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Introduction

The ways in which musicians coordinate their sound and actions in ensemble or “joint” performance
has become a focus of much interest. As a rhythmic stimulus, music has the capacity to entrain
individuals, thus facilitating their social interaction and communication. Novel techniques for mea-
surement of sound as well as movement have led to an explosion of data from performing musical
ensembles. Less clear is a guiding theory to explain the resulting Big Data. Most scientific studies of
music performance have focused on individual differences in solo performance; those include dif-
ferences based on attention, auditory imagery, motor imagery/simulation, memory retrieval, motor
fluency, and feedback monitoring. Fewer of these factors have been examined in the context of per-
forming ensembles.

The recent surge of interest in temporal coordination among performing musicians requires a theo-
retical reorientation to account not only for individual differences within performers but also for the
complex interactions that arise among performers. We describe in this chapter empirical measures of
musical ensembles—two or more individuals engaged in a musical task. The majority of empirical
studies of ensemble performance to date have focused on Western tonal classical music and, in particu-
lar, on small ensembles (duets and quartets). Additional studies have examined how individuals perform
with a computer-generated performance or with a recording (D’ Ausilio, Novembre, Fadiga, & Keller,
2015). In this chapter we focus on the natural case of human ensembles, which permits temporal adap-
tation among all performers. The first section, “Empirical accounts of coordination,” reviews empirical
findings of extrinsic and intrinsic factors of temporal coordination in ensemble music performance.
The second section, “Mathematical models of group coordination,” focuses on mathematical theories
of temporal coordination among performing musicians. Finally, we discuss future directions toward
unifying models of temporal coordination in ensemble music performance.

Empirical Accounts of Coordination

The temporal coordination that arises in nusical ensembles is quite complex; in addition to influences
from auditory cues, coordination can be influenced by visual cues, ensemble size, social relationships,
and other interpersonal factors. The scientific literature on temporal coordination among group
members has focused on intentional and spontaneous tasks. Most musical ensembles in Western tonal
traditions have an explicit intention to coordinate their parts in time; however, coordination can arise
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spontancously as well. The study of group coordination across many movement tasks often distin-
guishes between spontaneous coordination that emerges without intention and intentional (goal-directed)
coordination. Examples of spontaneous coordination include how people adjust their walking stride,
begin to applaud together, or perform with the same style when playing the same part in the same
section of an ensemble. Examiples of intentional coordination between people include throwing and
catching a ball, turn-taking in conversational speech, or conductor-orchestral member leader-follower
relationships in setting a tempo. Spontaneous forms of coordination are thought to emerge from
interactions among individuals that are driven by intrinsic factors, internal to individuals. In contrast,
intentional forms of coordination are often posited to arise from factors extrinsic or external to each
individual. We discuss intrinsic factors and extrinsic factors that may influence temporal coordination
in ensemble performance.

Extrinsic Factors

Influence of Musical Structure

The rhythmic or tonal complexity that arises between performers’ parts can influence temporal coor-
dination in ensemble performance. Often, the rhythmic complexity influences the amount of asyn-
chrony measured between parts (Goebl & Palmer, 2009; Loehr & Palmer, 2009). Greater rhythmic
complexity, defined by the rhythmic ratio formed by inter-player tone duracions, was associated -with
more variable synchronization of tone onsets and more variable inter-onset intervals. The increase in
difficulty can be attributed to increased perceptual, anticipatory, and/or motor complexity of the task.

Tonal relationships between parts can also affect temporal coordination. Loehr and Palmer (2011)
tested the tonal complexity arising between two parts in piano duet performance by altering the
musical composition; in one setting, performers played a homophonic duet in which the tonal and
rhythmic relations were as similar as possible between the parts. In another setting, the performers
played a'polyphonic duet in which the tonal and rhythmic relations differed between the parts. The
total number of tone onsets in each part was held constant across the homophonic and polyphonic
arrangements. Comparison of the temporal patterning showed a similar right-hand/left-hand pattern
across bars for both solo and duet performances; interestingly, the pattern was modulated differentially
for the homophonic and polyphonic parts, regardless of whether one or two people performed the
right- and left-hand parts. Palmer and Loehr (2013) reported similar effects; pianists played two-part
melodies in solo (two hands) or duet performances (each partner performed one part) with either sim-
ple or complex left-hand parts. The simple left-hand structure was associated with greater similarity
of temporal patterning than the complex left-hand structure across both solo and duet performances.

