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Abstract The present findings demonstrate that when

participants are provided a Lissajous display with cursor

indicating the position of the limbs and a template illus-

trating the desired movement pattern they can rapidly

(10 min) and effectively (continuous relative phase errors

and variability *10�) tune in a difficult 5:3 bimanual

coordination pattern and without additional practice re-tune

their responding to an equally difficult 4:3 coordination

pattern. The findings indicate the extreme difficulty asso-

ciated with producing complex polyrhythms in previous

experiments has been due to split attention when Lissajous

feedback has been provided and inability of the participant

to detect and correct coordination errors when only pro-

vided vision of the limbs. Effective transfer to the 4:3

polyrhythm without previous practice suggests that the

perception–action system’s capabilities are extensive. The

present findings when viewed in the context of recent

experiments using similar protocols suggest that much, but

not all, of the difficulty associated with producing a variety

of bimanual coordination tasks should be viewed in terms

of perceptual constraints imposed by the testing

environment.
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Introduction

The findings from bimanual 1:1 and polyrhythmic coordi-

nation patterns of the fingers, wrists, or arms have been

used extensively to develop theories of interlimb coordi-

nation. With the exception of 1:1 in-phase (/ = 0�) and

anti-phase (/ = 180�) coordination patterns, other relative

phase patterns (e.g., / = 90�) are not inherently stable

(Kelso 1984; Kelso et al. 1986). This pattern of results has

been explained using concepts taken from nonlinear

dynamics and modeled using nonlinearly coupled limit

cycle oscillators (Haken et al. 1985) perturbed by sto-

chastic forces (Schöner et al. 1986).

This tendency toward preferred coordination patterns

has also been observed in bimanual multi-frequency

rhythmic tasks. Individuals that have not had extensive

musical training typically require one to two practice ses-

sions to develop the ability to tap simple harmonic ratios

such as 2:1 or 3:1 (Peper et al. 1995a, b; Summers et al.

1993; Walter et al. 1998). The study of polyrhythmic

performance with ratios such as 3:4 or 3:5 has also been

examined with tapping tasks (Boonstra et al. 2007; Klapp

et al. 1998; Kurtz and Lee 2003) and most often with

skilled musicians (Boonstra et al. 2007; Peper et al. 1995a,

b; Summers et al. 1993; Walter et al. 1998). The perfor-

mance of multi-frequency ratios requiring continuous limb

motion, however, appear to pose quite difficult challenges

for the nervous system (Treffner and Turvey 1993; Sternad

et al. 1999a, b; Summers et al. 2008; Swinnen et al. 1997a).

Indeed, some complex polyrhythms (e.g., 2:3, 4:3, 5:3)

were not only thought to be difficult, but were thought to be

virtually impossible to perform with the limbs moving

continuously (Fraisse 1946; Summers et al. 2002) with-

out some form of physical assistance (e.g., pendulums,

Treffner and Turvey 1993).
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When polyrhythmic performance has been documented

in bimanual tasks requiring continuous motion of the limbs

it typically emerged under conditions that created a fre-

quency detuning between the limbs. For example, perfor-

mance of 3:5 and 2:3 ratios were demonstrated when

swinging pendulums of disparate length and mass so that

each limb swung a pendulum with a different natural fre-

quency (Treffner and Turvey 1993). Another example

required tracing circles of disparate amplitudes, such as a

15 cm diameter circle with the left arm and a 3 cm

diameter circle with the right arm, that resulted in the

spontaneous emergence of short-lived polyrhythmic epi-

sodes as movement frequency was increased (Buchanan

and Ryu 2006). In each of the above examples, the ability

to output a polyrhythmic ratio required the creation of a

frequency detuning between the limbs. One noteworthy

example was provided by Mechsner et al. (2001). Mechsner

et al. demonstrated that a complex 4:3 polyrhythm could

be performed relatively well when perceptual symme-

try was established. Participants attempted to move two

visible flags by way of cranks hidden under the table. The

gears for one flag were set at 1:1 so that each full turn of

the crank resulted in one full circle of that flag while the

gears for the other flag were set at 4:3 requiring a � turn to

produce one full revolution of that flag. The participant was

instructed to turn the cranks so the movement of the flags

were coordinated in an in-phase (0�) or anti-phase (180�)

pattern. Provided this perceptual information, participants

were able to perform the 1:1 in-phase and anti-phase flag

patterns (i.e., an actual 4:3 bimanual polyrhythm) relatively

well after only 20 min of practice.

