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Abstract The variability of coupled rhythmic limb
movements is assumed to be a consequence of the
strength of a movement’s attractor dynamic and a con-
stant stochastic noise process that continuously perturbs
the movement system away from this dynamic. Recently,
it has been suggested that the nonlinear technique of
recurrence analysis can be used to index the effects of
noise and attractor strength on movement variability. To
test this, three experiments were conducted in which the
attractor strength of bimanual wrist-pendulum move-
ments (using coordination mode, movement frequency
and detuning), as well as the magnitude of stochastic per-
turbations affecting the variability of these movements
(using a temporally fluctuating visual metronome) was
manipulated. The results of these experiments dem-
onstrate that recurrence analysis can index parametric
changes in the attractor strength of coupled rhythmic
limb movements and the magnitude of metronome in-
duced stochastic perturbations independently. The
results of Experiments 1 and 2 also support the claim
that differences between the variability of inphase and
antiphase coordination, and between slow and fast
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movement frequencies are due to differences in attrac-
tor strength. In contrast to the standard assumption
that the noise that characterizes interlimb coordination
remains constant for different magnitudes of detuning
(�ω) the results of Experiment 3 suggest that the mag-
nitude of noise increases with increases in |�ω|.

1 Introduction

Many human limb movements are rhythmic in nature
and exhibit behavior characteristic of self-sustained
oscillators (Bernstein 1967; Kelso 1995; Kugler and Tur-
vey 1987). Accordingly, many researchers have employ-
ed equations of motion similar to those used to
describe the dynamics of nonlinear oscillators in order
to improve understanding of the dynamical structure
of human movement relations (e.g., Beek and Beek
1988; Haken et al. 1985; Kay et al. 1987; Kugler et al.
1980; Kugler and Turvey 1987). Central to this kind
of understanding is identifying the attractors that law-
fully constrain the collective order and patterning of
human movement. The importance of identifying such
attractors is that they enable researchers to understand
how stable patterns of movement emerge, how they are
maintained, and conversely, how they become unsta-
ble and vanish. They also provide an understanding of
movement variability, whereby increases in movement
variability can be ascribed to a change in the strength or
attractiveness of different movement patterns (Schöner
et al. 1986). Indeed, for interlimb coordination research-
ers have been able to explain how differences in move-
ment variability are often the result of differences in
the strength of the underlying attractor dynamic (e.g.,
Haken et al. 1985; Turvey 1990).
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It is important to note, however, that for a fixed
parameterization differences in attractor strength are
only visible when a noise or perturbation process is pres-
ent to continuously perturb the movement system away
from its attractor dynamic (Kay 1988; Schöner et al.
1986). Movement variability is thus assumed to be a
consequence of the strength of the movement’s attrac-
tor dynamic, as well as the magnitude of noise imposed
on this dynamic. These noise or perturbation processes
are argued to originate from the activity of degrees of
freedom (df) outside the system’s frame of reference,
including the neural and metabolic microstructure of the
movement system, as well as more macroscopic environ-
mental df (Fuchs and Kelso 1994; Rosenblum and Tur-
vey 1988). Moreover, because this activity is argued to
be autonomous of the collective dynamic that enslaves
the movement’s active df noise is also assumed to be
constant.

The assumption that the magnitude of the stochastic
noise that affects human movement remains constant
across different movement conditions is a significant
one, in that it confines our understanding of how the
df of the movement system are constrained. Specifically,
it assumes that the noise generated by the activity of
the df outside the system’s frame of reference is unaf-
fected by a reparameterization of the system’s collec-
tive dynamic. Given the importance of this assumption
it would seem prudent to verify it empirically. However,
very little research has examined whether the magni-
tude of stochastic perturbations or noise remains con-
stant across movement conditions (for exceptions see
Post et al. 2000a,b). One reason for this lack of research
is that there are few methods available to distinguish
whether a change in movement variability is due to a
change in the magnitude of noise rather than a change
in attractor strength. This is due to the fact that standard
measures of movement variability reflect both noise and
attractor strength (Court et al. 2002).

Frank et al. (2003, 2004) and Mourik et al. (2006)
have recently begun investigating whether the meth-
ods developed by Friedrich, Peinke and colleagues (e.g.,
Friedrich and Peinke 1997; Friedrich et al. 1997, 2000)
can identify the deterministic (attractor strength) and
stochastic (noise) components in rhythmic movement
data. For example, van Mourik et al. (2006) derived a
method that involves inspecting movement trajectories
in phase space and determining deterministic compo-
nents in terms of drift coefficients and vector fields, and
stochastic components in terms of diffusion coefficients
and ellipse fields. A number of other researchers have
also suggested that recurrence analysis can be used to
isolate changes in movement variability caused by a
change in noise and attractor strength independently

[first by Pellecchia et al. (2005) and Shockley (2002)
then by Shockley and Turvey (2005) and Richardson
et al. (2005)]. To date, however, no research has at-
tempted to systematically examine whether recurrence
analysis is able to index the deterministic (attractor
strength) and stochastic (noise) components of rhythmic
interlimb coordination. Consequently, the current study
sought to test this claim by manipulating the attractor
dynamics as well as the magnitude of stochastic pertur-
bations imposed on coordinated rhythmic limb move-
ments. In doing so the current study also examined
whether the magnitude of the stochastic noise that af-
fects human movement remains constant across differ-
ent movement conditions.

2 The stability and variability of interlimb coordination

For 1:1 frequency locking, the dynamic stabilities of in-
terlimb coordination can be captured using a motion
equation for the collective variable of relative phase
φ = (θL − θR), the difference in the phase angles of the
left and right limbs. Typically, the motion equation takes
the form

φ̇ = �ω − a sin φ − 2b sin 2φ + √
Qζt, (1)

where φ̇ is the rate of change of the relative phase
(Haken et al. 1985). The sine functions of φ and 2φ,
along with their respective coefficients a and b, index
the relative strength of the stable relative phase modes
(when φ̇ = 0) at φ = 0◦ (inphase coordination) and
φ = 180◦ (antiphase coordination).�ω is the frequency
competition or detuning parameter (an index of the
difference between the oscillators’ inherent uncoupled
frequencies; (Kelso et al., 1990; Schmidt and Turvey,
1995; Sternad et al., 1995). ζt is a Gaussian white noise
process that dictates a stochastic force of strength Q
(Schöner et al. 1986).

For Eq. 1, φ = 0◦ and 180◦ represent relative phase
attractors (φ*) that constrain the coordinated move-
ments to a range ofφ at or near 0◦ and 180◦ with differing
degrees of force, whereby the attractor at φ = 0◦ is stron-
ger (more stable) than the attractor at φ = 180◦ (Haken
et al. 1985; Kelso 1984, 1995). The attractive strength λ
of φ* for interlimb coordination can be calculated for-
mally by taking the derivative of φ̇ with respect to φ

evaluated at φ*:

λ = dφ̇
dφ

∣
∣
φ=φ∗ (2)

λ is referred to as the near-equilibrium Lyapunov expo-
nent (Abraham and Shaw 1982; Haken 1977; Strogatz
1994) and for Eq. 1, |λ0| > |λ180|. Specifically, the value
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of λ indexes the rate of descent to the relative phase
attractor φ*, such that the inverse of |λ| corresponds to
the time to return to the attractor following a pertur-
bation. This is referred to as an attractor’s relaxation
time (τrel = 1/|λ|) and with respect to Eq. 1, the τrel for
φ = 0◦ is shorter than for φ = 180◦.

It should be evident from Eqs. 1 and 2, that the
strength λ of φ* and the degree to which φ * equals
the paradigmatic values of 0◦ or 180◦ also depends on
the values of the coefficients a and b and the parame-
ter �ω. The values of a and b are hypothesized to be
related to movement frequency (the frequency at which
coupled limbs oscillate together), whereby an increase
in movement frequency is represented in Eq. 1 (when
�ω = 0) as a decrease in the ratio of b/a (Haken et al.
1985). More precisely, the ratio b/a governs the strength
of the between-oscillator coupling and, therefore, an in-
crease in movement frequency (a decrease in b/a) results
in a decrease of |λ| for both φ = 0◦ and 180◦ (Scholz et al.
1987; Sternad et al. 1992). The parameter �ω is calcu-
lated as the arithmetic difference between the preferred
frequencies of the left and right wrists (ωL − ωR) and is
used to capture instances in which rhythmic coordina-
tion entails component limbs that have different natural
frequencies (e.g., coordinating one’s right forearm with
one’s left index finger). In short, �ω �= 0 causes an
asymmetric shift in both the location and stability of φ*.
The larger the value of |�ω|, the greater the shift away
from φ = 0◦ and 180◦ and the smaller |λ| becomes (e.g.,
Collins et al. 1996; Kelso et al. 1990).

