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ABSTRACT 

The ability to adapt movement, such <1S drumstick-tapping, to synchroni:;r,e 

with external rhythmic stimuli has been extensively studied in experimental re-

search, but the causes of individual differences in synchroni:;r,ation error are only 

beginning to be understood. Several studies have demonstrated that differences in 

the ability to accurately maintain an equal-interval beat and in the ability to syn-

chroni:;r,e accurately with an equal-interval pulse are moderately related to measures 

of general intelligence. Based on a signaling hypothesis of music evolution, and by 

analogy to mental chronometry research, it was hypothesi:;r,ed that additional time-

sensitive cognitive requirements that are present when humans synchroni:;r,e with 

groups of other performers may be important causes of the relationship between 

rhythmic synchroni:;r,ation accuracy and intelligence. This hypothesis predicted ( 1) 

that perceptible differences in the quality of improvised creative output by musical 

non-experts are related to quantitative differences in interval timing and synchro-

ni:;r,ation abilities, and (2) that the relationship between general intelligence and 
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rhythmic synchroni,;ation accuracy is increased when elements of stimulus ambi

guity and unpredictability are introduced. Two studies demonstrated links among 

mental traits, timing accuracy, and social perception of creative output. The 

strongest predictor of average accuracy across synchronization tasks was self-rated 

prior skill attainment with musica.l instruments. For particular tasks that included 

unpredictable phase shifts in rhythmic stimuli, synchroniuttion accuracy was re

lated to differences in general intelligence. Differences in measurable rhythmic tim

ing accuracy were in turn predicted by subjective ratings of the quality of impro

vised drumming performances. However, because intelligence did not account for 

additional variability in rhythmic accuracy beyond that accounted for by self-rated 

musical instrument skill attainment, only weak support was found for the hypoth

esis that complex background stimuli produced by group musical synchronization 

were ecologically important as part of a system for signaling mental speed. 
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Abbreviations Used 

BFI-44: A 44-item personality inventory ("Big Five Inventory": .John, Donahue, & 

Kentle, 1991). 

CRT: Choice Reaction Time. Reaction-time tasks that call for pressing one of a set 

of buttons in response to differences in presented stimuli. 

ECT: Elementary Cognitive Task. Broadly describes tasks that measure the time 

required to respond to stimuli. 

FSIQ-2: The two-subtest full-scale IQ measure from the \Vechsler Abbreviated 

Scale of Intelligence, 2nd Edition (\Vechsler, The Psychological Corporation, 

2011). 

ISIP: Isochronous serial interval production. Self-paced tapping at equal time in

tervals , usually studied in the range of about 200 to 3000 milliseconds, and 

usually me<l.sured after a period of entrainment to externa.l stimuli. 

IOI: Interonset interval. The period between the onset of successive stimuli for 

synchroniJ~ation or for entrainment prior to self-paced interval tapping, re

ported here in milliseconds. 

ITI: Inter-tap interval. The period between successive participant responses (taps 

on an electronic drum pad), reported here in milliseconds. 

IvilDI: IVIusical Instrument Digital Interface. A protocol for sending serial data be-

tween musical instruments, used here for sending stimulus information to 

and receiving performance information from an electronic percussion sound 

module. 
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SDw,.: The standard deviation of <1synchrony values across a partic:ipant1s task per

formance , where each asynchrony is the time of a performed tap minus the 

time of the target stimulus onset (in milliseconds). 1n Study 2 results , this 

value is calculated from asynchronies that are individually scaled as a per

centage of the stimulus 101 ( 500 or 800 milliseconds for isochronous and 

phase-shifting tasks, and a variable 101 for linear-change tasks). 

SIVIS: Sensorimotor synchroni;~;ation. The process of entraining movement patterns 

or discrete actions in time with an external stimulus, such as a repeating 

metronorne sound, which requires continuous phase and period corrections 

in response to detected deviations between the performed motions and the 

target stimuli. 
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Introduction 

The human capacity for music is mysterious from an evolutionary perspec-

tive: its emotional effects ( Juslin & Sloboda, 2013), universally strong cultural sig

nifkance (Brown & .Jordania, 2013), and specialized neurological bases (e.g., Za

torre, 2001) suggest functionality, yet the cognitions and behaviors associated with 

music show no dear evidence of fine-tuned design to solve any particular adaptive 

problem. 

All humans bear the developmental costs of any neurological specialization 

for music that may exist, and most individuals in traditional societies would bear 

an additional opportunity cost from time spent performing music. Across cultures, 

music tends to be produced in large group settings for extended periods and almost 

always includes da.ncing and the use of percussion instruments, both of which tend 

to require substantial muscular endurance. Basic musical capacities develop relia

bly without teaching through processes that feel motivating and enjoyable. I\'lusic 

produces strong emotional experiences among participants, such a.s a sense of aes

thetic appreciation, feelings of excitement and motivation for movement, and the 

poorly-understood phenomenon of ritual trance states. Such costly, emotionally 

distinctive, reliably-developing, and motivationally salient behaviors would not be 

expected to become cross-culturally universal except as the output of evolved ad

aptations, but no scientific consensus has been approached on music's ultimate 

origins even in the broadest adaptationist terms. Theorists have proposed that all 

musical behavior consists of by-products of nonmusical a.daptations (Pinker, 1997); 

that music's benefits are reali;r,ed through increased mating success (l'v'Iiller, 2000b); 
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and that multilevel selection theory (\Vilson & \Vilson, 2007) explains group-level 

benefits of musical behavior (e.g., Brown, 2000; Hagen & Bryant, 2003; Hagen & 

Hammerstein, 2009). 

Senne part of the diversity in hypothesized musical functions may be ex

plained by the brea.dth of behaviors and cognitions connoted by the term "music." 

Although many aspects of musical expression in any pa.rticular cultural context are 

clearly best described as technologies (Pinker, 1997) or as uses of language capaci

ties, recent evidence from cognitive and developmental research has highlighted 

candidates for music-specific cognitive processes that appear to satisfy many of the 

classic criteria for plausible adaptation. ln particular, beat-based rhythm induction 

and tonal perception of pitch appear to be characterized by cross-cultural univer

sality, reliable untaught development, and neurological dissociation from language 

(Patel, 2008), and are sometimes characterized as the two most fundamental build

ing blocks of music ( Krumhansl, 2000). Evidence is rapidly accumulating that 

rhythmic entrainment capacity is present in many vocal mimic species (e.g., Patel, 

Iversen, Bregman, & Schulz, 2009), suggesting some manner of relationship with 

language-learning in humans. However, the applicability of musical capa.cities to 

vocal learning is undear, as neither beat-based rhythm nor tona.l perception of 

pitch is used in a.ny human la.nguage (Patel, 2008). 

The influences of musical stimuli on listeners are often difficult to separate 

from the inf1uences of language and cultural markers that have been recruited into 

musical performance. By focusing narrowly on a musical performance mode that 

draws primarily on universal, music-specific rhythmic capacities, research into the 
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links between percussive performance and other behaviors, traits, and social per

ception processes can a.ttempt more targeted analyses of the functional components 

of music. A body of work on the cognitive mechanisms that allow individuals to 

perform rhythmic motions independently, to entrain movement to a simple beat, 

and to extract a beat from complex musical stimuli has accumulated over decades 

of research, but this research has until recently remained unconnected to questions 

of the ultimate functions of music. 



The Evolutionary Psychology of Musical Rhythm 

This section reviews the results of function-neutral approaches to the evo

lutionary psychology of music, with an emphasis on beat-based rhythm perception 

as one of two major candidates for a music-specific cognitive adaptation that have 

emerged from function-neutral approaches. Following this, a review of hypotheses 

of origins of music as adaptive functions or by-products focuses on ideas that a.re 

applicable to rhythmic synchroni7:ation ability, and an evolutionary social psychol

ogy approach to signaling systems is described. 

Approaches to Evolutionary Musicology 

The question "why do humans make music:?" has been asked ever since 

evolutionary theory made it possible to pose such "why 11 questions scientifically, 

beginning with Darwin (1871); but the question was given little attention by the 

are<tS of behavioral science best equipped to address it, human sociobiology (\Vii

son, 1975) then evolutionary psychology (Tooby & Cosmides, 1992) until 1996. 

Two influential declarations of the non-functionality of music (Pinker, 1997; Sper

ber, 1996) spurred renewed attention to its possible functions. A wide variety of 

functional hypotheses for music have been considered by biologists, psychologists, 

anthropologists, and musicologists, but specific, explicit predictions about behavior 

and design have not always been developed with these hypotheses. Critics have 

characteri7:ed functional hypotheses of music in general as untestable storytelling 

(1\ilcDermott, 2009; Pinker, 2007). Theoretically progressive hypotheses must make 
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new predictions; in the application of human evolutionary sciences to musical be

havior, theorists have attempted to generate such hypotheses through two major 

approaches. 

One approach is to avoid proposing functional hypotheses and focus on fum:

tion-neutral adaptationist criteria. IVIany of the cognitive abilities usually used in 

music did not evolve specifically for use in music. Criteria such as universality, 

uniqueness, specificity, and precocious development can be used to tentatively as

sess whether a behavioral phenomenon could plausibly reflect an underlying cogni

tive design for any function, before assessing whether they show functional fit to a. 

particular function. Another approach is to seek to demonstrate a fit between a 

mechanism's design features and ecological features of the environments in which 

the mechanism evolved. 

The Adaptationist Program m Psychology 

An adapta.tionist perspective is taken for granted in modern physiology: 

organisms can be usefully viewed as collections of mechanisms specia.lly designed 

for specific functions. This can be seen most clearly in morphological modules of 

function (organs) such as the vertebrate eye, which shows obvious evidence of de

sign for vision, and in particular for focusing light onto the retina to create a two

dimensional representation of the environment (Dawkins, 1986). The application 

of this functional, evolutionary approach to human psychology began with sociobi

ology. The insight that units of cognitive function ( "menta.l organs"), rather than 

overt behaviors themselves, were the appropriate targets of adaptationist analysis 

led to the modern field of evolutionary psychology (Tooby & Cosmides, 1992). 
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Evolutionary psychology is motivated by the search for evidence of such evolved 

functions in the design of the human mind. 

A testable functional hypothesis requires logical connections between ulti

mate and proximate levels of description. The level of ultimate causation describes 

selection pressures: the nature of the environmental information that could be ma

nipulated by behavioral progra.ms to enhance survival and reproduction (or alter

natively, the nature ofthe 11 adaptive problem 11 that could be addressed by a specific 

information-processing solution). The level of proximate implementation describes 

the nature of the particular method or solution that was arrived at-a universal 

feature of the human mind that resulted from the selection process and can be 

detected by the methods of cognitive psychology. Evidence for a cognitive adapta

tion comes largely from successful prediction of the details of the proximate imple

ment ation, via a. specification of the design details implied by selection pressures. 

The expected features of a component of human psychology should be derived from 

the requirements for a well-engineered solution to an adaptive problem (Pinker, 

1997). 

For relatively 11 closed programs 11 -aspeets of cognition that lead to reliably 

uniform behavioral predispositions, independent of differences in environmental in

formation over development-functional design may oft.en be detectible in broader 

patterns of overt behavior and consciously accessible preferences (Tooby & Cos

mides, 1989), <1S h<ts been the case for some relatively uniform aspects of mating 

preferences (e.g. , Buss, 1989). Researchers can often successfully use adaptationist 

hypotheses to predict functional behmrioT in modern environments, as long <lS the 



behavioral programs in question are minimally affected by distinctly modern fea

tures of the environment. 

For 11 open behavior programs , 11 <1spects of cognition that respond to envi

ronmental input in highly flexible ways and result in a high degree of behavioral 

va.riability between or within cultures, evidence of a universal design will be in

creasingly difficult to find on the level of observed behavior. Evolutionary psycholo

gists argue that evidence of functional design must ultimately be found at the level 

of cognitive modules, i.e., units of computational function that specially process 

particular types of input and produce particular types of output. Applying a cog-

nitive approach is particularly important for studying open programs; as the flexi

bility of behavior increases , adaptationist analysis will increasingly require a low

level description of cognitive processing to evaluate whether the mental design 

features responsible for any set of behaviors matches a putative evolved function 

(Too by & Cosmides, 1992). 

The f1exible nature of human learning mechanisms also complicates the ad

aptationist analysis of apparently functional behavior. The superficial appearance 

of functional design in human behavior, particularly when it satisfies a consciously 

accessible goal, may often be a result of exapted learning mechanisms (Andrews, 

Gangestad, & Matthews, 2002). Rigorous adaptationist hypothesis testing in psy

chology therefore requires a dear specification of proximate implementation at the 

cognitive level, such as the types of input that are used, the computational pro

cesses performed, and the specific types of behavioral output or motivational states 
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(leading indirectly to adaptive behaviors) produced by the proposed units of cog

nitive function. These elements of design must closely ma.tch a specification for a 

well-engineered solution to the proposed ada.ptive problem for a convincing argu

ment for adaptation to be made. 

Music and Function-Neutral Adaptationist Inference Methods 

The past deca.de has seen treatments of musical behavior in the human 

evolutionary beha.vioral sciences moving a.way from attempts to test functional 

hypotheses and toward function-neutral adaptationist inference methods. l'vlusic 

shares features of language that complicate the functional approach to adaptation

ist analysis. l'vlusic and language each show a high degree of variability of form 

between cultures, reaching full expression only by incorporating a great deal of 

culture-specific content; and each is used in a wide variety of contexts. These as

pects of language a.nd music result in particular difficulty in connecting form and 

function. ln cases of extreme behavioral flexibility, an alternative approach is to 

investigate the question of adaptation without reference to design for any specific 

function. The method of fitting form to function is ignored in some of the most 

influential research programs on language evolution (e.g. , Hauser, Chomsky, & 

Fitch, 2002) , in contrast to most research programs in evolutionary psychology. 

instead, most progress has been made by investigating several aspects of language 

that are informative about its proximate design and phylogenetic history (Pinker, 

1994). Functional analysis has demonstrated that language-specific cognitive fac-
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ulties are better designed for social communication than for internal mental func

tions (Jackendoff & Pinker, 2005), but more specific functional hypotheses of the 

evolution of the human language faculty (e.g., Dunbar, 2003) remain speculative. 

ln the apparent utility of each, however, a critical distinction can be drawn 

between language and music. Although the immediate benefits to early speakers 

(as opposed to receivers of information) remain uncertain, the overall utility of 

language use among modern humans is undeniable. 1\ilusic, by contrast, initially 

appears to be a costly yet "useless" activity. \Vhereas la.nguage provides so many 

benefits that the original functions for which language faculties were selected may 

have been entirely obscured by subsequent ada.ptive expansions of its role, few 

empirical demonstrations of plausible adaptive benefits to musical behavior have 

been provided. 

To begin to generate and test specific predictions of functional hypotheses 

of music , however, it remains useful to focus on the particular a.spects of music 

cognition that are least likely to be side-effects of other non-musical functions. 

Evidence for and against adaptation can be obtained from several sources without 

invoking design for a specific function. Each of these "function-neutral" sources of 

evidence for the plausibility of adaptation can generally provide either only nega

tive evidence or only positive evidence. 

Negative evidence of adaptation. Several minimal criteria should be 

met for ada.ptation to be a plausible explanation for a behavioral phenomenon. 

Hnrnan 1m:ivwrsality comprises two such criteria: first, overt behavioral indications 

of a capacity should be observed universally across cultures (rather than being 
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particular to only a certain population of humans, such as those exposed to the 

western musical tradition). Second, evidence of the capacity itself should also be 

present in all normal humans within cultures. Phylogenetic nn:iqneness is another: 

for any function that would be unique to humans among the primates (including 

all proposed functions of music), such behavior and capacities are also expected to 

be unique to humans among the primates. 

Positive evidence of adaptation. Evidence of psychological adaptation 

can take many forms (Andrews, Gangestad, & l'vlatthews, 2003). Although the most 

common 11 adaptation-seeking 11 methods in evolutionary psychology involve predic

tions from design for a specific function, other evidence may be found via function

neutral methods. For example, researchers may find evidence of precocious learn

ing: a tendency for infants to rapidly develop a capacity to process information in 

a particular way, without requiring specific environmental reinforcement to shape 

the behavior. 

Cross-cultural universality. Although adaptations occur at the level of 

cognitive architecture, similarities across cultures in overt behavior may often be 

the first clues that the human mind is designed to produce such behavior. Seeking 

beha.viors that are cross-culturally universal is one method of narrowing the range 

of behaviors that are likely to provide insight into functional design. Ethnomusi

cologists have largely neglected the topic of cross-cultural universals in music, ex

cept for notable works decades apart (e.g., Blacking, 1977; Lomax, 1977; Nettl, 

2000; Brown & .Jordania, 2011). Nettl (2000) suggested that these include the pres-

ence of a pulse or beat in at least some of each culture's music; the use of a scale 
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of pitch intervals; the use of vocals; and the presence of a concept of music <lS a 

form of communication distinct from speech. As recordings of more of the world's 

music cultures have become available, psychologists have supplemented the first

hand experience of ethnomusicologists in identifying universal traits. 

The construction of musical scales likely contains universal aspects (re

viewed by PeretJr., 2006); the most clearly universal among these are octave equiv

alence (the perceived similarity of a set of frequencies that are in 1:2 relationships, 

such as 440 Hz and 880 Hz) a.nd relative pitch processing (the perception of tones 

based on their relationship to a reference pitch, rather than in terms of their abso

lute frequencies). Musical cultures vary in their construction of tonal scales, but 

universally select scales containing seven or fewer tones. The consistent use of spe

cific musical scales between songs and between generations in each given musical 

culture suggests that fine-grained pitch perception is a cross-cultural universal. 