Interestingly, Bingham and colleagues in a series of

experiments (e.g., Bingham 2004b; Bingham et al. 1999;

Bingham et al. 2000; Zaal et al. 2000; Wilson et al. 2005a,

b, 2009) over the last 10 years have argued and provided

compelling evidence that coupling in coordinated move-

ment is perceptual in nature with stability largely a func-

tion of perceptual information available in the testing

environment and the participants sensitivity to this infor-

mation. It is also interesting to note that Bingham (2004a)

has developed a mathematical model that characterizes

relative phase as a perceptual variable. This perceptually

driven model of coupled oscillators produces patterns of

stability and attraction similar to the HKB model. The

implication of these findings is that if participants can be

provided perceptual information that allows them to

effectively perceive the goal coordination pattern and their

coordination errors, they can efficiently correct these errors

(see Wilson et al. 2005a).

Recent experiments (Kovacs et al. 2009a, b, c), partially

based on the notion that some of the difficulties in pro-

ducing a variety of bimanual coordination patterns are

perceptually based, have shown remarkably stable

performance of 1:1 bimanual coordination pattern with

various phase lags (0�–180� in 30� increments) and multi-

frequency bimanual coordination patterns (2:1 and 3:2) can

emerge after minimal (5 min) practice when metronomes

are not used, vision of the limbs is blocked, and feedback

of the two limbs is portrayed as a single point in a Lissajous

portrait. In a recent experiment (Kovacs et al. 2009a)

requiring 1:1 bimanual coordination with a 90� phase lag,

Lissajous feedback was provided in a self-paced condition

and in a condition with an auditory metronome to pace the

movements at 1 Hz. The Lissajous plot was created by

having the movement of right limb move a dot (cursor)

horizontally with flexion moving the dot to the left and

extension moving the dot to the right. Further, the move-

ment of the left limb resulted in the dot moving vertically

with extension of the left limb moving the dot up and

flexion moving the dot down. Thus, the Lissajous infor-

mation portrayed the joint position of the two limbs as a

single dot in the display. Similarly, a goal template was

displayed that portrayed the Lissajous pattern required for

the particular coordination pattern. For example, the goal

template for a 1:1 task with 90� phase lag was created by

plotting on the Lissajous two sine waves with a 90� phase

lag. The result was a perfect circle that could be used by the

participant to guide their movements. Relative phase error

after 5 min of practice averaged 30� with the auditory

metronome present and \10� in the self-paced condition

even though the frequency was nearly identical for the two

groups. Performance variability was also substantially

smaller in the self-paced compared to the metronome

condition. In both the self-paced and metronome paced

conditions, the limbs of the participants were covered

during the experiment. Swinnen et al. (1997b), for exam-

ple, using Lissajous feedback but with an auditory metro-

nome and vision of the limbs required 3 days of practice

for participants to achieve relative phase lags of 90� that

approached that in the self-paced condition in the Kovacs

et al. (2009a, b) experiments after only 5 min of practice.

Kovacs et al. (2009b) have also demonstrated that the

elimination of visual metronomes when Lissajous infor-

mation is provided allows for a variety of patterns ranging

from 30� to 150� to be effectively performed with only

5 min of practice.

In a third experiment Kovacs et al. (2009c), using a

similar experimental protocol, found participants were just

as effective in producing 2:1 and 3:2 bimanual coordina-

tion tasks following minimal practice as had been dem-

onstrated using 1:1 coordination patterns with various

phase lags (Kovacs et al. 2009a, b) but only when vision of

the limbs was blocked. This experiment contrasted condi-

tions where the participants limbs were either visible or

blocked from view. Remarkably, permitting vision of the

limbs while presenting Lissajous feedback resulted in quite
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poor performance while performance when the limbs were

covered was very effective. Indeed, performance on the

polyrhythms after only 5 min of practice was similar to that

found by Swinnen et al. (1997a) after 5 days of practice of

a 2:1 ratio while providing Lissajous feedback. The dif-

ference appears to be related to vision of the limbs and

metronome used in the Swinnen et al. (1997a) experiment.