From Eq. 1, the variability of interlimb coordination
is a function of both λ and Q (Fuchs and Kelso 1994;
Post et al. 2000a,b; Schöner et al. 1986) and reflects the
degree to which φ is continuously displaced from φ* by
a sequence of stochastic kicks, such that there is a distri-
bution of φ values centered around φ*. The variability
of interlimb coordination is captured by the standard
deviation of φ (SDφ) about φ* and can be calculated as
(Gilmore 1981; Schöner et al. 1986):

SDφ =
√

Q
2|λ| (3)

When deriving predictions of variability for interlimb
coordination from Eq. 3, |λ| is used rather than SDφ, be-
cause the value of Q is unknown and assumed constant.
As indicated above, this is because the noise present
during movement is argued to originate from the activ-
ity of df outside the system’s frame of reference and
thus operates on a different space-time scale than the
intrinsic dynamics of relative phase (Fuchs and Kelso
1994; Schöner et al. 1986). In other words, although
the forces that originate from the activity of df outside

the system’s frame of reference may be deterministic in
nature, such forces can be understood and modeled as
stochastic additive Gaussian white noise because the
magnitude Q of this activity is relatively small. The sig-
nificance of these assumptions is that empirical observa-
tions of SDφ are often used to index attractor stability
and the value of |λ| for a given φ∗ (e.g., Amazeen et al.
1998; Park et al. 2001; Swinnen et al. 1997; Temprado
and Laurent 2004; Temprado et al. 2003).

However, the assumption that Q is constant across
movement conditions may prove to limit our under-
standing of how differences in movement variability
arise, because it assumes that all differences in SDφ
across different movement conditions (e.g. phase mode,
frequency of oscillation, or levels of�ω) are simply due
to a difference in attractor strength. A number of pre-
vious findings suggest that increases in SDφ are not al-
ways due to a weakening of attractor strength (e.g. Court
et al. 2002; Amazeen et al. 1996), and may result from
a change in the quality or magnitude of perturbations
affecting system stability. For instance, research by Ri-
ley et al. (2001), which examined the effects of �ω �= 0
on system variability, suggests that changes in SDφ that
result when movement frequency is changed are due to
fluctuations that arise from the non-harmonic dynamics
of component limbs. More recently, work by Pellecchia
et al. (2005) and Shockley and Turvey (2005) suggests
that the increases in SDφ that occur when a cognitive
task is performed concurrently with interlimb coordina-
tion are the result of a magnification of noise rather than
a change in λ.

This latter work employed the method of recurrence
analysis as a way of differentiating whether increases
in SDφ were due to a change in Q rather than λ. Sim-
ply stated, recurrence analysis enables one to uncover
the similarities in structure and time course of a sys-
tem’s trajectories in phase space (Eckmann et al. 1987;
Webber and Zbilut 1994; Zbilut and Webber 1992). It is
argued to be highly sensitive to subtle space-time cor-
relations by detecting and distinguishing small changes
in convergent (or divergent) behavior that result from
deterministic or stochastic processes (Atay and Altintas
1999; Thiel et al. 2002; Trulla et al. 1996; Zbilut et al.
1998, 2000, 2002). For this reason Pellecchia et al. 2005
and Shockley and Turvey 2005proposed that recurrence
analysis could be used to index λ and Q for interlimb
coordination. Researchers investigating interpersonal
coordination (Richardson et al. 2005) and environmen-
tal coupling (Kudo et al. in press) have made a sim-
ilar argument, suggesting that recurrence analysis can
be used to determine whether changes in movement
variability are the result of a change in the determinis-
tic quality of the underlying attractor dynamic versus a
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change in the magnitude of noise or external perturba-
tions. Despite the clarity of this work, however, the claim
that recurrence analysis is able to differentiate changes
in variability (e.g., SDφ) caused by changes in the mag-
nitude of Q independent of those caused by changes in λ
is yet to be examined in a systematic way. Consequently,
one aim of the current study was to verify whether recur-
rence analysis could be employed to measure changes
in the variability of interlimb coordination (i.e., SDφ)
caused by a change in λ or Q and in doing so attempt
to better understand the noise and attractor dynamics
intrinsic to interlimb coordination.

3 Recurrence analysis and interlimb coordination

A significant step in determining the dynamic proper-
ties of a system is an inspection of how its state evolves
over time. This is achieved by defining a d-dimensional
phase space, such that each point in the space specifies
the phase or state of the system (Kantz and Schieber
1997). Drawing on Taken’s (1981) embedding theorem1

a system’s phase space can be reconstructed by using
time-delayed copies of a sequence of scalar measure-
ments. Essentially, the dynamic structure of a system’s
trajectory is recovered by embedding (unfolding) the
measured scalar sequence (x(t)) in a higher dimensional,
reconstructed space (Fig. 1a–1d) that is isomorphic to
the system’s true phase space (Abarbanel 1996; Mitra
et al. 1998). Unfortunately, if the dimension d of the
reconstructed space is greater than 3 then it can only
be visualized by projection onto a two- or three-dimen-
sional sub-space (Abarbanel 1996)—a process that dis-
torts or destroys the true time evolution of states.

To overcome this problem, Eckmann et al. (1987)
introduced a tool—recurrence analysis—that enables
one to visualize how the states (xi) of a system are struc-
tured in phase space, independent of the d required to
(re) construct it. Essentially, recurrence analysis uncov-
ers subtleties in the structure and time course of sys-
tem trajectories by determining how often system states
recur in phase space and does so without making any
assumptions about data size, distribution, or stationarity
(Marwan 2003; Webber and Zbilut 2004). Specifically, if
a state xi (the ith point on a phase space trajectory, where
i = 1, 2, . . . , N) is sufficiently close to xj (the jth point on
a phase space trajectory, where j = 1, 2, . . . , N), then xi

1 Taken’s (1981) embedding theorem states that information
about the true dynamics of multidimensional systems can be
uncovered through the measurement of a single scalar time series
x(t) assuming (among other things) that interactions exist among
the state variables of a system.

and xj are said to reflect a recurrent state. Recurrences
are plotted on a two-dimensional (N × N) array, where
dots are used to mark the recurrences and both axes (N
in length) represent the location in time along the tra-
jectory. This two-dimensional plot is called a recurrence
plot and is calculated as follows:

Rm
i,j = 	

(
r − ∥

∥xi − xj
∥
∥)

i, j = 1, . . . , N (4)

where Rm is the (N × N) recurrence matrix of the
d-dimensional phase space trajectory, N the number of
considered states xi, r is a threshold radius, |·| an Euclid-
ian distance metric, and	 (·) is the (negative) Heaviside
function. From this equation, states xi and xj are said to
be a recurrent point R in the recurrence matrix Rm,
if their Euclidian distance is less than or equal to the
threshold radius r. The threshold radius r (a sphere cen-
tered around xi) is used to determine if xi and xj are
recurrent, given that xi − xj = 0 rarely happens due to
measurement resolution and noise.

Whereas a recurrence plot generated from Eq. 4 can
be used to illustrate the dynamics of a single phase
space trajectory [and might provide a way of exam-
ining the dynamics and variability of single rhythmic
limb movements—see Richardson, (2005)], of more rel-
evance to the study of interlimb coordination is the fact
that recurrence analysis can also be used to compare two
different phase space trajectories. Often referred to as
cross-recurrence analysis this is the form of recurrence
analysis that has been used to examine interlimb coordi-
nation previously (e.g. Pellecchia et al. 2005; Richardson
et al. 2005; Shockley and Turvey 2005). This is achieved
by embedding each time series into its respective phase
space and then computing a recurrence plot, in this case
a cross-recurrence plot (Fig. 1f), as follows:

CRm
i,j = 	

(
r − ∥

∥xi − yj
∥
∥)

i = 1, . . . , Nx,

j = 1, . . . , Ny (5)

where N is the number of considered states xi (from the
first time series), and yj (from the second time series)
and xi and yj are said to be a cross-recurrent point CR in
the cross-recurrence matrix CRm, if the Euclidian dis-
tance between the two normalized vectors is less than
or equal to the threshold radius r (see Fig. 1).

