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Abstract
Entrainment has been studied in a variety of contexts including music perception, dance, verbal
communication and motor coordination more generally. Here we seek to provide a unifying
framework that incorporates the key aspects of entrainment as it has been studied in these varying
domains. We propose that there are a number of types of entrainment that build upon pre-existing
adaptations that allow organisms to perceive stimuli as rhythmic, to produce periodic stimuli, and
to integrate the two using sensory feedback. We suggest that social entrainment is a special case of
spatiotemporal coordination where the rhythmic signal originates from another individual. We use
this framework to understand the function and evolutionary basis for coordinated rhythmic
movement and to explore questions about the nature of entrainment in music and dance. The
framework of entrainment presented here has a number of implications for the vocal learning
hypothesis and other proposals for the evolution of coordinated rhythmic behavior across an array
of species.

What a man danced, that was his tribe, his social custom, his religion. –Havelock
Ellis We dedicate this paper to the memory of our mentor Margo Wilson.

Introduction
There is perhaps no stronger behavior to unite humans than coordinated rhythmic
movement. This is possible because humans have the capacity to become entrained with one
another or with an external stimulus. Entrainment can facilitate complex and interdependent
coordination that can be seen in human activities including sport and play, verbal
communication and emotional expression, and in the epitome of rhythmic entrainment:
music and dance (McNeill, 1995). These kinds of activities are powerful, perhaps because
they indicate a mutual perceptual and social experience originating from the sharing in time
and space of embodied rhythm. Entrainment also provides a mechanism for physical
mirroring, as in gestural mimicking in communication or in dance, and for metaphorical
mirroring, as in empathy (Richardson, Dale & Kirkham, 2007; Calvo-Merino, Glaser,
Grèzes, Passingham & Haggard, 2005; Gallese, Keysers & Rizzolatti, 2004). Such
spatiotemporal mirroring is also manifest in the bond between parent and infant, as has been
observed in coordinated gestures and vocalizations (Condon & Sander, 1974; Trevarthen,
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1979; Thelen, 1981; Jaffe et al., 2001; Trehub, 2003; Feldman, 2007; Papoušek, 2007). It
seems then that entrainment is rooted in physical, emotional and social aspects of the human
experience, aspects that are quitessentially captured in music and dance.

We argue here that the tremendous and flexible human capacities to produce music and
dance are rooted in the capacity for entrainment to rhythmic signals in the physical and
social environment. The ability to entrain to an external auditory pulse or complex rhythm
enables multiple individuals to time-lock their behavior by integrating information across
different sensory modalities (e.g., Drake, Penel & Bigand, 2000; Keller, 2008; Repp &
Keller, 2008; Merker et al. 2009). Sensorimotor synchronization of this kind can even occur
when there is a high degree of rhythmic complexity and ambiguity in music (e.g., an
isochronous beat can be inferred and expressed at various metrical levels and from
syncopated rhythms (London, 2004; Repp, 2005; Toiviainen & Snyder, 2003; Patel, 2006).
If we can better understand the origins and nature of the capacity for entrainment, it may
provide important insights into the unparalleled human capacities to produce and appreciate
rhythmic sounds and movements in highly coordinated ways, as we see in music and dance.

Here, we provide an ecological account of how a basic entrainment system might be
structured, and how the capacity for rhythmic entrainment might have been built upon
simple components involved in sensory detection and production. This general model can
extend to various types of coordinated rhythmic movement, including non-pulse-based
exchanges such as verbal and gestural communication, and pulse-based entrainment such as
synchronization in music and dance. We also describe how complex forms of entrainment
might result when individuals can transmit and share rhythmic information in a social
context. By this account, a form of social entrainment can emerge from the simple capacity
for responsiveness to rhythmic signals in the environment. We aim to 1) provide a common
framework across domains for defining entrainment as coordinated rhythmic movement, 2)
describe several categories of rhythmic entrainment and their perceptual and somatic
foundations, while considering their potential functional origins, and 3) discuss the
implications of this approach for discussions on the evolution of music and dance ability in
humans. We believe the present framework is compatible with current views on the
evolution of rhythmic entrainment, and lays a theoretical foundation that can facilitate a
deeper understanding of the nature of entrainment and its role in social behavior and
complex interactions.

