordinate their
singing voice with a fuctuating tempo compared to a constant
tempo? One possible interpretation of the present results is that
the singing sound of the human partner contained detectable
information related to the unfolding of its dynamics in the near
future (e.g., breath sounds). If perceptually detectable information
exists in the human voice (but not in the voice of Vocaloid)
that enables the coupling of the present change of state to the
upcoming state of afairs, then anticipatory synchronization through
perceptual coupling to auditory information is theoretically feasible
(Stepp and Turvey, 2010). If a human participant successfully tunes
into such information about the near future available in the present
(termed as the “current future” in Bootsma, 2009), then we would
expect to observe two key results from the present experiment: a
pronounced tendency for anticipation and an increased similarity in
the unfolding dynamics of the amplitude envelopes in the human-
partner condition compared to the artifcial partner condition.
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Another plausible explanation for these results is that human
participants and their human partners share similar intrinsic
dynamics of the body. Consequently, singing with a human singer
is naturally more coordinated compared to singing with a Vocaloid
singer, which lacks these shared intrinsic dynamics. T e dynamics
of the singing voice are infuenced by the air pressure in the lungs
and the mechanical properties of the elastic folds of the mucous
membrane lining the larynx (vocal cords), which are controlled
by numerous laryngeal muscles (Sundberg, 1977). Considering the
intricate biomechanics involved in singing, the dynamic unfolding
of the singing voice is expected to refect the characteristics of
human vocal organs operating within specifc biomechanical and
environmental constraints. T erefore, it is likely that the amplitude
envelopes of singing voices from human participants and their
human partners would naturally align, displaying similar patterns
of temporal unfolding. Furthermore, it is plausible that shared
intrinsic dynamics enable the singer to attune to subtle, detectable
information about the unfolding of the partner’s singing voice.
Te present ndings suggest that participants found it easier to
sing along with the human partner than with the artifcial partner.
Because human singers share the intrinsic dynamics of the body,
they may naturally synchronize their rhythm with that of a partner
when subtle auditory information about the partner’s embodied
action is available. While some intrinsic dynamics are universally
shared (e.g., airfow through the vocal folds is essential for singing),
social or normative aspects of communal singing practices might
also infuence the degree of temporal alignment between two human
singers (see Nonaka et al., 2024, for a related discussion in pottery
practice). Future research could investigate how a shared community
of practice impacts temporal alignment between singers when they
sing together.

Future research could explore identifying auditory variables that
enable a human singer to coordinate efectively with others. Once
these variables are identifed, they could be implemented in vocal
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synthesizers to experiment with manipulating these variables and
observing how such changes afect the dynamics of singing together.
Another intriguing area of research could be to explore the nature of
morphological computation involved in singing (c.f., Pfeifer et al.,
2007). By carefully considering the biomechanics and passive
dynamics that create the distinctive patterns of human singing, it
may be possible to replicate these temporal patterns so precisely that
human participants would fnd the behavior of human and artifcial
partners indistinguishable.

5 Conclusion

T e present study tested whether a singer’s coordination patterns
difer when singing along with an unseen human partner versus an
artifcial partner (VOCALOID 6 voice synthesis sofware). We used
cross-correlation analysis to compare the similarity of the amplitude
envelope time series between the partner’s and participant’s voices, the
time delay that produced the highest degree of similarity between the
two time series, and the degree of phase alignment (i.e., synchrony)
between the amplitude envelopes of the partner’s and participant’s
singing voices. We also conducted a Granger causality test to determine
whether the past amplitude envelope of the partner helps predict
the future amplitude envelope of the participants, or if the reverse is
true. We observed more pronounced anticipatory synchronizationand
greater similarity in the unfolding dynamics of amplitude envelopes
in the human-partner condition compared to the artifcial partner
condition, despite the tempo fuctuations in the human-partner
condition. T eresultssuggest that subtle qualities of the human singing
voice, possibly stemming from the intrinsic dynamics of the human
body, may provide information that enables human singers to align
their singing behavior with that of a human partner.