Eckmann et al. (1987) initially proposed that visu-
ally inspecting the patterns of recurrence plots (e.g.
homogeneity of Rs, density of Rs) could help in eval-
uating a system’s dynamical structure. However, Zbilut,
Webber and colleagues (e.g., Webber and Zbilut 1994;
Zbilut and Webber 1992; Zbilut et al. 1998) proposed
recurrence quantification analysis (RQA) and cross-
recurrence quantification analysis (CRQA) as a way of
mathematically quantifying the patterns in recurrence
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Fig. 1 a, b Time series from a pair of coupled oscillators. c, d
The measured scalar sequences x(t) and y(t) of each oscillator
embedded (unfolded) into a phase space of three-dimensions
using time-delayed (τ ) copies of x(t) (x(t+τ ), x(t+2τ )) and y(t)
(y(t+τ ), y(t+2τ )) as the surrogate second and third dimensions
for each oscillator, respectively. e The reconstructed phase spaces
of x(t) and y (t) overlapped with one another and f the correspond-
ing cross-recurrence plot. A point of the trajectory yj is considered
to be recurrent with a point xi, when yj falls within a sphere of

radius r about xi. The grey circle in e represents the sphere of
radius r, the black point represents point yj and the gray point
represents point xi. The small black circle highlights another point
of x that falls outside the sphere of radius r and is not recurrent
with yj (adapted from Marwan 2003). The circle in f identifies the
recurrent point in the cross-recurrence plot for points xi and yj
(e). Lmax for the cross-recurrence plot shown in f is highlighted by
the ellipsoid

plots. RQA and CRQA result in statistics such as
percent recurrence (the ratio between the number of
Rs found and the total number of recurrent points pos-
sible), percent determinism (the ratio between the num-
ber of Rs that make up diagonal lines or sequences of
recurrent points and the total number of Rs found),
meanline (the average length of sequences of recurrent
points that form lines parallel to the main diagonal),
maxline (the length of the longest sequence of recurrent
points that form a line parallel to the main diagonal)
and entropy (Shannon entropy of the distribution of
line segments), all of which characterize a different (yet

often related) aspect of a recurrence or cross recurrence
plot (seeWebber and Zbilut 2004; Marwan 2003, for a
complete description of these quantifications).

With respect to the analysis of coupled processes,
CRQA has been used to examine the nonlinear dynam-
ics of weakly coupled mechanical oscillators (Shockley
et al. 2002), geophysical sediment cores (Marwan et al.
2002,) as well as the postural entrainment of interacting
individuals (Shockley et al. 2003) and interlimb coor-
dination (Pellecchia et al. 2005; Shockley and Turvey
2005; Kudo et al. 2006 in press; Richardson et al. 2005).
This latter research has suggested that the measures of



64 Biol Cybern (2007) 96:59–78

percent recurrence (%REC) and Maxline (Lmax) are of
particular significance in indexing the effects of λ and Q
on the variability of interlimb coordination.

As stated above, %REC is the ratio between the num-
ber of recurrent points found in a recurrence plot and the
total number of recurrent points possible. For CRQA it
is calculated as

%REC = 1
N2

N∑

i,j=1

CRm
i,j (6)

and is a measure of the density of recurrent points within
a cross-recurrence plot. Essentially, %REC is the prob-
ability of finding a recurrent point (Marwan 2003) and
is known to be highly sensitive to stochastic processes,
with small amounts of stochastic (random) noise hav-
ing a large impact on the probability of truly recurrent
points being found recurrent (Thiel et al. 2002).

Lmax relates to the lengths of diagonal lines that
appear in recurrence plots and indicates when segments
of a phase space trajectory converge. Specifically, Lmax
is the maximum diagonal line length found in a recur-
rence plot (see Fig. 1f) and equals the longest time that
trajectory segments converge for a given r,

Lmax = max (li; i = 1, . . . , Nl) (7)

where l is a diagonal sequence of recurrence points and
Nl is the total number of diagonal lines present in a
cross-recurrence plot. Its inverse, 1/Lmax, has also been
identified as a measure of divergence and is argued to
be related to the largest positive Lyapunov exponent—
if there is one in the considered system (Eckmann et al.
1987; Trulla et al. 1996). For CRQA, Lmax equals the
longest time that the two trajectories converge to a com-
mon region of phase space and with respect to coordi-
nated systems, such as coupled oscillators or interlimb
coordination, can be interpreted as a measure of entrain-
ment (Marwan 2003)—one that quantifies mutual con-
vergence at a local space-time scale. It is for this reason
that Lmax should provide an effective measure of local
attractor strength λ for interlimb coordination.

4 Overview of experiments

Experiments 1–3 sought to investigate the constancy of
stochastic noise that affects human movement as well as
verify whether the recurrence quantifications of %REC
and Lmax could be employed to determine the inde-
pendent effects of attractor strength λ and stochastic
perturbations (i.e., Q or external sources of noise), on
the variability of coupled rhythmic limb movements.
The wrist–pendulum paradigm (Kugler and Turvey 1987;

Turvey et al. 1986) was used in which participants were
coordinating hand-held pendulums in time with a met-
ronomic signal. The advantage of using this paradigm is
that it allowed for λ to be manipulated by simply alter-
ing the mechanics of the coordination task. Specifically,
the strength λ of the coupled rhythmic limb movement’s
attractor dynamic was manipulated with relative phase
mode (φ = 0◦ vs. φ = 180◦) in Experiment 1, movement
frequency (slow vs. fast) in Experiment 2, and detun-
ing (�ω = 0 vs. �ω �= 0) in Experiment 3. In addition,
because the magnitude of noise Q inherent to wrist–
pendulum movements could not be manipulated
directly, the magnitudes of external (environmental)
perturbations that affect movement stochastically were
manipulated with the use of a visual metronome that
contained subtle random fluctuations in tempo.

For the metronomic variability to influence the coor-
dinated wrist–pendulum movements stochastically, the
metronomic variability had to be large enough to
perturb the movement system, yet small enough to be
non-obvious (hard to perceptually detect). A visual met-
ronome was used rather than an auditory metronome,
because individuals are known to exhibit significantly
less tracking behavior when synchronizing with a visual
metronome than with an auditory metronome (Repp
and Penel 2004) and are much less sensitive to the tem-
poral fluctuations of a visual stimulus than an auditory
stimulus (Repp and Penel 2002, 2004). Although it is
not being argued that stochastic perturbations induced
by a temporally fluctuating visual metronome are the
same as those caused by the noise that emerges from
the movement system’s internal df, we expected that
metronome-induced perturbations would increase the
stochastic variability of the wrist–pendulum movements
in a way that resembles the effects of stochastic noise,
and, consequently, that recurrence analysis would iden-
tify these variability changes in the same way.

5 Experiment 1

The difference between the attractor strength λ of
inphase (φ = 0◦) and antiphase (φ = 180◦) patterns of
interlimb coordination was first examined by investigat-
ing the relationship between the attractor strength λ and
the recurrence quantification of Lmax. Participants were
required to swing pendulums inphase and antiphase
while synchronizing with a visual metronome that was
equal to the resonant frequency of the coupled system.
In addition, random variability equaling 0, 2.5, or 5%
of the metronome’s mean frequency was added to the
metronomic signal in order to examine the relationship
between %REC and movement variability caused by
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stochastic perturbations. We expected that SDφ would
be greater for antiphase coordination than for inphase
coordination. Because this difference in variability is
putatively due to |λ0| > |λ180| (Haken et al. 1985; Kelso
1995; Schmidt et al. 1993,) we expected that it would be
indexed by recurrence analysis as a decrease in Lmax. In
contrast, we expected %REC to remain relatively sta-
ble across relative phase mode, indicating that the mag-
nitude of stochastic perturbations that originate from
the activity of the movement system’s internal micro-
structure is equivalent for inphase and antiphase coor-
dination. However, we expected %REC to decrease for
increasing levels of metronomic noise, indicating its sen-
sitivity to stochastic perturbations.

5.1 Method

Participants Twelve undergraduates from the Univer-
sity of Connecticut participated in partial fulfillment of
course requirements. All participants classified them-
selves as right handed and had normal or corrected-
to-normal vision.
Materials Participants sat in a chair that had horizon-
tal forearm supports on its right- and left-hand sides.
Two wrist–pendulums, one grasped in the participant’s
right hand and one grasped in the participant’s left hand,
were swung in parallel sagittal planes using ulnar-radial
deviation of their wrist joints. The wrist–pendulums had
the same eigenfrequency, 0.9 Hz, and were constructed
using 46 cm lengths of aluminum tubing with a 150 g
weight attached at the base. The movements of the left
and right wrist were recorded at 100 Hz using electro-
goniometers (Biometrics, Gwent, UK) attached to the
back of each hand and 5–6 cm inches up each forearm.
A Dell Intel Pentium 4 computer was programmed to
record the wrist–pendulum time series as well as pres-
ent the visual metronome on a 19-in. computer monitor
positioned at approximately eye-height 1 m in front of
the participant’s point of observation (Fig. 2).