Taken together these experiments demonstrated that the

elimination of attentional demands linked to vision of the

limbs and auditory or visual pacing signals allows for the

rapid tuning of relatively difficult bimanual coordination

patterns when integrated feedback in the form of a

Lissajous portrait was provided.

The purpose of the present experiment was to determine

if participants provided a testing environment that meets

the conditions above could effectively tune in (produce) a

continuous 5:3 bimanual coordination pattern after 10 min

of practice, and then without additional practice transfer

the acquired skill to a 4:3 bimanual pattern. Effective

performance of the 5:3 pattern without extensive practice

would be remarkable, but to effectively perform the 4:3

transfer task, with virtually no practice, would clearly

demonstrate that action constraints on polyrhythmic per-

formance may be quickly overcome when attention is

focused solely on the information provided in the Lissajous

plot (i.e., cursor representing the joint position of the two

limbs and goal template). In addition, it will be important

to determine if the 5:3 and 4:3 polyrhythms, which are

considered quite difficult, result in larger continuous rela-

tive phase errors and variability than observed in what

would be considered easier bimanual coordination tasks

(e.g., 1:1 with various phase lags and 2:1 and 3:2 poly-

rhythms) previously tested under similar conditions

(Kovacs et al. 2009a, b, c). Findings that bimanual coor-

dination errors and variability do not appreciably change

across various coordination patterns when the perceptual

information is similar and attentional demands are reduced

would suggest that bimanual coordination difficulty should

be viewed in terms of perceptual demands (e.g., Wilson

et al. 2003) and not in terms of the phase lag or frequency

ratios per se.

Method

Participants

Right-handed undergraduate students (N = 10) volun-

teered to participate in the experiment after reading and

signing a consent form approved by the IRB for the ethical

treatment of experimental participants. None of the par-

ticipants was an active musician or had significant musical

training. Each participant received class credit for their

participation.

Apparatus

The apparatus consisted of two horizontal levers and a

projector (Fig. 1a). The levers were affixed at the proxi-

mal ends to near frictionless vertical axles. The axles,

which rotated freely in ball bearing supports, allowed the

levers to move in the horizontal plane over the table

surface. Near the distal end of each lever, a vertical

handle was attached. The positioning of the handle was

adjustable. When the participant rested their forearm on

the lever, their elbow aligned over the axis of rotation,

they could comfortably grasp the handle (palm vertical).

The horizontal movement of the levers were monitored

(200 Hz) by potentiometers that were attached to the

lower ends of the axles. The online data were used to

present a cursor (as a circle) on a screen directly to the

front of the participant with the motion of the left lever

moving the cursor up (extension) and down (flexion). The

motion of the right lever resulted in moving the cursor

left and right. Projected onto the screen was the required

Lissajous plot that represented a 5:3 or 4:3 pattern of

continuous sinusoidal motion (Fig. 1b, c). The cursor and

Lissajous plot were generated with customized software

and displayed with a projector mounted above and behind

the participant.

Procedure

Participants sat at a table with their forearms resting on

the levers that limited elbow motion to flexion–extension

in the horizontal plane. Participants were seated on a

height adjustable chair with the horizontal eye line cor-

responding with the midway point on the Lissajous plot

projected onto the screen. Participants were informed that

they were to attempt to move their right and left limbs

back and forth (approximately 60�) and that the right limb

should cycle five times for every three cycles of the left

limb in order to match the goal Lissajous template. After

each trial, in which the cycle frequency of the faster

moving limb was\1 Hz, the experimenter encouraged the

participants to increase their movement speed without

disrupting the intended movement pattern. All participants

completed ten acquisition trials (60 s each). They were

also informed that a retention and transfer test would be

administered after a 15-min retention interval. The

retention test was conducted using the Lissajous plot and

goal template for the 5:3 polyrhythm (Fig. 1b) and the

transfer test used a goal template for a 4:3 polyrhythm

(Fig. 1c).
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Fig. 1 Experimental setup (a) and goal Lissajous plots for 5:3 (b)

and 4:3 (c) polyrhythms. Examples of the normalized left and right

limb displacements (d), left (e) and right (f) phase planes, Lissajous

plot (g), and continuous relative phase (h) for a typical participants on

the retention test. The same measures i–m are provided for the same

participant on the 4:3 transfer test
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Measures and data reduction