Data availability statement

Te raw data supporting the conclusions of this article are
available on request from the corresponding author.

Ethics statement

Te studies involving humans were approved by Te Ethics
Committee at the Graduate School of Human Development and
Environment, Kobe University. Te studies were conducted in
accordance with the local legislation and institutional requirements.
Te participants provided their written informed consent to
participate in this study.

References

Barnett, L., and Seth, A. K. (2014). Te MVGC multivariate Granger causality
toolbox: a new approach to Granger-causal inference. J. Neurosci. Methods 223, 50-68.
doi:10.1016/j.jneumeth.2013.10.018

Bootsma, R. J. (2009). Te (current) future is herel. Perception 38, 851.
doi:10.1068/pmklee

Frontiers in Robotics and Al

10.3389/frobt.2024.1463477

Author contributions

RN:  Conceptualization, Data curation, Investigation,
Visualization, Writing—original draf, Writing—review and editing.
TN: Conceptualization, Funding acquisition, Methodology,
Project administration, Supervision, Writing—original draf,
Writing—review and editing.

Funding

Te author(s) declare that fnancial support was received for
the research, authorship, and/or publication of this article. Tis
research was supported by Japan Society for the Promotion of
Science KAKENHI (grant numbers JP21KK0182, JP23K22259,
JP24K?21323) and the Strategic Research Promotion Support Fund
of Kobe University in FY2024.

Acknowledgments

Te authors are grateful to Ryosuke O. Tachibana, who kindly
ofered advice on the method of extracting the amplitude envelopes
in human vocal sounds.

Confict of interest

Te authors declare that the research was conducted in the
absence of any commercial or fnancial relationships that could be
construed as a potential confict of interest.

Te handling editor AA is currently organizing a Research Topic
with the author TN.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their afliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

Te Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/frobt.2024.
1463477/full#fsupplementary-material

Braiman, C., Fridman, E. A., Conte, M. M., Voss, H. U, Reichenbach,

C. S, Reichenbach, T, et al. (2018). Cortical response to the natural
speech envelope correlates with neuroimaging evidence of cognition
in severe brain injury. Curr. Biol. 28, 3833-3839.3. doi:10.1016/
j.cub.2018.10.057

frontiersin.org


https://doi.org/10.3389/frobt.2024.1463477
https://www.frontiersin.org/articles/10.3389/frobt.2024.1463477/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frobt.2024.1463477/full#supplementary-material
https://doi.org/10.1016/j.jneumeth.2013.10.018
https://doi.org/10.1068/pmklee
https://doi.org/10.1016/j.cub.2018.10.057
https://doi.org/10.1016/j.cub.2018.10.057
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org

Nishiyama and Nonaka

Burger, B., Tompson, M. R, Luck, G., Saarikallio, S. H., and Toiviainen, P. (2014).
Hunting for the beat in the body: on period and phase locking in music-induced
movement. Front. Hum. Neurosci. 8, 903. doi:10.3389/fnhum.2014.00903

Chang, A., Livingstone, S. R., Bosnyak, D. J., and Trainor, L. J. (2017). Body sway
refects leadership in joint music performance. Proc. Natl. Acad. Sci. 114, E4134-E4141.
doi:10.1073/pnas.1617657114

Chen, W. J,, Ko, I. S, Lin, C. A, Chen, C. J, Wu, J. S., and Chan, C. K. (2023).
Detection of anticipatory dynamics between a pair of zebrafsh. Entropy 26, 13.
doi:10.3390/e26010013

DAusilio, A, Novembre, G., Fadiga, L., and Keller, P. E. (2015). What can music tell us
about social interaction? Trends Cogn. Sci. 19, 111-114. doi:10.1016/j.tics.2015.01.005

