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Abstract. Most studies examining the stability and
change of patterns in biological coordination have fo-
cused on identifying generic bifurcation mechanisms in
an already active set of components (see Kelso 1994).
A less well understood phenomenon is the process by
which previously quiescent degrees of freedom (df) are
spontaneously recruited and active df suppressed. To
examine such behavior, in part I we study a single limb
system composed of three joints (wrist, elbow, and shoul-
der) performing the kinematically redundant task of trac-
ing a sequence of two-dimensional arcs of monotonically
varying curvature, k. Arcs were displayed on a computer
screen in a decreasing and increasing x sequence, and
subjects rhythmically traced the arcs with the right hand
in the sagittal plane at a fixed frequency (1.0 Hz), with
motion restricted to flexion-extension of the wrist, elbow,
and shoulder. Only a few coordinative patterns among
the three joints were stably produced, e.g., in-phase
(flexion-extension of one joint coordinated with flexion-
extension of another joint) and antiphase (flexion-exten-
sion coordinated with extension-flexion). As k was
systematically increased and decreased, switching be-
tween relative phase patterns was observed around criti-
cal curvature values, k.. A serendipitous finding was
a strong 2:1 frequency ratio between the shoulder and
elbow that occurred across all curvature values for some
subjects, regardless of the wrist-elbow relative phase pat-
tern. Transitions from 1:1 to 2:1 frequency entrainment
and vice versa were also observed. The results indicate
that both amplitude modulation and relative phase
change are utilized to stabilize the end-effector trajectory.
In part II, a theoretical model is derived from three
coupled nonlinear oscillators, in which the relative
phases (¢p) between the components and the relative joint
amplitudes (p) are treated as collective variables with arc
curvature as a control parameter.
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1 Introduction

Everyday actions involving the arm such as lifting, trac-
ing, and pointing are performed effortlessly despite (or
perhaps because of) the fact that a very large number of
degrees of freedom (neurons, muscles, joints) are co-
ordinated in a task-specific fashion. The question of how
such movements are accomplished has been investigated
using tasks involving movements of either single (e.g.,
Asatryan and Feldman 1965; Feldman 1986; Kelso 1977;
Polit and Bizzi 1978) or multiple joints (e.g., Kelso et al.
1979; Lacquaniti and Soechting 1982; Lacquaniti et al.
1986; Soechting and Lacquaniti 1981). In the latter but
not the former case, an ambiguity exists between trajecto-
ries in joint coordinates and the position of the end
effector in extrinsic coordinates. That is, the limb has
redundant degrees of freedom, and thus constraints must
arise naturally or be imposed artificially in order to
eliminate such degeneracy (Bernstein 1967). The precise
level of the underlying control system at which con-
straints are thought to apply depends on the methodo-
logy adopted (Stein 1982) and may be investigated at
several related levels of analysis, e.g., neurophysiological,
biomechanical, and behavioral.

Although the so-called Bernstein degrees of freedom
problem may be framed in terms of discovering the
appropriate central variable controlled by the neuro-
physiological system (for review see Latash 1993), this
article presents evidence that general principles of coord-
ination emerge when the motion produced is treated as
a solution of a dynamical system. Let us disregard for the
moment the time evolution of a system composed of the
wrist, elbow, and shoulder joints and concentrate on the
end-effector (e.g., a finger or hand-held instrument) to
joint space mapping. It has been rigorously shown (Klein
and Huang 1983) that this mapping is ill defined because
the joint angles are not functions of the end-effector
position. Thus, for a given end-effector position, there
are, in principle, an infinite number of wrist, elbow, and
shoulder joint angle combinations which may satisfy that
static position. This indeterminism, however, is partly
resolved when the system is allowed to evolve in time in



258

the performance of the task, i.e., becomes a dynamical
system. Under certain circumstances, as the end-effector
travels on a trajectory, stable phase relationships may
exist between the joint angle variables. For example,
Soechting, Lacquaniti and Terzuolo (1986) found that
a phase difference of 180° is maintained between the
forearm and upper arm elevation angles when circles
and ellipses are drawn on the sagittal and frontal
planes. Even though specifically defined static mappings
between the arm configuration and the end point do
not exist, constraints may arise when the task is per-
formed continuously over time (Soechting and Terzuolo
1987a,b). Such results suggest that temporal con-
straints play an important functional role in the assembly
of single-limb, multijoint movements (e.g., Kelso et al.
1991).