All data reduction was performed using MATLAB. The

potentiometer signals representing the limbs’ displace-

ments were low-pass filtered with a second order dual pass

Butterworth with a cutoff frequency of 10 Hz. Prior to

further computation, displacement and velocity traces were

normalized in two steps: first the mean of each data series

was subtracted from each data point in the series to center

the time series around zero and, second, each data point in

the centered time series was divided by the highest absolute

value (minimum or maximum) of the time series. Velocity

and acceleration signals were computed with each signal

filtered (Butterworth, 10 Hz) before performing the next

differentiation. The analyses presented will focus on both

bimanual coordination performance of the required multi-

frequency ratio and unimanual motion performance of the

right and left limbs.

Unimanual measures

Cycle durations and cycle stability were computed on a

cycle by cycle basis with each cycle representing every

other zero crossing (ZCi and ZCi?2) in the mean centered

displacement trace (Cycle duration = ZCi?2 - ZCi). Cycle

stability was defined as the standard deviation of the cycle

to cycle durations. Windows between adjacent pairs of zero

crossings in the displacement trace were defined in order to

compute an index of movement harmonicity (H) (Guiard

1993). Each non-overlapping time window comprised a

single movement reversal. Within each time window all

deflections of the normalized acceleration trace were

identified. When the acceleration trace was positive (neg-

ative displacement) within this window, H was computed

as the ratio of minimum to maximum acceleration. Con-

versely, when the acceleration trace was negative (positive

displacement) within this time window, H was computed as

the absolute ratio of maximum to minimum acceleration.

When a single peak (sinusoidal acceleration) occurred in

the acceleration trace within this window the value of H

was set to 1, indicating harmonic motion of the limb. If the

acceleration trace crossed from positive to negative (or vice

versa) within this window, the value of H was set to 0,

indicating inharmonic motion. Finally, the individual har-

monicity values of each time window for a trial were

averaged yielding a global estimate of H.

Bimanual measures

The individual limb mean cycle frequencies were used to

compute a frequency ratio of right arm to left arm motion.

This measure provides a temporal measure of goal attain-

ment that is independent of limb coordination tendencies

and actual limb trajectories. To examine the spatial–tem-

poral coordination of the limbs’ motion, a continuous rel-

ative phase between the two limbs was computed. The

phase angle (hi) for each limb (i = r,l) was computed for

each sample of the displacement time series as follows

(Kelso et al. 1986):

hi ¼ tan�1 dXi=dtð Þ=Xi½ �

with Xi representing the normalized position of the right

and left limbs and dXi/dt the instantaneous normalized

velocities for the right and left limbs.

Next, the individual phase angles hi were unwrapped by

finding absolute jumps greater than 2p and adding appro-

priate multiples of 2p to each data point following the

jump. After the unwrapping, the continuous relative phase

between the right and left phase angles was computed for

each epoch comprising five complete cycles of the right

limb (fast moving) for the 5:3 ratio and for each epoch

comprising four complete cycles for the 4:3 ratio. The

continuous relative phase values over each epoch were

subtracted from a relative phase representing a pure 5:3 or

4:3 ratio between harmonic oscillators to generate a rela-

tive phase error, with the faster oscillator representing

motion of the right limb. The phase errors in each epoch

were used to compute absolute and variable errors across

the trial. Absolute error provides a measure of goal

attainment, with smaller values representing more accurate

performance of the required continuous polyrhythm and

variable error represents the stability of performance.

Results

In general, the limb trajectories were sinusoidal and the

Lissajous plots and continuous relative phase error plots

reflect relatively precise performance of both polyrhythms.

Examples of one participant on the 5:3 and 4:3 tests are

provided in Fig. 1d–m. Mean harmonicity, mean cycle

duration, and cycle duration variability data were analyzed

in 2 Test 9 2 Limb (left, right) ANOVAs with repeated

measures on limb and these results are presented in the

unimanual performance section. Mean absolute error and

variability in continuous relative phase errors as well as the

frequency ratio data were analyzed in a Test (5:3 retention

test, 4:3 transfer test) ANOVA and these results are pre-

sented in the bimanual performance section. Duncan’s new

multiple range test and simple main effects post hoc tests

were performed when appropriate (a = 0.05).

