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ABSTRACT 

In small musical groups, performers can seem to coordinate their movements almost 
effortlessly in remarkable exhibits of joint action and entrainment. To achieve a common musical 
goal, co-performers interact and communicate using non-verbal means such as upper-body 
movements, and particularly head motion. Studying these phenomena in naturalistic contexts 
can be challenging since most techniques make use of motion capture technologies that can be 
intrusive and costly. To investigate an alternative method, we analyze video recordings of a 
professional instrumental ensemble by extracting trajectory information using pose estimation 
algorithms. We examine Kansei perspectives such as the analysis of non-verbal expression 
conveyed by bodily movements and gestures, and test for causal relationships and directed 
influence between performers using the Granger Causality method. We compute weighted 
probabilities representing the likelihood that each performer Granger Causes co-performers’ 
movements. Effects of different aspects of musical textures were examined and results indicated 
stronger directionality for homophonic textures (clear melodic leader) than polyphonic 
(ambiguous leadership). 
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1 INTRODUCTION 

Temporal data now appear everywhere, and this statement is getting increasingly true with 
the availability of new modalities, recording devices, and innovations. With recent advancements, 
studying joint human activities is becoming increasingly accessible, and thus helps with 
investigating perception and actions among individual and small group setups. 

Coordinating tasks is an essential aspect of our lives, and we tend to demonstrate remarkable 
examples of cognitive and movement-related synchrony to achieve shared task objectives. 
Humans have a presumably innate capability to entrain their movements, and this is particularly 
seen in artistic activities such as music and dance where we tend to exhibit intrapersonal and 
interpersonal entrainment (Clayton et al., 2005; Miyata et al., 2017). The evolutionary process 
has rendered humans to indulge in social interactions where we may use different communicative 
capabilities such as voice tonal quality, facial expressions, and bodily gestures, along with 
cognitive capabilities of perceptual sensitivity and heightened attention to achieve common goals 
in joint actions (Knoblich & Sebanz, 2006; Tomasello & Vaish, 2013). 

In social situations, it is but natural for humans to assume different roles (leader or follower) 
during joint actions (Chauvigné & Brown, 2018). This can be observed in situations where two 
people coordinate their movement to lift and move a large heavy object while providing each 
other with verbal cues. These cues can also be non-verbal, as seen in artistic activities such as 
dance or musical performances where participants entrain their movements, assume the role of 
a leader or follower depending on the structural task (Keller et al., 2014; Noy et al., 2011), and 
adapt to each others’ actions at different temporal scales (Chang et al., 2017; Kirschner & 
Tomasello, 2009; Noy et al., 2011; Shockley et al., 2003). Music ensembles thus serve as ideal 
test-beds to study leader-follower relationships in joint actions. They tend to act as self-regulated 
groups that mutually contribute to commonly shared goals of delivering a flawless performance 
by avoiding errors. With the objective to fulfill the aesthetic and technical goals of a musical 
composition, ensemble groups members exhibit non-verbal cues such as synchronized bodily 
movements, especially upper body movements among string quartets (e.g., Keller & Rieger, 
2009). During the collective process of co-creation of music, these movements eventually lead to 
synchronized states where a musical group slowly converges into a single organism (Camurri et 
al., 2016; Varni et al., 2010). 

In this paper, we investigate such subtler, “Kansei”-level, qualitative features of joint actions, 
particularly the directionality of influence of a leader-follower relationship that emerges during a 
music performance, which is often communicated using ancillary body movements such as head 
and body sway (Alborno et al., 2019; Bishop et al., 2021; Chang et al., 2019; Hilt et al., 2019). 
Based on previous studies (Badino et al., 2014; Hilt et al., 2019), Granger causality (GC) is utilized 
to quantify the directionality of influence by making use of trajectory information of the head 
motion (Granger, 1969). These data are extracted using pose estimation algorithms on video 
sequences of a professional musical ensemble’s performance. Unlike previous methods that 
made use of marker-based motion capture data (MoCap) (Badino et al., 2014; Chang et al., 2017; 
D’Ausilio et al., 2012; Hilt et al., 2019), we used video recordings with marker-less techniques to 
localize body coordinates of interest. An important contribution of this study is to propose a 

108



KEER 2022 | 9TH INTERNATIONAL CONFERENCE ON KANSEI ENGINEERING AND EMOTION RESEARCH 2022 

conceptual approach to examine “Kansei”-level information by investigating directional flow of 
non-verbal communication using only video sequences, thus allowing the examination of 
musicians’ movements and associated interactions in naturalistic settings. We also use this 
technique to then address research questions about the effects of musical structure on 
leadership dynamics. 