Temporal constraints have played an important role
in identifying collective variables and their dynamics
(equations of motion) that govern the formation and
change of behavioral patterns in a variety of coordina-
tion tasks, e.g., interlimb (Kelso 1981, 1984; Treffner and
Turvey 1995; Walter and Swinnen 1990, 1992) and multi-
limb (Carson et al. 1995; Jeka and Kelso 1995) coordina-
tion, single-limb multijoint movements (Buchanan and
Kelso 1993; Kelso et al. 1991, 1994a), and two-person
coordination (Amazeen et al. 1995; Schmidt and Turvey
1994; Schmidt et al. 1990). In each of the above
experimental systems, relative phase and its associated
variability have successfully described the coordination
dynamics (stability, loss of stability, pattern switching,
etc.) of the observed behavior (e.g., Haken et al. 1985; see
Schoner and Kelso 1988 for review). In addition to its
effectiveness in accounting for the coordination of action,
relative phase also qualitatively demarcates differences
between visually detected patterns, for example, those
specified by the acts of walking, running, or moving the
arm (c.g., Kelso and Pandya 1990; Haas et al. 1991;
Haken et al. 1990). This temporal constraint is character-
istic of a coordinative structure or functional linkage,
where the control of many individual degrees of freedom
is reduced to that of a simpler lower-dimensional
dynamic.

Most of the foregoing research has dealt with pattern
stability and change in an already active set of participat-
ing components. However, in some situations biological
systems spontaneously recruit previously inactive com-
ponents to maintain a pattern of movement. For
example, quadrupeds go through a series of stable gait
patterns (walk, trot, etc.) as speed is increased. Once the
animal starts to gallop, further increases in speed are
maintained but with a noticeable backbending (recruit-
ment of the vertical df, e.g., see Grillner 1975). Kelso et al.
(1993) (see also Buchanan et al. 1997; Kelso and Scholz
1985) have shown that in coordinated motions involving
adduction and abduction of the index fingers in the
horizontal plane, spontaneous transitions from asym-
metrical patterns (homologous muscles contracting alter-
nately) to symmetrical patterns (homologous muscle
contracting together) occur as the frequency f of the
oscillation reaches a critical value, f;. Following this
transition, the fingers move from the x-plane to the

y-plane at a second critical frequency, f, > f;, regardless
of the initial coordination pattern. Similar to the case
of the galloping quadruped, the recruitment of a
quiescent degree of freedom provides a mechanism for
maintaining stability in a system when the current area of
its phase space no longer provides alternative stable
states. This sudden or gradual recruitment of vertical
motion (and subsequent annihilation of horizontal
motion) corresponds to a Hopf bifurcation from a fixed
point to limit cycle attractor and vice versa (Kelso et al.
1993).

As the above work demonstrates, scaling on a system-
sensitive parameter (here the movement frequency) may
elicit the recruitment of quiescent df in order to maintain
a stable task-specific coordinative pattern. Many move-
ments, however, may be characterized in terms of both
temporal and spatially defined constraints. Changing the
spatial aspect of a task may also induce the recruitment
and suppression of df, as seen, for example, in reaching
tasks when the subject-to-object distance varies or the
orientation of an object changes suddenly (e.g., Kelso
etal. 1994a). In such a scenario, depending on object
distance or orientation, a subject may either employ just
alimb or a limb and the torso when reaching. Motivation
for the experiment presented here was derived from pre-
vious work by Kelso et al. (1991) in which two stable
phase relationships between the elbow and wrist (with
motion constrained at the shoulder) were observed with
the forearm supinated: (1) wrist flexion-extension coor-
dinated with elbow flexion-extension (an in-phase pat-
tern) and (2) wrist flexion-extension coordinated with
elbow extension-flexion (an antiphase pattern). At critical
cycling frequencies, switching from antiphase to in-phase
coordination was observed. Below a critical frequency
the system was bistable, and above it only monostable.
When the joints were in-phase, the end-effector trajectory
was highly curved (a half-circle), and when the joints were
antiphase, the end-effector trace was less curved (ap-
proaching a straight line). This suggests that the temporal
dynamics of single-limb multijoint movement patterns
may be examined under the influence of spatial con-
straints, e.g., the curvature of a required end-effector
trajectory.