Unimanual performance

The analysis failed to detect a difference in hamonicity

(Fig. 2a) between the 5:3 retention test and the 4:3 transfer
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test, F(1,18) \ 1, P [ 0.05. Right arm motion was more

harmonic than left arm motion, F(1,18) = 179.95,

P \ 0.01. The Condition 9 Limb interaction was also

significant, F(1,18) = 19.97, P \ 0.01. Simple main

effects analysis failed to indicate a difference between the

H values for the right, faster moving limb, on the 5:3

(M = 0.870, SEM = 0.06) and 4:3 (M = 0.83, SEM = 0.07)

tests, but did detect a difference for the left, slower moving

limb, on the 5:3 (M = 0.28, SEM = 0.10) and 4:3

(M = 0.54, SEM = 0.05) tests.

As expected given the different frequency requirements,

the analysis of the mean cycle duration data indicated a

Fig. 2 Mean harmonicity (a), cycle duration variability (b), and

cycle duration (c) for the left and right limbs on the retention and

transfer tests. Mean frequency ratio (d), absolute error (e) and

variability (f) in continuous relative phase for the retention and

transfer tests. Variability (g) and absolute error (h) in continuous

relative phase from the present experiment are compared with recent

experiments using similar protocols testing phase lags of 0�–180� in

30� increments (Kovacs et al. 2009b) and multi-frequency (2:1 and

3:2, Kovacs et al. 2009c) bimanual coordination patterns. Note that

the shapes of the Lissajous templates used for the various conditions

are provided above the variability bars in g
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main effect of limb, F(1,18) = 156.96, P \ 0.01, with the

right limb on average having a shorter cycle duration than

the left limb on both tests (Fig. 2c). The main effect of test

F(1,18) \ 1, P [ 0.05, was not significant, but the Test x

Limb interaction, F(1,18) = 14.47, P \ 0.05, was signifi-

cant. Simple main effects analysis failed to indicate a dif-

ference between the mean cycle durations for the right,

faster moving limb, on the 5:3 (M = 766.00 ms,

SEM = 78 ms) and 4:3 (M = 805.94 ms, SEM = 83 ms)

tests, but did detect a difference for the left, slower moving

limb, on the 5:3 (M = 1,275.54 ms, SEM = 130 ms) and

4:3 (M = 1,071.50 ms, SEM = 110 ms) tests suggesting

that participants accomplished the new polyrhythm by

adjusting the movement of their left limb.

The analysis of the cycle duration variability data

(Fig. 2b) failed to indicated main effects of test,

F(1,18) \ 1, P [ 0.05, or a Test 9 Limb interaction,

F(1,18) \ 1, P [ 0.05. Cycle duration was more variable,

F(1,18) = 16.29, P \ 0.01, for the left limb (M =

91.15 ms, SEM = 12 ms) than the right limb (M =

60.83 ms, SEM = 7 ms).

Bimanual performance

Participants were exceptionally good at producing five

cycles of right arm motion for every three cycles of left

arm motion and were able to spontaneously adjust their

motion to produce four cycles of right arm motion for

every three cycles of left arm motion (Fig. 2d). The anal-

ysis of absolute error in continuous relative phase,

F(1,18) = 1.14, P [ 0.05, and variability in continuous

relative phase, F(1,18) = 2.03, P [ 0.05, failed to indicate

differences between tests (Fig. 2e, f). The cycle frequency

ratio revealed a main effect of test, F(1,18) = 38,076.10,

P \ 0.01, indicating a higher ratio on the 5:3 test

(M = 1.66, SEM = 0.001) than on the 4:3 test (M = 1.33,

SEM = 0.001). Note that the ratios achieved matched pre-

cisely the goal ratios.

Discussion

Remarkably, participants effectively tuned in the continu-

ous 5:3 coordination pattern after 10 min of practice, and

then on the first attempt re-tuned to the unpracticed 4:3

coordination pattern. Note that the 5:3 and 4:3 coordination

patterns were thought to be virtually impossible to achieve

in continuous motion tasks even after extensive practice.