This paper is organized as follows: in Section 2, we highlight the research objectives and 
present relevant studies that have examined leadership dynamics in social situations  and on the 
associated effects of musical textures on leader-follower relationships; Section 3 begins by 
describing our conceptual approach and methodology to measure directionality of influence, and 
this is followed by presenting the dataset; Section 4 we present statistical results and in Section 
5 we discuss results, conclude the paper, and highlight the limitations and possible future 
activities. 

2 RESEARCH OBJECTIVES AND RELATED WORK 

In this research, our objectives are twofold: 

1. Propose a conceptual approach and framework for extracting “Kansei”-level features for 
the analysis of leadership dynamics in small group interactions; and 

2. Utilize such an approach to investigate the effects of musical texture and directionality of 
coupling 

In this section we summarize the background and related work with regards to the above-
mentioned objectives of this study, i.e., (i) existing methods adopted to analyze leadership 
dynamics in joint musical actions and (ii) studies examining causal relationships of musical 
textures. 

2.1  Social interaction and leadership in joint musical actions  
Humans tend to coordinate tasks with each other almost effortlessly, especially in socially 

engaging situations such as lifting heavy objects together or jointly playing drums where the 
limbs’ movements eventually synchronize to a common beat (Wallin et al., 2001). In the case of 
musical ensembles, a shared state of synchronization, often termed entrainment, indicates a 
spatiotemporal coordination between two or more individuals (Phillips-Silver & Keller, 2012), and 
is observed among musical performers who engage and communicate with each other non-
verbally to achieve the technical and artistic objectives of a musical piece (Clark, 1996; Keller et 
al., 2016; Sebanz et al., 2006). During such joint actions, the importance of leadership in group 
dynamics is often highlighted for the successful co-creation of sound (Murnighan & Conlon, 1991; 
Timmers et al., 2014).  

Looking at four relevant studies on GC in musical ensembles, one analyzed position (Chang et 
al., 2017) and three analyzed acceleration time-series data (Bishop et al., 2019; D’Ausilio et al., 
2012; Hilt et al., 2019). Using GC, we can infer the causal relationships between two co-
performers’ movement-related time series, to check if one (leader) stimulates movement in 
another (follower) (Glowinski et al., 2012). Following Chang et al. (2017), we use position time-
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series information, and in addition to the anterior-posterior head sway, we also made use of 
proximal and distal head movements. Previous research in small group interactions have 
suggested that the coordination of upper-body movements, particularly head movements, are 
correlated with the onset of sounds, showcasing that both audio and visual cues are utilized to 
communicate during music performances (Bishop & Goebl, 2018; Ragert et al., 2013) and head 
movement coordination is closely linked with a higher sense of connectedness (Latif et al., 2014; 
Marsh et al., 2009). Additionally, it has been found that the anterior-posterior sway of upper-
body movements is informative about leader-follower relationships (Keller & Appel, 2010). 

While our proposed approach specifically addresses musical ensembles, it is in essence being 
utilized to study leader-follower relationships in small group interactions. Musical ensembles 
happen to be valuable experimental setups to study subtler aspects of non-verbal communication 
in small groups, and an added benefit is that, as researchers, we can set strong experimental 
controls (D’Ausilio et al., 2015). 

2.2 Effects of musical texture  
In the present study, we address how the variation in directionality of coupling relates to the 

musical texture, a structural aspect of music related to the complexity of the relationship between 
multiple simultaneously sounding parts. While it is not definitively clear how textural changes can 
affect group dynamics and eventual coordination, based on previous research (Novembre et al., 
2015; Noy et al., 2011; Sabharwal et al., 2022; Varlet et al., 2020), we hypothesize that our 
measurement of the influence in directionality of coupling would be higher in homophonic 
textures than in polyphonic textures. Homophonic textures are those where there is a clear 
melodic leader while in polyphonic textures the leadership is distributed among co-performers. 