The manner in which music uses a "beat 11 also appears to have specific: cross-

culturally universal aspects. Percussion music with idiophones and drums exists in 

all cultures (Brown & .J or dania, 2011), and some evidence of prehistoric: use of 

instruments for percussion exists in the archeological record (Fitch, 2006). The 

presence of a beat is distinguishable from a more general sense of 11 rhythm": rhythm 

is used to describe a. wide ra.nge of musical and nonmusical phenomena, including 

the grouping of musical phrases and the patterns of emphasis in spoken language. 

A musical beat refers a set of equally-spaced time intervals that represent the 

lowest (briefest) hierarchical level of temporal patterning in music; an onset of any 
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type of performance (such as sung notes, plucked strings, or percussion) is orga

ni7.ed to coincide with these intervals. Such hierarchical division of rhythmic struc

ture is present in the music of all cultures as well (Brown & Jonlania, 2011). A 

beat is also nearly universal across all within-culture variants of musical style, 

although there are several exceptions, such <1S chants, free ja7.7., and Balkan folk 

music (Patel, 2008). 

Behavioral responses to rhythm also include cross-culturally universal ele

ments (Brown & Jordania, 2011): the music of all cultures tends to induce bodily 

movements and strong emotional responses of varying types in listeners, and is 

associated strongly with dance. Music is most frequently produced by groups of 

performers synchroni7.ed to the same low-level beat, rather than by individuals. 

These groups tend to progress together gradually in an increase in tempo during 

musical performance, and faster tempos are generally associated with louder per

formance (Friberg, Bresin, & Sundberg, 2006). There are usually subsets of musical 

styles that are <1ssociated with men and women and that are perceived as symbol

ically related to the sexual division of labor (Brown & .Jordania 2011). 

Within-culture universality. One element of confusion that may arise in 

considering musical universals is the existence of a specia.li7.ed niche for song pro

duction in modern settings. Iviost of us will not write songs or achieve expertise in 

a musical instrument, and few can identify a pitch without a referent or sight-read 

musical notation, but all normal humans are capable of musical behavior in a 

broader sense. For exa.mple, musica.lly untra.ined individuals can learn and repeat 
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the lyrics and melody to an unfamiliar song with about the same level of exposure 

as is necessary for professional musicians (Racette & Peretz, 2007). 

The psychology of music has begun to widen its traditional focus on <lspects 

of musical performance that require extreme levels of ability and training (Smith, 

1997). The more recent focus on the capacities of musically untrained participants 

has revealed a number of musical abilities that are developed or learned with no 

more musical exposure than is expected in the general population (i.e., without 

special musical training). Findings discussed in this section are all applicable either 

to musically untrained adults or mixtures of musically trained and untrained 

adults. (It should be noted that most of these studies are conducted in \Vestern 

cultural settings, and cannot be interpreted as evidence of the cToss-cultural uni

versality of the abilities under discussion.) 

Tonal capacities among the musically untrained. One major area of 

music perception research has been the tonal processing of pitch (reviewed by 

Peretz, 2006). A perceived tone is a highly processed outcome; in musical contexts, 

the perceptual categorization of sound is determined not only by the physical fre

quency of a sound, but also by comparison vvith other referent tones. This tendency 

to perceive a pitch based on comparison with other pitches is the foundation of 

musical scales, which consist psychologically not of a set of standard absolute fre

quencies, but of a set of ratios between frequencies. (The pitch intervals of the 

scales of western culture are not universal, but they follow a cross-culturally typical 

pattern of preference for simple ratios, e.g., :3:2, over more complex ones, e.g., 7:9, 

among the physical frequencies of notes accepted in a musical scale. Apart from 



these b<l.sie properties, the seale of frequency relationships perceived as musically 

acceptable varies from culture to culture.) Normal individuals can distinguish pitch 

changes of about one quarter of a semitone, i.e., one-fourth the smallest difference 

between successive notes of the western major and minor scales, from infancy to 

adulthood (Olsho, Schoon, Sakai, Turpin, & Sperduto, 1982) 

Rhythmic capacities among the musically untrained. Research on 

rhythm perception and performance has demonstrated consistent tendencies be

tvveen individuals in perceptual organization of, and motor entrainment to, musical 

rhythm and simpler temporal patterns. A summary of the conclusions of two lines 

of rhythm cognition research is provided here; the methods and conclusions of each 

paradigm are reviewed in greater detail in the last section of this paper. 

Rhythm processing is organized around a structure of intervals (marked at 

beginning and end by beats) that are equally spaced in time ( isochTOnous). The 

complex patterns of actual music, as well as simpler temporal patterns, tend to be 

perceived vvithin this framework (Povel, 1981). Listeners tend to extract a beat 

from complex musical patterns in similar ways between individuals. Entrainment 

of repeating movements to music or to a simple isochronous set of tones involves 

calibration ofthe JHTiod (i.e., starting point of each beat) and phase (interval length 

between beats) of the timekeeping process vvith a beat. Sensorimotor entrainment 

functions vvell vvithin a constrained set of interval lengths (Repp, 2005, Repp & Su, 

201~3). Analysis of unsynchronized rhythmic performance variability reveals a 

highly accurate central process responsible for initiating synchronized movements. 

The process continuously corrects for peripherall:')r-caused "motor variability" in 
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performance, which itself accounts for most of the total variability in a tapped 

interval sequence (Iviadison, 2000). lndividua.ls show predictable patterns of accu-

racy and inaccuracy in response to experimental conditions. 

The cognitive representation of beats includes a rnctr-ical pattern (Repp, 

2006), in which one beat within each set (e.g., 2, 3, or 4 beats) is perceived <1S 

particularly salient; the structuring of a given pattern into "strong" and "weak" 

beats tends to be uniform across individuals. \Vhen participants are asked to tap 

along with each beat of a temporal pattern, the greatest timing accuracy is achieved 

on these "strong" beats. 

Precocious development. The fact that an individual is born into and 

learns a cultural system of music, rather than performing music in any obviously 

"instinctual," species-typical manner, raises questions about whether music is 

merely a highly successful cultural invention, or whether individuals are in some 

way innately prepared to learn a musical system. As h<tS been the case with lan

guage, one area of music research has sought to identify the aspects of music that 

develop "precociously," i.e., develop early and without explicit training. This pre

cocious development distinguishes the language faculty (which most theorists rec

ognize as an adaptation) from technological developments such as the use of written 

language. Studying early development might similarly provide positive evidence of 

adaptive components of musical ability. Biological constraints on learning are most 

easily recogni,;ed for capacities that develop very early (e.g., in the first year of 

life), because such early learning may preclude the possibility of the ability being 
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acquired through more general learning processes. This methodology cannot pro

vide dear evidence against adaptation, however, because many cognitive adapta

tions may be undeveloped or unused until long after infancy (e.g., those governing 

mate preference or parental investment strategies). 

Iviost of the bctsic capacities and tendencies described above <1S within-cul

ture universals are developed in the first year of life. l'vluch of the work on infant 

music perception has been conducted by Sandra Trehub and her colleagues. Trehub 

(2001) notes several features of tonal processing that show "innate" learning 

tendencies. Pitch perception develops early in infancy; infants recogni?:e melodies 

transposed up or down in pitch. Like adults, infants perceive octave equivalence, 

show a preference for simple ratios between the frequencies of successive notes, and 

show better memory for these consonant intervals over dissonant (complex-ratio) 

intervals. 

I\'lajor psychological features of rhythm processing also appear to develop 

early in infancy (Trehub, 2001). Infants generate an internal isochronous rhythm 

in response to stimuli and can detect changes in isochronous sequences. Like adults, 

infants produce a metrical representation of more complexly patterned sequences, 

detect changes in the tempo of a pattern based on expectations derived from this 

grouping, and detect changes most easily in wha.t adults categori?:e <lS "strong" 

beats. 

Neurological dissociability and independent impairment. The beat-

based (i.e., equal-interval) structuring of perception and performance used in music 

and activated in rhythm cognition research has no equivalent in human languages 
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(Patel, 2008). Perceptual grouping of music at levels above simple metrical struc

turing shows neurological overlap with language faculties (Patel, Iversen, Chen, & 

Repp, 2005). Interval timing capacities show no neurological overlap with la.nguage 

(ibid.). 

One important exception to generalities about musical capacities is for cases 

of congenital amusia, the absence of tonal processing of pitch. Congenital amusia 

may occur in <lS much as 4 to 5% of the general population, although traditionally 

poor measurement of amusia prevents an accurate assessment of its prevalence 

(Hyde & Peret?;, 2004). Congenital amusia selectively impacts pitch processing 

abilities-individuals with congenital amusia have normal hearing and rhythm pro

cessing ability, yet are unable to identify out-of-scale notes in culturally pervasive 

melodies, or to identify pitch changes of less than two semitones (Ayotte, Peret?;, 

& Hyde, 2002; Hyde & Peret?;, 2004). 

Human uniqueness. A great deal of recent work on music evolution has 

focused on cross-species comparisons (Pa.tel & Demorest, 2013. The logic of these 

comparisons is similar to the logic motivating the study of dissociability of music 

cognition and other capacities. lf nonhuman animal species do not express musical 

behavior, then any cognitive abilities humans share with other species cannot have 

evolved specifically for music. lf an aspect of music cognition is shared among 

closely related species, the most likely conclusion would be that the cognitive abil

ities in question are components of adaptations shared between the species (e.g., 

for auditory scene analysis). lf a shared cognitive capacity is not found in closely 

related species, but is found in another more distantly related species, it might 
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constitute evidence for convergent evolution and inform the possible functions 

served by the capacity in humans. 

The majority of recent comparative research has been done with nonhuman 

primates (reviewed by I\1cDennott & Hauser, 2005). Primates do not show any 

capacities with strong similarities to the properties of music discussed as adapta

tionist candidates so far, such as relative pitch perception, beat-based rhythm per

ception, or rhythmic entrainment abilities. A by-product account remains equally 

likely as an explanation for cognitive capacities that are unique to humans, but is 

constrained somewhat: the functional design we share with nonhuman primates 

(e.g., the sha.red auditory scene analysis capacities) cannot explain music. Because 

the language faculty is a major source of by-product conjecture about music, how

ever, few constraints on by-product accounts are imposed by the comparative evi

dence. 

The possibility of convergent evolution has been raised for rhythmic: syn

chroni:;r,ation capacities, which were long thought to be unique to humans until 

2009. Although the ability to entrain to the phase of rhythmic stimuli has been 

long acknowledged in a number of nonhuman animals, it has only been recently 

discovered that several bird species are capable of entraining to both the pha.se and 

the period of stimuli in a range of interval lengths, and do so without requiring 

explicit training; this has been observed in pet owners' videos of two species of 

parrot (Schachner, Brady, Pepperberg, & Hauser, 2009) and later documented by 

direct experimental evidence in the cockatoo. The observed behaviors consist of 
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head-bob motions that, although most often performed at a non-synchroni:;>;ed pre

ferred rate, will adjust to musical tempos tha.t draw near to this preferred rate. 

Conjecture about the possible role of synchroni:;>;ation ability in language acquisition 

is irresistible, given the new understanding that its phylogenetic distribution out

side of humans is limited to vocal mimicking species; however, it remains unclear 

how the tendency to entrain over time to an isochronous beat could be used in the 

development of the human language faculty, because the rhythms of language do 

not contain isochronous components (Patel, 2008). 

Summary. Two basic components of music cognition are supported by ev

idence from function-neutral a.daptationist analysis: tonal perception of pitch and 

beat-based rhythm cognition each are cross-culturally universal, are nearly univer

sal among untrained individuals, develop early and spontaneously in infancy, are 

neurologically and functiona.lly dissociable from language abilities and from each 

other, and are unique to humans among the primates. 

Functional Hypotheses of Musical Rhythm 

As argued above, on the basis of function-neutral adaptationist criteria, 

beat-based rhythm cognition is one of the clearest candidates for adaptationist 

analysis, showing more evidence of universality and less evidence of overlap with 

non-musical functions than other capacities commonly used in music. 

Out of many hypotheses of the functions of music, this section reviews sev

eral that show clear applicability as possible explanations of beat-based rhythm. 

(Broader reviews of hypotheses and debates in evolutionary musicology are pro-

vided by Patel, 2010; Cross & Morley, 2009; and \Vallin, Merker, & Brown, 2000.) 
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By-product hypotheses of musical rhythm. A common touchstone 

for proposals of functions for music has been Pinker's argument that musical be

havior itself is not designed for any adaptive function (Pinker, 1997, pp. 528-538). 

Instead, music is conceived as a technology drawing on a broad set of cognitive 

abilities designed for other functions, including language, auditory scene analysis, 

emotional calls, habitat selection, and motor control. Pinker's case is based on two 

major points. His first point, that music does not show universa.lity across individ

uals (a prerequisite for psychological adaptation), has been validly criticized as 

suffering from an ethnocentric focus on the musical traditions and heightened per

former/ audience distinctions of modern western culture. Although "many people 

cannot carry a tune, fewer can play an instrument, and those who can play need 

explicit training a.nd extensive practice" (Pinker, 1997, p. 529), these abilities are 

not prerequisites for participation in group musical performance, which is wide

spread among members of traditional societies (Nettl, 2005). 

The higher-level grouping in some music was addressed in this account, as 

Pinker (1997) asserted that "the metrical structure of strong and weak beats, the 

intonation contour of rising and falling pitch, and the hierarchical grouping of 

phrases within phrases all work in similar ways in language and in music 11 (p. 535), 

suggesting that these elements may be present in music because of adaptations for 

language. The beat-based aspects of rhythm have no equivalent in language use, 

and are unlikely to be based on language adaptations; Pinker hypothesized that 

performance of brief, repetitive movements is plea.sura.ble because it is an optimal 

way to perform certain kinds of physical labor (p. 537-538). 
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Such a by-product account could stimulate research by 11 cleaving nature at 

its joints 11 in the manner of other evolutionary hypotheses. For example, hypotheses 

of adaptations for auditory scene analysis or habitat selection could be productive 

routes to understanding human auditory aesthetics. Despite the traditional regard 

for nonfunctionality as the 11 null hypothesis 11 of ada.ptationism (\Villiams, 1966), a 

coherent by-product explanation of music has a responsibility , equal to that of any 

other adaptationist hypothesis, to explain the proximate mechanisms that result 

in musical behavior in terms of the (non-musical) functions for which they evolved. 

Scientific interest in music can only be satisfied if a rigorous description of the 

individual, perhaps functionally unrelated, cognitive mechanisms that cause musi

cal behavior can be provided. 

Rhythm as a developmentally beneficial play behavior. As an ex

tension of Pinker's (1997) argument for the by-product status of music, Crm;s 

(1.999, 2001.) argued for the functionality of musical motivation. If the cognitive 

abilities used in music evolved for other purposes, such as language and auditory 

scene analysis , music might still constitute a means of exercising these abilities, 

aiding their development in some vmy. Even if many aspects of music cognition 

have not been designed for language (for example), motivation to express these 

capacities in musical behavior might be an important part of the development of 

the language faculty; music could be seen as play, in the ethological sense of the 

word. 

One criticism of this hypothesis (Patel, 2008) derives from research on con

genital amusia (see above). Individuals with amusia have a resulting decrease in 
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musical motivation and use of music (IVIc:Donald & Stewart, 2008), so it is unlikely 

that they would reap any cognitive benefits of musical play; yet they do not appear 

to suffer from cognitive deficits in domains other than pitch processing (Ayotte et 

al., 2002), so tonal perception of pitch (along with any play activities invoking it) 

does not seem to be required for normal cognitive development. However, play 

behavior based only on beat-based rhythm may be intact in a.rnusic individuals. A 

similar test of this hypothesis for rhythmic performance might be possible if a 

similar rhythm-specific congenital disorder existed; but because so-called arrhyth-

mia is an acquired disorder, no conclusions about rhythm's effects on cognitive 

development can be drawn. 

A tentative prediction can be drawn from the "play" hypothesis for rhythm. 

Given the reduced empha.sis on non-specialist musical performance in modern cul

tures compa.red to many others that are likely to better represent ancestral norms 

(Nettl, 2005), rhythmic play may sometimes be insufficient for optimal develop

ment. lf so, manipulations involving rhythmic play should have beneficial effects 

on cognitive abilities in some children. 

Cooperative behavior. The majority of hypotheses about why music 

evolved involve a cooperative function of some sort. These include hypotheses 

about the direction of benefits from mothers to infants that express "protomusical" 

behavior (Dissanayake, 2000) and the production of benefits for group members 

other than each musical performer, or for the overall loca.l group itself (Brown, 

2000). Any costly act that has benefits for individuals other than the actor and the 

actor's close kin raises evolutionary questions. ls the benefit an incidental effect of 
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selfish behavior, or is it produced by design? ls the benefit produced for the purpose 

of causing reciprocal benefits to be returned by the recipient, and if so, by what 

proximate mechanism is it ensured that such returns can be expected? Such ques

tions are addressed by the evolutionary literature on cooperation, which can be 

defined <1S any behavior which, by design, h<1S beneficial effects on an individual 

other than the individual performing the a.ction (\Vest, Griffin, & Gardner, 2007a). 