1. Existing approaches to entrainment and behavioral synchrony
Entrainment and behavioral synchrony have been studied in a variety of disciplines, with
experimental work and models informing our understanding of the processes underlying
these capacities. Foremost, dynamic systems theory provides an empirical account of
entrainment that illustrates the importance of the integration of information across multiple
sensory modalities in various contexts. This approach accounts for human performance in
synchronizing movements to complex musical rhythms in which a regular beat is perceived
despite variations in executed and expressive timing, and in which a metrical structure is
inferred from hierarchically-organized accent cues (Jones, 1976; Large & Jones, 1999;
Large, 2000). The dynamic systems approach describes musical rhythmic entrainment as an
active, self-sustained, periodic oscillation at multiple time scales, enabling the listener to use
predictive timing to maintain a stable multi-periodicity pattern and synchronize movements
at the tactus or other metrical levels (Large, 2000). This can facilitate the production of
coordinated movements including gestures, vocalizations, and movements resulting in other
sound production (Large, 2000).
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Empirical work shows that the capacities to perceive and synchronize to a beat are possible
across different sensory modalities, though music synchronization might capitalize on a
network integrating auditory, motor, and vestibular systems (Large & Jones, 1999; Janata &
Grafton, 2003; Patel, Iversen & Chen, 2005; Zatorre, Chen & Penhune, 2007; Phillips-Silver
& Trainor, 2008; Trainor, Gao, Lei, Lehtovaara & Harris, 2009). For example, auditory-
motor interactions are well documented in music, especially in beat-based rhythm
processing (Patel, Iversen, Chen & Repp, 2005; Chen, Penhune & Zatorre, 2008; Zatorre,
Chen & Penhune, 2007; Grahn & Rowe, 2009) as supported by evidence from both healthy
adults and patient populations such as basal ganglia patients (i.e., Parkinson's disease) (Gran
& Brett, 2007; Grahn & Brett, 2009).

In addition to auditory and motor systems, the vestibular system has been proposed as a
potential contributor to entrainment in the context of beat perception in adults and infants
(Todd, 1993; Todd & Cody, 2000; Phillips-Silver & Trainor, 2008; Trainor, Gao, Lei,
Lehtovaara & Harris, 2009; Trainor, 2007; see also Todd & Lee, 2007), the latter of whom
may rely especially on passive movement cues rather than motor planning such as that
received as parents rock infants in their arms while singing a lullaby. More generally, the
vestibular system is known to be sensitive to sound and vibration in various animal species,
and may transmit movement sensation without overt movement (Todd, 2001; Todd &
Cousins, 2007). Thus, vestibular information may participate along with auditory and motor
information in beat-based and other forms of entrainment.

Some of the abilities for cross-modal integration of timing and “beat” information in music
begin to emerge early in infancy. For example, the transfer of information about body
movement to the auditory encoding of a musical beat develops in the first months of life
(Phillips-Silver & Trainor, 2005), and the ability to detect cross-modal asynchrony (versus
synchrony) such as in dance may begin in infancy as well (Hannon, 2008). The
developmental literature stresses the importance of interpersonal synchrony in many parent-
infant interactions, including not only music but also non-musical vocal, gestural, and gaze
exchanges (Condon & Sander, 1974; Trevarthen, 1979; Jaffe et al., 2001; Crown,
Feldsteing, Jasnow, Beebe & Jaffe, 2002; Feldman, 2007). Thus, the general foundations for
interpersonal synchrony are established early in life, through various types of social
communication behaviors.

In adults, synchronization with acoustic signals has been studied extensively. Rhythmic
musical behavior is based upon the ability to process and respond to a regular pulse (Arom,
1991; Fraise, 1982). Synchronization of motor output to sensory input requires the ability to
adjust one's own motor output based on incoming rhythmic information. Repp (2005)
reviewed the range of work examining feedback-based error-correction in sensorimotor
synchronization (SMS) in coordinated tapping studies. He found that error correction
involves at least two distinct processes: period correction and phase correction. Repp
proposed that phase-related adjustments involve unconscious (dorsal) processes involved
with controlling action, and period adjustments involve conscious (ventral) processes related
to perception and planning. Similarly, Merker (2009) proposed that two different modes of
error-correction are implemented by distinct neural systems. Bispham (2006) argued that the
capacity for period correction is particularly well suited for musical entrainment (i.e.,
synchronizing to a perceived isochronous pulse) whereas phase correction can apply in
various ways across domains when the updating of expectancies is needed for behavioral
synchronization.