The visual metronome stimulus was a 5 cm high ×
5 cm wide ‘X’ that flashed in the center of the com-
puter monitor for 100 ms. Random variability or ‘noise’
was added to the metronome by slightly lengthening or
shortening the time interval (tn) between each metro-
nome stimulus. Three levels of random noise were added
to the metronome, such that the average metronome fre-
quency was equal to a target frequency of 0.9 Hz, but had
a standard deviation of frequency (SDfMT) equaling 0,
2.5, or 5% of this target frequency. To assure that the
metronome’s mean frequency and standard deviation
was correct for the 2.5 and 5% variability conditions,
the noise added or subtracted to each tn was gener-
ated a priori in the form of random number time series.

Fig. 2 General experimental setup

Twenty-four time series were generated in total and con-
sisted of random numbers x1 to xn that were normally
distributed with a mean of 0 and SD of 1. In addition,
no value of xn was greater or less than two SDs from the
mean (|xn| < 2) and the absolute deviation from one
value of xn to the next, xn+1 was always less than two
SDs apart (|(xn − xn+1)| < 2). Of the 24 time series, a
different 12 were randomly assigned to the 2.5 or 5%
variability condition for each trial. The tn for each beat
of the metronome was then determined by adding the
value of xn multiplied by the target period pt, to the
target period pt as follows:

tn = pt + ptxn, (8)

This procedure meant that no deviation in metronome
frequency was greater than 10% of the metronome’s
target frequency or the previous time interval for the
5% variability condition, or greater than 5% of the
metronome’s target frequency or the previous time
interval for the 2.5% variability condition.
Design and procedure The experiment was a 2 × 3
within-subjects design with variables of relative phase
mode [ψ : inphase (φ = 0◦), antiphase (φ = 180◦) and
metronome variability (SDfMT: 0%, 2.5%, or 5%, of the
metronome’s target frequency). For each analysis effect
sizes were reported as partial-eta squared values.

Seated participants were told to place their forearms
in the forearm supports with the wrists approximately
2 in. over the end of the supports. The participant was
handed the pendulums and instructed to grasp one in
each hand so that the top of each pendulum’s handle
was flush with the top of the fist. The participant was
then shown how to swing the pendulums in an inphase
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and antiphase manner using only the wrist joints. Once a
participant understood the difference between inphase
and antiphase coordination, he or she was shown the vi-
sual metronome and instructed to synchronize the pen-
dulum movements with the metronome. For inphase
coordination, participants were instructed to synchro-
nize with the metronome by having both the right and
left pendulums at their most forward position each time
the metronome stimulus (the large ‘X’) flashed on the
screen. For antiphase coordination, the instructions were
to synchronize with the metronome by having the right
pendulum at its most forward position and the left pen-
dulum at its most backward position each time the
metronome stimulus flashed on the screen. The partic-
ipant was informed that it was important to keep time
with the metronome as best as possible, while still coor-
dinating the pendulums in a fluid and natural manner.
Participants completed two 30 s practice trials for each
type of coordination with no metronome variability. The
experiment consisted of twelve 100 s trials (two trials for
each of the six different conditions), with condition or-
der randomized across trials.
Data reduction and linear measures The first 10 s from
the participant’s left and right wrist motion time series
were removed to eliminate any transients. The result-
ing 90 s time series were then normalized around zero,
low-pass filtered with a cut off frequency of 10 Hz, and
down-sampled from 100 to 50 Hz. Pilot testing revealed
that filtering and down-sampling the time-series had no
significant effect on any of the dependent measures. Fil-
tering and down-sampling the time-series did, however,
significantly reduce measurement noise and the process-
ing time required to calculate each dependent measure.

The two movement time series for each trial were
differentiated to obtain two velocity time series. These
velocity time series were then normalized by frequency
and the movement phase angles (θ deg) were calculated
for each wrist as

θi = arctan(ẋi/xi) (9)

where ẋi is the normalized angular velocity at the ith
sample (normalized in terms of the mean angular fre-
quency for the trial) and xi is the angular displacement of
the ith sample. The difference between the phase angles
of the left and right wrist were then computed (φ =
θleft − θright), and the relative phase variables of relative
phase shift [mean relative phase 〈φ〉 minus intended rel-
ative phase mode (ψ)] and SDφ were calculated from
the resulting relative phase time series. A peak-picking
algorithm was used to obtain the mean frequency f(Hz)
of the wrist movements and was calculated as the inverse
of the mean time between the points of maximum angu-
lar extension. The coefficient of variation of frequency

CVf was calculated by dividing the standard deviation
of frequency by its respective mean.

Cross-recurrence quantification analysis (CRQA).
The down-sampled time series of both the right and
left wrists were converted to unit interval ranges to
eliminate any differences in scale (Shockley 2002). To
obtain meaningful quantifications of %REC and Lmax
it is important to correctly determine the CRQA input
parameters of time delay, embedding dimension, and
the threshold radius r (Gao and Hauqing 2000; March
et al. 2005; Zbilut et al. 2000, 2002).

The time delay refers to the temporal offset between
copies of the time series and is used to generate the
dimensions of the reconstructed phase space. A time
delay should be chosen that minimizes the dependence
between the dimensions. Typically, this involves deter-
mining the first zero crossing of the autocorrelation
function, or the first minimum of the average mutual
information function (seeAbarbanel 1996; Kantz and
Schieber 1997 for more details). However, for stationary
periodic or oscillatory systems, this is equal to a quar-
ter cycle of system frequency.2 Therefore, given that the
mean frequency of movement in the current experiment
was 0.9 Hz a time delay of 14 samples was used.

The number of embedding dimensions is the number
of dimensions required to unfold the dynamic structure
of a system’s trajectories and is calculated using false
nearest neighbors (FNN) analysis (Abarbanel 1996).
This latter analysis identifies the number of embedding
dimensions required to reconstruct a system’s phase
space by calculating the %FNN for a given number
of embedding dimensions. The quantity %FNN is cal-
culated as the percentage of neighboring points that
diverge (are no longer neighbors) after the addition
of another dimension and indicates the percentage of
points in phase space that are near each other simply
because one has used too few dimensions to observe the
system’s dynamics (the system is still projected down to
a space with too few dimensions). When enough dimen-
sions have been used to reconstruct a system’s phase
space such that all false neighbors have been eliminated
(neighboring points no longer diverge and %FNN = 0),
adding further dimensions does not reveal any more
about the system’s dynamics and, thus, the embedding
dimension is equal to the number of dimensions at which
this occurs (see Abarbanel 1996; Mitra et al. 1998). Pre-
vious research has found that an embedding dimension
of five is appropriate for capturing the dynamics of

2 In Experiments 1–3 the first zero crossing of the autocorrelation
function and the first minimum of the average mutual information
function were both found to be statistically equivalent to a quarter
cycle of each time series mean frequency.
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rhythmic limb movements (e.g. Goodman et al. 2000;
Mitra et al. 1997; Richardson 2005). Thus, the results of
%REC and Lmax analyzed below correspond to values
calculated with an embedding dimension of five.

The threshold radius r is used to determine whether
states in phase space trajectories represent recurrent
points. Practically speaking, this criterion defines the
region of phase space assumed to constitute a system’s
local dynamic structure. Thus, too small a value of r
results in quantifications of measurement noise only,
whereas too large a value of r results in recurrent points
that no longer reflect the local dynamics of the system in
question (Zbilut et al. 2000, 2002). Despite the impor-
tance of selecting an appropriate r, there is no precise
method by which r should be chosen. However, there
are several guidelines that can be followed to ensure the
appropriate selection of r. First, the selected r should re-
sult in values of %REC and Lmax that do not saturate at
floor (i.e. %REC = 0; Lmax = 0) or ceiling (i.e. %REC =
100; Lmax = maximum possible line length) and thereby
allow a reasonable amount of variability across different
observations (Shockley 2002; Webber and Zbilut 2004).
Second, the selected r should be taken from a region
of r values that result in a linear scaling of %REC val-
ues when plotted on a log–log or semi-log plot. Another
general guideline is to choose an r that results in values
of %REC between 0.5 and 5%, as this is generally a
sufficient percentage of recurrences to make sense of a
system’s dynamic structure, as well as allowing enough
variation in the other recurrence quantifications, such
as Lmax (Richardson 2005). Based on the above criteria,
an r equaling 10% of the maximum distance separating
points in reconstructed phase space was chosen for the
calculations of %REC and Lmax.