The level of bimanual performance attained in the current

experiment was remarkable, especially when compared to

the performance levels achieved in previous research using

Lissajous feedback wherein performers required several

days of practice to achieve similar levels of performance on

a relatively simple (at least in comparison) 1:1 with 90�
phase lag (e.g., Hurley and Lee 2006; Lee et al. 1995;

Swinnen et al. 1998; Swinnen et al. 1997b) and 2:1 ratios

(Swinnen et al. 1997a; Summers et al. 2002). For example,

Swinnen et al. (1997b) had participants practice a 1:1

bimanual coordination pattern with a 90� phase offset for

3 days (50 trials per day) under various feedback condi-

tions. In a Lissajous plot, a 1:1 movement pattern between

two sinusoidal signals with a 90� phase offset would result

in circular template. Swinnen, Lee et al. found enhanced

performance during acquisition for a group provided

Lissajous feedback relative to a group without Lissajous

feedback. Performances on retention and transfer tests were

also enhanced following acquisition with Lissajous feed-

back. Swinnen et al. (1997a) in another experiment asked

participants to learn a 2:1 frequency ratio with the aid of

Lissajous feedback. This experiment permitted participants

5 days of practice to learn this more difficult coordination

pattern. Vision of the limb was permitted and metronomes

were used to pace performance. However, the use of

Lissajous feedback in these experiments did not produce

the level of performance found in the present experiment

and in recent experiments by Kovacs et al. (2009a, b) even

though several days of practice were provided. As noted in

an earlier section, we believe the failure to find large

benefits from Lissajous feedback in these experiments was

due to additional attentional demands related to the use of a

metronome and attentional distractions produced by vision

of the limbs. Note that the Cartesian coordinate system

within which the limbs move is quite different from the

coordinate system provided by the Lissajous plot. Allowing

vision of the limbs and the Lissajous plot appears to create

a situation in which participants experience difficulty

resolving the two coordinate systems leading to increased

attention demands and less effective use of the Lissajous

information.

The difficulty in producing continuous bimanual poly-

rhythms has been attributed to the phase attraction of the

1:1 patterns of in-phase and anti-phase coordination

wherein the required disparate frequencies are drawn to a

common frequency (Walter et al. 1998; Boonstra et al.

2007; Sternad et al. 1999a, b). Extensive practice is thought

to lead to the formation of a new attractor that emerges

when a perceptual representation of the pattern is inter-

nalized in the form of a memory (Bogacz 2005; Zanone

and Kelso 1992). The present findings demonstrate that the

elimination of attentional distractions found in many

experiments helps to create a performance environment

that is conducive to overcoming intrinsic phase attraction.

A key feature of this environment is that the performance

feedback creates a perceptual representation that allows for

the rapid tuning of the required polyrhythmic motor com-

mands to the visual representation of that action.
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The rapidity with which the current perceptually defined

patterns were tuned indicates that the perception–action

system’s capabilities are extensive. This notion is in stark

contrast to earlier claims that the system’s intrinsic

dynamics constrain certain patterns of limb motion and that

2:1 and higher order polyrhythmic coordination patterns

are difficult, if not impossible, to effectively produce in

continuous tasks. What future research needs to identify is

how the current testing context afforded the perception–

action system an opportunity to override intrinsic neuro-

muscular constraints that tend to pull the system toward

more stable intrinsic coordination patterns.

The development of equations of motions in the form of

nonlinear coupled oscillator models and potential function

models to capture the formation of stable coordination

patterns and transitions between stable coordination pat-

terns has been a primary feature of the dynamic pattern

approach (Kelso 1995; Kelso et al. 1986; Haken et al.

1985). Within these models, the coupling among the

component oscillators was represented in abstract mathe-

matical terms. Although specific links to neural pathways

are not necessary to develop formal models of 1:1 and

higher order frequency ratio performance, the bimanual

literature is replete with attempts to reveal neural areas and

cognitive-perceptual principles to support such functional

coupling. An issue surrounding the nature of this functional

coupling is whether motoric, perceptual, and cognitive

constraints should be treated as independent and exclusive

factors or as interacting factors supporting an integrated

cycle of perception–action processes (Carson and Kelso

2004; Mechsner et al. 2001). For example, neural crosstalk

has been used to explain stability differences between

patterns, phase transitions, and difficulty in producing

higher order rhythms based on interactions arising in the

forward command streams of the highly interconnected

organization of the nervous system (Swinnen 2002).