The musical pulse can range from the basic isochronous pulse (as in a metronome) to myriad
forms of complex rhythmic and metrical structures. This introduces one of the distinguishing
features of human rhythmic entrainment: it typically occurs in much more complex contexts
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than a mere isochronous pulse. The quintessential examples of human entrainment occur in
musical contexts involving rhythms that are metrically organized (Patel et al., 2009). We can
hear the work song of a group of individuals whose productivity relies on their coordination
of effortful movement. We can imagine the swaying, the clapping hands and the wailing
voices of a gospel choir singing praises in spiritual unity. Or, we can envision a couple in a
dance of courtship, perhaps one body leading the other in musical movement. The rhythms
may be simple or syncopated, the voices and bodies may be in phase or antiphase, but the
multi-level pulse enables the subtle interplay of sound and gesture in entrainment.

A second distinguishing feature of human entrainment is the ability to entrain to a wide
range of tempi (limits of tempo range from the shortest physically reproducible interval
(around 100ms) to the longest interval that can be retained as a memory trace (around 2s),
though the optimal tempo range is around 300–800ms for humans (Fraisse, 1982; see also
London, 2004). A third distinguishing feature is its crossmodal nature, illustrated by the
types of rhythmic movement that are aimed at synchronization but not sound production,
such as in dance. These three features have been described as reflecting a special instance of
rhythmic entrainment called musical beat perception and synchronization, and some have
suggested that these abilities may be unique to animals equipped with vocal learning
capacities (see discussion) (Patel, 2006; Patel et al., 2009; Schachner et al., 2009).

2. Towards a unified theory of entrainment
We propose the operational definition of entrainment that we believe captures the key
components as defined and studied across domains: spatiotemporal coordination resulting
from rhythmic responsiveness to a perceived rhythmic signal. In this section, we seek to
extend our operationalization of entrainment by describing foundational components of the
capacity for entrainment across domains, and providing a non-mathematical, qualitative
model that is consistent with the existing work on entrainment. We believe this can provide
a coherent framework for reasoning about entrainment across a variety of domains.

In our view, entrainment or coordinated rhythmic movement is based on the capacities for
perception and production of rhythmic information, and the real-time transmission of this
information between sensory and motor systems. Here, “coordinated rhythmic movement”
refers to an organism's coordinated response to a signal, but does not specify the source or
modality of the signal—coordinated rhythmic movement in response to both social and
other (e.g., auditory) signals can be incorporated within this framework. Moving
rhythmically in space and time with others is a complex computational task requiring well-
tuned sensory systems, the capacity to produce rhythmic output, and the ability to adjust that
rhythmic output based on sensory input.

Coordinated rhythmic movement, and thus entrainment, can occur in the context of signals
that vary in their nature of periodicity or predictability, from musical rhythm to conversation
and language processing, nonverbal communication, gesture, play and sharing of attentional
gaze (e.g., Crown et al., 2002; Cummins, 2009; Kotz, Swartze & Schmidt-Kassow, 2009;
Schmidt-Kassow & Kotz, 2008; Wilson & Wilson, 2005). For example, it has been proposed
that conversational turn-taking is governed by the entrainment of mandibular oscillations
during vocal production—interlocutors can predict upcoming pauses in a speech signal and
begin conversational turns with precise timing (Wilson & Wilson, 2005). Elements common
to all of these behaviors, as described in the following section, include rhythmic signal
detection and response, and integration of these via entrainment.

Todd, Lee & O'Boyle (2002) proposed a sensorimotor theory of `beat induction' that consists
of the three components of entrainment: rhythmic detection (by the auditory system),
rhythmic action (by the musculoskeletal system), and the integration of input and output (by
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a parieto-cerebellar feedback system). We adopt a similar approach, describing how these
three components can lead to several distinct types of rhythmic entrainment. However, while
Todd, Lee and O'Boyle (2002) focused on the mathematical formalization of a single
entrainment system, our approach aims to provide an account of entrainment encompassing
both function at the level of a single entrainment system as well as the interaction that such
systems can have with one another. This provides a more general approach to entrainment
that can incorporate complex phenomena that are likely to involve feedback between or
among rhythmic entrainment systems, such as in music, dance, and other forms of social
entrainment.