5.2 Results and discussion

Three participants were unable to synchronize with the
visual metronome for the majority of the antiphase trials
so their data were eliminated. In addition, one trial from
Participants 8 (ψ = antiphase, SDfMT: 0%) and 11 (ψ =
antiphase, SDfMT: 0%), and two trials from Participant
12 (ψ = antiphase, SDfMT: 0% and SDfMT: 5%) were
dropped because the participants did not synchronize
with the visual metronome as instructed. 3 No signifi-

3 Failure to synchronize with the visual metronome as instructed
was deemed to have occurred on a given trial if the participant:
(1) produced the wrong relative phase mode (e.g. inphase instead
of antiphase); (2) had an average frequency that was greater than
three standard deviations away from the target frequency; (3)
stopped swinging during the trial; or (4) did not focus on the
visual metronome during the trial.

cant differences were found between the frequencies of
the left and right wrists, so their data were combined.
Frequency Movement frequency f was equal to the
metronome frequency of 0.9 Hz in all conditions (ψ :
F(1, 8) < 1, η2

p = 0.08;ψ × SDfMT : F(2, 16) = 1.83, p >
0.05, η2

p = 0.06). There was an effect of SDfMT,
F(2, 16) = 7.98, p < 0.05, η2

p = .50; however, the magni-
tudes of the differences in f between the 0% (0.89 Hz),
2.5% (0.90 Hz), and 5% (0.91 Hz), conditions were so
small that this effect was not meaningful. The analysis
of CVf revealed a significant main effect for SDfMT,
F(2, 16) = 30.75, p < 0.05, η2

p = 0.79, with participants
exhibiting more fluctuations in frequency as the level
of metronome variability increased (Fig. 3a). There was
no effect of ψ , F(1, 8) < 1, η2

p = 0.06, or a ψ by SDfMT

interaction, F(2, 16) =< 1, η2
p = 0.13, on SDfMT.

Relative phase The analysis yielded no significant main
effects of ψ on relative phase shift, F(1, 8) < 1, η2

p =
0.08, or SDfMT, F(2, 16) < 1, η2

p = 0.09., nor a sig-
nificant ψ by SDfMT interaction, F(2, 16) < 1, η2

p =
0.06, with participants performing the required rela-
tive phase for all conditions. As expected, the anal-
ysis of SDφ yielded significant main effects for both
ψ , F(1, 8) = 76.52, p < 0.05, η2

p = 0.91, and SDfMT,
F(2, 16) = 7.074, p < 0.05, η2

p = 0.47, with participants
exhibiting a higher SDφ for antiphase than for inphase
coordination and as the magnitude of metronome var-
iability increased. There was also a significant ψ by
SDfMT interaction, F(2, 16) = 3.705, p < 0.05, η2

p =
0.32, with increases in metronome variability causing
a larger relative change in SDφ for antiphase than for in-
phase coordination (Fig. 3b). This suggests that
antiphase coordination was more susceptible to the met-
ronomic perturbations than inphase coordination. This
was confirmed in a post hoc analysis, with the analysis
yielding no significant differences between the 0, 2.5,
and 5% SDfMT conditions for inphase coordination (all
p > 0.3), whereas the three SDfMT conditions were all
significantly different from one another for antiphase
coordination (all p < 0.05).
Cross-recurrence quantification analysis We expected
that the magnitude of %REC would be influenced by
the SDfMT, but would not be affected by phase mode—
given that the differences in the variability between in-
phase and antiphase coordination are assumed to be
due to a difference in λ. In contrast, we expected Lmax
to be significantly influenced byψ , but not SDfMT. These
expectations were confirmed with the analysis of %REC
yielding a significant effect for SDfMT, F(2, 16) = 6.32,
p < 0.05, η2

p = 0.44, and only a marginal effect for ψ ,
F(1, 8) = 5.28, p =0.051, η2

p = 0.40 (Fig. 3c). There was
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no ψ by SDfMT interaction, F(2, 16) < 1, η2
p = 0.01,

on %REC. Consistent with the expectation that Lmax
would index λ, Lmax was only affected by ψ , F(1, 8) =
16.14, p < 0.05, η2

p = 0.67, with Lmax being larger for
inphase than for antiphase coordination (SDfMT :
F(2, 16) < 1, η2

p = 0.05;ψ×SDfMT : F(2, 16) =< 1, η2
p =

0.04) (Fig. 3d).
As expected, these findings provide evidence that in-

phase attractor strengthλ is greater than antiphaseλ and
that Lmax and %REC can be used to index the attractor
strength λ and the magnitude of stochastic perturba-
tions or noise Q. Specifically, the results reflect a double
dissociation with Lmax being able to index a change in
λ independent of Q and %REC being able to index a
change in Q relatively independent of λ. In addition,
the current findings are consistent with the assumption
that |λ0| > |λ180| and that Q remains relatively con-
stant across the two stable relative phase modes (Q0 ≈
Q180). These findings are significant because previous
research attempting to determine the difference in λ for
inphase and antiphase coordination has produced rel-
atively inconclusive results (e.g.,Court et al. 2002; Post
et al. 2000a; Schmidt et al. 1998).

6 Experiment 2

Movement frequency is related to the relative stabil-
ity of interlimb coordination and is captured in Eq. 1
(when �ω = 0) by the ratio of b/a . Specifically, b/a
decreases as movement frequency increases and the
relative strength of φ* is assumed to decrease as move-
ment frequency increases—the faster the movement fre-
quency the smaller |λ| (e.g. Haken et al. 1985; Sternad
et al. 1992). Consequently, the constancy of noise across
movement frequencies is another assumption that can
be tested using recurrence analysis provided that Lmax
and %REC are able to index |λ| and Q.

6.1 Method

Participants Eleven undergraduates from the Univer-
sity of Connecticut participated in partial fulfillment of
course requirements. All participants classified them-
selves as right handed and had normal or corrected-to-
normal vision.
Materials, design and procedure The same materials
used in Experiment 1 were used in this experiment,
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except that the visual metronome had a target frequency
of 0.8, 1.0, or 1.25 Hz. The experiment was a 3 × 3 within-
subjects design with variables of metronome frequency
(ωm: 0.8, 1.0, and 1.25 Hz) and metronome variability
(SDfMT: 0, 2.5, or 5%, of the metronome’s target fre-
quency). A similar procedure to that used in Experiment
1 was employed, except that participants performed in-
phase coordination for all trials (antiphase coordination
was excluded to keep the number of trials at a reason-
able level and to ensure that the participants did not
become fatigued).

For the calculations of %REC and Lmax, CRQA was
performed on the time series from each trial using an
embedding dimension of five, a time delay of 15, 12,
or 10 samples (1/4 cycle period) for the 0.8, 1.0, and,
1.2 Hz movement frequencies, respectively, and a radius
equaling 10% of the maximum distance between points.

6.2 Results and discussion

Two participants were unable to synchronize with the
visual metronome on more than 50% of the trials so
their data were eliminated. In addition, one trial from
Participants 2 (ωm= 1.25, SDfMT: 2.5%) and 6 (ωm =
0.8, SDfMT: 5%) were dropped because the participants

did not synchronize with the visual metronome as in-
structed.
Frequency Participants produced movements at a
movement frequency equal to the metronome frequency
for each ωm and SDfMT condition (ωm : F(2, 16) =
55, 796.32, p < 0.05, η2

p = 1.0; SDfMT : F(2, 16) = 1.07,
p>0.05, η2

p = 0.12;ωm × SDfMT : F(4, 32) < 1, η2
p =

0.106). Consistent with the findings of Experiment 1,
the analysis of CVf revealed a significant main effect
for SDfMT, F(2, 16) = 63.97, p < 0.05, η2

p = 0.90, with
participants exhibiting a higher standard deviation of
frequency as SDfMT increased (Fig. 4a). There was no
significant effect of ωm, F(2, 16) < 1, η2

p = 0.07, nor a
significant ωm by SDfMT interaction, F(4, 32) < 1, η2

p =
0.04, on CVf .
Relative phase Participants performed the required
relative phase for all conditions. Thus, for phase shift
all effects were non-significant (ωm : F(2, 16) = 1.44,
p > 0.05, η2

pf = 0.15; SDfMT : F(2, 16) = 2.63, p > 0.05,

η2
p = 0.25;ωm × SDfMT : F(4, 32) < 1, η2

p = 0.06). As
expected, the analysis of SDφ yielded a significant main
effect for ωm, F(2, 16) = 31.61, p < 0.05, η2

p = 0.80,
with participants exhibiting a higher SDφ as movement
frequency increased. The main effect of SDfMT on SDφ
was also significant, F(2, 16) = 4.13, p < 0.05, η2

p = 0.34;