In this experiment, we study the ‘ill-posed’ problem of
trajectory formation by examining the emergence (forma-
tion and change) of coordinative patterns between the
elbow, wrist, and shoulder joints as the end-effector
(hand) traces a series of two-dimensional (2D) arcs of
monotonically varying curvature. By allowing motion
about the shoulder (compared to Kelso et al. 1991),
the limb is a redundant manipulator in this task
with three degrees of freedom available for the produc-
tion of a 2D trajectory. Answers to the following
questions are sought: Which coordinative patterns are
associated with trajectories demanding a specific
curvature? Is the system characterized as multistable
when spatial constraints are externally imposed?
What are the system’s order parameters or collective vari-
ables under such constraints? Are df recruited and sup-
pressed in such a redundant system, and if so how and
when?



2 Experiment

2.1 Subjects

A total of eight subjects, three female and five male
adults, participated in this experiment. All eight subjects
were right-handed, and seven were naive to the purpose
of the experiment. The naive subjects received class
credits for volunteering.

2.2 Experimental apparatus

The OPTOTRAK 3010 3D Motion Analysis System was
used to record the x, y, and z displacement of nine infra-
red light-emitting diodes (IREDs) placed on the subject’s
right arm and torso. The OPTOTRAK 3010 camera
consists of three one-dimensional sensors (anamorphic
lenses) mounted in a single unit. Each sensor has
a 34° x 34° field of view, and the sensor array is precalib-
rated to a resolution of 0.1 mm in the x and y directions
and 0.15mm in the z direction at a distance of 2.5 m. The
camera was mounted horizontally (approximately waist
height), and subjects were seated approximately 2 m from
the camera’s central sensor with their right-hand side
parallel to the OPTOTRAK camera’s vertical plane of
recording (Fig. 1A). The nine IREDs were placed in the
following locations: (1) the acromian process; (2) below
the lateral epicondyle; (3) posterior to the wrist radiocar-
pal joint; (4) at the end of a hand-held dowel; (5) the hip;
(6 and 7) the forearm; and (8 and 9) the upper arm
(Fig. 1B). The positioning of IREDs 6, 7, 8, and 9 allow
for accurate reconstruction of the joint angles when the
IREDs at the pivot points (joints) were occluded. The
auditory metronome was generated with a computer (a
30-ms square wave pulse generated by a MAC II) and
output through a loudspeaker mounted in front and to
the left of the subject. The IRED signals were monitored,
recorded, and stored on a DELL (466/M) PC, and the
metronome signal was recorded with the OPTOTRAK/
ODAU (analog to digital) device and also stored on the
DELL PC. Both the IRED and metronome signals were
recorded at a sampling frequency of 100 Hz.

2.3 Construction of curvature stimulus set, {K;}

The stimulus set {x;:i =1. .. 6} was ‘subject specific’ and
a function of a self-paced ‘curl movement’ produced by
the flexion-extension motion of the wrist and elbow in
the sagittal plane, while shoulder motion and lateral
movement of the elbow were minimized (Fig. 1B). The
X, y, z trace of the end effector (IRED 4 in Fig. 1B) was
recorded during the curl movement. The accumulated
x, y trace points of IRED 4 formed an arc segment of
a circle whose center (a, b) and curvature K, were com-
puted by minimizing the sum

o= —a)® + (y — 0?12 (1)

HMZ

1
N 2 (R~ [

over the parameters (a, b, R,), where R, = 1/K, and N is
the number of data points. These parameters were used
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Experimental Setup

A Optotrak Camera
Monitor Metronome

Sagittal motion @
. (

Required trajectory

o Infra-red Emitting Diodes X

Fig. 1A. Position of the subject with respect to the OPTOTRAK cam-
era and the computer displaying the required arcs. A diagram showing
the placement of the nine infrared emitting diodes (IREDs) on the right
arm is shown in B. The thin arc represents the x,y trace of the
hand-held dowel used to compute K,, and the stick figure portrays the
orientation of the angles representing motion about the shoulder (6,),
elbow (0,) and wrist (03)

as a basis for constructing six similarly positioned arcs
with curvatures k; = idx, i =1... 6, where dx = K,/6.
The curvature was chosen as the control parameter be-
cause (a) it provided perceptible differences between
stimuli when scaled linearly, and (b) previous research
(Kelso et al. 1991) showed that different stable interjoint
patterns produced large curvature differences. To keep
the distance traveled by the end effector constant for all
K, the angle Ao; subtended by the arc was set so that the
arc length s = Ao;/x; was the same for all i. Each arc
was similarly positioned in space by adjusting the center
(a;, b;) so that it coincided with the basis arc.