Ding, N., Patel, A. D., Chen, L., Butler, H., Luo, C., and Poeppel, D. (2017).
Temporal modulations in speech and music. Neurosci. Biobehav. Rev. 81, 181-187.
doi:10.1016/j.neubiorev.2017.02.011

Dotov, D., Camarena, D., Harris, Z., Spyra, J., Gagliano, P, and Trainor, L. (2024).
If Turing played piano with an artifcial partner. arXiv Prepr. arXiv:2402.08690.
doi:10.48550/arXiv.2402.08690

Elliott, T. M., and Teunissen, F. E. (2009). T e modulation transfer function for
speech intelligibility. PLoS Comput. Biol. 5, €1000302. doi:10.1371/journal.pchi.1000302

Issa, M. F, Khan, I, Ruzzoli, M., Molinaro, N., and Lizarazu, M. (2024). On
the speech envelope in the cortical tracking of speech. Neurolmage 297, 120675.
doi:10.1016/j.neuroimage.2024.120675

Keller, P. E., Knoblich, G., and Repp, B. H. (2007). Pianists duet better when they play
with themselves: on the possible role of action simulation in synchronization. Conscious.
Cogn. 16, 102-111. doi:10.1016/j.concog.2005.12.004

Kenmochi, H., and Ohshita, H. (2007). VOCALOID-commercial singing synthesizer
based on sample concatenation. Interspeech 2007, 4009-4010.

Kim, J, and André, E. (2008). Emotion recognition based on physiological
changes in music listening. IEEE Trans. Pattern Anal. Mach. Intell. 30, 2067-2083.
doi:10.1109/TPAMI.2008.26

Klein, L., Wood, E. A., Bosnyak, D., and Trainor, L. J. (2022). Follow the sound of my
violin: Granger causality refects information fow in sound. Front. Hum. Neurosci. 16,
982177. doi:10.3389/fnhum.2022.982177

Konvalinka, 1., Vuust, P., Roepstorf, A., and Frith, C. D. (2010). Follow you, follow
me: continuous mutual prediction and adaptation in joint tapping. Q. J. Exp. Psychol.
63, 2220-2230. doi:10.1080/17470218.2010.497843

Kihne, K., Fischer, M. H., and Zhou, Y. (2020). Te human takes it all:
humanlike synthesized voices are perceived as less eerie and more likable.
Evidence from a subjective ratings study. Front. Neurorobotics 14, 593732.
doi:10.3389/fnbot.2020.593732

Frontiers in Robotics and Al

10

10.3389/frobt.2024.1463477

Lenth, R. (2024). Emmeans: estimated marginal means, aka least-squares means. R.
package version 1.10.5. Available at: https://rvienth.github.io/emmeans/.

Moran, N. (2014). Social implications arise in embodied music cognition
research which can counter musicological “individualism” Front. Psychol. 5, 676.
doi:10.3389/fpsyg.2014.00676

Nonaka, T., Gandon, E., Endler, J. A., Coyle, T., and Bootsma, R. J. (2024).

Cultural attraction in pottery practice: group-specifc shape transformations
by potters from three communities. PNAS nexus 3, pgae055. doi:10.1093/
pnasnexus/pgae055

Pfeifer, R., Lungarella, M., and lida, F. (2007). Self-organization, embodiment, and
biologically inspired robotics. Science 318, 1088—1093. doi:10.1126/science.1145803

Pinheiro, J,, Bates, D., DebRoy, S., Sarkar, D., Heisterkamp, S., Van Willigen,
B. and R Core Team (2024). Package ‘nlme’ Linear and nonlinear mixed efects
models. version, 3—-165. Available at: https.//svn.r-project.org/R-packages/trunk/nime/
(Accessed August 14, 2024).