We propose that the capacity for the simplest form of entrainment emerges when three
critical building blocks are in place, all of which can be favored by natural selection. These
building blocks are 1) the ability to detect rhythmic signals in the environment, 2) the ability
to produce rhythmic signals (including rhythmic signals that are byproducts of other
functions, such as locomotion or feeding behavior), and 3) the ability to integrate sensory
information and motor production which enables adjustment of motor output based on
rhythmic input (see Figure 1). Once organisms evolve each of these abilities, the capacity
for entrainment can emerge. In the example of the duet courtship dance, the dancers may
hear the pulse of a song (detection), move their feet (production), and change tempo
depending on the match between their movement and the music (integration between
sensory and motor systems). In addition to entrainment with the music (external pulse),
social entrainment between partners may also emerge, where partners detect rhythmic
signals via auditory, tactile/vestibular or visual cues coming from their partner and adjust
their own movements accordingly. If these processes occur accurately, the partners produce
a dance that is congruent with the rhythms of the music and one another's movement.

2.1. Building block 1: The ability to detect rhythmic signals
The world is filled with information that is perceived as rhythmic in nature, from familiar
acoustic patterns such as lapping waves on the shore or approaching footsteps, to ecological
rhythms such as changes in light level and nutrient availability that occur because of tides,
weather changes, day/night cycles, and even predator-prey dynamics (Lokta, 1925; Volterra
1926). Organisms synchronize their own biological rhythms to these and other cyclical
processes (Foster & Kreitzman 2005), presumably because the capacity to `tune in' to such
ecological rhythms and respond systematically provides evolutionary advantages to those
organisms capable of doing so. In the ethnomusicological entrainment literature, the ability
of organisms to respond to ecological and environmental rhythms has been described as
asymmetrical entrainment (Clayton, Sager, & Will, 2004) because in these cases individuals
respond in such a way as to entrain to rhythmic information in the environment, while the
environmental rhythms do not change. Organisms would not necessarily be selected to
detect and process all kinds of rhythms; rather, these abilities should be specific to the
adaptive demands of the given recurrent environmental context.

In addition to the ability to detect to ecological rhythms such as those suggested above, there
are many additional adaptive domains in which the ability to detect rhythmic information
could have provided an evolutionary advantage, including predation/hunting, predator
avoidance, and detection of conspecifics. Again, in each of these domains, the sensory
information available is likely to be dependent on the particular ecological circumstances
that a species inhabits. For example, a predatory bird species with a highly developed visual
system for detecting prey that have certain patterns of rhythmic movement might be more
attuned to visual rhythmic input. Alternatively, a land-dwelling predator in a dense habitat
that uses auditory information (e.g., the sound of footsteps) might be more attuned to
auditory rhythmic input.
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2.2. Building block 2: The production of rhythmic information
In this framework, the ability to produce rhythmic output is a prerequisite for entrainment.
Rhythm production can be a byproduct of any number of adaptations, but can also constitute
a design feature of an adaptive system. For example, physical locomotion, respiration and
feeding behavior can endogenously generate rhythmic information (Potts, Rybak & Paton,
2005), and the production of this rhythmic information will have differential impacts on
survival and reproduction depending on the ecological context. Any organism capable of
locomotion generates auditory, visual, and vestibular rhythmic cues as a result of movement
in space. This is the case when a bacterium rotates its flagella, when a bird flaps its wings, or
when a land animal moves its limbs. Indeed, rhythmic cues of other organisms' movement
are often highly relevant to the survival and reproduction of many animals, including both
predators (who need to seek out moving prey) and prey (who need to detect and avoid
moving predators). There is likely strong selection pressure favoring the capacity to detect
and process rhythmic information that is a byproduct of other organisms' locomotion,
respiration and feeding.

There are also situations in which it may have benefited an organism to produce rhythmic
information that could be detected by others. For example, many organisms produce
rhythmic information to attract individuals of the opposite sex (e.g., crickets, fireflies, frogs,
and katydids) (Greenfield, 1994b). Rhythmic production for the purposes of enabling
individuals to find one another may have also been selected for in situations in which social
aggregation provides a benefit (Allee, 1949). In general, the ability to produce rhythmic
information is likely to have been selected in situations in which social proximity provided a
benefit, whether for the purposes of mating, evading predators, or other mutually beneficial
behaviors.