2.4 Task and procedures

Subjects traced the six arcs in two different conditions:
(1) an increasing x condition, in which the arcs were
presented in the order ki,...xs; and (2) a decreasing
k condition, in which arcs were presented in the order
Ke, - - - K1. The arcs were displayed on a computer screen
in such a way that arm movement and arc stimulus were
as close as possible to being on parallel planes while still
allowing for a clear view of the displayed arc (see Fig. 1A).
Throughout a trial, the end-point trace of IRED 4 (the
last 100 points) was juxtaposed with the stimulus arc.
Each arc of a given curvature k was presented for a total
of 15s, with 10 trials in each condition grouped into
five-trial blocks. Each subject performed alternating con-
dition blocks, and the initial condition was randomized
across subjects. The movement of the end effector was
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paced by the metronome at a required frequency of 1.0 Hz.
In all, subjects produced a total of 90 cycles of motion per
trial and 180 cycles of motion across both conditions.

After attaching the IRED to the right arm, we per-
formed the calibration of the stimulus set {;}. Next, we
familiarized the subject with the relationship between
motion about a joint and the end-point trajectory IRED
4). To do this, we displayed the arc with maximum
curvature, ks = K,, and had subjects flex and extend
each joint. The effect of each joint’s motion on the end-
effector trace was pointed out to the subject. This proced-
ure was repeated until we were confident that the subject
understood how motion of their joints on the sagittal
plane produced a trajectory of the hand on the computer
screen. Subjects were then read the following three in-
structions: ‘First, flex and extend the elbow, shoulder,
and wrist in any combination you wish in order to trace
the required arc; second, keep the joints on the sagittal
plane, i.e., avoid lateral or medial movement of the elbow
and hand; and third, trace the entire arc and maintain
a 1:1 frequency relationship with the metronome by
completing one full cycle (up and down) of motion per
metronome beat.’

2.5 Data analysis

The reconstructed data set yielded 3D positions of the
nine IREDs attached to the subject’s right arm. From the
line segments connecting the four pivot points in Fig. 1B,
the shoulder angle (0,), elbow angle (0,), and wrist angle
(03) were calculated. Position and angle values were
smoothed using a low-pass Butterworth filter (10 Hz).
The following measures were computed as a function of
curvature condition and stimulus curvature x: (a) cycle
durations of the y component of the end-point trace;
(b) actual curvature x© of the end-point trajectory;
(c) actual end-effector travel distance s; (d) point esti-
mates of elbow and wrist (¢;) and elbow and shoulder
(¢p,) relative phases from the angular time series; and (e)
the power spectra of joint angular excursion.

To evaluate the subjects’ temporal performance, the
cycle duration of the y-component of the end-effector
trajectory was computed using a peak picking algorithm.
The peak-to-peak cycle durations t within a trial for each
subject were computed, where 7, = 1,...,n and n is the
number of cycles in each trial. From these 1, values, the
cycling frequencies f, = 1/t, were computed. The indi-
vidual f, values were averaged as a function of x for each
trial by condition and subject, and used as a measure of
temporal tracking performance. Spatial performance
consisted of two parts, reproducing an arc with curvature
k' equivalent to x; and maintaining a constant end-
point travel distance 5. The value of observed curva-
ture, x©, was computed by fitting a circle (Eq. 1) to the
xy-trace of the end-point trajectory, with the quantity
K = 1/R taken as the produced curvature. For each
K;, the mean travel distance, sg"), was obtained using the
equation

N1f2

1
(0)
5 = —— As, 2
N1/2 ngl ( )

where 4s, is the arc length of a complete half-cycle,
defined as a segment of the trajectory between a min-
imum and maximum y-value, and N, is the total num-
ber of such half-cycles.