Cooperative behavior toward unrelated individuals can be a stable outcome 

of natural selection by way of proximate mechanisms that take a nurnber of forms; 

these mechanisms include manipulation, handicap signaling, reciprocity, and inci

dental mutual benefit, including mutual benefit that affects entire groups (Glutton

Brock, 2009; \Vest et al., 2007a). The effect of mutual benefit can be the result of 

a self-serving behavior that incidentally produces a fitness benefit for another indi

vidual. Proponents of multilevel selection theory (\Vilson & Sober, 1994; \Vilson & 

\Vilson, 2007) expect that selection for group-level benefits has been a major force 

in the design of human social behavior and h<1S resulted in behavioral adaptations 

designed to promote group fitness at the expense of each given individual and their 

kin. IVIost evolutionary biologists expect such group-level ada.ptations to occur very 

infrequently under realistic conditions (e.g., \Vest, Griffin, & Gardner, 2007b); 

group selection is therefore not expected by most evolutionary psychologists to be 

a fruitful source of predictions about the design of human social behavior. Group

level adaptation nonetheless remains an appealing explanatory framework for many 

in the socia.l sciences. Members of huma.n groups are highly interdependent, and it 

may be sociologically useful to view groups <lS 11 superorganisms, 11 functioning as 



efficient units in competition with neighboring groups. However, the dominant view 

in evolutionary biology is that this perspective is misleading: historica.l selection 

pressures are expected only to have optirni7,ed the inclusive fitness of individual 

humans in the group, though this often will have incidental benefits for other group 

members. 

Hypotheses invoking group selection include Brown's (2000) motivational 

coordination hypothesis, Hagen and colleagues' coalitional signaling hypothesis 

(Hagen & Bryant, 2003; Hagen & Harnmerstein, 2009), and lVIerker's mate call 

amplification hypothesis (Ivierker, 2000; l'VIerker, l'VIadison, & Eckerdal, 2009). 

Rhythm as a coordination system for group motivation. The most 

comprehensive group-selection hypothesis for the social functions of musical behav

ior is that proposed by Steven Brown (2000), vvho argues that music was designed 

by evolution for the maintenance of territory and strengthening of social bonds. 

Synchronized human music is hypothesized to be a hard-to-fake, and therefore 

effective, display of territory-defense ability. From this foundation, the functions 

of music are hypothesized to have expanded to support a vvicle range of group-level 

benefits. Each of these benefits is based on a hypothesized capacity for music to 

align the motivational state of individual members to fit the pursuit of group goals 

that may be costly to individuals, such as participation in warfare. As Pinker (2007) 

argues, an issue with this and other so-called "social cohesion 11 h:•,rpotheses for 1m

man behaviors is that no clear connection is made betvveen the design features of 
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the adaptation and the selection pressures purported to have shaped it; it is unclear 

why music, of all things, causes motivational coordination. 

Rhythm as a group-level adaptation for signaling coalitional 

strength. Hagen and colleagues (Hagen & Bryant, 2003; Hagen & Harnmerstein, 

2009) h)rpothesize that music, particularly its synchronized rhythmic aspects, may 

be designed to demonstrate coalitional strength. They argue that a group that is 

able to perform impressively vvell-coordinated musical performances demonstrates 

that it retains long-term membership, and that weaker groups, consisting of indi

viduals vvho have not collaborated for long periods of time, vvould not be able to 

produce such well-coordinated group performances. Although this hypothesis, like 

that of Brown (2000) , is advanced in terms of group-level benefits, the coalition

strength-signaling hypothesis does :mggest clear empirical predictions. By measur

ing the responses of listeners to variations in signal characteristics, it can be demon

strated that signal quality relates to perception of coalition quality, as vvas done in 

a preliminary manner in Hagen & Bryant's (20m) study. Hmvever, clearer support 

for the hypothesis would be gained if more specific details of the social attributions 

were found to follow its predictions: the attribution of listeners to signals of varying 

rhythmic quality should be specific to coalition strength. If listeners make more 

general inferences about the quality of the performers, no support for a coalition

signaling model is gained. In their original study, Hagen & Bryant did not assess 

this specificity of listeners' attributions. Listeners should also be expected to expe

rience appropriate motivational reactions to stronger or vveaker coalitions. For ex

ample, if awareness of group conflict is active in the listener, a signal indicating a 
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strong competing coalition should result in reduced motivation to compete. In a 

cooperative context, listeners should be particularly motivated to cooperate with 

members of groups with a highly synchroni;>;ed musical signal. 

Rhythm as a mechanism for amplifying mating calls. Another sig

naling hypothesis influenced by multilevel selection theory bears some similarities 

to the coalitional signaling hypothesis, but drmvs an analogy vvith a hypothesized 

function of synchronous chorusing in some insect species. J'v[erker and colleagues 

argue that synchronization of auditory mate signals could have given groups a 

sexual selection advantage clue to an increased transmission distance of simultane

ous auclitor)r signals (lVIerker, 2000; Merker et al., 2009). Hmvever, such a hypoth

esis need not rely on group-level adaptation. Individual:-; might benefit from syn

chronization because potential mates can be reached at a greater distance; the costs 

associated with the development of synchronization ability may be less than the 

benefit of increased transmission distance, so a net benefit could be reaped by 

synchronization. Because other group members would incidentally share this ben

efit, one research focus (as with many cooperative hypotheses) could be to seek 

proximate mechanisms that may have curtailed free-riding. Other predictions 

might be tested by extending the hypothesis to explain differences in musical mo

tivation: under what conditions might this mating-call-amplification function be 

useful? 

Rhythm as a Biological Signaling System. The application of aclapta

tionism to generate and test evolutionary hypotheses about animal behavior has 

revealed the design and information content of many behavioral and morphological 
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signa.ls in non-human animals (Andersson, 1994). The sexual selection hypothesis 

(I\1iller, 2000b) describes the capacity for music as a behavioral example of a sex

ually-selected fitness indicator, or ornament (Iviaynard Smith & Harper , 2003), de

signed to reveal creative intelligence. The evolutionary processes that lead to the 

production of fitness indicator signals may explain how music, which shows no 

obvious survival benefit, could lead to adaptive benefits for those expressing musi

cal behavior (Miller, 2000b). Traits that incidentally correlate with fitness may be 

used by others as criteria for mate selection. Because this provides a sexual selec

tion benefit to those expressing the cue (especially when signalers are male and 

targets are female), the cue will tend to evolve to be more elaborate and conspicu

ous over time to better trigger females' mate selection adaptations; once it has been 

modified by selection for the communicative function, it is referred to as a signal 

(Maynard-Smith & Harper, 2003). As signal form and mate-selection behavior co

evolve in the sexes, signals tend to become more reliable indices of quality, because 

successful imitation of components of a high-quality signal by low-quality individ-

uals will result in selection pressure on signal targets to ignore those components. 

A cue that is originally correlated with heritable fitness only incidentally can 

thereby become elaborated into a communicative adaptation, designed to be opti

mally revealing of individual differences in ma.te quality. 

lf the early, ancestral forms of rnusic:a.l behavior depended on traits that 

were reliably associated with genetic fitness (e.g., intelligence, health, or physical 

fitness) or other traits that are desirable in a sexual or social partner (e.g., consci

entiousness or extraversion), the expression of these behaviors could have been 
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extended into elaborate, public displays designed to communicate such tra.its, and 

humans could have evolved to become particularly interested in these displays and 

the information they communicate to performers. Iviusic: reveals variation in per

formers' genetic quality, I\1iller argues , by drawing on wide-ranging physiological 

and cognitive capacities, such <1S motor control and creative intelligence, each of 

which is subject to degradation due to mutation load. As with other sexually

selected fitness indicators, the species-wide tendency to make music would be main

tained by the disproportionate mating success of the minority of individuals that 

can produce a particularly impressive, sexually attractive form of the ornament. 

Although Miller's argument, part of a larger thesis on the importance of 

signa.ls of cognitive ability in shaping human creative behavior ( c.f. 1\Iiller , 2000a, 

2000c), focused on the importance of musical creativity in signaling intelligence, he 

also argued that important information about mental abilities might be conveyed 

by rhythmic ability if differences in rhythmic performance quality are affected by 

differences in efficiency and f1exibility of central pattern generators (neurological 

networks that control rhythmic movements in many contexts, such as locomotion 

and peristalsis). The objectively quantifiable nature of rhythmic accuracy suggests 

a particularly promising target for researchers to investigate a signaling approach 

to music: unlike many other aspects of creative musical expression, synchroni7,ation 

provides an unambiguous standard for signal quality. The inaccuracy of a given 

participant in a group performance might be easily identified, with minimal cogni

tive effort, by attentive participants and listeners, perhaps even allowing compa.ri

son among ability levels of many performers simultaneously. 
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lt is evident that musical virtuosity is often sexually attractive, but it has 

been argued that this effect is entirely due to evolutiona.rily novel relationships 

between status and commercial music performance (e.g., Brown, 2000). Studies 

following Iviiller (2000b) that have sought specific design features for mating func:

tions in human music cognition have not supported the sexual selection hypothesis; 

for example, a recent study found no increase in women's preference for rhythmic 

and melodic complexity of musical scores at peak fertility (Charlton, Filippi, & 

Fitch, 2012), indicating that the capacity for such complexity in composition or 

performance likely did not provide a short-term mating advantage in ancestral 

settings. ]\lore broadly, it remains unclear how cues of intelligence in general might 

be used in mate perception. Although women show an overall preference for intel

ligence in men that is c:ross-culturally universal (Buss et al., 1990), women's sexual 

preferences for intelligence a.re not patterned across fertility cycles in the manner 

typical of traits that women use <1S indicators of genetic fitness ( Gangestad, Thorn

hill, & Garver-Apgar, 2010). This is puJ~:ding, because intelligence is probably pos

itively related to genetic fitness (Prokosch, Yeo, & l'viiller, 2005), and can be as

sessed fairly accurately based on brief observation (Borkenau, Mauer , Riemann, 

Spinath, & Angleitner, 2004). 

Applied specifically to beat-based rhythm production, a fitness indicator 

hypothesis predicts that important aspects of mate quality should be reliably de

tectable in some aspect of equal-interval performance and observers of rhythmic 

performance should perceive and use the information made available by the signal. 

\Vhereas there may be little room for studying creative signals through studies that 
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specifically anaJy?:e the bea.t-based aspect of rhythmic performance, the accuracy 

of such performance may contain information about physical or cognitive differ

ences, and this information might be easily detected by observers in the context of 

musical synchroni?:ation. Recent research on individual differences in rhythmic per

formance ability, discussed below, provides clues to how information about intelli

gence and personality could be made available by accuracy in beat-based rhythmic 

performance. 
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Timing Processes and Intelligence 

lf human musical capacities have been designed by natural selection for 

some adaptive function, entrainment to an equal-interval beat is probably one of 

music's b<:1sic functional components. Rhythmic patterns based on an equal-interval 

beat are found in the music of all human cultures. The equal-interval low-level 

structuring of perception and performance used in musical rhythm has no equiva-

lent in human languages and draws on cognitive requirements that are neurologi

cally distinguishable from those used in language (Zatorre, 2000; Patel, 2008). 1vla

jor psychological features of rhythm processing also appear to develop reliably and 

spontaneously in infancy and childhood (Trehub, 2001); for example, infants gen

erate an internal equal-interval rhythm in response to stimuli and can detect 

changes in isochronous sequences. 

Production of and synchroni?:ation with a beat each involve processes of 

interval timekeeping, motor control, and feedback. Investigations of how these pro

cesses operate in human cognition ha.ve a long history in psychology (e.g., Stevens , 

1886), but the dominant paradigms ofresearch developed during the 1950s to 1970s 

(reviewed by Repp, 2005; Fraisse, 1982). This research has typically taken an ex-

perimental approach, investigating how variations in stimuli affect the rhythmic 

motor performance of small samples of representative human performers. Perfor

mance usually takes the form of manual tapping, such as finger-taps on switches 

(in the oldest studies, a telegraph key) or taps with a finger or drumstick on an 

electronic drum pad (typical of recent studies). 
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Tapping studies can be divided into several research para.digms, each con

cerned with how humans perceive and entrain to time intervals in auditory stimuli. 

One program is concerned specifically with how individuals mainta.in a repeating 

motion at brief, equally-spaced time intervals in the absence of external rhythmic 

stimuli; this type of performance is referred to as isochronous serial interval pro

duction (ISIP: reviewed by Madison, 2000). Beat perception and synchronization 

(BPS) pertains to methods of investigating how people find and track a "beat 11 

while listening to music. Sensorimotor synchroni:;r,a.tion (SlVIS: reviewed by Repp, 

2005; Repp & Su, 2013) studies are also concerned with how people attend to 

equally-spaced intervals of time and perform a repeating motion in synchrony with 

external stimuli. Sl'v'IS studies differ methodologically from BPS studies in that they 

provide nonmusical stimulus sequences, such as metronome ticks, a.s unambiguous 

targets for synchroni'llation. Applied to musical rhythm, these research paradigms 

each provide a way to quantify a facet of playing along with one or more perform

ers, which involves extracting a beat from others1 musical performances, generating 

an internal rhythm, and keeping the external and internal rhythms in synchrony. 

Interval Production 

Even when neither interpretation of complex musical rhythms nor mainte-

nance of synchrony with a pulse is required, maintaining a steady rhythm is a 

nontrivial cognitive task. For a machine such as a mechanical metronome, produc

ing a series of isochronous (equal-interval-length) performances is a relatively sim

ple outcome of physical forces. For a human, performing rhythmically in isolation 

requires maintenance of an internal timekeeping process, movement planning, and 



continual adjustment for any errors in peripheral and motor responses to the in

ternal timekeeping process. The typical method for studying lSlP (e.g., Madison, 

Forsman, Blom, Karabanov, & Ullen, 2009) involves an initial entrainment period 

in which participants perform synchronized taps with a finger or drumstick along 

with a simple pulse; once the participa.nt h<:1.s entrained, the external stimuli cea.se, 

and the participant continues to tap, having been instructed to ma.intain the en

trained tempo. 1S1P research in general focuses on how variability in performed 

output can be analyzed to make inferences about the properties of a hypothesi7.ed 

central timing mechanism. Early research described this mechanism as a 11 time

keeper11 that produces a stream of discrete connnands for each interval, each re

sulting in motor output after a short delay for transmission and motor planning 

(\Ving & Kristofferson, 1 973a, 1 973b). 

IVIore recent models have incorporated the empirical phenomenon of 11 drift. 11 

Across an lSlP sequence, interval durations tend to move progressively away from 

the originally-entrained interonset interval (101), the rate at which stimuli were 

heard during entrainment. The average 1T1 (inter-tap interval) can often deviate 

greatly from the initial beat to which tapping was initially entrained, although in 

some participa.nts the direction of drift may also change over time to "floa.t 11 above 

and below the entrained lTl (Collier & Ogden, 2004). Another way of describing 

this effect is to note that, within the overall series, nearby interval durations tend 

to be correlated. \Vhen decomposed into local and drift components of variability, 



drift makes up the majority of overall lTl variability in long sequences. A conse

quence of drift is that the overall va.riability in an interval sequence is a poor 

measure of the tendency for nearby intervals to deviate from each other. 

Individual differences in ISIP variability. Separating the variability in 

overall performance into components owing to short-term deviations and long-

range drift, we might hypothesi:;r,e different causes of individual differences in each. 

ln this decades-old experimental paradigm, only in the past few years ha.ve the 

causes of differences in lSlP variability components begun to be explored. At the 

group level, a small advantage in lSlP performance (relative to between-subjects 

variability) is seen for professional musicians over nonrnusicians, although as little 

as one hour of practice with an lSlP task can eliminate this group difference (l'v'Iad

ison, Karampela, Ullen, & Holm, 2013). 

Iviadison, Forsman, Blom, Karabanov, and Ullen (2009) demonstrated are

lationship between lSlP accuracy and matrix rea.soning (measured with Raven's 

Standard Progressive l'v'Iatrices Plus: Raven, Raven, & Court, 2000). l'v'Iatrix rea

soning is a relatively pure measure of general intelligence (i.e., it is related to most 

cognitive abilities and not particularly strongly related to any specific cluster of 

abilities). Varia.nce components in this study were partitioned as local and drift 

components, and participants were tested with multiple entrainment lOis. Intelli

gence correlated negatively with loca.l variability in ISis, based on performance in 

all entrainment conditions ( r = 0.44). Correlations were strongest when perfor

mance was entrained to lOis of 500 to 900 ms; a.s the researchers note, this range 



approximately matches the target 101 range for which overall between-participants 

error, measured as a proportion of 101, is lowest. 

Holm, Ullen, and J'VIadison (2011) used principal components analysis to 

demonstrate that a cluster of correlated timing-related traits (including unpaced 

timing a.ccura.cy and reaction-time tasks) exists, and that this cluster is correlated 

with matrix reasoning ability. Ullen, Sciderlund, Kki~iri~i, and lVIadison (2012) found 

that the strength of the relationship is unaffected by a monetary reward, and Holm, 

Ullen, and lVIadison (2013) found that competing cognitive demands did not affect 

accuracy of single-handed rhythmic performance. The relationship between intelli

gence and rhythmic accuracy appears to be independent of confounding motiva

tional differences, and as Ullen et al (2012) argue, it may therefore be a 11 bottom

up" effect, explained by a low-level physiological phenomenon, correlated with but 

not caused by differences in executive functioning and attention. 

1n addition, Forsman, l'viadison, & Ullen, (2009) reported that the big-five 

personality factor of neuroticism predicted greater drift-related variability in un

paced timing accuracy ( r = 0.42). As personality variation is generally highly her

itable (Bouchard, 2004), and some part of that variation may be maintained by 

costly signaling processes (Penke, Denissen, & ]'diller, 2007), indicators of variation 

in personality traits could also be relevant to the signaling hypothesis of rhythm. 