Influence of Group Roles

Several types of group behavior display asymmetries among group members that arise as a function
of the roles that members play, such as soloist-accompanist musician roles. Group roles can alter the
equality or symmetry among members, which in turn can influence measures of coordination. Musi~
cal ensembles often have a leader whose role is to enable the group’ goal of performing in synchrony
by regulating the pace (tempo). In the first experimental study of temporal coordination between
performing musician dyads, Goebl and Palmer (2009) discovered that leader-follower roles directly
influenced synchronization. Each pianist took turns performing the melody or accompaniment in
a piano duet; the pianist performing the melody part, the leader, was in charge of determining the
tempo. Measures of signed asynchronies showed influences of leader-follower roles, with the leader’s
tone onsets tending to precede those of the follower. Manipulations of auditory feedback delivered
over headphones to the pianists showed that the leader tended to be less influenced than the follower
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by the removal of feedback. Palmer, Spidle, Koopmans, and Schubert (2013) reported similar findings
with duet vocalists, who sang a simple melody in unison or in a round {canonical form); each singer in
the duet took turns as the leader, who was in charge of determining the tempo. The signed asynchro-
nies showed that the leader’s tone onsets tended to precede those of the follower. This leader-based
asynchrony remained when the vocalists faced outward (in the absence of visual cues), suggesting the
signed asynchrony findings were acoustically meaningful and not solely a visual cuing phenomenon.

Interestingly, when piano duettists are not assigned roles, their musical parts do not always show a
consistent asynchrony in tone onsets. Loehr and Palmer (2011) studied duet pianists’ ability to per-
form right-hand melodies when the left-hand accompaniment was performed by themselves or by
their partner. The left-hand accompaniment was simple (homophonic style) or complex (polyphonic
style). Mean asynchronies (right hand—left hand) were negative in solo performance, showing the
melody part leading as found in other studies of solo performance (cf. Palmer, 1997). In joint perfor-
mance, however, imean asynchronies were positive, indicating a left-hand lead on average. Temporal
coordination measures (asynchronies and cross-correlations of inter-onset intervals between the parts)
were influenced by individual differences between partners’ spontaneous rates; partners who had sini-
lar spontaneous rates in solo perforniance were better synchronized and showed mutual adaptation
to cach other’s timing during duet performances. Neither performer’s spontancous rates correlated
with the duet performance measures; it was the mismactch between the performers in each pair (rela-
dve differences) rather than the characteristics of either individual (absolute levels) that predicted the
temporal characteristics of the joint performance.

Larger groups also contain leader-follower relationships, sometimes with nested hierarchies, such
as conductors signaling to large orchestras that contain sections with sub-leaders (such as a first violin
in a violin section). Fewer studies have investigated timing relationships influenced by these nested
group roles. Timmers, Endo, Bradbury,and Wing (2014) analyzed acoustic measurements of members
of a string quartc’t performance of a Haydn quartet; within string quartets, artistic leadership is often
attributed to the first violinist, who often performs the primary theme. The first violin’s tone onsets
tended to yield negative asynchronies relative to the tone onsets of the remaining three string quartet
players.

D’Ausilio et al. (2012) recorded conductors’ baton movements and violinists’ bow movements dur-
ing joint performance. As the conductor-to-musician influence of kinematic movements increased,
the musician-to-musician niovement coordination decreased, suggesting that a hierarchical unit had
formed. In a further study of conductors’ gestures, Luck and Toiviainen (2006) captured the move-
ments of a conductor’s baton during a 20-minute ensemble performance to test the hypothesis that
musicians would synchronize primarily with the auditory cues of their fellow performers, while fol-
lowing the visual cues of the baton. The timing of the ensemble performance was cross-correlated
with the conductor’s baton motion. The ensemble’s perforinance exhibited higher cross-correlations
and smaller lag between the conductor’s baton movements for pieces designated as having a clear
beat. These real-world situations of ensemble performers who synchronize with a section leader or
conductor while hearing other performers suggest that sensorimotor integration of one’s own per-
formance within an acoustic/visual environment becomes more complex than simple models to date

can capture.