3 Results

3.1 Performance of temporal and spatial task
requirements

Temporal performance. Shown in Table 1 are the mean
cycle frequencies of the y-component of the end-effector
trace for each subject as a function of curvature scaling
direction. As a group, subjects reproduced the required
frequency of 1.0 Hz most accurately for x, s (0.98 Hz)
and least accurately for x; ¢ (0.93 Hz and 0.95 Hz, re-
spectively). Only subject MG was not within 10% of the
required cycling frequency of 1.0 Hz, with the largest
deviation occurring at x; ¢ (0.8 and 0.77 Hz, respective-
ly). The arc curvature by trial mean cycle frequencies
were analyzed in a scaling direction (2) x arc curvature (6)
ANOVA. Significant effects for arc curvature,
F(5,35) =3.0, P <0.05, and the scaling direction x arc
curvature interaction, F(5,35) =27, P <0.05, were
found. Post-hoc tests (P <0.05) of the arc curvature
effect were all non-significant, with the largest difference
being only 0.05 Hz between x4 s and ;. The main effect
most probably arose from the poor pacing behavior of
subject MG compared with the other 7 subjects, espe-
cially for x, ¢. Contrast tests (P < 0.05) of the interaction
revealed significant differences between curvature condi-
tions for k¥ = K3, k4, and ks, with the largest difference
(only 0.03 Hz) between the two conditions occurring at
k3. Given the small temporal differences between condi-
tions, the above results demonstrate that seven of eight
subjects accurately tracked the metronome with the end
effector at the required frequency of 1 Hz for all x values
regardless of the direction of curvature scaling.

Spatial performance. Overall, subjects consistently
changed the curvature of their end-effector trace in both
the increasing and decreasing x conditions (Fig. 2). There
was a tendency in subjects to reproduce some required ks
much better than others. For example, subjects SP, DF,

Table 1 Observed end-effector (y) frequency by subject and curvature
condition

Subject: Sp PT CL MG MD VZ DF MS

Dec x 1.00 1.00 098 0.88 1.00 100 098 097

Inc x 1.01 1.00 101 081 099 099 098 092
»

Fig. 2. The observed curvature x is plotted against the required
curvature x; (where i = 1 ... 6) for the increasing (A) and decreasing (B)
curvature conditions. The units on each axis correspond to x = 1/R
where R is the radius of the required curve (abscissa) and the best fit
radius of the observed curve (ordinate). Each open square represents the
observed curvature k for a given x;, and there are ten values (ten
trials) for each x. The diagonal line represents a perfect fit between
and k;. In both A and B, the arrows depicted in the second row ( first
column) represent the direction of curvature change
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Table 2. Comparison of the visual stimulus arc length, s, and the
actual end-effector travel distance s for the eight subjects under
decreasing and increasing x-condition

SP PT CL MG MD VZ DF MS
50 87 105 8 8 72 76 84 108
s 789 805 631 637 487 524 582 714
s 78.6 845 646 646 487 545 576 756

“inc k

MD, and MG matched the intermediate k values (k3, rc4)
quite well, but were less accurate in their productions of
the high and low « values (Fig. 2A, B, top row). The other
four subjects, PT, MS, CL, and VZ, accurately repro-
duced the high x values (i, 1) more so than the inter-
mediate or low x values (Fig. 2A, B, bottom row). Even
with these discrepancies, a linear regression of ! on ;
yielded r%s > 0.9 for all subjects except SP (Inck,
r? =0.65; Deck, r> =0.87). The above results demonstrate
that subjects performed the required task of producing
a linear change in the curvature of the end-point trajectory.

The other spatial requirement in this task was to
maintain a constant end-effector amplitude (s*) as arc
curvature was scaled. Table 2 reports the mean end-
effector travel distances for each subject as a function of
scaling condition (Inc k, Dec k). As the means show, each
subject undershot their required amplitude s, with the
distance traversed along the required arc ranging from
91% for subject SP to 66% for subjects MD and MS. The
K; values of |s® — 5| were analyzed for each subject
separately in repeated measures ANOVAs with two
levels of scaling direction and six levels of arc curvature,
k. Subject PT was the only subject to consistently tra-
verse more of the arc in the increasing than the decreas-
ing condition, F(1,2) = 6.4, P <0.05 (see Table 2). All six
subjects undershot s* for all x values regardless of the
direction of curvature scaling, Fs(5,10) > 9.9, P <0.05.
Seven of eight subjects traced less of the required arc for
ke and k; and more of the required arc for x5 or k4. The
largest difference in produced arc length across x values
was 9 cm for subjects SP and PT. Only subject VZ traced
more of the arc for ks compared to k, with the difference
between these two x values being only 2 cm. Even though
the length of the arcs subjects produced fell short of their
required s, each subject maintained a fairly constant
observed arc length s across x and scaling conditions.