2.3. Building block 3: the integration of sensory and motor production systems
The capacity for entrainment necessitates connectivity between systems designed for the
detection of rhythmic information and those capable of producing rhythmic information.
This enables an organism to produce rhythmic information in response to rhythmic sensory
input. Such a process can occur at the neuronal level (Sumbre, Muto, Baier & Poo, 2008)
and the capacity of individuals to perform both period and phase correction has been well
established (e.g., Repp, 2005), providing the final building block for entrainment: the
capacity to systematically alter rhythmic production based on the perception of rhythmic
signals from the environment.

3. Extending entrainment to social domains: Complexity emerges from
feedback

We have defined entrainment as spatiotemporal coordination resulting from rhythmic
responsiveness, and we have described how the capacity for entrainment is likely to be built
upon the abilities to connect the detection and production of rhythmic information. In this
section we expand upon these ideas, extending the general framework of entrainment into
the social domain. We propose that social entrainment is a special case of entrainment in
which the rhythmic signal originates from another individual. In social entrainment,
mechanisms capable of sensing rhythmic sensory stimuli are activated by cues from the
social environment in ways that generate coordinated behavior and can potentially lead to
complex feedback loops between rhythmic information production and detection.

3.1. Self-Entrainment
When organisms have the ability to produce rhythmic output in response to rhythmic
sensory input, the capacity for self-entrainment can arise (Figure 2). Self-entrainment can be
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defined as the rhythmic responsiveness to self-generated rhythmic signals. This kind of
process might be at work in certain aspects of solitary vocal production and motor behavior.
Self-entrainment in rhythmic music production has been observed in musicians (Clayton,
Sager & Will, 2004), and this might involve similar feedback as do respiration and
locomotion, capacities that could provide a biomechanical basis for nuances of timing in
music production and perception (Friberg & Sundberg, 1999; Styns, van Noorden, Moelants
& Leman, 2007; Todd, Cousins & Lee, 2007).

3.2. Social Entrainment
Social entrainment is a special category of entrainment characterized by responsiveness to
rhythmic information generated by others. This can occur whenever rhythmic output from
one organism becomes input for another organism's rhythmic signal processing system.
Cases of social entrainment (also called interpersonal entrainment) have been observed in
many species (as reviewed in Clayton, Sager & Will, 2004). Social entrainment, in addition
to self-entrainment, clearly plays a large role in music or dance ensembles, and empirical
data are consistent with the idea that inter-agent synchrony can drive musical timing and
expression (Keller, 2008; Keller & Repp, 2008). In addition to simple social entrainment
(Figure 3a), we delineate two additional subtypes of social entrainment: mutual social
entrainment and collective social entrainment.

In mutual social entrainment (Figure 3b), rhythmic responsiveness during bidirectional
information processing between two individuals results in a `loop' where the output of each
individual's rhythmic production provides input for the other's rhythmic processing system.
This kind of process may be at work in duetting behavior (Merker, 2000) or conversational
turn taking (Wilson & Wilson, 2005). We also speculate that mutual social entrainment will
enhance partner-based social dance, where partners `tune in' to features of one another's
rhythmic movement and adjust their own motor behavior to bring their movement into
synchrony with their partner's. This may create a more physically coordinated dance, a more
enjoyable experience for the dancers, and a more cohesive visual experience for observers.
There may be an important evolutionary advantage to mutual social entrainment as it could
enable the coordination of movement during fitness-relevant activities such as shelter
construction, resource extraction and inter-tribal warfare.

Collective social entrainment (Figure 3c) is similar to mutual entrainment, but rather than
being characterized by a `loop' between two rhythmically responsive individuals, it is
characterized by a network of input/output connections among individuals in a group. We
speculate that collective social entrainment may play a similar role in groups to that which
mutual entrainment serves in dyads. For example, collective social entrainment may underlie
certain forms of collaborative music production and dance, including both structured (e.g.,
formal performances) and unstructured forms (e.g., `jamming', celebratory dance, the work
song and the gospel choir). Collective social entrainment may facilitate groupwise
interactions more generally, such as those underlying group conversation, or the
coordination of any work that requires individuals to be sensitive to one another's movement
and effort. Thus, processes such as these could play an important role in promoting higher-
level functions in a variety of domains including, but not limited to, music and dance.

Systems of social entrainment may be facilitated by the ability to detect intentional signals
produced by an agent. In many species, entraining behaviors in any number of modalities
will often incorporate the deliberate acts of conspecifics. In the case of human social
entrainment, the recognition of a rhythmic signal as the ostensive act of a potential
coordination partner might play a role in the activation of the system. Intentional acts often
have particular attributes that allow for their detection. In the case of entrainment in human
music production, many sources of information can be used to infer intentionality such as
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eye gaze, vocal signals, particular body postures, and explicit instruction (e.g., Seddon,
2005).