Proksch, S., Reeves, M., Spivey, M., and Balasubramaniam, R. (2022). Coordination
dynamics of multi-agent interaction in a musical ensemble. Sci. Rep. 12, 421.
doi:10.1038/541598-021-04463-6

Saino, K. (2019). Applied technology for singing synthesis: singing synthesis system.
J. Acoust. Soc. Jpn. 75, 406—411. doi:10.20697/jasj.75.7_406

Sawyer, R. K. (2014). Group creativity: music, theater, collaboration. New York, NY:
Psychology Press.

Schreibelmayr, S., and Mara, M. (2022). Robot voices in daily life: vocal human-
likeness and application context as determinants of user acceptance. Front. Psychol. 13,
787499. doi:10.3389/fpsyg.2022.787499

Sebanz, N., Bekkering, H., and Knoblich, G. (2006). Joint action: bodies and minds
moving together. Trends Cogn. Sci. 10 (2), 70-76. doi:10.1016/j.tics.2005.12.009

Stepp, N., and Turvey, M. T. (2010). On strong anticipation. Cogn. Syst. Res. 11,
148-164. doi:10.1016/j.cogsys.2009.03.003

Sundberg, J. (1977). Te acoustics of the singing voice. Sci. Am. 236, 82-91.
doi:10.1038/scientifcamerican0377-82

Umbert, M., Bonada, J., Goto, M., Nakano, T., and Sundberg, J. (2015). Expression
control in singing voice synthesis: features, approaches, evaluation, and challenges. IEEE
Signal Process. Mag. 32, 55-73. doi:10.1109/MSP.2015.2424572

Volpe, G., DAusilio, A., Badino, L., Camurri, A,, and Fadiga, L. (2016). Measuring
social interaction in music ensembles. Philos. Trans. R. Soc. Lond. B Biol. Sci. 371,
20150377. doi:10.1098/rsth.2015.0377

Welch, G. F, Himonides, E., Saunders, J., Papageorgi, I., and Sarazin, M. (2014).
Singing and social inclusion. Front. Psychol. 5, 803. doi:10.3389/fpsyg.2014.00803

frontiersin.org


https://doi.org/10.3389/frobt.2024.1463477
https://doi.org/10.3389/fnhum.2014.00903
https://doi.org/10.1073/pnas.1617657114
https://doi.org/10.3390/e26010013
https://doi.org/10.1016/j.tics.2015.01.005
https://doi.org/10.1016/j.neubiorev.2017.02.011
https://doi.org/10.48550/arXiv.2402.08690
https://doi.org/10.1371/journal.pcbi.1000302
https://doi.org/10.1016/j.neuroimage.2024.120675
https://doi.org/10.1016/j.concog.2005.12.004
https://doi.org/10.1109/TPAMI.2008.26
https://doi.org/10.3389/fnhum.2022.982177
https://doi.org/10.1080/17470218.2010.497843
https://doi.org/10.3389/fnbot.2020.593732
https://rvlenth.github.io/emmeans/
https://doi.org/10.3389/fpsyg.2014.00676
https://doi.org/10.1093/pnasnexus/pgae055
https://doi.org/10.1093/pnasnexus/pgae055
https://doi.org/10.1126/science.1145803
https://svn.r-project.org/R-packages/trunk/nlme/
https://doi.org/10.1038/s41598-021-04463-6
https://doi.org/10.20697/jasj.75.7_406
https://doi.org/10.3389/fpsyg.2022.787499
https://doi.org/10.1016/j.tics.2005.12.009
https://doi.org/10.1016/j.cogsys.2009.03.003
https://doi.org/10.1038/scientificamerican0377-82
https://doi.org/10.1109/MSP.2015.2424572
https://doi.org/10.1098/rstb.2015.0377
https://doi.org/10.3389/fpsyg.2014.00803
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org

	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Music materials
	2.3 Procedure
	2.4 Data analysis
	2.4.1 Amplitude envelope
	2.4.2 Cross correlation
	2.4.3 Granger causality
	2.4.4 Statistical analysis


	3 Results
	4 Discussion
	5 Conclusion
	Data availability statement