3.2 Observed patterns and pattern switching

Multicomponent coordination may be accurately de-
scribed by the relative phases of the components with

respect to an arbitrarily chosen reference (see, e.g., Kelso
1984; Schoner 1990, 1994). In the present case, if the
component amplitudes are ignored, such an approach
sufficiently describes coordination tendencies among the
joints. Since the present task involves positioning an end
effector along a constrained path in space that is geomet-
rically related to joint excursions, the amplitudes must
play a role in specifying the movement patterns. The
extent to which the amplitudes parameterize the intrinsic
features of the tracing task, purely biomechanical effects
excluded, is not well known. In theoretical studies of
bimanual coordination, the inverse amplitude-frequency
property of nonlinear oscillators is employed to effect
coordinative changes (see, e.g., Haken et al. 1985; and
part II). There, the main thrust is to explore purely
temporal constraints on the coordination dynamics (i.e.,
behaviors adequately described by the relative phase
variables). Here, however, it is possible that the ampli-
tudes themselves may undergo bifurcations, i.e., active df
are suppressed and quiescent df recruited (Kelso et al.
1993). This implies that shifts in an already established
amplitude do not generally produce a different qualitat-
ive behavior, only the appearance or disappearance of
a finite amplitude will do so. In classifying patterns and
analyzing pattern change, we will focus on qualitative
changes in the joint relative phases, ¢;, joint amplitudes,
pi, and joint frequency ratios, ;.

A summary of the three basic coordinative patterns
compiled from the phase, amplitude, and frequency be-
havior of the three joints for all eight subjects is given in
Table 3. Here, p; and p, refer to the wrist and shoulder
amplitudes, Q; and Q, represent the frequency ratios of
the wrist and shoulder with respect to elbow, and ¢, and
¢, refer to the point estimates of relative phase between
the elbow and wrist and elbow and shoulder. The addi-
tional shoulder-elbow phase relation ¢3 = (0°, 180°) cor-
responds to 2:1 frequency entrainment between the
elbow and shoulder (Figs. 3 and 4). The symbol ¢
indicates displacements too small to allow for coherent
phase behavior and approximates a zero amplitude state
in a component. High « arcs are predominantly performed

>
Fig. 3. Plotted in A and B are complete trials from the data set of
subject PT for the decreasing and increasing curvature conditions,
respectively. The end-effector trace, joint angles (five cycles), and power
spectra (over 15 cycles) are plotted from left to right, respectively, as
a function of « (top to bottom). In column two, the elbow time series is the
dotted line, the wrist the dashed line, and the shoulder the solid line. The
dotted vertical line in the power spectra in columns 3 through 5 repres-
ents the metronome pacing frequency. The power spectra for each joint
are scaled to the maximum value observed for that joint in that trial

Table 3. Pattern classificaion as a function of component amplitudes, frequency ratios, relative phases and arc curvature

(variables defined in text)

Pattern Component amplitudes Frequency ratios Relative phases Arc curvature
P1 P2 Q, Q, N b2 (B K

I Finite Finite 1:1 1:1 or 2:1 0° 0° or 0°,180° Ke tO K3

11 Finite Finite 1:1 1:1 or 2:1 180° 0° or 0°,180° K3 tO Ky

111 Finite Finite - 1:1 or 2:1 - 0° or 0° 180° K4 1O Ky
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with the wrist-elbow in-phase (pattern I), while low « arcs
are performed with the wrist-elbow antiphase (pattern II)
or with no characteristic phase between these compo-
nents (pattern III). Both of the Q, frequency patterns
occurred at all values of x and did not seem dependent on
any particular phasing, amplitude, or frequency relation-
ship between the elbow and wrist.

