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Abstract. Interpersonal coordination within a dyadic musical performance requires that the two musicians share a 
similar mental model of the music’s timing structure. In addition to non-fluctuating inter-onset-interval, matched 
mental models can be observed through corporeal articulations and apparent embodiment of musical features (i.e. 
synchronous body sway, mimicked or complementary gestures). Our aim was to examine the effect of tempo on 
interpersonal coordination within a musical dyad. Violin dyads performed three unfamiliar collaborative musical 
sequences  in  facing  vs.  non-facing  conditions.  Our  hypotheses  were  that  interpersonal  coordination  would  be 
weakened in the non-facing conditions, and that synchronization would be affected by both very slow and very fast 
tempi. The current paper reports the project’s initial and general findings. We present results relating to the dyads’ 
ability to synchronize and have performed tests on the motion capture data to examine how movement patterns 
change between the front- and back-facing conditions.
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1 Introduction     

Interpersonal  coordination  within  a  dyadic  musical  performance  requires  that  the  two 
musicians share a similar mental model of the music’s timing structure. Examples of matched 
interactive  behaviour,  or  entrainment,  include  synchronous  body  sway,  mimicked  or 
complementary  gestures,  and  a  shared  focus  of  attention.  These  behaviours  unfold 
spontaneously and are as unpredictable as they are inevitable.

The study of  interpersonal  coordination of  timing within joint  musical  interactions has 
traditionally been studied using a finger-tapping paradigm, which revealed much knowledge 
regarding  tempo  cognition.  For  instance,  London  [1]  noted  that  there  exists  a  range  of 
greatest  pulse  salience  wherein  both  musicians  and  non-musicians  can  best  perform 
interactive continuation tasks beginning with a pacing metronome of around 120 beats per 
minute. Maintaining interpersonal synchrony (and keeping the pacing metronome’s tempo) is 
much more difficult at extremely slow and extremely fast tempi [2].

Recent work within embodied music cognition has shown there exists a clear relationship 
between corporeal movement (for example in dancing) and music’s metrical hierarchy [3]. 
Optical  motion capture has increasingly been employed to study the role  of  the body in 
interpersonal  coordination  while  performing a  musical  task  [4].  For  instance,  Keller  and 
Appel [5] tracked the movements of pianist dyads and found that musical interaction was 
enhanced when musicians performed in view of one another. Other studies investigated the 
cases  of  knowing  (or  not  knowing)  the  partnering  musician’s  partition  [6]  and  leader/ 
follower dynamics [7]. Interestingly, Himberg & Thompson, [8] investigated entrainment in 
dance/vocal performance within groups of experts and novices. Their findings revealed that 
interpersonal  coordination  between  expert  and  novice  dancers  did  not  follow  a  leader/
follower dynamic, but rather groups remained synchronized through mutual adaptation in 
response to each other’s movements.

Keller  [9]  provides  a  framework  for  which  to  study  interpersonal  coordination  within 
musician dyads at both the descriptive and explanatory levels. The descriptive level deals 



with quantifying behavioral measures such as the dyad’s ability to remain temporally and 
expressively  synchronized.  The  explanatory  level  deals  with  psychological  mechanisms 
related to  interpersonal  coordination.  Crucial  to  this  level  are  musicians’ cognitive-motor 
facilities for adapting personal behavior while attending and anticipating online changes in 
their partner’s behavior. In the current work, we focus on the descriptive level by examining 
the  variability  of  note  onsets  within  performances,  and  also  corporeal  coordination  as 
indicated from motion capture data.

This project offers a novel contribution to work focused on interpersonal coordination in 
dyadic performance by 1) using instruments that allow for a full range of motion (i.e. violins 
performed while standing) and 2) using full-body motion capture for kinematic analysis. Our 
main hypotheses  are  that  interpersonal  coordination would be weakened when musicians 
perform outside of each other’s visual field, and that synchronization would be affected by 
both very slow and very fast tempi. The current paper reports the project’s initial and general 
findings. We present results relating to asynchrony measures, circular statistics measures, and 
how movement patterns may change between the front- and back-facing conditions.

2   Methodology

2.1 Participants   

Seven violin dyads participated in this study (14 musicians total; 12 females; age: mean = 
24.4, sd = 2.4). The violinists were recruited from student populations at the University of 
Jyväskylä  and  the  Jyväskylä  University  of  Applied  Science.  Musicians  had  received  on 
average 16.7 (sd = 3.5) years of instrumental training on the violin. 