3 CONCEPTUAL FRAMEWORK, DATA AND METHODOLOGY 

In a previous study (Sabharwal et al., 2022), we proposed huSync (Human Sync), a multimodal 
computational model and system to study the small group interactions that entail non-verbal 
social communicative behavior. We utilized huSync to quantify interpersonal coupling in a small 
musical group and revealed how dyadic synchronization varied as a function of textural demands 
and position within the musical phrase. As an extension of our previous work, and to address the 
research objectives of this study, we make an attempt to quantify mutual interaction, and 
leadership and study the effects of musical structure on the directionality of coupling by making 
use of relatively long timescales of upper-body movements such as head sway (Alborno et al., 
2019; Chang et al., 2019; Hilt et al., 2019). 

 

Figure 1 An illustration of our experimental approach 
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From the computational model shared in Sabharwal et al. (2022) (Ref. Fig. 1), we derive our 
experimental approach which consists of the following four steps: 

1. Input signal: In the first step (Fig. 1(A)) we read the video signals from standard video 
recordings and pre-process using the pose estimation algorithm AlphaPose (Fang et al., 
2018), to obtain a json file consisting of trajectory information of (x,y) body part locations 
sampled at 30Hz. 

2. Feature extraction of relevant key-point(s): On observing the outputs available using 
AlphaPose, the best representation of the head from the available face landmarks was 
the nose key-point, and here we select it as a cue on head sway. The nose trajectory data 
are then utilized to quantify directionality of influence among performers in the next block 
(Fig. 1(B)). 

3. Measurement of entrainment: In the third block (Fig. 1(C)), we measure the directionality 
of information flow by applying GC using the Statsmodels Python module (Seabold & 
Perktold, 2010), on time-series data of the X and Y coordinates separately for all possible 
dyadic pairs. For the viola player (Fig. 2, center), due to the seating position and being in 
the center of the camera view, an anterior-posterior sway is not effectively tracked, and 
thus we also use the Y coordinate to track proximal and distal movements, which were 
noted to be reliable during our feasibility tests. On performing the GC test to check if time-
series A causes B, and if p<.05 we reject the null hypothesis and infer that the past values 
of A have a statistically significant effect on the current value of B – thereby 
demonstrating a causal relationship between the two time-series. In musical 
performances, as in most behaviors, it is common to have a delay in between a stimulus 
and response (Chang et al., 2017, p. 20; Meals, 2020), and to address this issue, we 
performed GC tests for a lag of ~1 sec and used multiple lag lengths up to 30 (equal to the 
sampling rate), for both the X and Y coordinates of the nose key-point separately for each 
pair. 

4. Analysis: In the fourth step (Fig. 1(D)) GC results obtained are mapped in a tabular layout 
for further analysis. Specifically, for each phrase analyzed, a table is made with the column 
values indicating the Granger causing time-series, with 1 representing the left-most 
musician (violin) and 5 representing the right-most (clarinet). We assign a ‘1’ for cells 
where we detect GC (irrespective of lag) and assign ‘0’ for other cells where the time-
series were either not stationary or where p>.05. Fig. 3 represents the mapping process 
adopted to assign binary values to the GC results. Here, ‘NC’ implies ‘Not calculated’ since 
either one of the time-series was not stationary, and was also assigned ‘0’, while NA 
implies ‘Not applicable’. 

 

Figure 2 Mapping process of GC results to binary values 

111



KEER 2022 | 9TH INTERNATIONAL CONFERENCE ON KANSEI ENGINEERING AND EMOTION RESEARCH 2022 

This framework was used on a dataset consisting of performance recordings by the Omega 
Ensemble, a professional chamber music group from Australia. For our study, we performed an 
analysis on recordings (Fig. 2) of the Clarinet Quintet in B minor (Op. 115) written in 1891 by 
Johannes Brahms (1833-1897).  

 

Figure 3 An image from the performance of the Brahms Clarinet Quintet (Left) and output available 
with tracked key-points using a pose estimation algorithm (Right) 

Videos were recorded using a front camera, and split into parts based on textural annotations 
(homophonic and polyphonic) that were made using ELAN (ELAN, 2022) based on a musicological 
analysis of the published score. In Table 1 we report the number of phrases that were selected 
for our study. We made use of an equal number of homophonic and polyphonic phrases to have 
balanced textural classifications, and their minimum, maximum, median, and average duration.  

Table 1 Summary of the complete dataset and selected phrases for our experiments. 