Typical examples of observed coordination patterns
and pattern changes are shown in Fig. 3 (subject PT) and
Fig. 4 (subject CL). In Figs. 3A and 4A (column 2, row 1),
the wrist and elbow amplitudes are well defined, and the
observed oscillation is at the metronome frequency (col-
umns 4 and 5). The coordination between the wrist and
elbow is in-phase, ¢p; &~ 0° (pattern I), in each trial for the
high x values. As arc curvature decreases, significant
reductions in wrist amplitude occur in both trials at
specific x values (kx = k4 in Fig. 3A and k = k3 in
Fig. 4A). In Fig. 3A, wrist amplitude increases signifi-
cantly at k3, and the elbow and wrist are attracted
toward an antiphase pattern of coordination, ¢; ~ 180°
(pattern II), which is maintained throughout the rest of
the trial. In contrast, in Fig. 4A little or no increase in
wrist amplitude occurs as k continues to decrease beyond
k3. Peaks in the wrist power spectra are noticeably ab-
sent. With wrist amplitude approaching zero, a charac-
teristic phase between the elbow and wrist is no longer
observed (pattern III). Clearly evident in the spectral plot
shown in Fig. 4A (column 3) is the large increase in
shoulder amplitude that occurs at k4. Such exchange in
wrist (suppression) and shoulder (recruitment) motion
represents a functional reorganization of the global pat-
tern based on the task constraints of reproducing
a changing arc curvature and maintaining a constant
travel distance along the arc. In the increasing curvature
condition (Figs. 3B and 4B), just the opposite type of
behavioral changes occurs for both subjects. For subject
PT (Fig. 1B), the initial phase between the elbow and
wrist is ¢; & 180° (pattern II) when x =1. As arc curva-
ture increases, wrist amplitude is suppressed at x,, and
¢; ~ 180° is no longer a stable attractive pattern. At «s,
wrist motion is recruited with an attraction to ¢; ~ 0°
(pattern I), a stable elbow-wrist phase pattern. In the case
of subject CL (Fig. 4B), for k; to x5, wrist motion is
suppressed, and ¢; has no characteristic value (pattern
III). At x4, wrist amplitude increases, and ¢ is attracted
to a stable wrist-elbow phase pattern approximately
equal to 0° (pattern I).

When p; > ¢, wrist and elbow motion are always 1:1
frequency entrained regardless of the observed phase
(1 =~ 0°, 180°). Shoulder and elbow motion, however,
exhibit frequency entrainment at a 2:1 ratio as well as
a 1:1 ratio. The shoulder spectral plots of PT (column
3 in Fig. 3A, B) indicate a 2:1 frequency entrainment in
Q, for all k. In the trials from subject CL (column 3,
Fig. 4A,B), the shoulder and elbow are predominantly

<
Fig. 4. Complete trials from the decreasing (A) and increasing (B)
curvature data sets of subject CL are plotted. The layout of the graphs
is the same as in Fig. 3
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1:1 frequency entrained with a few instances of 2:1
entrainment in Q,.

We created two subject groupings based on the type
of pattern switching observed in the elbow-wrist phase
relation, ¢;. Subjects in grouping 1 (SP, PT, MG, and
MS) produced behavior consistent with that shown
in Fig. 3, ie., switching from in-phase (pattern I) to
antiphase (pattern II) and vice versa around a point
of minimal wrist amplitude. Subjects in grouping 2
(CL, MD, and DF) produced behavior consistent with
that shown in Fig. 4, i.e., switching from in-phase (pattern
I) to no characteristic phase (pattern III) in ¢; when
pq is small (Table 3). The data presented in Figs. 3
and 4 therefore contain the three basic features of the
reproducible coordination effects in this experiment:!
First, a discrete set of phase relationships when the com-
ponent amplitudes are finite; second, significant changes
(increases and decreases) in wrist and shoulder amplitude
in the neighborhood of a critical «; third, 2:1 and 1:1
shoulder-elbow frequency entrainment. The second fea-
ture was consistently associated with pattern change as
a function of variation in the control parameter k. For
example, the amplitude reduction in p; may be con-
sidered transient when associated with a change in the
value of ¢, as in switching from ¢; ~ 0° to ¢; ~ 180° or
vice versa (Fig. 3). When the reduction in p; persists in
Kk beyond the critical k. value, it may be considered
a stable feature of the pattern (pattern III). Such is ob-
served, for example, when the wrist and shoulder ex-
change roles and the burden of tracing the arc shifts
solely to the shoulder-elbow pair (see Fig. 4). In the next
two sections, we present a quantitative analysis of the
data based on the above qualitative descriptions of inter-
joint coordination.

3.3 Joint amplitudes

As illustrated already, dramatic modulations (especially)
in wrist and shoulder amplitude occurred simultaneously
with pattern switching at specific ¥ values. In order to
determine the relative role of each joint to the production
of the observed arc, we computed ratio functions of the
power in the wrist and shoulder with respect to the
elbow. First, we performed an FFT on the joint angle
time series as a function of k (see columns 3—5 of Figs. 3
and 4). The relative power contributions from the wrist