70 Biol Cybern (2007) 96:59–78

however, the difference in SDφ across the three mag-
nitudes of metronome variability was relatively small
compared to the effect of SDfMT on the CVf (Fig. 4b).
Indeed, post hoc analysis revealed that the increase in
SDφ between the 0 and 5% SDfMT conditions was only
significant (p <0.025) for the 1.25 Hz condition. These
results parallel the findings of Experiment 1, in which
increases in SDfMT were only found to significantly
increase SDφ for antiphase coordination. More impor-
tantly, these results suggest that although the stochas-
tic perturbations induced by the temporally fluctuating
visual metronome have a large influence on the variabil-
ity of movement frequency, they are only observed at the
level of relative phase when the underlying attractor is
sufficiently weak. The ωm by SDfMT interaction on SDφ
was not significant, F(4, 32) < 1, η2

p = 0.07.
Cross-recurrence quantification analysis Given that
SDfMT influenced the variability of interlimb coordina-
tion we expected %REC to decrease as SDfMT
increased. This was confirmed with a main effect of
SDfMT, F(2, 16) = 9.99, p < 0.05, η2

p = 0.56, on %REC
and provides further evidence that %REC is sensitive
to small stochastic processes or perturbations. Interest-
ingly, although there was no ωm by SDfMT interaction,
F(4, 32) < 1, η2

p = 0.03, on %REC, there was a signifi-
cant effect of ωm, F(2, 16) = 6.54, p < 0.05, η2

p = 0.45,
with fewer recurrent points being found asωm increased
(Fig. 4c). Recall that there was a marginal effect of
phase mode on % REC in Experiment 1 and, given
that %REC is always correlated with changes in the
lengths of the diagonal lines found in recurrence plots
(see General discussion), this is not seen as evidence
that the magnitude of internal noise (Q) increased as
movement frequency increased. Rather, these results
highlight how the change in the magnitude of %REC
relative to changes in Lmax (see the non-significant ef-
fect of SDfMT on Lmax below) should be used to deter-
mine whether an increase in variability is the result of
an increase in Q.

The manipulation of movement frequency ωm had
the expected effect on the variability of interlimb coor-
dination, with the movements of the coordinated limbs
exhibiting more fluctuations in frequency and relative
phase as movement frequency increased. This effect has
been argued to be the result of a decrease in λ as move-
ment frequency increases and is modeled in Eq. 1 by
the ratio b/a. Thus, if the recurrence quantification of
Lmax is able to provide a reliable index of λ, then it
should be influenced by the ωm independent of SDfMT.
This was confirmed by the presence of a main effect of
ωm, F(2, 16) = 8.33, p < 0.05, η2

p = 0.51, but no effect of

either SDfMT, F(2, 16) < 1, η2
p = 0.06, or ωm by SDfMT

interaction, F(4, 32) < 1, η2
p = 0.04, on Lmax (Fig. 4d).

These results are consistent with those of Experiment
1, in that the effects of the experimental manipulation
of λ (movement frequency) had a much larger effect
on Lmax than on %REC, whereas the manipulations
of SDfMT were only found to affect %REC. Thus, the
current results also provide evidence that the relative
change in the magnitude of Lmax compared to %REC
(or visa versa) can be used to obtain an index of λ (or
Q). Finally, the current findings are consistent with the
assumptions of Eq. 1, namely that increases in move-
ment frequency result from a change in λ and that Q
remains relatively constant across different movement
frequencies (Haken et al. 1985; Schöner et al. 1986).

7 Experiment 3

A difference in the eigenfrequencies of component
limbs, expressed in Eq. 1 by �ω, is assumed to cause
a change in the location and stability of φ*, where the
larger the value of |�ω| the smaller the value of |λ| for
a given φ* and the further away φ* is from the proto-
typical values of 0◦ and 180◦ (e.g. Collins et al. 1996;
Fuchs et al. 1996; Kelso et al. 1990; Sternad et al. 1995).
Accordingly, these assumptions can also be tested with
manipulations of �ω using the ability of Lmax and %
REC to distinguish the effects of λ and Q. Based on the
positive results of Experiments 1 and 2, we expected that
SDφ would be larger when �ω �= 0 than when �ω = 0,
and that CRQA would index this as a change in |λ|, such
that there would be a proportional change in Lmax, but
relatively no change in %REC.

7.1 Method

Participants Eleven undergraduates from the Univer-
sity of Connecticut participated in partial fulfillment of
course requirements. All participants classified them-
selves as right handed and had normal or corrected-
to-normal vision.
Materials, procedure and design The same materials
and data collection apparatus used in Experiment 1 were
used in this experiment. In addition to the set of 0.9 Hz
pendulums, another set of pendulums were constructed
to create detuning conditions of �ω = ±2.65 radians/s.
This second set of pendulums consisted of a pendu-
lum that was 55.6 cm in length with a 150 g weight at-
tached to its base and another pendulum that was 32 cm
in length with a 50 g weight attached to its base. The
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eigenfrequencies of these two pendulums were
5.14 radians/s (0.82 Hz) and 7.78 radians/s (1.24 Hz),
respectively. The virtual (coupled) eigenfrequency of
the pendulum pairs was held constant at 0.9 Hz (see
Kugler and Turvey 1987). The experiment was a 3 × 3
repeated-measures design with variables of detuning
(�ω : 0, ±2.65 radians/s) and metronome variability
(SDfMT: 0, 2.5, or 5% of the metronome’s target fre-
quency). As in Experiment 2 inphase coordination was
performed for all trials. The same CRQA parameters
used in Experiment 1 were employed.

7.2 Results and discussion

Two participants were unable to synchronize with the
visual metronome on more than 50% of the trials so
their data were eliminated. In addition, one trial from
Participant 1 (�ω = −2.65, SDfMT: 0%) and two tri-
als from Participant 4 (�ω = +2.65, SDfMT: 0% and
SDfMT: 2.5%) were dropped because the participants
did not synchronize with the visual metronome as
instructed.
Frequency Participants produced the appropriate
movement frequency of 0.9 Hz for all conditions,
despite a significant effect of SDfMT, F(2, 16) = 11.85,
p < 0.05, η2

p = 0.59, on f and a small �ω by SDfMT

interaction, F(4, 32) = 3.19, p < 0.05, η2
p = 0.29 (as

in Experiment 1, the magnitudes of these differences
were so small they were not meaningful–f ranged be-
tween 0.892 and 0.903 Hz). There was no effect of �ω,
F(2, 16) < 1, η2

p = 0.06, on f. The analysis of CVf
revealed a significant main effect for SDfMT, F(2, 16) =
15.79, p < 0.05, η2

p = 0.66, with participants exhibiting
more fluctuations in frequency as the level of metro-
nome variability increased. There was also a significant
main effect for �ω, F(2, 16) = 8.15, p < 0.05, η2

p = 0.51,
with the variability of frequency being higher for �ω =
±2.56 than for �ω = 0 (Fig. 5a). There was no �ω by
SDfMT interaction, F(4, 32) < 1, η2

p = 0.11.
Relative phase As expected, the analysis of phase shift
revealed a significant effect for �ω, F(2, 16) =
137.98, p < 0.05, η2

p = 0.95, with participants exhibit-
ing a phase shift of approximately 20◦ for �ω = +2.56,
+0.02◦ for �ω = 0, and −19◦ for �ω = −2.56. There
was no �ω by SDfMT interaction, F(4, 32) = 1.07, p >
0.05, η2

p = 0.12, nor an effect of SDfMT, F(2, 16) < 1,
η2

p = 0.01, on phase shift. The analysis of SDφ yielded
a significant main effect for �ω, F(2, 16) = 43.97, p <

0.05, η2
p = 0.85, with participants exhibited a higher SDφ

for �ω = ±2.56 than for �ω = 0 (Fig. 5b). There was
also a significant effect for SDfMT, F(2, 16) = 3.93, p <
0.05, η2

p = 0.33, with the SD φ increasing as the magni-

tude of metronome variability increased. Post hoc anal-
ysis revealed that the effect for SDfMT was a result of
the 5% condition being significantly different from the
0% condition when�ω = ±2.56 (p < 0.025). As with the
results of the previous experiments, this suggests that
the effects of the metronomic noise on SDφ are only
likely to be observed when the underlying attractor dy-
namic is sufficiently weak. There was no �ω by SDfMT
interaction, F(4, 32) = 1.67, p > 0.05, η2

p = 0.173, on
SDφ .
Cross-recurrence quantification analysis Consistent with
the results of Experiments 1 and 2, %REC was highly
sensitive to the influence of the metronomic perturba-
tions, with the analysis yielding a significant main ef-
fect of SDfMT on %REC, F(2, 16) = 3.91, p < 0.05,
η2

p = 0.33 (Fig. 5c). Moreover, Lmax, F(2, 16) = 2.49,
p > 0.05, η2

p = 0.24, was not significantly influenced by
SDfMT, further demonstrating how Lmax is dissociated
from changes in the magnitude of stochastic perturba-
tions—a result that is necessary if Lmax is to provide a
reliable index of λ. The ability of Lmax to index λ was
further confirmed with�ω having a significant effect on
LmaxF(1, 8) = 14.23, p < 0.05, η2

p = 0.64. That is, con-
sistent with λ decreasing as |�ω| increases, the analysis
of Lmax revealed more local convergence when �ω = 0
than when �ω = +2.65 (Fig. 5d).