Forsman et al (2009) interpreted this effect as evidence that, for individuals high 

in neuroticism, irrelevant thoughts may be more likely to interfere with the pro-

cessing of previous interval durations in working memory. 



Synchronization 

The primary focus of research on sensor-imotor- synrhnmization (SJVIS) is 

how individuals detect and adjust to deviations from synchrony in their perfor

mance. This is accomplished via detection of differences between predicted and 

observed beats in the external synchroni7:ation ta.rget. IVIaintaining accurate syn

chroni7:ation requires adjustment of the period (starting point of each beat) and 

phase (interval length between beats) of the timekeeping process. These adjust

ments are thought to be made by two independent cognitive mechanisms, of which 

phase correction is relatively automatic and unintentional and period correction is 

more consciously applied in response to perceived a.synchronies (Repp, 2005). 

A series of responses in SJ\iiS tasks is generally measured as asynchronies 

between the timing of participant taps and target stimulus onsets. A consistent 

finding is that these asynchronies tend to be negative-i.e., participant taps tend 

on average to slightly precede the target. The tendency (referred to a.s the mean 

negative <l.synchrony) is analy7:ed separately from the primary outcome me<l.sure 

used in most SMS research to indicate error rates, the standard deviation of asyn

chronies (SD"'") for a given participa.nt1s performance on a ta.sk. SDasy increases 

linearly with stimulus 101 within a range of about 500 to 950 ms (Lor as, Sigrnunds

son, Talcott, Ohberg, & Stensdotter, 2012). For this reason, for comparisons of 

effects across 101 rates it can be useful to scale SDasy in relation to 101. (Study 2, 

below, reports SD"'" as a percentage of each task1s 101, 500 ms and 800 rns respec-

tively.) 



A consistent finding in Sl'v'IS studies is that rhythmic: synchronization is 

much more accurate and preferentially activated when entrained to auditory, as 

opposed to visual , stimuli (e.g., Kato & Konishi , 2006; Repp & Penel, 2002). All 

studies comparing auditory beat synchronization responses to synchronization with 

non-auditory stimulus patterns, such as moving or f1ashing visual stimuli, have 

found error rates to be greater in visual tasks (Repp & Su, 2013). One type of 

visual stimulus, video of a bouncing ball, wrts found to produce synchronization 

error rates that approach those of auditory stimulus tasks, but synchronization 

with a metronome was significantly more accurate (Hove, Iversen, Zhang, & Repp, 

2013). 

ln a related area of research, several studies have reported a beneficial effect 

of rhythmic musical practice on cognitive abilities related to reading and writing. 

Overy (2003) reports improved spelling and phonologic skills following a musical 

intervention; and Taub, l\-lcGrew, and Keith (2007) report a significant effect on 

reading ability scores of a four-week manipulation involving synchronized tapping 

to simple isochronous stimuli. Although such findings may be greeted with great 

skepticism, if the causal effects are legitimate, they could provide clear support for 

the "play" hypothesis of musical function (Cross, 1999, 2001). 

Individual differences in synchronization accuracy. Differences in 

SMS performance has most commonly been reported only a.t a group level. Most 

studies find that a high degree of musical expertise is <1ssociated with a decrease in 

SMS error rates: professional musicians show lower error rates than nonmusicians 

(Repp, 2010b; Repp & Doggett, 2007). No differences are generally found between 
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skilled non-professional musicians and nonmusicians (Repp, 2010b, Hove, Spivey, 

& Krumhansl , 2010). Professional drummers show the lowest SIVIS error rates of 

all (Repp & Su, 2013). The mean negative <tsymmetry effect, however, does tend 

to differ greatly based on degree of experience with laboratory SI\'IS tasks (Repp, 

2010b; Repp & Su, 2013). Because research labs that focus on SMS frequently use 

small sample sizes and reuse participants across studies, this effect suggests that 

determinants of individual differences in mean negative asymmetry found in SJ\iiS 

studies may often be ungeneraliza.ble. 

Two recent studies have begun to explore sources of individual-level differ

ences in S1v'IS other than musical experience. Bailey and Penhune (2010) found a 

negative relationship between working memory and errors in trained musicians' 

synchronization with patterned rhythms. One recent study (Loras, Stensdotter, 

Ohberg, & Sigmundsson, 2013) has demonstrated relationships (mean r = .3) be

tween cognitive ability and performance on a set of very brief SMS tasks (15 taps 

each at 500, 650, 800, and 950 ms lOis) in a college sample with no professional 

musicians. 

A related, but distinct, effect has been reported by Rammsayer and Brandler 

(2007), who found that temporal discrimination-the ability to distinguish between 

stimulus durations-is strongly associated with general intelligence (measured us

ing a battery of sub tests taken from three intelligence tests). 

The observation of a relationship between intelligence and rhythmic accu

racy is consistent with Miller's (2000a) hypothesis that the universal cognitive ca

pacities that underlie music production and perception evolved in humans because 



musical performance reveals fitness-related traits (such as intelligence) to potential 

sexual partners. However, unpaced interval production tasks make poor models of 

functional differences in musical performance ability. Music in ancestral human 

settings almost certainly wa.s typically performed in large groups synchronized to 

a beat. The studies described in this paper were designed to extend knowledge 

about the relationships between psychometric intelligence test scores and simple 

SlVIS performance while also assessing whether the introduction of changes in stim

uli , inspired by the mental chronometry paradigm (Jensen, 2006) and by the rela

tively complex demands of group performance, could affect the relationship be

tween task outcomes and intelligence. 

Mental Chronometry 

Variability in some factor that broadly affects the processing speed of neural 

pathways has been suggested as an explanation for the observation of a robust 

general intelligence factor. The relationships between diverse human cognitive abil

ities may be partially explained by individual differences in low-level neurological 

functions that affect the efficiency of multiple systems, possibly including differ

ences in neural oscillation ra.te (i.e., the minimum time between neural excitatory 

potentials) . .Jensen (2006, 2011) argued in support of this view, based on evidence 

that tasks requiring different sets of specific, elementary cognitive abilities can 

produce highly intercorrela.ted results that are strongly related to general intelli-

gence if response time is measured. 



The mental chronometry paradigm (reviewed by Jensen, 2006) seeks rela

tionships between tests of mental ability a.nd the time intervals required by indi

viduals to complete simple tasks that call for a button press in response to stimuli 

("elementary cognitive tasks" or ECTs). The simplest form of ECT measures "sirn

ple reaction time," the duration required to react to simple events by indicating 

that the event was perceived by, for example, pressing a button in response to a 

light or sound. Early research in psychophysics found simple reaction time to be a 

poor predictor of higher-level individual differences in cognition. However, meas

urements that remove the effects of movement time and require a choice of re

sponses based on differences in perceived stimuli are strongly related to general 

intelligence measures (Jensen, 2011). 11 Choice reaction time" (CRT) t<tsks typically 

make use of a console with multiple buttons, corresponding to a choice participants 

must make in response to stimuli. A simple example might require participants to 

press one of two buttons depending on whether a presented digit is greater than or 

less than five. Such tasks typically require very brief periods. The duration tends 

to be logarithmically proportional to the number of choice options, suggesting a 

linear relationship between the information-theoretical content of the response and 

response time, a phenomenon called Hick's Law. 

Performance on CRT tasks is best accounted for by the psychometric g 

factor, i.e., general intelligence (Jensen, 2006). Psychometric intelligence is corre

lated ( T = -0.49) with choice no action time in a simple 4-choice task, and correlated 

( T - -0.31) with simple response time to stimulus events in a representative popu-
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lation sample (Deary, Der, & Ford, 2001). Recent findings suggest that tasks pre-

cisely measuring the resolution of time discrimination abilities may relate even 

more strongly to general intelligence (Rammsayer & Brandler, 2007). Accuracy of 

the production of equally-spaced time intervals in a finger-tapping task has also 

been found to be moderately correlated with intelligence (l\.iladison, Forsman, Blom, 

Karabanov, & Ullen, 2007). Like other highly g-loaded measures , variability in 

chronometric performance is correlated with developmental stability (Thoma, Yeo, 

Gangestad, Halgren, Davis, Pa.ulson, & Lewinee, 2006), so a signal indexing indi

vidual differences in reaction time or time discrimination abilities could contain 

valid information about phenotypic and genetic quality. 

Jensen hypothesi;r,ed that "chronometric g ", representing the shared factor 

of cornmon variation arnong chronometric tasks, converges to psychometric g it-

self-in other words, that all variability in general intelligence could be explained 

as variation in menta.l speed, which was in turn measurable via tests of response 

time. To Jensen, this suggested the possibility of very low-level physical processes 

underlying neural networks that might determine intelligence, such as genetically

determined variation in the conductive speed of axons. Among older people, the 

reduction in general intelligence with age may be explained by brain-wide individ

ual differences in loss of white-matter integrity, which affects the processing speed 

of many different local neural pathways (Penke, IVIufio;r, Maniega, Murray, et al., 

2010). More generally, Jensen (2006) suggested that variation in intelligence may 

be linked to stable individual differences in neura.l oscillation rate (i.e. , the mini

mum time between neural excitatory potentials). 
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Iviaintaining precise synchroni,;ation with an external stimulus may invoke 

some of the same processes that are measured by ECTs, particularly when certain 

elements are present in the task. ln the case of simple SlVIS performance, the pro

cesses of phase and period adjustment each require the individual to process sensory 

input, make a decision about whether the internal rhythm-generating process has 

moved out of synchrony on the basis of that input, and produce a response that 

can vary in two dimensions (phase and/ or period must be increased and/ or de

creased). Unsynchroni,;ed interval production tasks do not require responses to 

changes in stimuli produced by other humans. However, maintenance of equal

interval performa.nce does require continual analysis and response to errors in one's 

own performed actions. Degrees of accuracy in both SiviS and lSlP task outcomes 

can therefore be considered to contain chronometric information. 

lf levels of ability in a few basic cognitive tasks provide valid intelligence 

information in a research setting, then ancestral humans might have attended to 

musical or protomusical behaviors that were similarly revealing of mental timing 

properties. Adaptive behaviors referenced in by-product accounts of music evolu-

tion, such as coordinated work tasks, locomotion, or vocal mimicry, might allow 

differences in mental timing properties to be observed and acted upon. The pres

ence of perceptually salient, incidentally information-bearing behaviors could pro

vide the necessary initial conditions for a signaling system to evolve. 

lf such a system exists , it would be reflected in cross-culturally universal 

human behaviors that show special design to make these specific cognitive differ

ences easily discernable to social group members, such as potential mates. Such a 
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behavior might be particularly effective if, like musical performance, the display 

was broadcasted to entire ancestral communities. 

Measuring Ancestrally-Relevant Rhythmic Ability 

To be useful for understanding the selection pressures that may have acted 

on performers and listeners in the evolution of music, tests of individual differences 

used to evaluate adaptationist signaling hypotheses must be ecologically valid in a 

special sense: they must test a.bilities that were revealed by the natural expression 

of display behaviors over the course of its evolution. 

Little is known about individual differences in the capacity to create accu-

rate and complex musical rhythms, except among populations of professional mu

sicians and music students, on whom music ability tests are validated (Shuter

Dyson & Gabriel, 1981). Strong predictors of musical performance outcomes m 

these two groups include general intelligence (Ruthsat?;, Detterman, Griscom, & 

Cirullo, 2008), "audiation" a.bility (i.e., the ability to produce accurate auditory 

mental imagery; Gordon, 1986) , and the intensity and effectiveness of practice (Er

icsson, Krampe & Tesch-Ri)mer, 1993). However, individual differences that predict 

outcomes and rated abilities in these highly selected samples are of limited use for 

inferring the information content of musical performances in the ancestral environ

ment. 

The best-validated and most popular measures of musical aptitude in cur

rent use, such as the lVIusical Aptitude Profile (Gordon, 1995), test subjects' ability 

to discriminate small differences between similar musical recordings (e.g., in pitch 

or tempo). Such tests are designed and validated as predictors of general success 



m \Vestern musical performance, which differs drastically from ancestral musical 

performance in the nature of the skills required, such as the fine motor lea.rning 

involved in expert violin performance. They are typically not time-sensitive, require 

only evaluation of stimuli rather than production, and second, and are based on 

forms of musical expression that were unava.ilable until the last few hundred years. 

Based on universals in small-scale societies (Brown & Jordania, 2011), the 

settings for musical performance in human ancestry can be inferred to have been 

much more broadly inclusive, lacking the clear boundary between performer and 

audience seen in post-industrial societies. The social structure of musical perfor

mance gatherings may have been an important part of the selective environment 

in shaping musical abilities as signals. lf music performance by group members 

with a wider range of ability is likely to have been the ancestral norm, then rela

tionships between human rhythmic abilities and other phenotypic traits (such as 

intelligence and developmental stability) must be investigated across broad levels 

of ability, to begin to approximate the extent of ancestral information content. 
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Study 1 

The two studies described in this paper focused on beat-based rhythmic 

entrainment ability as a subset of human music cognition that is most likely to 

reveal evidence of a signaling system. Evidence for rhythmic signaling hypothesis 

was sought by (1) measuring relationships between intelligence and other music

related tasks; (2) examining a broader set of possible psychometric correlates of 

such t<l.sks, and (3) performing a preliminary test of whether individuals who listen 

to a rhythmic performance can thereby make accurate social inferences about per

former traits, using the psychometric information that these performances are hy

pothesized to contain. 

Study 1 examined rhythmic accuracy in a set of computer-controlled syn

chroni:;r,ation and continuation tasks administered on a set of electronic drum pads. 

Because no previous research h<l.'3 demonstrated that individua.l differences in these 

simple rhythm-production abilities relate in any way to individual differences in 

the quality of complex, real-life musical performances, this study also included a 

preliminary validation of the tests' utility in predicting the rated quality of impro

vised musical output by performers with little musical instrument training and no 

substantial drumming experience. Relationships were found among synchroniza-

tion, interval production, and creative performance abilities. 

A brief description of this study's method and results is given below; more 

detailed information is available in an unpublished manuscript (Jenkins, C. 0. E., 

2008) available on the author's website (http: / /jenkinsc.com/research/ thesis). 
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Method in Brief 

This study gathered evidence of a shared factor that affects measured equal

interval unpaced tapping (lSlP) accuracy, measured sensorimotor synchroni?:ation 

(SMS) accuracy, and perceptible differences in quality of rhythmic performance in 

a music-like creative drumming task. 

I\'lale psychology students (N = 46 after exclusions for musical training, 

outlying error scores, and procedural errors) who were musically-untrained and 

inexperienced with rhythmic performance tasks were recruited to complete a set of 

synchroni?:ed performance tasks and unpaced performance tasks, each of which 

involved listening to stimuli on headphones and tapping on electronic drum pads 

with drumsticks. Each registered tap on an electronic drum produced audible feed

back, intermixed with the entrainment stimuli in the participant's headphones. 

Each t<l.sk combined a synchroni?:ed performance measurement with an unpaced 

performance measurement, by entraining participants to perform with audible 

stimuli for 80 intervals (to measure synchroni?:ation error) then continued at the 

same rate for 160 intervals after entrainment stimuli ce<l.sed (to measure unpaced 

tapping va.riability). SMS accuracy W<l.S quantified as mean absolute deviation from 

synchrony across taps. The measures of local lSlP va.riability were based on devi-

ations from a moving mean of performed intervals. 

Several such t<l.sks were conducted to vary target interval durations (right

handed tapping at 250 ms, 500 ms, and 750 ms intervals), hand use (alternating

hands tapping at 500 ms), and complexity (additional tasks used simple patterns 

rather than isochronous stimuli). The four isochronous tasks were administered at 
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the beginning and end of the overall battery to allow me<lsurernent of test-retest 

reliability over a. short period (about 30 minutes). All tasks used a synthesized tom

tom drum sound for all stimuli except for the alternating-hands task, which alter

nated between synthesized torn-tom drum (right side) and snare drum (left side) 

sounds as stimuli. 

Procedures for this study were also designed to cross-validate these rhythmic 

task outcomes as predictors of creative rhythmic performance ability. As a final set 

of tasks, these musically-untrained participants were asked to produce improvised 

creative performances on the left and right drum pads (which were associated with 

tom-like and snare-like auditory feedback). Recordings were produced in which 

participants were instructed to "play in a way that sounds musically interesting 

and would keep a listener entertained" for 90 seconds. Each participant completed 

two versions of this task-unpaced improvisation (no audible metronome provided) 

and synchronized improvisation (an audible metronome ticking sound provided at 

500 rns intervals). 

Five members of the research team (the author and four colleagues, none of 

whom had formal musical training, but who otherwise varied widely in musical 

performance experience) rated audio recordings of the results of the musical per

formance tasks in random orders. Ratings include eighteen adjectives regarding 

how the performance sounds (Accurate, Happy, I\'lusically rhythmic, Original, Ag

gressive, Complexly structured, Creative, Entertaining, Expressive) and how the 

performer seems (Enthusiastic, Skilled, Musically trained, Intelligent, Able to keep 
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a steady beat, Interested in the task, Talented, Physically well-coordinated, Phys

ically strong). Adjectives were endorsed on a scale from 1 ("not at all") to 7 ("very 

much"). 

Results in Brief 

Substantial test-retest reliability was found for each summary measure of 

local unpaced interval variability (right-handed at 250 ms, r = .686; at 500 ms, T 

= .419; at 750 ms, r- = .767; alternating-hands at 500 ms: r- = .639; each p < .01). 