Intrinsic Factors: Endogenous Rhythms

Intrinsic factors associated with spontaneons coordination also play a role in temporal coordination
between performing musicians. One example of an intrinsic factor that affects a variety of behaviors
in both plants and animals, ranging from metabolic activity to sleep, walking, and other rhythmic
activities, is endogenous frequencies: internal rhythms that exist in the absence of external stimula-
tion (Bunning, 1956; von Holst, 1929). Endogenous rhythms are exhibited in musicians’ spontaneous
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performance rates and show individual differences. Loehr and Palmer (2011) reported a correlation
between individual pianists’ tendency to speed up or slow down while performing a melody follow-
ing an initial metronome cue, and their tendency to lead (negative asynchrony) or follow (positive
asynchrony) a partner’ tone onsets when performing duets. Zamm, Pfordresher, and Palmer (2015)
tested whether individual differences in the spontaneous rates of solo music performance (in the
absence of a metronome) were correlated with the degree of synchronization in joint performance
with a partner. If endogenous rhythms entrain to auditory rhythms present in the environment,
then temporal coordination of duet performance may be constrained by differences in performers’
endogenous rhythms: the greater that difference, the larger the asynchronies that may be observed.
That is indeed what Zamm et al. (2015) found; the larger the differences in spontaneous rates of solo
performance, the larger the signed asynchrony (faster minus slower performer) in duet performance.
In a subsequent study, Zamm, Wellman, and Palmer (2016) showed that pianists’ spontaneous rates
were consistent across musical pieces, across time points {(up to one year), and across arm, hand, and
finger movements (melodies played with the right or left hands). When those pianists were paired
with a duet partner who was matched or mismatched for their spontaneous rates, the resulting abso-
lute asynchronies and the standard deviation of the signed asynchronies (a measure of stability) were
greatest for the mismatched group. None of the pianists’ individual differences, such as individual
spontaneous performance rates or years of musical training, accounted for the asynchrony difference
between groups.

Musicians” spontaneous performance rates, measured by mean tone duration or period (inverse
of frequency), can be interpreted as natural frequencies of internal oscillations and represent stable
modes of minimal energy expenditure or effort. Individual differences in these internal oscillations
can influence synchronization accuracy with a metronome (Lochr & Palmer, 2011) and with another
human (Zamm et al., 2015). Investigations of duet performances based on randomly paired individu-
als (Palmer et al., 2013; Zamm et al., 2015) and controlled pairings (Zamm et al.s 2016) have both
yielded findings that differences in partners’ spontaneous rates corresponded to the amount of adapta-
tion needed to bring the partners into synchrony.

Mathematical Models of Group Coordination

Although there are few models to date of group coordination, two primary camps have provided
mathematical formalisms for how individuals coordinate in time with an external stimulus. An
information-processing view, which focuses primarily on intenti(f)‘nal coordination, considers rhythmic
synchronization as achieved through error correction mechanisms that identify discrete temporal
disparities between internal clock mechanisms and external feedback, event by event (Vorberg & Wing,
1996; Wing & Kristofferson, 1973). A dynamical systems view holds that synchronization emerges
spontaneously from a continuous nonlinear coupling of internal oscillations, such as endogenous
rhythms, a¢ periodicities similar to those present in external signals. In this view, temporal coordina-
tion arises in a self-organized fashion similarly for collections of neurons and for partners in joint
coordination tasks (Kelso, 1995; Schéner & Kelso, 1988). Recent applications of these models to group
coordination acknowledge that many types of group behavior display asymmetries among group
members (such as teacher—student conversational roles or soloist—accompanist musician roles), but for
mathematical simplicity, both model applications tend to assume equality (symmetry) among members
.(Kuramoto, 1997; Wing, Endo, Bradbury, & Vorberg, 2014).

Most models of sensorimotor synchronization among performing musicians assume that some
kind of error correction occurs following perceived failures of temporal coordination. Those failures
can arise as a function of perceived relative phase between tone onsets intended to be simultane-
ous (asynchrony) or as a function of perceived shortening or lengthening of inter-onset intervals or
periods (lagging/leading in tempo). Further distinctions of asynchrony have examined the signed
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asynchrony, usually in cases in which group roles apply (leader/follower or faster/slower performer),
the absolute or unsigned asynchrony (usually when no group roles apply), and the variance of the
signed asynchrony (usually measured as standard deviation of the signed asynchrony). Although sev-
eral possible explanations have been proposed for the often-replicated finding that musicians tend to
exhibit a negative mean asynchrony when playing with a regular metronome (see Repp & Su, 2013
for a review), there s still no agreed-upon explanation for this relative phase discrepancy. As discussed
in the following sections, different models make predictions for different measurements of temporal
coordination, depending in part on whether they examine extrinsic (group roles) or intrinsic factors
(endogenous frequencies).