Although there were no �ω by SDfMT interactions
on %REC, F(4, 32) < 1, η2

p = 0.01, or Lmax, F(4, 32) <
1, η2

p = 0.11, the analysis revealed a main effect of �ω
on %REC, F(1, 8) = 21.61, p < 0.05, η2

p = 0.73, with
fewer recurrent points being found for�ω = ±2.65 than
for �ω = 0. Although the results of Experiments 1 and
2 indicate that %REC is not completely independent of
changes in Lmax (and thus the experimental manipula-
tions of λ), it is important to note that the magnitude by
which�ω was found to affect %REC was much greater
than that of phase mode and movement frequency. Fur-
thermore, in Experiments 1 and 2 SDfMT was found to
have a larger effect on %REC than the manipulations
of phase mode and movement frequency, whereas the
opposite was true in the current experiment with �ω
having a much larger effect on %REC than SDfMT.

Previous research using recurrence analysis to ana-
lyze the stability of coupled rhythmic limb movements
have yielded similar results, with increases in |�ω| caus-
ing a significant decrease in %REC, as well as a signifi-
cant decrease in Lmax (Pellecchia et al. 2005; Shockley
and Turvey 2005). The significance of finding that �ω
has a large effect on %REC, in addition to Lmax, is
that it suggests that the magnitude of fluctuations or
noise intrinsic to interlimb coordination increases as
|�ω| increases. The idea that differences in the eigen-
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frequencies of coupled oscillators influences the magni-
tude internal fluctuations or perturbations, in addition
to changing the strength and location of the underly-
ing relative phase attractors has been suggested (and
debated) previously (e.g. Fuchs and Kelso 1994; Riley
et al. 2001). Most recent is the work by Riley et al. (2001),
where the authors argue that when �ω �= 0 differences
exist in the non-harmonic dynamics of component oscil-
lators (e.g. high-frequency relaxation oscillators com-
pared to low-frequency harmonic oscillators) and cause
a deterministic fluctuation process to emerge—which
in turn, causes an increase in the variability of inter-
limb coordination. This noise or fluctuation process is
argued to be deterministic (Riley et al. 2001), rather
than stochastic, as it emerges from a parametric change
in the collective dynamics of interlimb coordination and,
moreover, operates at a time scale relatively close to that
of the collective dynamic (the perturbations or noise that
emerges when �ω �= 0 occur at the level of the oscilla-
tors’ limit-cycle dynamics).

Recall that the reason why the noise captured in Eq. 1
is modeled as stochastic rather than deterministic, is
because it is assumed to originate from microscopic

activity of the human movement system, which not only
operates at a much faster space-time scale than the
observed macroscopic activity of interlimb coordina-
tion, but is also not influenced by a parametric change
to the collective dynamics of interlimb coordination.
Despite these assumptions, it is still possible that the
perturbations or noise inherent to interlimb coordina-
tion could in truth be multiplicative or parametric (Fuchs
and Kelso 1994). Thus, the current results may actually
be an indication of how the magnitude of the noise and
perturbation processes inherent to interlimb coordina-
tion depends on �ω. That is, in contrast to the argu-
ment proposed by Riley et al. (2001), which suggest that
there are two sources of fluctuations (one stochastic and
one deterministic), an alternative explanation would be
that a change in �ω simply rescales the magnitude Q
of the noise or perturbations process inherent to inter-
limb coordination. Hence different values of �ω may
result in an intrinsic restructuring of both the dynamic
and perturbation process that underlie a system of cou-
pled oscillators, whereby each value of �ω constitutes
a entirely different system with different attractor (e.g.
λ), as well as noise (e.g. Q) properties.
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8 General discussion

Three experiments were conducted in which the strength
of the attractor dynamic underlying coupled rhythmic
limb movements as assumed in Eqs. 1 and 2 was manip-
ulated as well as the magnitude of stochastic perturba-
tions imposed on this dynamic. Past research on
interlimb coordination suggested that the manipulations
of attractor strength and stochastic perturbations would
influence the variability of movement and that the recur-
rence quantifications of %REC and Lmax would differ-
entiate these changes. Specifically, %REC was expected
to be sensitive to the magnitude of metronomic vari-
ability (SDfMT) and, therefore, provides a reliable index
of stochastic perturbations and noise (Q). In contrast,
Lmax was expected to be sensitive to changes in the local
stability or deterministic quality of a coupled rhythmic
limb movement’s attractor dynamic and, thus, provides
a reliable index of attractor strength (λ).

Consistent with these expectations, the results of
Experiments 1–3 upheld the assumption of the
constancy of noise across movement conditions and
revealed that Lmax was only influenced by manipulations
assumed to result changes in the attractor strength of
coupled rhythmic limb movements (e.g., manipulations
of phase-mode, movement frequency, and detuning)
and, moreover, was unaffected by the manipulations of
SDfMT. In contrast, %REC was significantly influenced
by SDfMT and, except for the manipulation of detun-
ing in Experiment 3, was only affected by parametric
changes in attractor strength to a small (or marginal)
degree. Clearly, the differential effects of λ and SDfMT
on Lmax and %REC reflect a double dissociation and
provide strong evidence that the recurrence quantifica-
tions of Lmax and %REC can be used to distinguish
the effects of λ and Q on the variability of interlimb
coordination.

Defined with respect to SDφ (cf. Eq. 3), the cur-
rent results suggest that the inverse of the number of
recurrent points divided by the total number of recur-
rent points possible is proportional to Q and that Lmax
divided by the maximum line length possible (Lmaxposs)

is proportional to λ. Stated more formally, the results
of Experiments 1–3 conform to the suggestion of Kudo
et al.(in press) that a proportional estimate of Q can be
calculated as

Q ∝ 1/prop%REC = 1/(%REC/100) (10)

and that a proportional estimate of λ can be calculated
as

λ ∝ propLmax = Lmax/Lmaxposs (11)

where Lmaxposs is the length of the main diagonal and is
equal to the length N of the motion time series minus
the time delay (τ ) multiplied by the number of embed-
ding dimensions d (Lmaxposs = N − τd). Significantly,
these proportional estimates can be used to assess the
relative impacts of λ and Q on SDφ by allowing for a
computation of SDφ (cf. Eq. 3). That is, given Eq. 3
and the argument of Kudo et al. (in press), SDφ can be
computed as

xSDφ%REC
Lmax

=
√

1/prop%REC
2propLmax

∝ SDφ (12)

Note that the magnitude of xSDφ%REC
Lmax

will not nec-
essarily be equal to the observed SDφ given that 1/prop
%REC and propLmax are dimensionless estimates, how-
ever, the degree to which the relative changes in xSDφ *
across different experimental conditions should be com-
parable to the observed changes in SDφ. As a demon-
stration of how Lmax and % REC are able to index the
effects of λ and Q on SDφ appropriately, the average
values of %REC and Lmax obtained for each of the con-
ditions in Experiments 1–3, were converted to propor-
tional estimates of λ and Q using Eq. 10 and 11, and then
the values of xSDφ%REC

Lmax
were computed using Eq. 12.

The observed and estimated values of SDφ have been
plotted as a function of the experimental manipulations
in Fig. 6.

The striking similarities between xSDφ%REC
Lmax

and SDφ
in Fig. 6 provide further evidence that the differences in
the relative magnitudes of Lmax and %REC can be used
to distinguish the attractor strength and noise for cou-
pled rhythmic limb movements. However, it is impor-
tant to appreciate that the manipulations of relative
phase mode, movement frequency, and detuning used in
Experiments 1–3, are not direct manipulations of attrac-
tor strength and only independent variables assumed to
cause a change in attractor strength. Given that the col-
lective dynamics that constrain interlimb coordination
are defined over the same microscopic df from which
internal sources of noise originate, it is always possi-
ble that the magnitude of noise might increase with a
reparameterization of the system. Such a result seems
to be true for the manipulations of detuning (�ω) in
Experiment 3, where the value of %REC was found to
be significantly smaller for �ω = 0, than for �ω �= 0.
Although this latter finding is consistent with previous
research (e.g., Riley et al. 2001), the basis for suggest-
ing that Q may increase with increases in |�ω|, rested
on the fact that the magnitudes of Lmax in Experiments
1–3 were unaffected by changes in SDfMT. Similarly,
although it was assumed that adding a small level of
random variability (subtle temporal fluctuations) to the
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visual metronome would operate to increase the mag-
nitude of stochastic perturbations affecting movement
variability, it was still possible that this manipulation
could have influenced the strength of the underlying
dynamic—SDfMT was an implicit manipulation of Q.
That is, it is possible that in the current experimen-
tal situation the attractor dynamic was constrained and
defined over the wrist–pendulum–metronome system
and that changes in the variability of the metronome
signal caused a weakening of this dynamic.