Emphasis may also be placed on identifying neural areas

supporting forward command streams (SMA, M1, cingu-

late motor cortex) and identifying different levels of

interference (uncrossed corticofugal fibers, branched

bilateral corticomotoroneuronal projections, etc.) that can

occur across the many levels that forward command signals

travel (Carson and Kelso 2004). Thus, one contribution to

the coupling and stability characteristics of bimanual

coordination resides in forward commands and the inter-

actions that arise from those commands as the result of

shared neural pathways (Ridderikhoff et al. 2005).

Cognitive processes, such as intention (Scholz and

Kelso 1990), attention (Temprado and Swinnen 2005) and

strategy selection (Kelso et al. 1990), can also influence the

stability of bimanual and unimanual perception–action

patterns. Recent theorizing has attempted to link the ante-

rior cingulate cortex to cognitive constraints that impact the

‘‘functional representations’’ of muscles underlying per-

ception–action processes in general (Carson and Kelso

2004). Other research has shown that bimanual coordina-

tion is also constrained by egocentric and allocentric ref-

erence frames, wherein practice results in abstract

directional codes becoming part of the memory represen-

tation for movements and can constrain transfer more so

than muscle pairs (Salesse et al. 2005a, b; Temprado and

Swinnen 2005). Thus, cognitive and memory factors

appear to interact with and override some of the motoric

aspect of the coupling (forward command streams) that

drives phase attraction toward in-phase and anti-phase

coordination (Swinnen and Wenderoth 2004).

How does perceptual information contribute to the

production and stabilization of bimanual coordination

patterns? Research has shown a pivotal role for proprio-

ception (Spencer et al. 2005; Baldissera et al. 1991;

Mechsner et al. 2007; Ridderikhoff et al. 2007; Wilson

et al. 2003) and tactile input (Buchanan and Ryu 2005;

Aschersleben and Prinz 1995; Kelso et al. 2001) in stabi-

lizing in-phase and anti-phase coordination in single limb

and bimanual limb tasks. Bingham (2004a, b), Bingham

et al. (1999), and Wilson et al. (2005a, b, 2009) have

provided indirect evidence that the production of bimanual

coordination patterns is limited by the performer’s ability

to perceptually detect a given phase relationship between

component oscillators. In other words, if a participant rates

a perceptual representation of a bimanual pattern as

uncoordinated and cannot estimate the variability in the

pattern, then it is likely that effective production of the

pattern will not be forthcoming. That is, Bingham (2004a,

b), Bingham et al. (1999), and Wilson et al. (2005a, b) in a

series of papers over the last 10 years have proposed that

coupling in rhythmical bimanual tasks is perceptual with

stability of the coordination pattern largely a function of

the nature of the perceptual information and the partici-

pants sensitivity to that information. We have interpreted

this to mean that one of the reasons for poor performance

of many 1:1 patterns other than in-phase and anti-phase is

that participants are unable to detect their errors and initiate

corrections. The implication of this argument is that pro-

viding perceptual information that facilitates pattern

detection will in turn lead to error detection (and correc-

tion) and allow stable performance to be rapidly and

effectively tuned in. The work of Bingham and colleagues

played a key role in establishing the link between visual

perception and the stability of in-phase and anti-phase

coordination, but did not directly test the role that such

perceptual processes actually play or can play in the pro-

duction of bimanual coordination patterns. Work by

Mechsner et al. (2001), however, clearly demonstrated that

a 4:3 polyrhythm, which was thought to be extremely

difficult, could be performed satisfactorily when the

256 Exp Brain Res (2010) 201:249–259

123



available perceptual information was altered in a manner

that permitted performance errors to be more effectively

detected and corrected. In the task used by Mechsner et al.

participants had no vision of their arms while turning

cranks geared at different ratios for each arm, but were

instructed to turn the cranks such that two flags driven by

the cranks were either in an in-phase or anti-phase rela-

tionship. The Mechsner findings revealed that perceptual

constraints based on in-phase and anti-phase coordination

allowed the system to tune in quite rapidly a more difficult

pattern without extensive training—to some extent similar

to the finding from the work of Wilson et al. (2005a, b,

2009). Thus, an intrinsic constraint arising from the motor

system facilitated performance when presented in a rele-

vant perception–action framework.

The polyrhythms used in the present experiment have

been considered to be difficult, if not impossible, to

effectively produce using continuous movements of the

limbs (Fraisse 1946; Kelso 1995; Summers et al. 2002).