Linear Phase Correction

A linear phase correction model of synchronization, first proposed for individual performers (Vor-
berg & Wing, 1996), was based on the principle that asynchrony between tone onsets and metro-
nome beats can be described as phase error, which is used by a performer to adjust che tinie interval
leading up to the next tone onset tn proportion to the preceding asynchrony. Time intervals are
generated by an assumed internal timekeeper and corrected based on the perceived asynchrony
multiplied by some correction strength or “gain” plus a noise term. Thus, correction gain is the size
of the timing adjustments that performers niake relative to the size of the asynchrony they perceive.
Recently, the error correction model was extended to predict increased (proportional) correction
gains for group synchronization as the group size increases (Wing et al., 2014). The linear phase
correction model was expanded to quartet synchronization with a set of linear regression equations
that allowed for correction gains applied by each performer for the asynchrony computed with each
other performer, and randon noise terms identified with cach internal timekeeper. An optimal cor-
rection gain of 17N (N = group size), based on simulations, was assumed to minimize asynchrony
variance, the model’s stability metric. Applications of the model to two skilled string quartet perfor-
mances of an isochronous Haydn quartet passage produced correction gains that suggested the first
violin adjusted less to other performers in one quartet than did the other performers adjust to the
first violin, consistent with a leadership role. In addition, in both quartets, the cello player’s correction
gains were larger than for other players, suggesting this player adjusted more to other players than

vice versa. Recent extensions of the linear phase correction model (Jacoby, Tishby, Repp, Ahissar, &
Keller, 2015), using a generalized least-squares method to estimate model parameters, reduces error
and bias in the parameter estimates, providing a generalized form of the model for use with ensemble

synchronization research.

Nonlinear Oscillators

A different type of mathematical model for temporal coordination in music performance has devel-
oped from the idea that an individual responds to external stimulus rhythims with internal attentional
oscillations (Large & Jones, 1999). This view assumes that an external rhythmic signal evokes intrinsic
neural oscillations that entrain to the periodicities present in rhythmic sequences. Entrainment is a
process by which two oscillating systems, which have different periods or natural frequencies when
they function independently, assume the same period, or integer-ratio-related periods, when they
interact. According to the dynamic approach, rhythmic niotor behavior arises from one or more
oscillations, which can be modeled by nonlinear differential equations. This model has been applied
to account for listeners’ rhythimic expectancies in temporally varying auditory events (Large & Jones,
1999), as well as to performers’ abilities to track a changing metronome (Loehr, Large, & Palmer,
2011). It has also been applied to tracking live music performances, whose period and phase fluctua-
tions are less predictable (Large & Palimer, 2002).
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Nonlinear oscillator models are often called intrinsic timing models because they assert that time
is inherent in the neural dynamics. There are several mathematical models of how synchronization
arises among biological oscillators. Kuramoto’s (1984) mathematical model described synchronization
as a change in phase in response to the phases of all other oscillators; this approach assumed equivalent
coupling (equal influence) between oscillators. In order to model extrinsic influences such as group
roles or changes in auditory feedback among musicians, we assume that inequalities must arise, as
reflected in the coupling among oscillations. We consider these possibilities in the next section.

Comparisons

Loehr et al. (2011) addressed two distinctions between nonlinear oscillator models (Large & Kolen,
1994) and linear timekeeper models (Schulze, Cordes, & Vorberg, 2005}, in a study of how pianists
intentionally adjusted their tempo to match the period of a changing metronome. The first model
distinction concerned the coupling (linear or nonlinear) between the timekeeper or oscillator and
the stimulus sequence; the linear timekeeper model predicted that adaptation to a metronome that
decreased or increased in tempo should have been precisely the same. In contrast, the nonlinear cou-
pling of the oscillator model predicted that adaptation should be better for sequences that decreased
rather than increased in tempo. The second distinction concerned the periodic or non-periodic cou-
pling. The non-periodic coupling of the timekeeper model meant that when the timekeeper period
is not close to the stimulus period, the timekeeper period will adjust undl it synchronizes with the
stimulus sequence (1:1 coordination). The periodic coupling of the oscillator model meant that when
the oscillator period is not close to the stimulus period, the oscillator period adjusts to the same period
as, or to an integer-ratio-related period of, the stimulus sequence (e.g., 2:1 coordination). The pianists’
asynchronies showed faster (better) adaptation to a metronome that decreased in tempo. Furthermore,
when the initial oscillator period and timekeeper intervals of the model were set so that the events
were produced on the eighth-note beats (2:1 coordination), only the oscillator model was able to
maintain coordination in response to changes in metronome rate. Thus, the dynamical systems model
was better able to account for pianists’ tempo changes in the context of non-isochronous musical
rhythms and temporal fluctuations that typically arise in ensemble music performance.