\Veaker but still significant test-retest reliability was found for summary measures 

of synchroni;1;ation error (right-handed at 250 ms, r = .370; at 500 ms, r = .305; at 

750 ms , r = .340; alternating-hands at 500 ms: r = .435; each p < .05). These results 

established the possibility of finding meaningful relationships between these sum-

mary measures and other psychornetric rneasures. 

Our in-la.b ratings of the rhythmic accuracy and creativity of participa.nts' 

improvised performances were related to several of the quantitative rhythmic ac-

curacy measures. ln general, performers who were rated favorably on the synchro

ni7.ed improvisation task showed lower synchroni7.ation error and lower local vari

ability in unpaced tasks. Ratings on the unpaced improvisation task significantly 

predicted local unpaced performance variability but not synchronized performance 

error. Table 1 summarizes the relationships between participants' performance on 

the quantitative tasks and our ratings of accuracy and creativity of their improvised 

perforrnances. 
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Table 1 

Study 1: Relationships between Quantitative Outcomes and Creative Performance Ratings 
(Pearson r) 

Sl\IS error 
(10-task composite) 

lSlP Local error 
(8-t.ask composite) 

*p < .05, **p <: .01 

Self-paced 
creative improvisation 

Accuracy Creativity 

-.14 .00 

-.:n 

Synchronized 
creative improvisation 

Accuracy Creativity 

Note. S:\IS - sensorimotor synchronb:at.ion, lSlP - isochronous serial interval production. 

Study 1 Discussion 

These findings suggest that individual differences in quantifiable rhythmic 

performance ability can be detected by untrained observers when listening to un-

trained participants' creative performances. However, interval production accuracy 

measures were relatively weak predictors of ratings of improvised musical perfor-

mance. The combination of tasks used in Study 1 may not have conveyed to lis-

teners the information about individual differences in intelligence that has been 

shown in previous research (lVIadison, Forsman, Blom, Karabanov, & Ullen, 2009) 

to be carried by interva.l production accuracy. The next study sought to directly 

test the relationships between rhythmic timing ta.sks and psychometric variables, 

while adding task variations, rooted in the demands of group-based synchroni;r,a-

tion, that were expected to be especially revealing of mental speed. 
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Study 2 

A limitation of the measures in Study 1 was that they represented an in

complete sample of the basic elements of group-b<t.sed musical synchroni?:ation abil

ity. The need to detect and correct for externally-generated errors and changes in 

tempo is an important cognitive requirement for synchroni?:ed performance (e.g., 

Iviadison & l'vierker, 2005). This may be particularly relevant to the information 

content of rhythmic synchroniuttion. A group of performers in synchroni?:ed per

formance will necessary contain errors as a result of imperfection in individual 

performance. The degree to which an individual can accommodate the errors in 

what is perceived as the group-wide beat may demonstrate mental speed if slow 

reactions to changes lead to perceptibly desynchroni?:ed performance compared to 

the overall group. Study 2 w<t.S designed to investigate the relationship between 

responses to externally-generated errors and psychological differences. More 

broadly, it sought to characteri?:e the first signaling pathway hypothesi?:ed above

from performer traits to quantifiable performance quality-by administering a set 

of synchroni?:ation and interval production measures, tests of general cognitive abil-

ity and personality. Self-report questionnaires were designed to attempt to measure 

aspects of participants' learning history that may be indicate synchroni?:ation skill 

development (especially education and practice in music and dance, but also in

eluding other potential influences, such as experience with rhythm-oriented video 

games). 

As described above, unpaced interval production variability in particular 

has been shown to negatively relate to matrix reasoning ability. The abilities used 



for unpaced interval production, rhythmic synchroni;~;ation , and simple rhythmic 

music performance, which shared some common variation in Study 1, were there

fore expected to relate to cognitive abilities in general and to predict general intel

ligence test outcomes. The first purposes of Study 2 were to directly measure the 

relationships that several me<tsures of rhythmic synchroni;~;ation accura.cy have with 

genera.l intelligence and with personality factors and to determine whether these 

relationships are independent of reported musical experience and expertise. 

Another aim of Study 2 wa.s to seek functional design in rhythmic perfor

mance by manipulating elements of the stimuli to which participants synchroni;~;ed 

their performances. The set of task variations included traditional drum-tapping 

tasks (both synchroni;~;ed and unpaced, each using simple isochronous stimuli) and 

new variations of those tasks (each using more complex stimuli). The new varia

tions in stimuli, which introduced timing ambiguity and error to the synchroni;~;a

tion stimuli, represented potentially mental-speed-revealing aspects of the complex-

ities of maintaining synchroni;~;ation with other performers in a group. The need to 

update one's performance to fit unpredictable changes in an error-prone, ambiguous 

set of background rhythms may be an important condition that allows rhythmic 

synchroni;~;ation to function as an indicator of intelligence. Because synchroni;~;ed 

group musical performance is cross-culturally universal , multiple sources of rhyth

mic stimuli that are generated by other humans (and that therefore contain error) 

would be the expected perceptual input of any psychological a.daptation for rhyth-
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mic: synchroni,;ation. Rather than a single tone or drum-beat, a typical synchro

ni,;ed performer in an ancestral environment likely interpreted a group of cues 

during each interval to extract a target beat. 

The use of more complex, error-prone set of synchronization stimuli may 

also be expected to show a stronger relationship with intelligence simply because 

it is a more complex cognitive task; indeed, the complexity of external cues could 

be the critical environmental element that would allow a rhythmic intelligence-

signaling process to evolve. \Vith target stimuli grouped in time around each inter

va.l duration, performers must update the period and phase of their timekeeping 

process only when the alteration of stimuli has become consistent over a set of 

recent intervals. (For example, a performer observing stimulus intervals could ex

pect one stimulus interval to be followed by one longer interval if a single beat was 

struck early. On the other hand, several shorter stimulus intervals in a row would 

indicate that the stimulus tempo had increased.) Further complexity would be 

added in a realistic drumming scenario where multiple sources of stimuli (e.g., 

several other drummers) were kept in imperfect synchrony. ln this case, keeping 

synchrony would require a performer to assess the spread of stimulus timing and 

adjust process of rhythm-keeping to ma.ximize others' perceptions of synchrony 

with the group. lVIany possible heuristics might be used to solve this problem (e.g., 

synchronize with the perceived average beat timing, synchroni,;e with the loudest 

stimulus, synchroni,;e with the earliest stimulus, synchronize with the physically 

nearest performer, synchronize with a. mutually-acknowledged lead performer). 



lt was predicted tha.t (1) timing accuracy in synchroniJ~ation tasks overall 

would be modestly related to cognitive ability among untrained individuals, both 

in a simple biva.riate analysis and after controlling for musical practice; and (2) 

two task variations should produce error measurements that are particularly 

strongly related to individua1s1 cognitive ability: those that conta.in unpredictable 

phase shifts and those that incorporate stimuli arranged in loose groupings around 

a target beat. 

Method 

Sample. Each pa.rticipant completed one session lasting about 80 minutes. 

Iviale and female participants were recruited from introductory psychology classes 

and other psychology classes offering credit for research participation. Participants 

were required to (1) be 18 years of age or older; (2) be mostly right-handed or able 

to use both hands equally well; (3) have full use of both arms and hands; (4) not 

suffer from ca.rpal tunnel syndrome, or a.ny movement-limiting injuries in hands, 

wrists, or arms; and (5) have no major hearing deficit in either ear. Right-hand 

dominance was confirmed with a series of questionnaire items (Appendix 1). Par

ticipants were further screened after data collection b<lsed on questionnaire items 

about musical instrument experience: two participants who reported 11 professional

level skill11 were removed from all analyses. 

Presentation order. Presentation order of some measures was counterbal-

anced. Half of participants completed the \VASl-11 first and the rhythmic perfor

mance task battery second, and the other half received the reverse ordering. (All 



sessions began with these two tasks and ended with the questionnaire administra

tion.) Order of tasks within the rhythmic performance battery was also partially 

randomized, as described below. 

Cognitive testing. The two-subtest full-scale iQ measure of the \Vechsler 

Abbreviated Scale of intelligence, Second Edition (\VASi-11 FSiQ-2; \Vechsler, 

2011; reviewed by IVIc:Crimmon & Smith, 2012) was used to estimate general intel

ligence. The measure consists of two subt1:1sks that are intended to measure intelli

gence through nonverbal (1\latrix Reasoning) and verbal (Vocabulary) tasks. Scores 

on the two subscales are used to calculate an overall full-scale lQ score ("FSlQ-2") 

to represent general cognitive ability. The \VASl-11 provides an efficient approxi

mation of ability in a broad range of mental abilities, and is at least a fair predictor 

of the full-scale general intelligence measures provided by longer tests (particularly 

the \VAlS-lV, on which it is based). ln the \VASi-11 adult standardization sample, 

the FSlQ-2 showed a split-halfreliability of r - 0.94; a test-retest correlation across 

a mean interval of 10 days, for age group 17-54, of r = 0.84 (0.91 after corrected 

for variability of the normative sample); and the correlation between \VAiS-lV full

scale lQ and the FSlQ-2 was r = 0.84 (0.86 after correction for variability of the 

normative sample). 

Self-report measures. The two newly-written questionnaires were used in 

this study ("Basic information 11 and "IVIusical and Recreational Activities 11
; Ap

pendix 1). The "Bctsic information" questionnaire asked participants to report their 

sex, age, ethnicity, relationship status, sexual orientation, height, weight, handed

ness, and status with respect to several injuries and disabilities that could impair 



motor performance. The 11 IV1usical Behavior and Experience11 questionnaire con

tained items on skill attainment, public practice frequency, and private practice 

frequency for each of singing, dance, and instrumental music performance. Partic

ipants also reported experience playing rhythm-oriented video games, general 

rhythmic behavior tendencies (such as one1s tendency to da.nce or tap along when 

listening to music), frequency of music listening, and importance of sharing musical 

preferences in social and romantic contexts. 

Participants completed a paper-and-pencil form of the BFl-44 personality 

inventory ( 11 Big Five lnventory 11
: John, Dona.hue, & Kentle, 1991), a one-page 

questionnaire that asks participants to indicate their levels of agreement with forty

four self-description items. These items form five scales that represent the dimen

sions of the Big Five model of personality. The BFl-44 ha.s shown substantial va-

lidity for predicting other me1:1sures of all openness, conscientiousness, extraversion, 

agreeableness , and neuroticism (e.g. , John, Naumann, & Soto, 2008). 

Rhythmic performance task battery. Participants completed the 

rhythmic performance tasks with wooden nylon-tipped 16-inch drumsticks and a 

pair of Roland PD-8 electronic drum triggers ( 11 drum pads 11
) to complete the rhyth

mic performance task set. The two drum pads were 9 inches in diameter, positioned 

roughly hori?:ontally at the seated participants1 elbow level, and spaced with the 

pad centers about 11 inches apart. Participants1 taps on the drum pa.ds were reg

istered by a Roland TD-6 percussion sound module ( 11 drum module 11
) connected to 

the pads, which sent audible drum sounds to a pair of headphones, and which sent 

performance information to a microcontroller circuit (the Arduino Iviega 2560 R3) 
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programmed with the t<l.sk administration software. Participa.nts sat on a. padded 

chair with armrests that was adjusted to their preferred height. 

The equipment lms limitations that are relevant to how the data were 

screened and prepared for analysis. The drum module senses participants' drum

stick tapping by monitoring microphone-like sensors inside the drum pads. The 

system "triggers" (registers a tapping response) when a certain (experimenter-de-

termined) threshold is met. A high threshold setting incre<l.ses the risk of light taps 

failing to trigger , whereas a low threshold setting increases the risk of taps causing 

a "double-trigger" (producing two signals in quick succession) due to reverberations 

in the equipment, and of multiple drum pads registering a trigger when a single 

pad is struck. Drum module settings were adjusted to balance these risks. 

The microcontroller program was used to receive and record signals from 

the drum module ("participant input 11
), and to send signals at appropriate times 

that the drum module translates into audible stimuli ("stimulus output 11
). Both 

input and output signals used the lVIlDl (Musical instrument Digital interface) 

protocol, which is based around small pieces of musical da.ta (e.g., timbre, note, 

velocity , on/ off commands) sent between computers and electronic instruments. 

(
11 1v11Dl" can also refer to the type of cables used for this protocol, which provide 

one-way transmission of MiDi signals.) 

The relevant pieces of information in the 1v11Di signals for recorded partici

pant input are an instrument number (which is used to determine whether the left 

or right pad was struck) and a velocity number (which corresponds roughly to how 

hard the pad was struck, but which is also affected by the proximity of the strike 



to the sensors inside the drum pad). These l\.iilDl signals are generated in the drum 

module and sent via MlDl cables to the mic:rocontroller. 

As a signal is received by the microcontroller, administration software rec

ords the instrument and velocity values and attaches a "timestamp" indicating 

microseconds passed since the microcontroller was powered on (later converted to 

milliseconds since the start of each task for analyses). The stimulus MlDl signals 

were 11 looped back 11 to the host microcontroller and timestamps were attached to 

each. These looped-back stimulus timestamps were used for compm·ison with par

ticipant input, rather than compa.ring input timing to the initial times that stimuli 

were sent from the microcontroller, in order to control for the brief round-trip delay 

(tested <lS JM = 2.4 ms, SD = 0.7 ms) for MlDl signals through the drum module; 

stimulus and participant output signals that arrive simultaneously at the micro

controller input pin are assumed to have passed through the drum module simul

taneously. 

Response feedback stimuli. Participants received auditory feedback 

from their responses. Distinctive sounds vvere used for the right and left drum pads. 

The sound for the right drum pad had a "tom" quality and the sound for the left 

drum pad had a 11 snare 11 quality. These sounds were panned partially to their re

::;pective sides. Both ::>mmd::; had a supraliminal duration of approximately 210 ms. 

This configuration vvas selected to encourage a familiar sense of percussive musi

cality and variety to the stimuli and audio feedback. The left-hand pad vvas used 
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only for creative improvisation t<l.sks (not analyJ~ed in the present study); all tasks 

considered in analyses below used only the right-hand pad. 

Instructions and practice period. Each session began with a 60-second 

practice period. Instructions for this practice period vvere given to lead the partic

ipant to become accustomed to the feel of the pads and their threshold for activa

tion, and to determine a comfortable vvay of holding the drum sticks. They were 

further instructed to see if they could make patterns of sound with the pads that 

sounded interesting to them, once they vvere comfortable with the apparatus. The 

drum module was initially set to a standard, moderate volume for each session, 

and each participant \Vas requested to adjust this at will. After the practice period, 

participants were given a brief, standard overview of the nature of the rhythmic 

task set. 

SMS task variations: Target stimulus type. The task set used both 

single-instrument and grouped-stimulus variants. In single-stimulus tasks, partici

pants heard a. single drum sound as a target for each response, with no random 

deviations added, and were instructed to attempt to tap at the same time as the 

sound throughout the task. 

Grouped-stimulus tasks used a set of lOis identical to the single-instrument 

variants, but instead of playing a drum sound exactly at the target timing, partic

ipants heard a collection of three percussion instruments at times randomly devi

ating relative to the target. Ea.ch of three percussion instruments, each of which 

was higher in pitch than the participant's 11 tom 11 -like response feedback: these cor

responded to the "cowbell," "open hi conga," and "mute triangle" instruments in 



the General J\HDl instrument set, as rendered by the particular sample set pro

grammed into the Roland TD-6 drum module. Random variability was added to 

the timing of the grouped instrument set, relative to an equal-interval midpoint for 

each beat. Stimulus timing for instruments in target groups for the 500 rns and 800 

ms t<tsk sets were generated as uniform distributions from -50rns to I 50ms and 

from -80rns to 1 80ms, respectively. The timing deviations were randomized once 

for all participants, so all participants received an identical set of stimuli. 

For grouped-stimulus tasks, the 11 target 11 was the center of the generating 

distributions for each group of stimuli. Participants did not hear any instrument 

fixed at the center of this distribution. For these tasks, participants were asked, 

rather than to tap along with any particular one of the instruments, to imagine 

that the instruments represent a group of performers who are all trying to stay on 

the same beat, and to try to match that group beat as well. Participant response 

deviations were measured with respect to the equal-interval centers of the generat

ing distributions of stimuli. 

SMS task variations: target timing changes. The three types of target 

timing changes used in Sl\1S tasks were Isochronous, Phase-shifting, and Linear

change. 



[<;ochnmmLs SA-18 tasks. Four isochronous synchroni,;ation tasks were ad

ministered: the single-instrument stimulus type at an 101 of 500 ms, single-instru

ment at 800 ms, grouped-instruments at 500 ms, and grouped-instruments at 800 

ms. Each 500 ms 101 variant ran for 130 intervals and each 800 ms 101 variant 

ran for 120 interva.ls. 

Phase-sh:ift'ing tasks. Phase-shifting tasks were identical to isochronous syn

chronilmtion tasks except that the ta,rget stimuli shifted in phase at semi-regular 

but unpredictable points during the task. After each phase shift, the series of stim

uli continued at the nominal IOI of the task. (For example, a 500 ms IOI task that 

contains a +40 ms shift could have stimulus onsets that take place a.t 10000 ms, 

10500 ms, 11040 ms, 11540 ms, 12040 ms, and so on.) 

Shifts occurred on the following intervals (interval, shift value): for 500 ms 

IOI tasks, (:~o, -10 ms), (48, 1 10 ms), (64, 1 20 ms), (81, -20 ms), (97, -50 ms), 

(114, 1 50 ms), (131, 1 100 ms), (150, -100 ms); for 800 ms IOI tasks, (::30, -20 ms), 

(48, 1 20 ms), (64, 1 40 ms), (81, -40 ms), (97, -80 ms), (114, 1 80 ms), (1:n, 1 160 

ms), (150, -160 ms). 