Moreover, a shared social context is likely necessary for entrainment processes to operate
properly and efficiently, given its importance in a variety of coordinated activities in humans
such as learning language and music (e.g., Tomasello & Carpenter, 2007). For example,
Kirschner and Tomasello (2009) found that children as young as 2.5 years were able to show
some synchronizion in drumming to an isochronous beat, but only when that drumming
occurred with a live partner in a social context (as opposed to a machine, or a recording).
While intentionality might play an important role in social entrainment in humans and other
species, we do not consider it a necessary feature. Rather, our view is that social entrainment
may be facilitated by intentionality, but can also occur among systems that lack the
cognitive complexity to process intentional components of signals. Nonetheless, the capacity
to processes intentional signals may enable more complex and novel collective (i.e.,
entrainment-based) behaviors than are possible without this ability. For example, shared
intentionality is likely to be necessary for activities such as collective dance, music
production and other open-ended creative activities. Moreover, shared intentionality is likely
important for other activities that require coordinated movement in novel or uncertain
situations including hunting, warfare, and collective work (e.g., shelter construction) in new
environments.

The capacities for mutual social entrainment and collective social entrainment echo ideas
captured in Bluedorn's (2002) description of entrainment as “the process in which the
rhythms displayed by two or more phenomena become synchronized, with one of the
rhythms often being more powerful or dominant and capturing the rhythm of the other. This
does not mean, however, that the rhythmic patterns will coincide or overlap exactly; instead,
it means the patterns will maintain a consistent relationship with each other” (p. 148). Large
& Jones (1999) and Large (2000) discussed similar ideas in their theory of oscillator
resonance and coupling, adopting a mathematical approach. These quantitative approaches
are compatible with the qualitative model of social entrainment presented here to analyze the
processes by which bodies can become coordinated through social entrainment.

4. Social entrainment across species: the example of synchronous
chorusing

The primary goal of this paper is to provide a framework for entrainment that can be applied
across different domains, including entrainment in a variety of species and through multiple
processes. This includes complex coordinated activities involving rhythmic information
such as music and dance, which may have their origins in simpler types of social
entrainment. Synchronous chorusing is an excellent example of social entrainment in other
species, and as such, may be a sort of precursor to more complex types of social
entrainment, such as those underlying music and dance in humans. The existence of social
entrainment across species, as evidenced by synchronous chorusing, also illustrates the
generality of this framework.

Collective social entrainment can be observed in displays of synchronous chorusing in a
variety of species including crickets and frogs (Greenfield, 1994a, 1994b; Backwell,
Jennions, Passmore & Christy, 1998). In these displays, actions of stridulation (such as legor
wing-rubbing, or chirping) produce acoustic signals timed to occur with precise inter-
individual simultaneity (Greenfield, 1994a; Merker, 2000). Such behavior is distinct from
endogenously generated rhythmic movements, such those that occur in respiratory and
locomotor rhythms (Potts, Rybak & Paton, 2005). These endogenous rhythms are inherently
periodic but do not rely on an external signal for their rhythmicity (Merker, 2000). In

Phillips-Silver et al. Page 8

Music Percept. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



collective social entrainment characteristic of synchronous chorusing, external acoustic
signals serve to enable the precise synchronization of two or more individuals, and this is
achieved through the use of predictive timing (Fraise, 1982; Merker, 2000). Entrainment can
also occur in response to rhythmic visual signals, as in the synchronized `chorusing'
observable in firefly bioluminescense (Buck & Buck, 1978). This capacity for collective
social entrainment in synchronous chousing can serve as a mechanism of signal
amplification, and enable more effective signaling in the context of sexual advertisement
(Greenfield, 1994a; Merker, 2000).

Synchronous chorusing demonstrates the critical role of entrainment in the production of
coordinated sound and movement, and we speculate that similar entrainment processes are
likely to be at work in the human ability to produce music and dance. However, we also
recognize that the products of social entrainment in humans are arguably much more
complex (e.g., drum circles and tangos) than those that result from synchronous chorusing.
This might be due to a higher degree of flexibility and integration of sound and motor
production in humans compared with other species, or perhaps (as suggested earlier) it is the
capacity for shared intentionality which leads to more open-ended and creative products of
social entrainment.