Although these model comparisons were tested with individual musicians adapting to a chang-
ing metronome and not with groups of musicians, they demonstrate important differences in the .
underlying motivations behind the models, which have direct implications for larger musical groups.
One such prediction is the weighting of roles and other explicit factors that differentiate the cou-
pling among group members. Leader-follower relationships can be modeled with a uni-directional
coupling of two oscillators; specifically, model simulations have generated adaptation and anticipatory
behavior when a master (driver) chaotic system, based on a Rdssler system, was coupled with a slave
(driven) simple harmonic oscillator (Stepp & Turvey, 2010). The harmonic oscillacor was coupled to
its master using time-delay coupling (Pyragas, 1992, 1998), which is based on coupling strength and
time-delay parameters. Whereas the driver oscillator receives feedback only about its own states, the
driven oscillator receives feedback about the driver and its own behavior (at a time delay). Anticipa-
tion and adaptation arise through feedback from the driven system’s previous states and information
about the driver to which it is coupled. The degree of anticipation (negative asynchrony) of the slave
system relative to the master thus depends on the parameters of time delay and coupling strength; in
the absence of a delayed feedback term, the negative asynchrony of the slave-master does not occur.
Stepp and Turvey (2010) argue that delay is in fact a necessary condition of a master-slave coupled
system and serves a stabilizing effect on the limit cycle that applies across master and slave systems
(Pyragas, 1992, 1998). The uni-directionally driven slave system thus anticipates its master, and the
system demonstrates anticipatory behavior without the need for additional internal models. This
interpretation of negative asynchrony, it is argued, makes the search for internal predictive models
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unnecessary, if negative asynchrony is viewed as a positive, stabilizing aspect rather than as a threat to
successful control.

A dynamical systems approach interprets findings resulting from removal of auditory feedback as
breaking the bi-directional coupling that normally forms between individuals in joint performance.
When auditory feedback is removed from one performer, a transition to a uni-directional state typi-
cally occurs in which the partner whose feedback was nor removed becomes the driver, setting the
pace for their partner, whose behavior is driven by the driver’s performance (Goebl & Palmer, 2009).
A similar anticipatory pattern of the driven system has been noted when individuals are asked to play
with a metronome (Loehr et al., 2011); a uni-directional coupled system emerges with the performer
(the driven system) consistently showing a negative mean asynchrony relative to the metronome (the
driver system). In the perspective of a uni-directional coupled system, the driver’s behavior is antici-
pated by the driven system, which uses feedback about its own states to anticipate. Whether and how
changes in coupling arise with leadership, auditory feedback, and intrinsic factors specific to indi-
viduals remains to be determined. This is a promising line of mathematical modeling for temporal
coordination in large musical ensembles.

Recent measures of duet piano petformance (Demos, Wanderley, & Palmer, 2015) tested the influ-
ences of uni-directional coupling caused by auditory feedback removal on temporal synchronization.
Two pianists each performed one part while auditory feedback from one or both of the musical parts
was removed from both pianists” headphones at an unpredictable time, and the pianists were instructed
to continue to play. Feedback returned after an unpredictable short period. When auditory feedback
from one musical part was removed, the asynchrony between parts changed: Tone onsets of the pianist
whose part was removed preceded the tone onsets of their partner, consistent with the interpretation
of the driven system (the person whose actions were removed) anticipating the actions of the driver
(the person whose actions were retained). In addition, asynchronies became more variable when the
feedback from one or both parts was removed. The same feedback manipulations applied to the solo
performances showed no effect of auditory feedback removal on mean asynchronies between parts
or on the temporal variability. These findings are consistent with the time-delay coupling predic-
tions of anticipation in a uni-directional master-slave system (Pyragas, 1998, 2008; Stepp & Turvey,
2010). When musicians performed together under nornial circumstances, they did so as a coupled
bi-directional systemy; the removal of one performer’s auditory feedback induced a uni-directional
state in which the driven system {whose feedback is absent) anticipates the driver (whose feedback is
present) (Den1os et al., 2015).