Four versions of the phase-shifting task were administered: single-instru

ment stimulus type at an IOI of 500 ms, single-instrument at 800 ms, grouped

instruments at 500 ms, and grouped-instruments at 800 ms. Each of the four pha.se

shifting tasks ran for 170 interva.ls. 
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Linear-change tasks. Linear-change tasks required participants to maintain 

synchrony with a beat that slowly cha.nged 101 over the course of the task. A 

va.riation of this task ("decelerating") increased the 101 by 10 rns every five inter

vals, beginning at an 101 of 480 ms and ending at 810 rns; another variation (" ac

celerating") decreased the 101 by 10 ms every five intervals, beginning at an 101 

of 820 rns and ending at 490 rns. Because of the brief delay between the start of 

the task and the point when measurements that were retained for analyses began 

(see "Data preparation," below), measurements for the "500 to 800" task began at 

an 101 around 800 ms, and mea.surernents for the "800 to 500" t<l.sk began at an 

101 around 500 ms. 

Four linear-change SJVIS tasks were used (single-instrument and grouped

instrument variations of accelerating and decelerating tasks). Each of the four types 

ran for 170 interva.ls. 

ISIP tasks. For 1SlP tasks, participants briefly entrained to a tapping rate 

by synchronizing to a beat identical to that used in the isochronous, single-instru

ment SMS tasks. They vvere instructed to continue tapping at the same rate after 

the auditory stimuli ceased until the end of the measurement period. The resulting 

measurements consisted of the series of intervals between taps. Two variants of 

this task were administered, using entrainment lOis of 500 ms and 800 ms, each 

using the single-drum stimulus type only. 

For the 500 ms IOI task, participants entrained for 40 intervals and then 

continued self-paced tapping for an additional GO seconds. For the 800 ms IOI task, 

participants entrained for :JO intervals and then continued self-paced tapping for 
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an additional 96 seconds. (Each of these self-paced recording periods was the equiv-

alent of 120 intervals at the entrained 101.) 

Task type combinations and administration order. Each pa.rticipant 

completed the same combinations of task types in a partially randomized order. 

The combinations of task types among the rhythmic performance battery i8 de-

picted in Figure 1.. 

Figure 1. Combinations of Rhythmic Timing Variations Used (14 Tasks) 

Timing change 
variations 

Isochronous 

Phase-shifting 

Linear change 

lnteronset 
Interval 

500 ms 

800 ms 

500 ms 

800 ms 

500 to 800 ms 

800 to 500 ms 

1st: 
Single-stimulus 

SMS 

2nd: 
Grouped-stimulus 

SMS 

3rd: 
I SIP 

Participants were randomly selected to complete task variations at .500 ms 

IOI before completing each at 800 ms IOI, or the reverse. The IOI presentation 

order selected for each participant was used consistently across all task types. The 

three target timing variation levels of SlVIS tasks (isochronous, phase-shifting, and 

linear-change) were also presented in a. randomiz;ed order. Pairs of IOI variants for 
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each of these t<tsks types were always presented together within each set of six Sl\.iiS 

tasks. The standard order of tasks, outside of these variations, was as follows: 

1. Practice tasks and an initial administration of the single-stimulus, isochronous 

SMS tasks at both lOllevels (data not analyzed); 

2. All single-stimulus SMS tasks, in random order: isochronous (at 500 and 800 

ms), phase-shifting (at 500 and 800 rns), and linear change (at 500 and 800 ms); 

3. All grouped-stimulus SlVIS tasks, in the same order as above: isochronous (at 500 

and 800 ms), phase-shifting (at 500 and 800 ms), and linear change (at 500 and 

800 ms); 

4. !SIP tasks (at 500 and 800 ms); 

5. Creative improvisation tasks (da.ta not analp;ed). 

Data Preparation 

Data preparation: SMS tasks. Data across all tasks were screened to 

remove aberrant values (e.g., equipment reverberations that triggered the left-hand 

drum pad). Further data processing was specific to each task type. 

For Sl'viS tasks, data were removed from the beginning of each task, as the 

initial responses in a sequence tend to be unrepresentative of overall performance. 

Retained data began on the 12th beat after each participant began registering taps 

during a. ta.sk. 

Data for SMS tasks were then collected into "beats" delineated by the mid

points between stimuli; e.g., for the 500 millisecond SMS task, each beat lc1sts from 

250 ms before to 250 rns after a given stimulus event. (For linear-change tasks, like 

the simple SMS tasks, beats were delineated halfway between each stimulus event, 



such that the beats became progressively shorter or longer.) lVIost of these beats 

across participants contained exactly one performed tap. Beats that did not conta.in 

a tap were recorded <tS missing data. For beats that contained more than one tap, 

the intended timing was inferred as follows: (1) if the first and last taps in the beat 

are close (within 150 ms), a bounced tap or double-trigger is <tssumed, and the 

earlier is retained; (2) in other cases, retain the tap that is closest to the target. 

For the grouped-stimulus SMS tasks, because stimulus events were distrib

uted randomly around an isochronous beat, it is assumed that the "correct" target 

timing is the isochronous center of the distribution; all asymmetry values were 

calculated relative to the center of the generating distribution around which the 

stimuli deviated. 

Participants showed a general tendency to increase error rates in proportion 

to target 101, as has been found in previous rhythmic performance resea.rch using 

intervals shorter than about 1000 rns (lVIadison, 2004). To produce task outcomes 

with more closely equivalent means and standard deviations for multivariate anal

ysis , each of the task outcomes was divided by target interval si:;r,e in milliseconds, 

and multiplied by 100 as a convenient scaling factor, yielding a mean percentage 

error. 1n the case of linear-change tasks, because the 101 was not constant through

out the task, the 101 used for this comparison was that of the stimulus interval 

preceding each response. 

Data preparation: ISIP tasks. 1S1P task responses were converted to 

intervals by subtracting successive response timestamps. Data from the initial tran

sition between entrained and self-paced tapping was discarded; retained data began 
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2500 ms aft.er the transition (for the 500 ms 101 task) and 4000 ms aft.er the tra.n

sition (for the 800 ms 101 task). 

A substantial portion of the variance in these interval si,;es in continuation 

tasks was accounted for by a long-term tendency to drift away from the target 

interval si,;es (as is typically found when 1S1P tasks of this length are performed). 

The long-term drift typically present in continuation perfonna.nce, as a source of 

variance, is less theoretically relevant to musical signaling than short-term devia

tions. Variability around a local, short-term mean tempo would be most perceptible 

to listeners, compared to interval variance across the entire task, deviations from 

a specified target interval si,;e, or long-term trends. 

Data screening steps and the choice of a method by which drift-controlled 

local variability was isolated was affected by empirical aspects of the data in this 

particular sample, so details are provided with results below. 

Summary and data transformations. 1n the data processing steps 

above, performance outcome me<lsures were formed for participa.nts' performance 

on each of the twelve SlVIS tasks and two 1S1P tasks. For SIVIS tasks, these can be 

characteri,;ed <1S the standard deviation of the <lsymmetry of each attempted tap 

relative to the target , as a percent of 101. For 1SlP tasks , this can be characterized 

as the standard deviation of each interval's deviation from the mean of the five 
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intervals preceding it. Further transformations to the data, which were determined 

based on properties of the collected sample data, are reported with results below. 

Analysis goals. The primary prediction for these data from the chrono-

metric signaling hypothesis is that general intelligence will be associated with indi

vidual differences in error from grouped-stimuli and post-phase-shift periods after 

controlling for available information about musical experience and expertise. Ad

ditional goals for these data were to (1) replicate the previously-observed relation-

ship between matrix reasoning ability and local variance in interval production 

tasks; (2) determine whether differentiable overall profiles of performance are found 

among the rhythmic task types such that multiple scale scores can be created and 

compared on subsequent analyses, (3) characteri7:e the shared variability across 

simpler and more complex rhythmic tasks; ( 4) describe the overall relationships 

timing task outcomes have with intelligence, personality factors, and self-reported 

musiea.l skill attainment; and (5) determine whether beliefs about the importance 

of music in individuals' social lives are related to intelligence, personality, sex, 

rhythmic accuracy, or musical skill attainment. 

Results 

Sample. 107 students ( 66 female, 42 male) in psychology courses at the 

University of New l'v'Iexico participated in individual sessions. Six participants were 

excluded because their English fluency did not meet the criteria for the study, and 

two were excluded due to reporting predominantly left-handed behavior in the 
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additional participants each left between one and five individual questionnaire 

items blank. 

Rhythmic performance task outcomes. The first step in analyses W<1S 

to assess the univariate distributions of variables for non-normality problems. 

SMS responses: a posteriori screening. First, after the a priori da.ta 

cleaning steps described above (nData preparationn) \Vere applied, extreme outly

ing scores remained for many of the dependent variables of intere::;t. The::>e could 

be considered 11 polluted 11 ::>amples, in which the proce::>s of interest samples scores 

from a given range (typically \Vithin 10 to 15 percent of the IOI from the targetL 

but also includes scores generated by different processes; for example, tapping while 

completely unentrained to the beat effectively sample::> from a uniform di::>tribution 

between -50 and +50 percent a::;ymmetry). Ba::>ed on visual inspection of un::>creened 

di::>tribution::> (::;ee Figure 2), values beyond ~35% below the IOI or 20% above the 

IOI were discarded. (For example, ta::;ks \vith a 500 ms IOI retained onl:~,r responses 

that deviated bet\veen -175 and + 100 milli::>econd::; from the target.) Participant::; 

were removed from individual ta::;k analyses if more than :·w% of possible responses 

were mi::>sed or were eliminated by the outlier criterion. 
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Figure 2. Hit> to grams of U nscrccned Percent Asymmetry by Tat>k Type: 
Across Participants: (A) Isochronous Tasks 
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Fig-ure 2 (Continued). Hi~togram~ of U w;crccncd Percent A~ynnnctry by Ta::-;k 
Type, Across Participants: (B) Phase-Shifting T~:u;ks 
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Figure 2 (Continued). Histograms oi Unscreenecl Percent Asymmetry by Task 
Type, Across Participants: (C) Linear-change Tasks 
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The phase-shift t<lsks were excluded from these screening steps, based on 

the expectation that outlying asymmetries should occur for many participants fol-

lowing each phase shift. These particular asymmetries might be particularly rele-

vant to perceptible differences in the apparent quality of a synchronized perfor-

mance. 

Table 3 describes the distributions of percent SD,,y across task types, which 

characteristically varied in proportion to 101 for most task types. 

Table 3 

Distributions of SDa<y (a.-; Percent of Interonset Interval) by Task Variation 

Sinale-stimulus Grouped-stimulus 

101 (ms) 101 (ms) 
500 800 500 800 

Timing change M SD K 1\I SD N ~I SD ~ M SD K 

isochronous 4.82 1.65 96 4.42 1.64 9:3 5.8:3 1.20 96 6.08 1.48 94 

Phase-shift.ing fi.SJ7 2.60 97 7.J7 4.78 97 8.::lo :n1 97 8.::lo 4.46 H7 

Single-stimulus Grouped-stimulus 

IOI range (ms) I 0 I range ( ms) 

500 to 800 800 to 500 500 to 800 800 to 500 

Timing change Jvi SD K Ivi SD N :\I SD ~ rvr SD K 

Lin ear -change 5.47 1.75 91 5.13 1.06 9:3 6.48 1.60 88 8.09 1.57 94 

Note. SD,..sr - standard deviation of asymmetries between target and response across each 
task. 101 - interonset interval. Sample si?:es below N- 97 indicate that participant data was 
removed from analysis because fewer than 70% of targets were associated with a qualifying 
response (recorded between -:35% and -20cYc, of the target. 101). For the phase-shift measure, 
all re:-;ponse:-; were retained and therefore no participant:-;' task outcomes fell below the 70% 
completion criterion. 
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Figure 3 depicts the between-participants distributions of these asymmetry 

measurements value around their means for ea.ch SIVIS task (after application of 

the screening steps above). The standard deviation of percent asymmetry ( SDa"y) 

was the outcome index used for each task, as described above ( 11 Data preparation 11
). 
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Data transformations. Next, in a.ddition to the methods used to manage 

outliers in individuals' response sequence within a given task (see "Data prepara

tion," above), based on inspection of the distribution aft.er previous filtering steps 

were applied, a truncation step was applied. All rhythmic performance task out

comes (two lSlP Local measures and twelve SDa,y me<tsures) were truncated to 

each vary a maximum of 2.97 standard deviations from the overall task mean of 

their respective distributions across participants (equivalent to the outer p = .003 

of a normal distribution). 

Next, based on apparent heteroscedasticity of the timing outcome measures 

and the theoretical plausibility that proportional differences in timing accuracy 

may be more important than absolute differences, all truncated rhythmic perfor

mance task outcomes were log-transformed prior to all bivariate and multivariate 

comparisons. (Univariate descriptive statistics of rhythmic performance outcomes 

are reported prior to these transformations.) 

The two drift-controlled, log-transformed lSlP Local error measures, "lSlP 

Local 500 ms" and "lSlP Local 800 ms", had a moderate positive relationship (r-

= 0.572, p < 0.0001, N = 96). 

Intelligence and personality. Intelligence outcomes in this sample were 

similar to the general population norms. The mean of full-scale lQ (FSlQ-2) was 

103.6 (SD = 10.5, minimum= 79, maximum= 127, N = 96). Relationships among 
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\VASl-11 full-scale lQ scores, \VASl-11 subscale tota.ls ( 11 T-scores 11
), personality fac

tors, and the instrument skill variable are reported in Table 4. 

Unexpectedly, no relationship was found between the two \VASl-11 subscale 

(Vocabulary and IVIatrix Reasoning) scores ( 11 T-scores 11
) in this sample. By con-

trast , the standardi?:ation sample for the \VASl-11 showed correlations of roughly r 

= .4 to r = .6 between the two subscales among different age groups represented 

in the present study's sample (\Vechsler & The Psychological Corporation, 2011). 

This may be due in part to a restriction of range effect; although the full-sca.le lQ 

distribution had a mean similar to the general population, it was somewhat less 

variable (SD = 10.5). 

Correlations between cognitive test outcomes , personality, and self-reported 

musical instrument skill are reported in Table 4. \VASl-11 Full-scale lQ was nega

tively related to conscientiousness ( r- = -.369, p = 0.0002, N = 96), positively re

lated to openness ( T = .389 , p < 0.0001, N = 96), a.nd positively related to self

reported musical instrument skill attainment (r- = .353, p =.0004, N = 96). 

Compared to full-scale lQ, the two subscales showed identical patterns of 

relationships with conscientiousness, openness, and instrument skill (Table 4), with 

the exception that no significant relationship was found between instrument skill 

and the IVIatrix Reasoning subsca1e (p = .084). 
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Table 4 

Zero-order correlations (Pearson r) among YVASI-II FSIQ-2 and subscales, BFI-44 personality 
factors, and self-rated instrument skill 

1 2 :3 4 5 () 7 8 

1. WASI-II IQ 1 

2. WASl-11 V .soo"''. 1 

:i. WASI-II :\IR .651'*' .067 1 

4. I3FI-44 E -.0;};} -.106 .092 1 

5. BFl-44 A -.153 -.133 -.107 .202' 1 

6. BFI-44 c -.:569"' -.2(:)2' -.278' .HJ7 .228. 1 

7. I3FI-44 N .085 .062 .084 -.42:·~*' · -.:306' -.40;")" ' 1 

8. I3FI-44 0 . :389· ·· .285. .296 • -.009 -.017 -.074 -.008 1 

9. Inst. Skill .:i5:f' .:nf .177 -.o:n .057 -.24G' .022 .:irm· 

*p <... __ .05, **p <~ .01 , ***p <~ .0001 

Notes. 1Essing valuPA'l deleted painvise; N for comparisons ranges from 96 to 97. Values are 
uncorrected for multiple comparisons. \VASI-II IQ = \Vechsler Abbreviated Scale of Intelli
gence, 2nd Edition, Two-Subtest Full-Scale IQ measure, V = Vocabulary subtest, IviR = :'via
trix Reasoning subtest, E - Extraversion. A - Agreeableness, C - Conscientiousness, N -
Keuroticism, 0 - Openness, Inst. Skill - Self-reported maximum skill attainment with a mu
sical instrument. 

Musical practice, skill, and social importance. Self-rated smgmg, 

dance, and instrumental mus1c skill variables >vere constructed by coding skill as 

zero if participants answered 11 no 11 to questions that \Vere each phrased similarly 

to: 11 Have you ever taken [dance/ musical instrument] lessons, or spent time seri-

ously practicing your ability to [dance/ play music]?" (See Appendix, "1viusical and 

Recreational Activities 11 questionnaire.) Participants were instructed to continue 

past each set of follow-up questions unless they ans>verecl 11 yes 11 to this question; 
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participants who continued and rated their skill achievement were coded with their 

selected skill level (1 through 5), and their reported typical nurnber hours spent 

practicing and performing was recorded. 

Distributions of responses to most musical training and practice items were 

highly skewed; nearly half of participants ( 46 of 97) reported the lowest possible 

value (zero) on a self-rated dance skill scale. Among each item that asked partici

pants to describe their typical number of hours per month spent practicing or 

performing (singing, dance, or instrumental music) , over half of participants re

sponded with an answer coded zero. One questionnaire item, self-rated musical 

instrument skill achievement, was well-distributed across participants and was se

lected as the measure of musical background used for further analyses. As noted 

above, two participants were removed due to reports of "professional-level skill" 

attainment with a musical instrument (one percussionist and one flautist ) and are 

not included in results below. 