Such concerns question the implicit nature of the
experimental manipulations of attractor strength and
stochastic perturbations (SDfMT) and make salient the

need for a more direct method of manipulating attrac-
tor strength and stochastic noise. Although such manip-
ulations are difficult (if not impossible) with respect to
actual interlimb movements, it is possible to make di-
rect manipulations of λ and Q using simulations. Thus,
as a final test of whether the recurrence quantifications
of %REC and Lmax can distinguish between changes
in movement variability caused by a change in attractor
strength independent of those caused by a change in sto-
chastic perturbations or noise, direct manipulations of λ
and Q were performed by simulating interlimb coordi-
nation with a system of coupled self-sustained Rayleigh
oscillators. These coupled oscillator simulations were a



Biol Cybern (2007) 96:59–78 75

fourth-order approximation of Eq. 1 (Haken et al. 1985),
whereby attractor strength was manipulated by decreas-
ing the strength of the function that coupled the two
oscillators, creating strong, moderate, and weak magni-
tudes of λ. Noise was added to each oscillator by adding
a random number to each time step of the simulations
(taken from a normal distribution with a mean of 0 and
a SD of 1) multiplied by a constant, creating small, mod-
erate, and large magnitudes of Q. Consistent with the
results of the experiments, %REC and Lmax were found
to differentially index λ and Q for the system of coupled
oscillators. More specifically, the direct manipulations
of λ were found to have a strong effect on Lmax and
no influence on the magnitude of %REC. Although the
direct manipulations of Q significantly affected %REC,
they were also found to influence Lmax. As suggested by
Beek et al. (2002) and Daffertshofer (1998) this may be
an indication that simply adding stochastic white noise
to nonlinear oscillators does not adequately capture the
stability and variability of rhythmic limb movements
(other than at a gross linear scale, i.e., changes in the
variability of frequency and relative phase that resulted
from the manipulations of λ and Q in the coupled oscil-
lator simulations were comparable to those observed
in Experiments 1–3). However, despite the dissociation
between Lmax and %REC being slightly different from
that found in Experiments 1–3, the results for the cou-
pled oscillator simulations still demonstrate that Lmax
and %REC can be used to distinguish λ and Q given
that %REC was unaffected by λ.

It is worth noting at this point that although the mag-
nitude of %REC is able to provide an effective measure
of Q for interlimb coordination, it is evident from the
results of Experiments 1–3, that %REC is not totally
independent of Lmax. The small dependence of %REC
on the length of Lmax is related to the fact that an
increase in the length of a diagonal line results in an
increase in %REC (this dependence is not reciprocal—
an increase or decrease in %REC does not necessarily
result in a change in the lengths of diagonal lines, partic-
ularly Lmax). Needless to say, this relationship highlights
how the relative change in the magnitude of Lmax com-
pared to %REC (or visa versa), rather than an absolute
change, should be used to index whether an change in
the variability of interlimb coordination is the result of
a change in λ or Q.

8.1 The stability and variability of coupled rhythmic
limb movements

In general, the results of Experiments 1–3 support pre-
vious research on interlimb rhythmic coordination and
further demonstrate that the dynamics of 1:1 frequency

locked behavior is effectively captured by the collec-
tive variable of relative phase and Eq. 1 (Haken et al.
1985). In particular, the results of Experiment 1 dem-
onstrate that the variability of interlimb coordination
is greater for antiphase coordination than for inphase
coordination. As indicated earlier, this is an important
finding, as previous research by Court et al. (2002), Post
et al. (2000a; 2000b) and Schmidt et al. (1998) aimed at
indexing the strength λ of inphase and antiphase coordi-
nation was unable to provide a clear distinction between
the two coordination modes. The results of Experiment
2 provide further evidence that increases in the variabil-
ity of interlimb coordination that occurs as movement
frequency increases is also due to a decrease in |λ| (Post
et al. 2000a; Schmidt et al. 1998), a result that is con-
sistent with the assumption that the magnitude of noise
inherent to interlimb coordination remains constant at
different movement frequencies (Schöner et al. 1986).

However, in contrast to the standard assumption that
the noise and perturbation processes that character-
ize interlimb coordination are stochastic and, therefore,
remain constant across different parameterizations of
Eq. 1, the results of Experiment 3 suggest that the mag-
nitude and/or type of noise may increase with increases
in |�ω|. As discussed in Experiment 3, concerns about
whether the noise or perturbation processes inherent
to interlimb coordination are influenced by changes in
�ω have been raised previously (e.g. Riley et al. 2001).
Specifically, the concern is whether (a) the magnitude
of the perturbations that originate from the activity of
the movement system’s microstructure (e.g., the sys-
tem’s internal neural, muscular, and metabolic df) in-
creases with increases in |�ω|, or (b) a deterministic
source of fluctuations emerge when �ω �= 0 and is a
result of the non-harmonic dynamics of different com-
ponent oscillators. Even though the results of Experi-
ments 1–3 do not allow for any definite conclusions to be
drawn about either of these possibilities (or any others),
they do indicate how future research should be directed
towards examining the relationship between detuning
and noise more closely, not to mention the degree to
which the noise or perturbations processes inherent to
interlimb coordination should be considered (modeled)
as deterministic rather than stochastic.

8.2 The effects of SDfMT on coordinated limb
movements

The primary aim of adding random variability or ‘noise’
to the visual metronome was to examine the sensitivity
of %REC to small stochastic perturbations, as well as
the degree to which Lmax was able to index attractor
strength independent of stochastic or noisy processes.
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In addition to examining the sensitivity of %REC to
stochastic processes, this manipulation also provided
an initial test of how continuous stochastic perturba-
tions, or sources of ‘external noise’, affect the variability
of single and coupled rhythmic limb movements. Re-
call that this metronomic noise was not assumed to be
the same as the noise that originates from activity of
the movement system’s microstructure. However, it was
expected to increase the stochastic variability of the
wrist–pendulum movements by causing unintended
(uncontrolled) frequency and phase fluctuations. That
is, SDfMT was expected to increase the variability of
movement in a way that resembles the effects of internal
perturbations or noise, without changing the collective
order of movement. Consistent with this latter expecta-
tion, SDfMT was found to have no effect on the average
frequency of movement or the mean phase relation be-
tween the wrist–pendulum movements and the metro-
nome stimulus. Moreover, in Experiment 3 the deviation
in intended phase (phase shift) when |�ω| > 0 was the
same for SDfMT = 0 (φ = 19.1◦), 2.5(φ = 19.3◦) and 5%
(φ = 19.8◦).

Interestingly, the effect of SDfMT on the variability of
frequency was largely additive, with the increase in the
variability of frequency from the 0 to 2.5% and 2.5 to
5% SDfMT conditions being relatively constant (linear).
This, however, was not the case with respect to the vari-
ability of relative phase. That is, whereas increases in the
magnitude of SDfMT did result in an increase in SDφ,
the magnitude of this increase appeared to be a func-
tion of the system’s underlying attractor dynamic. This
was highlighted in Experiment 1 by the significant rela-
tive phase mode by SDfMT interaction on SDφ and sug-
gests that metronomic noise only causes fluctuations at
the level of relative phase when the movement’s attrac-
tor dynamic is sufficiently weak. The fact that the 5%
variability condition was only found to cause a signifi-
cant increase in SDφ for the highest frequency (ωm =
1.25) in Experiment 2 and when |�ω| > 0 in Experi-
ment 3, provided further evidence of this. The impor-
tance of these latter results is that they indicate that
adding small amounts of random variability to an envi-
ronmental stimulus or metronome could also be used to
help identify the strength of the system’s local attractor
dynamic.

Motivating the present research was the fact that
traditional measures of movement variability, such as
SDφ and CVf, confound attractor strength and noise,
and therefore do not provide a reliable index of either.
In addition, despite the assumption that Q is autono-
mous of the collective dynamic that enslaves a move-
ments active df, it was possible that the magnitude of
stochastic perturbations or noise inherent to rhythmic

limb movements would actually change across differ-
ent movement conditions. Thus, by providing research-
ers with another way of independently measuring the
relative effects of attractor strength and Q on move-
ment variability, these assumptions can be tested more
explicitly. Indeed, the present research provided an ini-
tial examination of whether the changes in movement
variability that are typically assumed to be the result of
change in attractor strength are in fact true.
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