    Complete Dataset   Selected Phrases 
    Duration (s) 

Count 
  Duration (s) 

Count 
Texture   Minimum Maximum Median Average   Minimum Maximum Median Average 

Homophonic   15.03 38.20 19.74 21.57 27   16.75 34.87 21.60 23.51 12 
Polyphonic   15.49 33.08 23.10 23.53 20   15.49 27.55 20.16 21.11 12 

4 RESULTS 

A two-way analysis of variance (ANOVA) was conducted on the GC values yielded by the 
analysis procedure (Fig. 1(D)), and statistical tests were run in jamovi version 1.6.23 (The jamovi 
project, 2021). In line with our hypothesis, the reported estimated marginal means in Fig. 4 
indicates that the mean value of homophonic textures, where we observe distinct melodic 
leadership, is higher as compared to the polyphonic texture where leadership is rather 
ambiguous. 
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Figure 4 A plot showing the mean values of GC for homophonic and polyphonic textures 

An approach for ANOVA using binary values was adopted (Luepsen, 2021), and we entered in 
it GC results for all combinations of dyadic pairs. Head Sway (Nose trajectory data as X and Y 
coordinates) was included as a within subjects factor, and Texture (Homophonic, Polyphonic) and 
Pair (each pair represented as M1-M2, where M1 granger causes M2) as between subjects 
factors. The ANOVA results are illustrated in Table 2, where values revealing statistical significance 
have been highlighted in green. 

Table 2 ANOVA results for Between and Within Subjects Effects for the Brahms concert 

Between Subjects Effects 

  Sum of Squares df Mean Square F p 
Pair 10.15 19 0.534 2.041 0.006 
Texture 2.2 1 2.204 8.421 0.004 

Pair ✻ Texture 3.21 19 0.169 0.646 0.871 

Residual 115.17 440 0.262     
            

Within Subjects Effects 
  Sum of Squares df Mean Square F p 

Head Sway 4 1 4.004 19.047 < .001 

Head Sway ✻ Pair 4.16 19 0.219 1.042 0.410 

Head Sway ✻ Texture 1.67 1 1.667 7.928 0.005 

Head Sway ✻ Pair ✻ Texture 3.67 19 0.193 0.918 0.561 

Residual 92.5 440 0.21     

 

Results revealed statistically significant main effects of Texture, F(1,440) = 8.421, p = 0.004, 
Pair, F(19,440) = 2.041, p = 0.006, and Head Sway, F(1,440) = 19.047, p<.001. Additionally, a 
significant two-way interaction between Head Sway and Texture was also observed, F(1,440) = 
7.928, p=0.005. Head Sway (X and Y coordinates) was included in the ANOVA to account for 
variance related to movement direction, but this variable was not of theoretical interest and the 
results will not be presented for the separate dimensions. While these are early findings, results 
for the texture effect confirms stronger evidence for directional coupling in homophonic textures. 
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5 DISCUSSION AND CONCLUSION 

The contributions of this work are two-fold. On one hand, we present our experimental 
approach to study the directionality of coupling among small group setups, and we do so using 
non-intrusive methods. On the other hand, we test our approach on ensemble music 
performances in an attempt to extract finer subtleties, and aspects, of non-verbal expression. We 
analyze how head sway influences unfolding leadership dynamics among co-performers, and that 
stronger directional influence is observed in homophonic textures characterized by the presence 
of a melodic leader) as compared to a more egalitarian polyphonic textures. A key benefit of this 
approach is the use of video sequences as input signals which enables experimentation with 
naturalistic movement patterns. 

We would like to highlight some limiting factors observed in our approach. While alternative 
tracking methods such as marker-based systems are expensive and can cause discomfort among 
participants, the data available are relatively less noisy as compared to marker-less techniques. 
There are technical challenges to overcome with marker-less methods such as dependency on 
frame resolution, occlusion, and variations in illumination, to name a few. Another limitation 
observed is that the data need to be stationary when using GC. If we apply any techniques to 
resolve this, we modify the underlying nature of the time-series from non-stationary to 
stationary, and this can affect the outcome of results. Previous studies (Pearl, 2000) suggest that 
GC could be used for statistical studies but making use of it for causal relationships is 
questionable. Additionally, it is still unclear how textural variations affect group entrainment and 
dynamics, and the preliminary findings of this study are not appropriate for making conclusive or 
general statements. 

In the future, we aim to further investigate the effects of musical structure and phrase position 
on leadership dynamics in small group setups, and this includes experimenting with more data 
and validating the results with analysis of acoustic features. As highlighted in Sabharwal et al. 
(2022) as well, this approach and framework provides a dependable and an unintrusive method 
in comparison to current methodologies for studying expressive, or “Kansei”-like, aspects of 
human body movements and their associated qualities. 
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