2.2 Procedure   

 The  experiment  consisted  of  dyads  performing  three  sets  of  musical  sequences  at  four 
different tempi in facing and non-facing conditions (3x4x2 design). The tempi performed at 
inter-onset intervals (IOI) of 1 s (60 BPM), .667 s (90 BPM), .5 s (120 BPM) and .4 s (150 
BPM). For all seven dyads, the set order was identical (the simplest sequence was performed 
first, and the most complex performed last). However, within each set, the trial order was 
randomized.  To  factor  out  effects  of  leader-follower  relationships,  we  randomly  selected 
which player would begin the sequence. Each performance began with an eight-beat pacing 
metronome, which turned off as the musicians began playing. A description of the sequences 
is  given in Table 1.  The first,  Alternating Repeated Note,  is  meant to simulate a tapping 
paradigm in that both players perform the same action (performing identical notes on violin). 
The second and third (Echoing Scale: the second player repeats the first player’s notes & 
Alternating Scale: an interleaved two-note scale pattern) are increasingly complex, making 
the task of remaining synchronized more difficult. For each sequence, the participants were 
instructed to focus on remaining coordinated with their partner as opposed to keeping to the 
intended BPM. While there were scores on hand to clarify what each violinist should play, 
musicians were encouraged to perform without the use of a score.



Table 1.  Description of the performed Musical Sequences. The notes in brackets indicate 
notes performed by the second player.

2.3   Data-preprocessing

Audio.  Audio  of  the  experimental  trials  was  recorded  using  two  AKG C417  L wireless 
microphones. The microphones were positioned around each violinist’s right ear lobe and 
secured  with  adhesive  tape.  Note  onsets  were  detected  from the  recorded  audio  files  in 
ProTools using the tab to transient feature, which detects the transient portion of a waveform. 
An edit break was created at each note onset, and mini audio files, each representing a single 
note, were exported from ProTools. The audio files were loaded into MATLAB (using the 
wavread function), and matrices of inter-onset-intervals (IOI) were created with each value 
representing the amount of audio samples within consecutive audio clips.

Motion Capture. Optical motion capture data was produced using 8 Qualisys Oqus cameras 
at 120 frames per second. Twenty-six markers were placed on the joints of each musician, 
and five markers were placed on the violin (2 on the bow, and 3 on the violin itself). The data 
was  labeled  within  Qualisys’ Track  Manager  software  and  analyzed  in  MATLAB using 
functions within the MoCap Toolbox [10]. Regular video recordings were made of the trials 
for reference.

3   Results

In this section, we present preliminary analysis completed as of the end of February 2015 as 
not all data have been properly preprocessed. Figure 1 gives examples of representative data. 
The figure plots the inter-onset intervals (IOI) for Dyad 1 performing the Echo Scale in the 
front-facing conditions. This figure demonstrates that in performances at the slowest tempo 
(IOI = 1 sec), musicians tended to perform faster than the pacing metronome, while in the 
fastest tempo (IOI = 0.4), musicians performed slower than the pacing metronome.

3.1   Mean Asynchronies 

The  mean  asynchronies  were  calculated  to  evaluate  the  timing  coordination  within  each 
performance.  First,  we  calculated  the  difference  in  milliseconds  between  each  of  the 
musicians’ note  onsets  (i.e.  in  each  dyadic  performance  the  onsets  from  Player  2  were 
subtracted from the onsets of Player 1). Second, we computed the absolute values of each 
asynchrony, and calculated the mean and standard deviation to obtain an overall index of 
asynchrony  for  the  entire  performance.  These  unsigned  asynchronies’ means  provided  a 
measure of  synchronization stability  for  each performance,  while their  standard deviation 
provided a measure of synchronization precision.

Sequence Decription

Alternating Repeating Note Do (Do) Do (Do) Do (Do) …

Echo Scale Do (Do) Re (Re) Fa (Fa) …

Alternating Scale Do (Re) Mi (Fa) Sol (La) …
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Fig. 1. IOI plots for Dyad 1 performing the Echo Scale sequence.

We conducted three-way ANOVAs to explore the effects of Task, Tempo and Eye contact 
on these measures. For synchronisation accuracy, we found significant Main effects of Task 
(F(2,72) = 53.9, p < 0.0001)  and Tempo (F(3,72) = 24.25, p < 0.0001), a significant two-way 
interaction  of  Task*Eye  contact  F(2,72)  =  177.63,  p  <  0.0001  and  a  significant  three-way 
interaction of Task*Tempo*Eye contact (F(6,72) = 3.78, p = 0.0025). Synchronisation accuracy 
got better as tempo got faster, and it was best in the Alternating Repeating Note -task, second 
best in Echo Scale,  and worst in Alternating Scale.  The two-way interaction is plotted in 
Figure 2A. 

For synchronisation stability, we found significant main effects of Task (F(2,72) = 11.2625, p 
<  0.0001)  and  Tempo  (F(3,72)  =  4.3051,  p  =   0.0075).  Also  the  two-way  interactions  of 
Task*Tempo, Task*Eye contact and the three-way interaction Task*Tempo*Eye contact were 
significant. The main effects were very similar to those found with synchronisation accuracy: 
synchronisation stability  was  the  best  in  ARN-task,  followed by ES  and AS.  The second 
fastest tempo was the least stable, with stability increasing with faster tempi.  The two-way 
interaction Task*Tempo is plotted in Figure 2B.
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Fig. 2. (A) Two-way interaction Task*Eye contact for synchronisation accuracy. (B) Two-way interaction Task*Tempo 

for synchronisation stability. The error bars represent the standard error of the mean.