Ten of 97 participants reported some level of skill with drums (between 1, 

"beginner" and 4, "able to play complex material comfortably with creative ex

pressiveness"); the median among these ten participants was 3 ("Able to learn and 

pla.y complex material after extensive practice"). All but 21 of 97 remaining par

ticipants reported some level of skill with a musical instrument of any type, report

ing a median level of 2 ("Able to play very simple material"). 

Reported instrument skill level was positively related to \VA.Sl-11 F.SlQ-2, T 

=.353, p = .0004, N = 96; positively related to BFl-44 Openness, T = .309, p = 
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n = 97); Linear-cha.ngej single-stimulus: T = .819 (p < .001, n 

change/ grouped-stimulus: T = .475 (p < .001, n = 88). 

89); Linear-

Each of the six resulting composite variables for SMS trtsks represented the 

mean of 101-relative, truncated, log-transformed, standardi:;r,ed SD""Y values. The 

outcomes are referenced below as simply SD"'Y: (1) isochronous, single-stimulus 

SIVIS; (2) phase-shifting, single-stimulus SMS; (3) linear-change, single-stimulus 

SIVIS; ( 4) isochronous, grouped-stimulus SiviS; (5) phase-shifting, grouped-stimulus 

SJVIS; (6) linear-change, grouped-stimulus SIVIS. 

A single composite 1S1P t<tsk outcome variable ( 11 1S1P local11
) represented 

the mean of two standardized, truncated local 1S1P variability estimates. As with 

SIVIS tasks, participants with only one score across the two tasks (n = 2) were 

assigned the retained score as the composite measure. Prior to compositing, the 

correlation between 1S1P local a.t 101 500 ms and 101 800 ms, bctsed on truncated, 

log-transformed distributions, was T = .572 (p < .001, n = 95). 

FSIQ-2 and instrument skill as predictors. Zero-order correlations 

among each of these composite measures, \VAS1-11 FS1Q-2, and instrument skill 

are reported in Table 5. Small negative correlations were found between the \VAS1-

11 FS1Q-2 measure and error in the isochronous/ single-stimulus, phase-shifting 

/ single-stimulus, and phase-shifting/ group-stimulus tasks. Viewed in isolation, this 

pattern of outcomes appears to support one of the study hypotheses, such that 

responses to phase shifts that more accurately maintain synchrony demonstrate 

general intelligence. However, the variability in FS1Q-2 that was associated with 
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Table 5 

Zero-order correlations (Pearson r) among YVASl-11 FSlQ-2, Instrument Skill, and Rhythmic 
Performance Outcomes 

1 2 :> 4 Ei () 7 R 

1. \VASl-11 lQ 1 

2. Imlt.. Skill .:35:(' 1 

:>. Sl\IS: I/S -.203' -.4:36 .. * 1 
4. SMS: 1/G -.124 -.:)Go" .647'*' 1 

5. SMS: P/S -.269' ' -.402'" .74(('' ,;],1,1" ' 1 

6. SMS: P/G -.204' -.293" .578"' '' .608''"" .740"""' 1 

7. SMS: L/ S -.186 -.494"' .85:5'*' .664''* .785"' .62(('* 1 

8. SMS: L/G -.0;]1 -.:mt· .46ft•• ,,](i()Ht .5:~6,,. .691m .601 ' *' 1 

9. ISIP Local -.152 -.362 .. .72:3' .. .658'*' .505*H .4oi'"' .668 .. * .405"'* 

*p <::"~ .05, **p <.:::: .()1, ***p ·< .0001 

Note8. :viissing values deleted painvise; N for comparisons ranges from 9:1 to 97. Values arc 
uncorrected for multiple comparisons. \VASl-lllQ - \Vechsler Abbreviated Scale of Intelli
gence, 2nd Edition, Two-Subtest Full-Scale lQ measure, lnst. Skill - Self-reported maximum 
skill attainment \Vith a musical instrument, S:\IS - sensorimotor synchronb:ation tasks (tnm
cated, log-transformed, standardi11ed standard deviations of asynchronies as percentage of in
teronset interval (IOI), com posited between IOI 500ms task outcome and IOI 800rns task out
come), I = isochronous timing variation, P = pha.se-shift.ing timing variation, L = linear 
change timing variation, S = single-stimulus variation, G = grouped-stimulus variation, ISIP 
Local = isochronous serial interval production task (drift-controlled local deviation rnea .. 'lure, 
log-transformed and composited bet>veen IOI FiOO ms task outcome and IOI 800 ms task out
come). 

ANCOV A for repeated SMS measurements. 1\Jain analyses included 

one repeated mea::mres ANCOVA on the six SlVIS task outcomes and one multiple 

regression of the ISIP Local error outcome. A mixed linear model vvas used to 

estimate the interactions between covariates of interest (vVASI-II FSIQ-2, Instru-

ment Skill Attainment, and BFI-44 Extraversion, Agreeableness, Conscientious-

ness, Neuroticism, and Openness) and the two vvithin-subjects factors, stimulus 
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type (single, grouped) and timing-change type (isochronous, phase-shifting, linear

change) on the outcome variable, SD,w (composite of 101 500 ms and 800 ms tasks' 

log-transformed error variability, relative to 101). 

lt was predicted that (1) FSlQ would predict the average outcome between 

subjects, with and without Instrument Skill Attainment included in the model; and 

(2) two-way interactions would exist between FSlQ and each of the two within

subjects factors, such that the slope of the regression of SD"'Y on FSlQ would be 

greater for grouped vs. single stimuli, for phase-shifting task timing vs. isochronous 

task timing, and for linea.r-change t<tsk timing vs. isochronous task timing. 

lf unstandardized outcome measures had been used, main effects of the 

within-subjects factors would be expected, such that the more complicated tasks 

would produce greater error. Because these effects would not be of interest to the 

study hypotheses, the composite outcomes were constructed from standard scores 

(as described above). 

Multivariate assumptions. Five participants had incomplete data among 

the six S1viS outcome measures (i.e., data vvere excluded by screening procedures 

for both the GOO ms and 800 ms variation of at least one task type, so that a 

composite could not be produced). Applying the criterion of J'vlahalanobis distance 

chi-square probabilities beyond the p < .001 level, one additional participant was 

screened as a multivariate outlier among these six measures (J'vlahalanobis distance 

- :3:3.64, k - G, p - .000008), leaving N - 91 for the repeated-measures analysis. 

Levene's test showed no significant deviations from equality of error variances 
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(Table 6). The self-rated musical instrument skill variable (a five-point scale from 

"1. Beginner" to "4. Able to play complex materia.l comfortably, with creative 

expressiveness, 11 with pa.rticipants who selected 11 5. Professional-level technical 

skill" removed from analyses) was by far the strongest predictor of average task 

outcome. 

Table 6 

Between-Subjects Effects on Mean Sensorimotor Synchroni"'ation Error across Task 
Variations 

Source Type III SS df 1IS F p partial r/ 

Intercept o.o:n 1 o.o:n 0.102 .751 .001 

WASl-11 FSlQ-2 0.537 1 0.537 1. 7:35 .192 .021 

Instrument Skill 4.626 1 4.626 14.961'' .0002 .1.')9 

Extraversion 0.431 1 0.431 1.392 .242 .017 

Agreeableness OJJ18 1 OJJ18 0.059 .809 .001 

ConH<:ienti<>mmess 1.:324 1 1.:324 4.281* .042 .051 

Neuroticism 0.268 1 0.268 0.867 .:)55 .011 

Openness 2.250 1 2.250 7.278" .009 .084 

Order (Lin. before lso.) 0.071 1 0.071 0.2:30 .6:)3 .00:) 

Order (Ph. before Lin.) OJJlS 1 OJJlS 0.048 .828 .001 

Order (Ph. before lso.) 0.020 1 0.020 0.066 .799 .001 

Error 24.426 79 0.:)09 

*p < .mi, **p < .tn 

Note. SS - sum of squares, l\IS - mean square, elf- degrees of freedom, Lin. - lin
car-change task timing variation, Ph. - phase-shifting task timing variation, Iso. -
isochronous task timing variation. 

Interactions with stimulus-type factor. The only between-subjects 

variable that interacted with the within-subjects stimulus type factor in the 
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model wrts self-rated instrument skill attainment (Table 7), F(l, 79) 5.079, ]J = 

.027, partial ·rf = .060. 

Table 7 

Main Effect and Two-\Vay interaction Effects of Stimulus Type (Single vs. Grouped) on Sen
sorimotor Synchronization Error (SD"'Y ) 

Source Type III SS df IviS F p partial :l 
Stimulus .835 1 .8:35 1.990 .162 .025 

Stimulus X WASI-II FSIQ-2 .271 1 .271 .645 .424 .008 

Stimulus X Instrument Skill 2.1:n 1 2.1:n 5.079' .027 .060 

Stimulus X Extraversion .132 1 .1:32 .:314 .577 .004 

Stimulus X Agreeableness 1.414 1 1.414 :-um) .070 .041 

Stimulus X Conscientiousness .2:30 1 .2:30 .548 .462 .007 

Stimulus X .:.T euro ticism .045 1 .045 .107 .744 .001 

Stimulus X Openness .;)1:~ 1 .51:} 1.22:3 .272 .OLS 

Stimulus X Order 
.066 1 .066 .156 .69:3 .002 

(Linear, Isochronous) 

Stimulus X Order 
.:320 1 .:320 .764 .:385 .tHO 

(Pha.'le-shifting, Linear) 

Stimulus X Order 
1.046 1 1.046 2.494 .lUI .o:n 

(Phase-shifting, isochronous) 

Error :nt4:~ 79 .420 

*p <: .05 

Note. SS - sum of squares, l'viS - mean square, elf- degrees of freedom, \VASl-11 FSlQ-2 -
\Vechsler Abbreviated Scale of Intelligence, 2nd Edition, Two-Subtest Full-Scale lQ mea.-;ure. 

Interactions with timing-change-type factor. Table 8 summarizes 

the interactions between timing-change type and the between-subjects measures. 
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Table 8 

Iviain Effect and Two-\Vay Interaction Effects of Task Timing Change Type (Isochronous, 
Phase-Shifting, and Linear-Change) on Sensorimotor Synchronization Error (SD.,y) 

Source Type III SS elf f\IS F Jl partial 

Change type .679 2 .:3:39 1.284 .280 .016 

Change type X \VASI-II FSIQ-2 U i96 2 .948 :LS86' .0:30 .04:~ 

Change type X Instrument Skill 2.1:35 2 1.067 4.039'' .019 .049 

Change type X Extraversion .404 2 .202 .764 .468 .010 

Change type X Agreeableness .28:3 2 .141 .5:3fi .Fi87 .007 

Change type X Conscientiousness .984 2 .492 1.861 .159 .02:3 

Change type X ~ euroticism .050 2 .025 .095 .910 .001 

Change type X Openness .. )09 2 .2;)5 .96:} .:384 .012 

Change type X Order 
.72:3 2 .:361 l.:H)7 .2S8 .017 

(Linear-change, Isochronous) 

Change type X Order 
1.126 2 .56:3 2.130 .122 .026 

(Phase-shifting, Linear-change) 

Change type X Order 
1.884 2 .942 :3.564* .o:n .04:~ 

(Phase-shifting, Isochronous) 

Error 41.762 158 .264 

*p <: .05 

r/ 

Note. SS - sum of squares, l'viS - mean square, elf- degrees of freedom, \VASl-11 FSlQ-2 -
\Vechsler Abbreviated Scale of Intelligence, 2nd Edition, Two-Subtest Full-Scale IQ measure. 

The relative order of presentation of two of the timing-change-type levels 

(isochronous and phase-shifting) interacted with the timing-change type factor, 

F(2, 158) - :3.564, p - .o:n; the distributions of SD""Y by the le·vcls this presenta-

tion-order variable (Table 9) demonstrate that participants completed phase-shift-

ing tasks with lower error when those ta..-sks were presented earlier in the ta..-sk set, 

suggesting a fatigue effect. 
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Table 9 

Distributions of Sensorimotor Synchronization error (SD,"Y) for each Timing-Change Task 
T ype, Illustrating One Presentation Order Effect 

Isor:hronous Phase-shifting Linear-change 

Isochronous before pluJ.~e-shifting (n = 48), M(STJ) -0.08.) (0.724) -0.10!) (0.570) -0.027 (0.685) 

Phase-shifting before isochronous (n 1U ): M (SD) -0.072 (0.79()) -0.21:! (0.£):HJ) -O.mm (0.870) 

Instrument Skill interacted with the within-subjects task timing change fac-

tor , F(2, 158) = 4.039, p = .019 , partial ·rf = .049. The planned interaction con-

trasts (Table 10) demonstrated that phase-shifted and isochronous tasks produced 

different relationships between SDa,y and Instrument Skill, such that the linear 

relationship wa.s significantly stronger for isochronous tasks (Table 11). 

\VASl-11 FSlQ-2 also interacted with the within-subjects ta.sk timing change 

factor, F(2, 158) = 3.586, p = .030, partial ·rf = .043. This effect wa.s not captured 

by the planned interaction contrasts (Table 10), but inspection of the relationship 

between task-type marginal means and FSIQ (Ta.ble 11) suggests a trend in the 

direction of a stronger relationship between FSlQ and phase-shift.ing tasks, relative 

to other timing-change task types. 
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Table 10 

Planned Contrasts for the Interaction Effect between Task Timing Change Type (Isochro
nous, Phase-Shifting, and Linear-Change) and Between-Subjects Va.riables on Sensorimotor 
Synchronization Error (SD,.,y) 

Source 
Change Type x 

\VASI-II FSIQ-2 

Change Type x 
Self-rated musical 
instrument 
performance skill 

Error 

*p < .05 

Contrast 
Phase-shifted, 
Isochronous 

Linear-change, 
isochronous. 

Phase-shifted, 
isochronous 

Linear-change, 
isochronous. 

Pha."le-shifted, 
Isochronom; 

Linear-change, 
isochronous. 

Type III SS 
.702 

.278 

1.822 

0.036 

2G.O:H 

20.418 

df F 

1 2.1:n 

1 1.075 

1 5.529* 

1 .141 

79 .::rm 

79 .258 

p 

.148 

.:303 

.021 

.709 

. l ') parha 1{ 

.026 

.065 

.002 

Note. SS - sum of squares, MS - mean square. df- degrees of freedom, \VASI-II FSIQ-2 -
\Vechsler Abbreviated Scale of Intelligence, 2nd Edition, Two-Subtest Full-Scale IQ measure. 
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Table 11 

Correlations (Pearson r) Between Each Sensorimotor Synchronization Error (SD"·'Y) Ivlarginal 
I\lean at Each \Vithin-Subjects Factor Level and Between-Subject::; Variable::; 

Stimulus type marginal mean: Single-stimulus 

Stimulus type marginal mean: Grouped-stimulus 

Timing change type marginal mean: Isochronous 

Timing change type marginal mean: Phase-shifting 

Timing change type marginal mean: Linear-change 

*p < .05, **p < .01 

In::;trmnent Skill 
-.498' ' 

-.389" 

-.45((' 

-.4()7' ' 

-.451*• 

WASI-11 FSIQ-2 
-.18:3 

-.122 

-.141 

-.22fi ' 

-.107 

Note. SS - sum of squares, MS - mean square, df- degrees of freedom, Instrument Skill -
self-rated musical instrument skill level, \VASI-11 FSIQ-2 - \Vechsler Abbreviated Scale of In
telligence, 2nd Edition, Two-Subtest Full-Scale IQ measure. 

Multiple regression on ISIP Local error. The step\vise multiple re-

gression procedure as implemented in SPSS 20.0 was used to assess which of the 

seven continuous between-subjects predictors of interest (vVASI-II FSIQ-2, In-

strument Skill Attainment , and BFI-44 Extraversion, Agreeableness, Conscien-

tiousness, Neuroticism, and Openness) were important predictors of the ISIP Lo-

cal error measure (a composite of the drift-controlled local error estimate pro-

ducecl by the ISIP tasks at IOI 500 ms and IOI 800 ms). The final model in-

eluded only Instrument Skill (fl - -0.21:3, p - .0:35) and BFI-44 Openness (/J - -



0.295, p = .004) as predictors of lSlP Local error; the overall model accounted for 

17.1% of the variance inlSlP Local error (Table 12). 

Table 12 

Stepwise Regression of lSLP Local Error Composite on Between
Subjects Predictors 

Predictor fJ t p 
l'v'Iodel 1 (Constant) 3.218** .002 
(R2 .1::~4) 

-3.807"* Instrument Skill -0.:566 .0003 

IVIodcl 2 (Constant) 2.8:~:~** .006 
(R2 = .1.69) 

Instrument Skill -0.:301 -:3.011 "* .oo::~ 

BFI-44 Openness -0.200 -2.002' .048 

*p < .05, **p < .()1, ***p < .0001 

Note. Predictors entered: Y.l ASI-II FSIQ-2, BFI-44 (five factors), 
Self-Rated instrument Skill Level. BFi = Big Five inventory. 
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General Discussion 

Rhythmic synchroni7.ation and self-paced beat-keeping abilities as expressed 

in typical participants have been rigorously specified from an experimental cogni

tive perspective, exploring the details of independent phase- and period-setting 

processes that determine and correct rhythmic timing, the expected degrees of in

accuracy in typical participants, and the effects of task demands and different input 

types on accuracy (Repp, 2005, Repp & Su, 2013; Madison, 2000). Recent studies 

have begun to apply these tasks from an individual-differences perspective and 

have found cognitive and personality differences that predict error (I\Iadison et al., 

2009; Holm et a.l., 2011; Ullen et al., 2012, Soderlund et al., 2012; Lod\s et a.l., 

2013). The present studies attempted to extend this research by seeking task var

iants based on real-world group synchronization complexities that could be pmtic

ularly revealing of mental speed. 