5. Discussion
The evolutionary origins of music and dance abilities have been a source of recent
discussion. The framework presented here might help to frame such discussions and
integrate information from multiple domains. The systematic account of entrainment that we
provide suggests that the evolutionary pathway leading to complex forms of entrainment,
such as those underlying music and dance, may begin with much simpler abilities.

5.1. Does selection for vocal learning enable musical ability?
Recent hypotheses about the neural substrates underlying beat perception and
synchronization in music implicate mechanisms that may have evolved to facilitate vocal
learning, such as tightly coupled auditory input and motor output systems (e.g., via the basal
ganglia) (Doupe, Perkel, Rheiner & Stern, 2005; Fitch, 2006; Patel 2006; Patel et al., 2009;
Schachner, Brady, Pepperberg & Hauser, 2009; Grahn & Rowe, 2009). The `vocal learning
hypothesis' (Patel 2006; Patel et al., 2009) specifically proposes that beat perception and
synchronization emerged as byproducts of mechanisms that enabled individuals to mimic
the vocalizations of others. This is consistent with a number of components of the
framework for entrainment we describe here—in particular, the coupling of auditory input
and motor output that is a critical part of vocal learning maps onto the third building block
of entrainment delineated in our framework. However, our model of entrainment is more
general and does not necessarily require that the modality of incoming information be
auditory, for example.

While both music and conversational synchronization behaviors are considered forms of
entrainment in our framework, an important distinction is worth noting, which is in the role
of a perceived isochronous pulse (Merker et al., 2009) in music/dance, but not in speech and
verbal communication. While speech and conversational rhythms manifest patterns of stress
or syllable accents, empirical data are consistent with the idea that the timing patterns in
speech and conversation are not driven by the same kind of regular isochrony that is
characteristic of music (Patel, 2006). This regularity of rhythm has been observed across
culture in music and dance (Arom, 1991). It has also been established in behavioral and
neuroimaging studies of both rhythm perception and production (e.g., Repp, 2005; Calvo-
Merino et al., 2005; Zanto, Snyder & Large, 2006). It has been argued that the critical role
that auditory-motor feedback plays in beat perception and synchronization in music rests on
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the pulse-based nature of measured music (Patel et al., 2005; Brown, Martinez & Parsons,
2006; Zatorre, Chen & Penhune, 2007; Grahn & Brett, 2007; Chen, Penhune & Zatorre,
2008). Thus, isochrony (or perceived isochrony) provides a special condition for
entrainment in music and dance.

Nevertheless, there appear to be aspects of vocal communication that are rhythmic in nature.
For example, the oscillator model of conversational turn taking by Wilson and Wilson
(2005) describes mandibular oscillations that drive consonant vowel production entrainment
between conversationalists. This model of conversational speech can account for the rapid
time course of spontaneous conversation—the rate of syllabic production in ordinary speech
is often greater than 200ms per syllable. Timely reaction to the end of a conversational turn,
and the subsequent speech production in response, requires a mechanism that can accurately
predict a break in the sequence. This suggests that there may be aspects of verbal
communication and vocal production in humans that have inherently rhythmic components
that may not be strictly isochronous, but do have important rhythmic features. Such
rhythmic features seem to be inherent to vocal learning.

5.2. Have music and dance been selected by evolution?
Evolutionary theories of coordinated rhythmic movement in general, and pulse-based
musical synchronization in particular, consider their potential roles in sexual selection
(Miller, 2000), social bonding, and group cohesion (Huron, 2006; Fitch 2006; Merker et al.,
2009), as well as coalition signaling and territorial advertisement (Hagen & Bryant, 2003;
Hagen & Hammerstein, 2009). While questions of specific adaptive design loom large
(Hauser & McDermott, 2003; Mithen, 2005; Fitch 2006; Merker et al., 2009; Patel, Iversen,
Bregman & Schulz, 2009), natural selection somehow shaped a complex system for not only
detecting and producing rhythmic information, but also for integrating these types of
information into an entrainment processor.