Models of Larger Ensembles

Other mathematical models have addressed larger ternporal relationships in musical ensembles, includ-
ing conductor—section leader—performer relationships. Drew, Dolch, and Castro (2015) present a
mathematical model for the phase and tempo of performers with a conductor, based on the idea that
each performer’s response equals the stimulus (conductor, other performers) times the performer’s
sensitivity, with the addition of noise. A sensory factor represents an internalized tempo of each
performer, and a motor factor models their physical response. The model takes an internal tempo
setting and predicts when the next response should occur. The model assumes that the performers
change tempo in response to a combination of stimuli with competing tempi (the conductor, other
perforniers in a section, another dominant section leader, etc.). Thus, the discrete time model moti-
vates a stochastic differential equation model for each performer in a large ensemble (Drew et al.,
2015). The linear ditference equations for phase and tempo plus an error term due to noise result in
solutions for tempo correction by a performer who strays too far from the conductor’s tempo. The
model suggests that performance in sections has an added source of error due to noise that is focused
on the sections themselves, which become a competitor to the conductor in setting the tempo. A
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dominant performer may be better able to follow the conductor’s tempo, but s/he will also be subject
to noise-induced error. The average performer will hear and respond to noise in the signal of a domi-
nant performer; that is, the dominant performer competes with the conductor for the attention of the
average performer. Thus, Drew et al. (2015) allows for inequalities in sensitivity of each performer to
another; one performer may be more sensitive to {respond more to) their partner than vice versa, or
specific performers’ contributions may be considered dominant.

D’Ausilio et al. (2012) also modeled the timing of a conductor and musicians, based on linear
regression modeling of stochastic processes with Granger causality metrics. They tested whether con-
ductors’ movement kinematics of the baton were associated with string players’ bowing performance
and if this influence affected inter-musician interactions. Eight violinists played familiar musical
pieces with two conductors. The Granger causality values for each conductor—violinist pair measured
whether past movements of the conductor’s baton influenced the violinists” current bow movements
above and beyond past values of the musicians’ bow movements alone. These values were compared
with the Granger causality values for each musician—musician pair within the same ensembles. The
two conductors’ movements showed different degrees of influence on the musicians’ bowing, and the
inter-musician average interaction strength changed as well. Although the role of specific bowing
movement patterns was not elucidated within the D’Ausilio et al. (2012) study, the Granger causality
pattern among conductors’ and violinists’ movements suggested that a network of interactions existed
among the members of larger groups.

Conclusions

Empirical measures of the temporal dynamics underlying ensemble music performance have focused
predominantly on dyadic interactions and have uncovered the influence of both intrinsic and extrinsic
factors that influence synchronization. Extrinsic factors include tonal and rhythmic relationships that
arise between performers’ parts, and group roles such as leader/follower roles that influence synchro-
nization of tone onsets between performers. Intrinsic factors include musicians’ endogenous rhythms,
measured as spontaneous performance rates, which promote synchronization of tone onsets among
musicians with similar endogenous rhythms. Finally, intrinsic factors can modulate extrinsic factors;
leadership behavior, for example, is more pronounced when leaders’ endogenous rhythms are faster
than those of followers (Palmer et al., 2013; Zamm et al. 2015) The nature and extent of these inter-

actions remains an avenue for future exploration. '

Mathematical models of temporal coordination have recently been expanded to capture the more
complex dynamics of musical ensembles, including their application to inter-musician interactions in
non-Western ensemble performance. Clayton, Sager, and Will (2005) applied principles of linear time-
keeper and nonlinear dynamics to analyses of rhythms arising in native African songs and Australian
songs. More recently, Polak, London, and Jacoby (2016) examined Malian djembe drumming trios and
quartets to capture the temporal coordination arising as complex rhythms formed among the parts.
These applications can shed light on conditions under which the complex rhythms of non-Western
musical forms may be easier to perform in groups than in solo performance.

Another application of mathematical models has been to capture the social relationships that arise
in group behavior. Linear models of ensemble timing have been applied to some leader/follower
relationships in string quartets, suggesting potential for explaining the influence of some extrinsic
factors—such as assigned group roles—on ensemble coordination. Dynamical models of coordina-
tion have been successful in uncovering the influence of intrinsic factors, such as endogenous rhythms
on synchronization. A remaining challenge is to integrate linear and dynamic accounts of coordina-
tion. For example, can extrinsic influences be modeled by dynamical systems, and can intrinsic influ-
ences be modeled by linear systems? Unification of the different models and factors is an important
step for understanding the complexity of temporal dynamics in ensemble music performance.
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