3.1   Circular Features

Onset  time  series  were  converted  into  phase  difference  time  series  using  three  different 
baselines. The concentration and direction of the circular distributions of these phase values 
represent  three  complementing  measures  of  performance:  using  the  participants’  own 
previous inter-onset interval as a baseline gives us a measure of stability. Using the imagined 
metronome  as  the  baseline  yields  a  measure  of  tempo  stability,  and  using  the  other 
performer’s inter-onset intervals as the baseline gives us a measure of entrainment between 
the  participants.  For  each  circular  distribution  we  calculated  the  mean  direction  (theta), 
representing the mean phase error or asynchrony between the participants’ onsets and the 
baseline  (accuracy)  and  concentration  measure  (R),  which  tells  about  how  stabile  that 
relationship is [11]. Figure 3 shows the summary for Dyads 1-4. The self-stability measure is 
concentrated around the 0 degrees with a high R-value, indicating that participants were able 
to maintain a steady beat. Tempo stability is concentrated in the middle of the circle, showing 
that  the  tempo  of  the  Dyads  differed  from  the  tempo  of  the  pacing  metronome.  The 
entrainment measure is concentrated at 180 degrees, reflecting anti-phase entrainment, with 
the very high R-values signaling that overall, the Dyads remained strongly entrained to each 
other. Overall, Figure 4 demonstrates that violinists were much better at synchronizing with 
each other than staying with metronome.
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Fig. 3.  Summary of circular statistics for Dyads 1-4 (all tempo conditions for all three 
sequences). 

3.3   Motion Analysis

We had first aimed to conduct a corporeal synchrony analysis based on swaying motions of 
the violinists. However, upon viewing the video footage, musicians appeared to sway very 
little. We opted to investigate movement using a simple factor: the total amount of movement 
within  the  facing  conditions  vs.  the  total  amount  of  movement  within  the  non-facing 
conditions.  The total  amount  of  movement  per  trial  was  calculated using the  cumulative 
distance travelled of 14 markers (per individual): Head (mean of 4), shoulders (mean of 2), 
hips (mean of 4), knees (mean of 2), ankles (mean of 2), toes (mean of 2), violin curl. We 
then summed the violinist’s  movement data.  Figure 5 shows the difference in movement 
between the front-facing and back-facing conditions for  Dyad 2.  In each plot,  the y-axis 
represents the total amount of movement within a trial. The values for total distance travelled 
have been normalized for visual representation. Figure 4 shows that generally, there is more 
movement  in  the  front-facing  conditions  for  the  slowest  and  fastest  tempi,  and  these 
differences are consistently significant at p=.05 (paired t-test between facing and back-facing 
trials). The differences are less stated in the two mid-tempo trials. The slowest and fastest 
trials are the hardest in which to maintain synchrony. While Figure 4 is for only one dyad, 
observation of the video recordings indicate similar results show up for the other dyads.
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Fig. 4. The amount of total movement for each trial for Dyad 2. The p-values are the results of paired t-tests between 

facing- and back-facing conditions.

4   Discussion

This  paper  gives  a  general  report  on  a  study  about  interpersonal  coordination  in  dyadic 
performance.  Thus  far,  we  have  examined  the  inter-onset-intervals,  calculated  circular 
statistics to measure synchronization between the dyads, and conducted pairwise t-tests on 
the total amount of movement per trial to see if movement patterns were different between 
front- and back-facing conditions. Regarding the inter-onset-interval analysis, we found that 
dyads sped up at slow tempo (60 BPM) but slowed down at fast tempo (150 BPM). The mid-
range BPM trials varied less from the pacing metronome. Dyads slowed down or sped up 
towards  their  comfortable  rate.  The  circular  statistics  show  clearly  that  musicians 
concentrated on remaining entrained to each other than performing to the pacing metronome 
(the  original  BPM  became  irrelevant  soon  after  the  pacing  metronome  stopped).  The 
movement analysis showed that trials with slow and fast tempi resulted in more significant 
differences in amount of movement between the front- and back-facing conditions. Because 
the extreme tempi trials were more difficult to perform musicians used gestures to a greater 
extent  to  entrain  with  each other  (more  so  than with  the  mid-tempo BPMs).  The facing 
conditions provided an additional outlet for interaction and the violinists took advantage of 
being able to see their partner.

Future  directions  of  this  project  will  investigate  the  effect  of   social  interaction  on 
interpersonal  coordination.  For  instance,  there  were  numerous  occasions  of  laughter 
whenever one of the musicians would make a mistake. The laughter was more prominent in 
the front-facing conditions. There were also issues regarding leader/follower relationships. 
Though  we  did  not  assign  leader/follower  roles,  we  are  interested  to  see  if  such  roles 



developed naturally within dyads, and whether the roles were consistent throughout the trials. 
Finally, future directions will provide a more concrete analysis of the embodiment of meter 
and synchronized movement using windowed cross-correlation analysis. Though synchrony 
and body sway weren’t immediately visible from the video alone, a full kinematic analysis of 
the motion capture data to investigate subtler interactive gestures.
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