Indeed, pattern stability and complexity has been descri-

bed using the Farey tree (Fraisse 1946) with higher levels

in the tree indicating increased difficulty and Arnol’d

tongues (see deGuzman and Kelso 1991; Kelso 1995;

Kelso and deGuzman 1988; Peper et al. 1995a) where

increasing levels of difficulty are associated with pro-

gressively narrower regions of structural stability. For

example, 1:1 bimanual coordination patterns appear in

Level 0 of the Farey tree while 2:1 and 3:2 polyrhythms

fall at Level 1 and 2, respectively. The ratios (5:3 and

4:3) used in the present experiment fall in Level 3. While

these notions of increasing complexity and decreasing

stability have been consistent with much of the previous

research on bimanual coordination, data from the present

experiment and that of other recent experiments using a

similar protocol (Kovacs et al. 2009a, b, c) provide a

quite different picture (see Fig. 2g, h). When attentional

demands are decreased through the absence of metro-

nomes to pace the movements, the limbs are covered to

avoid distractions, and Lissajous feedback (goal pattern

and cursor representing the position of the limbs) is

presented errors and variability in continuous relative

phase do not increase in response to increased ‘‘diffi-

culty’’–‘‘complexity.’’ Rather continuous relative phase

errors and variability remain remarkably low with only

the 1:1 in-phase coordination pattern resulting in lower

errors and variability. Even more remarkable is the find-

ing that these levels of performance are achieved with

little or in the case of the 4:3 polyrhythm in the present

experiment with no prior practice. The picture that is

emerging from this research is that the difficulty charac-

terized in the extant literature on bimanual coordination

patterns arise to a large extent from perceptual and

attentional factors and not from action components in the

perception–action system. This conclusion seems war-

ranted because minimizing attentional and perceptual

distractions by eliminating pacing signals and vision of

the limbs while providing Lissajous feedback results in

unprecedented levels of bimanual coordination across a

wide variety of coordination requirements.

It is important to note that salient perceptual infor-

mation was provided via the Lissajous feedback and

attentional distractions were decreased in the present

experiment and in a series of recent experiments by

Kovacs et al. (2009a, b, c), but other potential constraints

(e.g., proprioceptive information and neural crosstalk)

were not controlled. These facts coupled with the finding

that proprioceptive feedback and neural crosstalk, for

example, are thought to be complementary for 1:1 in-

phase (goal relative phase 0�), but not for other phase

relationships or multi-frequency coordination patterns

(e.g., 2:1, 3:2, 4:3, and 5:3) provide a basis for evaluating

the magnitude of these additional effects. Thus, cross-

experiment comparisons of performance under various

bimanual coordination conditions where much of the

visual and attentional constraints are minimized with

bimanual performance on a 1:1 in-phase coordination task

permits a rough estimate of the cost incurred by the

additional constraints on bimanual coordination to be

made. In Fig. 2g, h, continuous relative phase errors and

variability are plotted for the bimanual tasks used in the

present experiment (5:3 and 4:3) and bimanual task used

in recent experiments (Kovacs et al. 2009a, b, c) using

similar protocols. What this comparison yields is the

finding that 1:1 in-phase results in approximately 5�–6�
continuous relative phase error and variability, while all

other bimanual conditions tested resulted in roughly 10�–

11� errors and variability. Thus, an initial estimate of the

impact of the additional constraints is 5�–6�. While this

estimate and cross-experiment comparisons in general

should be viewed with caution, there appears to be a

relatively constant source of error and variability in these

experiments that cannot be accounted for on the basis of

traditional thinking about the difficulty of bimanual

coordination tasks. What this cross-experiment data does

suggest is that the difficulty of bimanual coordination

tasks should be viewed in terms of the perceptual infor-

mation available and the participant’s sensitivity to it

(Wilson et al. 2003) and not in terms of the phase lag or

frequency ratios per se. If this statement is true higher

levels in the Farey tree (Fraisse 1946) and decreased

resonance regions in Arnol’d tongues result in part from

perceptual (visual) information typically available and

characterize difficulty under one set of perceptual infor-

mation, but the difficulty of these tasks can be funda-

mentally altered by changing the visual–perceptual

information available.
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