The results of Study 2 provided only weak support for the chronometric 

signaling hypothesis. Several measures of rhythmic timing, and in particular the 

outcome of tasks that involved accornrnodation of shift.s in the phase of the stimuli, 

were related to general intelligence, but the predicted pattern of stronger relation

ships with tasks using more complex stimuli was not found. The portion of variance 

in intelligence that did uniquely and weakly predict some rhythmic accuracy out

comes also completely overlapped with self-rated musical instrument skill attain

ment. These results are compatible with multiple causal relationships: if general 

intelligence and musical practice each affect both synchroni7.ation timing error and 
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musical skill attainment, no unique variability in rhythmic performance would nec

essarily be explained by intelligence differences, yet displays of synchronization 

timing accuracy might still be valid cues of intelligence. Alternatively, a parsimo

nious explanation for the data is that the causal effect of intelligence on timing 

error is entirely through its effects on the development of musical skill. This pro

vides no support for the hypothesis that rhythmic precision directly indicates men

tal speed. However, as the amount of practice required to reach musical expertise 

may be much lower among high-intelligence performers (Ruthsatz, Detterman, 

Griscom, & Cirullo, 2008), rhythmic precision could nevertheless be an efficient 

indicator of intelligence if the members of a group being compared on skill are 

assumed to have similar practice opportunity. Future research could more carefully 

study individuals' musical practice history to determine how intelligence and mu

sical practice may separately contribute to the phenomena. of high musical skill 

attainment and low synchroni7-ation timing error. 

Several limitations to the validity of these measures were present. First, 

because the questionnaire measures were consistently administered after rhythmic 

performance t<tsks, it is possible that participants' self-ratings of musical instru

ment skill attainment could have been influenced by their beliefs about having 

performed relatively well or poorly on the rhythmic ta.sks. If so, part of the rela

tionship between rhythmic task outcomes and skill attainment could be spurious. 

Second, the use of drumsticks may introduce task difficulties that would not be 

present in any environment in which membranophones were available for hand 

percussion; however, the use of drumsticks may actually lessen the advantage of 
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trained musicians over untrained participants, due to the difficulty of antagonistic 

muscle coordination (Guy lVIadison, personal communication). Third, the incom

plete control of order effects makes it impossible to rule out some effects of earlier 

measurement processes on later ones: in particular, because the questionnaire 

measures were always administered last, it is possible that pa.rticipants' perception 

of their own performance on the rhythmic tasks may have inf1uenced later ques

tionnaire responses, such as self-reported musical instrument skill. 

A more difficult problem for laboratory studies of unlearned differences m 

musical ability is tha.t the population of participants was unable to draw on the 

years of rhythmic performance experience that would probably have been broadly 

present among ancestral populations, for whom musical expression was a larger 

part of cultural life. An ideal sample for mea.surement would be minimally selected 

for high levels of ability (in any stable cognitive and physiological individual dif

ferences that comprise rhythmic accuracy capacities), but would have substantial 

practice with musical percussion performance. This combination is unlikely to be 

available in college samples, but could be found in small-scale societies and possibly 

also in specific \Vestern subcultures where musical performance is encouraged with 

minimal selection for a.bility. 

Creative Tasks, Musical Stimuli, and Motivation 

Creative performance recordings were produced by the sample of partici

pants in Study 2, but not analyzed in the present report. The stimuli for these 

tasks attempted to engage music-specific cognitive processes by adding a minimal 

set of cues to increase the extent to which performers perceive the t<tsks as musical 
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(relative to tasks using simple isochronous stimuli). A hypothesized rhythmic sig

naling process might be active only when a performer perceives music-specific au

ditory cues, so motor performance tasks that are not perceived as musical might 

be affected by different traits than those perceived as musica.l. Two ecologically 

valid elements absent in typical isochronous performance tasks are ( 1) the presence 

of a melody sung or played in time with the synchronization stimuli and (2) the 

presence of rhythmic accenting in the synchronization stimuli. (Rhythmic accenting 

refers to the tendency for higher metrical levels of a rhythm to be marked by 

changes in performance; for example, an increase in loudness that marks the first 

beat of each measure.) These can be added to entrainment stimuli without affecting 

the objective timing information present in the stimuli, allowing a clean test of 

their perceptual and motivational effects on accuracy measurements. 

A simple motivational hypothesis is that more music-like stimuli may m

crease engagement in the task and improve overall participant accuracy. A more 

specific prediction from the signaling hypothesis is that the more ecologically-valid 

tasks, containing melody and rhythmic accenting as cues of a musical context, 

could incre<lse the strength of relationship between accuracy and intelligence. Fu

ture studies could include such motivational cues both in tasks meant to evoke 

creative performances and in tasks measuring quantitative differences in synchro

nization or self-paced tapping accuracy. 

Chronometric Variables 

As recommended by Jensen (2006), it is important for any study attempting 

to me<tsure relationships between timing abilities and general cognitive ability , or 
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among various timing tasks, to establish a baseline of the speed of simpler tasks 

involving perception a.nd motor response. The duration of processes involved in 

more complex timing tasks are hypothesized to ref1ect a general 11 mental speed11 

factor. There are less theoretically interesting sources of timing variation intro

duced at the level of the peripheral nervous system as well; this variation acts as a 

suppressor variable when measuring the relationship between cognitive ability and 

overall reaction time for more cognitive complex tasks. lt is therefore useful to 

measure reaction time for less complex tasks (e.g., those requiring only a simple 

button-pressing response to the onset of a visual or auditory stimulus), because 

including this variable in regression analyses can clarify the relationship between 

cognitive a.bility and more interesting sources of response delays in other tasks. 

Subsequent research that attempts to identify a chronometric signaling component 

in complex motor should include measures of simple reaction and choice reaction 

time for comparison, such as the ta.sk set described by Deary, Der, and Ford (2001). 

Conclusion 

Continuing to investigate ta.sks that may reflect the cognitive abilities un

derlying accuracy and perceived overall quality of natural rhythmic performance 

in diverse populations will allow an increasingly accurate representation of the in

formation content of musical rhythm performance. The pathways and uses of phe

notypic information in the putative human musical signaling system can be inves

tigated in a number of ways in future studies, including investigations of: (1) the 

correlations between ecologically valid musical ability tests, intelligence, and de-
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velopmental stability; (2) the extent to which this phenotypic information is com

municated to and acted upon by representative evaluators; (3) whether motiva

tional priming produces qua.ntitative differences in signal quality; and ( 4) whether 

quantitative manipulations of signal quality can produce predictable results in lis

teners' social perception processes <1S applied to the performer. 
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Appendix: Questionnaires 

Questionnaire: "Basic Information" 

Please remember: 

Your answers are completely confidential, and you may refuse to answer any question that 
you are uncomfortable answering, without penalty. There is no need to feel embarrassed 
about your unique traits and experiences. Everyone is different, and these differences are 
what interest us as psychologists. 

Basic Information 

1. We'd like to be able to describe the basic demographic information about the 
participants in this study, so please tell us the following about yourself: 

a) Sex: (circle one) 

b) Age: 

c) How would you describe your 
ethnicity? (circle one or more) 
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Female 

Male 

Neither of these is 
appropriate (please 
explain in writing) 

___ years 

White or Euro-American 

Native American or 
Alaskan Native 

Hispanic, Latina/Latina, 
Mexican American, or 
Puerto Rican 

Native Hawaiian or Pacific 
Islander 

Black, Afro-Caribbean, or 
African American 

East Asian or Asian 
American 

South Asian or Indian 
American 

Middle Eastern or Arab 
American 

None of these are 
appropriate (Please 
explain in writing) 



2. We're interested in how relationship status might relate to performance in parts 
of this study. Are you currently in a steady romantic relationship? 

IF YES: 

a) About how long has the relationship been 
going on? 

b) Are you married to your partner? 

c) Are you currently living with your partner? 

(Yes) (No) 

___ years and 

months 

(Yes) (No) 

(Yes) (No) 

3. Which of these best characterizes your sexual orientation? 

Exclusively heterosexual I straight 

Exclusively homosexual I gay or lesbian 

Bisexual 

None of these are appropriate (please 
explain in writing)) 

The remaining items in this questionnaire have to do with your body. We need to 
ask these questions to see whether physical differences affect people's 
performance on some of the tasks in the study. As a reminder, you are free to 
leave any item blank if you are uncomfortable answering it. 

4. What are your height and weight? (If you aren't sure, please give your best 
guess.) 

a) Height: feet and inches 

b) Weight: lbs. 
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5. For the following activities, which hand do you prefer to use? 

a) Writing with a pen (Left hand, always) 

(Left hand, usually) 

(no preference) 

(Right hand, usually) 

(Right hand, always) 

b) Throwing a ball (Left hand, always) 

(Left hand, usually) 

(no preference) 

(Right hand, usually) 

(Right hand, always) 

c) Using a computer mouse (Left hand, always) 

(Left hand, usually) 

(no preference) 

(Right hand, usually) 

(Right hand, always) 

d) Drawing with a pencil 

e) Eating with a spoon 

(Left hand, always) 

(Left hand, usually) 

(no preference) 

(Right hand, usually) 

(Right hand, always) 

(Left hand, always) 

(Left hand, usually) 

(no preference) 

(Right hand, usually) 

(Right hand, always) 
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6. Have you ever been diagnosed with a hearing deficiency, or do you have any 
problems with your hearing in either ear? 

(Yes) (No) 

If yes, please describe: 

7. Have you had any recent injuries to your hands or arms that are not fully healed? 
(Please include even minor bruises, sprains, blisters, etc.) 

(Yes) (No) 

If yes, please describe: 

8. Have you recently completed any exercise that might result in unusual stiffness or 
fatigue in your arms or hands? 

(Yes) (No) 

If yes, please describe: 

9. Have you ever been diagnosed with a neurological disorder (such as schizophrenia, 
seizure disorders, movement disorders, autism-spectrum disorders, or attention 
deficit hyperactivity disorder)? 

(Yes) (No) 

If yes, please describe: 
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Questionnaire: "Musical and Recreational Activities" 

Please remember: 

Your answers are completely confidential, and you may refuse to answer any question that you are 
uncomforta ble answering, w ithout penalty. There is no need to feel embarrassed about your unique 
traits and experiences. Everyone is different, and t hese differences are what interest us as 
psychologists. 

Musical and Recreational Activities 

This questionnaire is designed to measure activities and tendencies that might be related to rhythmic 
skill development, even if you've never tried to learn to play music. 

Part 1: Performance and Practice 

1. Have you ever taken singing lessons, or spent time seriously practicing your singing ability? 
(please circle one) 

IF YES: 
a) In the past year, about how many hours per month 
do you spend privately practicing vocal performance, 
on average? (please write a number) 

b) In the past year, about how many times have you 
performed or practiced singing in public, overall? 

(Yes) (No) 

____ hours per month 

____ times 
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2. Have you ever taken dance lessons, or spent time learning or practicing dance? 

IF YES: 

a) Please describe the style of dance you have 
developed the most skill in. 

b) Which of these best descr ibes the highest 
level of skill you have achieved in dance 
performance? 

c) In the past yea r, about how many hours per 
month have you spent doing any kind of 
dancing, on average? 

(please circle one) 

(Yes) (No) 

(1) (Beginner) 

(2) (Able to perform basic 
movements in a dance style) 

(3) (Able to perform complex 
movements in a dance style) 

(4) (Able to perform complex 
movements easily, wi th 
creative expressiveness) 

(5) (Professional-level 
technical skill) 

___ hours per month 
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3. Have you ever taken music lessons, or spent time learning to play a musical instrument? (Please 
include any informal practice, and any lessons you might have received in your life, including early 
schooling.) 

IF YES: 
a) What instrument(s) have you lea rned to play? 

(Please list below. If more than one, please start 
w ith the instrument that you have the most 
experience w ith.) 

b) Which of these best describes the highest level 
of skill you have achieved in musica l performance 
on any instrument? 

c) In the past year, about how many hours per 
month have you spent doing any type of musical 
performance or practice, on average? 

(Yes) (No) 

(1) (Beginner) 

(2) (Able to play very simple 
material) 

(3) (Able to learn and play 
complex material after 
extensive practice) 

( 4) (Able to play complex 
material comfortably, w ith 
creative expressiveness) 

(5) (Professional-level 
technical skill) 

____ hours per month 
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4. Have you ever spent time playing video games that use rhythm, like Tap Tap, Dance Dance 
Revolution, Rock Band, Guitar Hero, Just Dance, or Dance Central? 

IF YES: 

a) What is the name of the rhythm game t hat you have 
played the most? 

b) In the past year, about how many hours per month 
have you spent playing rhythm games overall? 

c) In the past year, about how many hours per month 
have you spent playing any rhythm game that uses 
drumsticks? (Please write zero if you have not played 
games like this.) 

(Yes) (No) 

____ hours per month 

____ hours per month 

5. Do you have any significant experience with playing drums of any sort? 

IF YES: 
a) What style(s) of drumming are you practiced in? 

b) In the past year, about how many hours per month 
have you spent doing any kind of drumming 
performance or practice, on average? 

c) Which of t hese best describes the highest level of 
skill you have achieved in drum performance? 

(Yes) (No) 

____ hours per mont h 

(1) (Beginner) 

(2) (Able to play very simple 
material) 

(3) (Able to learn and play 
complex material after 
extensive practice) 

(4) (Able to play complex 
material comfortably with 
creative expressiveness) 

(5) (Professional-level 
technical skill) 
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6. If you have had any other significant experiences with musical or rhythmic performance 
that have not been covered by the questions asked already, please describe them briefly 
below. Otherwise, please write "none" below. 
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Part 2: Music-related behaviors 

7. How many hours per week do you listen to music by yourself, typically? 

____ hours per week 

8. How many hours per week do you listen to music with at least one other person present who can 
hear the music, typically? 

____ hours per week 

9. How many hours per month do you typically spend dancing in private, where you cannot be seen by 
anyone else? 

____ hours per month 

10. How many hours per month do you typically spend dancing in public or in any setting where you 
can be seen by other people? 

____ hours per month 

For the remaining items, please give your response on a scale from 1 to 7 by selecting one of the 
numbers. 

11. When you're listening in private to music you like, how often do you feel a strong urge to move 
along with it (including dancing or smaller movements, like tapping your feet)? 

(1) (Almost never) 

(2) 

(3) 

(4) (Half t he time) 

(5) 

(6) 

(7) (Almost always) 
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12. How important is it to you to have friends who enjoy the same kinds of music that you do? 

(1) (Not at all) 

(2) 

(3) 

(4) (Somewhat important) 

(5) 

(6) 

(7) (Absolutely necessary) 

13. At the beginning of a romantic relationship, how much do you think sharing musical tastes would 
affect your romantic interest in the other person? 

(1) (Not at all) 

(2) 

(3) 

(4) (Somewhat) 

(5) 

(6) 

(7) (A great deal) 

14. At the beginning of a romantic relationship, how helpful do you think sharing musical tastes would 
be for getting the other person romantically interested in you? 

(1) (Not at all) 

(2) 

(3) 

(4) (Somewhat) 

(5) 

(6) 

(7) (A great deal) 
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Questionnaire: BFI-44 

How I am in general 
Here are a number of characteristics that may or may not apply to you. For example, do you agree 
that you are someone who likes to spend time with others? Please write a number next to each 
statement to indicate the extent to which you agree or disagree with that statement. 

I am someone who ... 

1. Is talkative 

Disagree 
a little 

2. Tends to find fault with others 

3. ___ Does a thorough job 

4. ___ Is depressed, blue 

5. ___ Is original, comes up with new ideas 

6. Is reserved 

7. ___ Is helpful and unselfish with others 

8. Can be somewhat careless 

9. ___ Is relaxed, handles stress well 

I 0. ___ Is curious about many different things 

II. __ Is full of energy 

12. __ Starts quarrels with others 

13. Is a reliable worker 

14. Can be tense 

15. __ Is ingenious, a deep thinker 

16. Generates a lot of enthusiasm 

17. __ Has a forgiving nature 

18. Tends to be disorganized 

19. Wonies a lot 

20. __ Has an active imagination 

21. __ Tends to be quiet 

22. __ Is generally trusting 

Agree 
a little 

23. ___ Tends to be lazy 

24. ___ Is emotionally stable, not easily upset 

25. Is inventive 

26. ___ Has an assertive personality 

27. Can be cold and aloof 

28. Perseveres until the task is finished 

29. ___ Can be moody 

30. ___ Values artistic, aesthetic experiences 

31. ___ Is sometimes shy, inhibited 

32. ___ Is considerate and kind to almost everyone 

33. ___ Does things efficiently 

34. Remains calm in tense situations 

35. Prefers work that is routine 

36. ___ Is outgoing, sociable 

37. Is sometimes rude to others 

38. ___ Makes plans and follows through with them 

39. ___ Gets nervous easily 

40. ___ Likes to reflect, play with ideas 

41. Has few artistic interests 

42. ___ Likes to cooperate with others 

43. ___ Is easily distracted 

44. __ Is sophisticated in art, music, or literature 
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