Discussions of function necessarily raise questions of biological adaptation, but it is not our
intention to address in detail the adaptive function of social entrainment in the present paper.
Rather, the framework proposed here describes how the capacity for social entrainment
(which we believe to be the foundation for music and dance ability) could have emerged
from the simpler ability to entrain to rhythmic information in the physical environment. We
believe it is likely that selection acted on this capacity to produce more nuanced rhythmic
social responsiveness, but future work should address the questions of how exactly social
entrainment mechanisms evolved and what kinds of selection pressures might have shaped
the human capacity for music and dance. Nevertheless, social entrainment processes appear
to play an important role in many aspects of social behavior, as evidenced by recent research
showing how synchrony promotes cooperation (Wiltermuth & Heath, 2009), and affiliation
(Hove & Risen, 2008). The relation between entrainment and social behavior is clearly a
rich area for future exploration.

We offer the additional speculation that a potential function of social entrainment may be
the facilitation of higher-level organization that requires real-time information sharing
between or among individuals that are producing and/or processing rhythmic information. In
complex systems with highly interdependent components, the ability to quickly and
effectively transmit information can promote efficiency at a higher level, and even enable
otherwise impossible higher-level functionality. In a variety of species coordinated activities
may play a role in promoting higher-level function. As discussed earlier, synchronous
chorusing is thought to enable more effective sexual advertising (Merker et al., 2009).
Another domain in which coordination may facilitate higher-level function is that of niche
construction (i.e., building dwellings, cultivating land), where the coordinated activity of
multiple individuals may allow the construction of structures impossible to create without
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coordinated movement. Collective foraging, collective predation, collective predator
evasion, and collective migration may be additional situations in which the ability of
individuals to effectively coordinate their movement through social entrainment may lead to
increased survival and/or reproduction. We are not suggesting that social entrainment is
necessary for these processes, but that social entrainment might make them more effective
and efficient. For example, social insects exhibit highly coordinated behaviors in a variety of
domains, using complex chemical communication to organize themselves spatially and
temporally (Wilson & Wilson, 2007). Whether they accomplish this through entrainment as
we have defined it remains to be seen. The present approach focuses on rhythmic
information as the basis for entrainment, and it is possible that there are periodic
components of signals in these insect colonies that provide a basis for rhythmic entrainment.
It may also be the case that social insects accomplish highly coordinated activities using
underlying mechanisms that are different from entrainment as we describe it here.

The historical importance of the work song (Edwards & Haas, 2000; McNeill, 1999),
suggests a potential role for music in organizing coordinated and effortful activities. If the
power to unite bodies in coordinated rhythmic movement is enhanced in pulse-based music
and dance, this may have important implications for the ability of humans to engage in
complex and highly interdependent large-scale activities that require behavioral
coordination.

Our view that entrainment facilitates large-scale coordination is consistent with the view of
Hagen and Hammerstein (2009). These authors propose an analogy between human groups
engaging in coordinated music/dance and complex and highly ordered biological systems.
They suggest that music and dance might facilitate large-scale coordination that requires the
transmission of information, just as signaling systems amongst cells in a multicellular
organism allows the whole organism to act as a strategic individual. Hagen and collaborators
emphasize the potential function of music and dance for the signaling of coalition quality
(Hagen & Bryant, 2003) and territorial advertisement more generally (Hagen &
Hammerstein, 2009). This is consistent with the basic framework we present here, although
we extend this reasoning to a number of other domains. We suggest that social entrainment
(including music and dance) may play a more general role in facilitating larger-scale
functional behavior that requires information transmission between individuals.

Our proposed framework can provide a tool for exploring questions about the social function
and evolutionary history of entrainment in music and dance. We characterized several
classes of entrainment, and discussed the ways that the environment and the body provide a
substrate that could have scaffolded the emergence of entrainment ability. The framework
presented here suggests that the capacity for entrainment may be based on very simple and
evolutionarily ancient abilities, yet it may have allowed for the emergence of some of the
most complex types of behavioral coordination including music and dance.
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Figure 1.
The ability to connect rhythmic information processing with motor control systems provides
the necessary cognitive foundation to allow individuals to produce rhythmic output that is
entrained with an external rhythm.
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Figure 2.
Self-entrainment occurs when an individual capable of entrainment uses self-generated
rhythmic output as a signal for rhythmic input systems.
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Figure 3.
a) Social entrainment occurs when an individual capable of entrainment uses rhythmic
output from another social entity as the incoming signal for rhythmic processing systems. b)
Mutual social entrainment results between two individuals capable of entrainment when
each uses output from the partner as input to their rhythmic processor. c) Collective social
entrainment occurs when a group of individuals who are capable of entrainment use
rhythmic output from one another as input for their rhythm processing systems.
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