! Although subject VZ’s behavior in terms of frequency of motion, arc
curvature, and end-point travel distance is consistent with the other
subjects, we chose not to group this subject on the phase relation of ¢
for the following reasons: The behavior of subject VZ, in general, may
best be described as inconsistent with either grouping 1 or grouping
2 tendencies. In some instances, this subject demonstrated behavior
similar to both groups of Subjects, i.e., in terms of phase and frequency
characteristics. In many other instances, the behavior of this subject
matched in no characteristic way the behavior of either group of
subjects. For example, VZ displayed large modulations in wrist ampli-
tude characterized by recruitment-suppression at all k values. In fact,
only subject VZ suppressed wrist motion for x =6, 5. Moreover,
a consistent shift between antiphase and in-phase behavior between the
elbow and wrist did not arise around the recruitment-suppression of
wrist motion as in the other subjects
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and the shoulder are given, respectively, by

w;i(1) =1n (?{/—{;) (3)

W+ wiEh
— g (4)

WU(2) = ln <
ij

where W}, W', and W;3" are the spectral power for the
wrist, elbow, and shoulder, respectively, at the subjects’
pacing frequency (at or near the metronome frequency),
i refers to the curvature index «;, and j is the number of
trials (10) in each condition. When present, we also
included the power at the first harmonic, WiTSh, as a con-
tribution to shoulder motion. Based on the subject
groupings outlined in Sect. 2.3 above, we averaged w;;(1)
and w;;(2) [referred to now as w(l) and w(2)] across
subjects as a function of ¥ and condition. The mean data
are plotted in Fig. 5A (group 1) and 5B (group 2).

Group 1 subjects. There are two main features of the
data for subject group 1 plotted in Fig. SA. First, in both
the increasing and decreasing k conditions, the value of
w(1) is largest for the most () and least () curved arcs.
These are the arcs associated with in-phase (¢, = 0°) and
antiphase (¢; = 180°) coordination between the wrist
and elbow. For the middle k values, the value of w(1) is
the smallest. These are the values of arc curvature asso-
ciated with wrist suppression and loss of phase attraction
between the elbow and wrist. An analysis of w(l) in
a condition (2)x arc curvature (6) repeated measures
ANOVA revealed no overall difference in w(1) as a func-
tion of direction of curvature change (P > 0.05), but it did
reveal a strong effect of arc curvature, F(5,15) =24.0,
P <0.01. The results are clearly in line with the changes
in w(1) shown in Fig. 5A. The second essential aspect of
the data from group 1 subjects is that w(2) is fairly
constant, except for x4 and x5 in the decreasing condi-
tion. The existence of just a few quantitative differences in
w(2) are also statistically supported. An analysis of w(2)
revealed no overall condition effect (P > 0.05), a small arc
curvature effect, F(5,15)=3.0, P <0.05, but a strong
interaction effect, F(5,15) =6.5, P <0.01. This interac-
tion effect results from the difference in w(2) for ¢ and x5
as a function of curvature condition. Only at these high
required curvatures was a directional effect observed in
the amplitude of shoulder motion.

Group 2 subjects. The single most important feature
of the data for group 2 subjects is the change in the values
of w(1) and w(2) around x5 and k4. As seen in Fig. 5B, the
value of w(1) is largest for the most curved arcs and
smallest for the least curved arcs (k; ;. 3), while just the
opposite occurs in w(2). The crossover of these values at
k4 and k3 captures the exchange in component amplitude
between the shoulder and wrist in these subjects. The
values of w(1) and w(2) were analyzed in condition
(2) xarc curvature (6) repeated measures ANOVAs.
There were no significant differences found in w(1) or
w(2) as a function of direction of curvature change
(ps > 0.1). The curvature, F(5,15) > 8.1, ps < 0.01, and
condition x curvature interaction, Fs(5, 15) > 7.9, P <0.01,
effects were significant for both w(1) and w(2). Post-hoc

>

Log (Power Ratio)

Log (Power Ratio)

Kg Kg K4 Kg Ko K1

Required Curvature

Fig. 5. Mean values of w(1) and w(2) are plotted as a function of x for
the two subject groupings: A group 1; and B group 2. The data from the
decreasing condition should be read from left to right and the data from
the increasing condition from right to left

tests (P <0.05) of the curvature effect show that w(l)
decreased significantly from ks to k4, while w(2) in-
creased significantly from k4 to k3. These significant
shifts in w(1) and w(2) around ks, x4, and k3 capture the
exchange in component amplitude occurring between the
wrist and shoulder. Contrast tests of the condition x cur-
vature interaction point to small differences between
conditions when tracing the high curvature arcs, w(1)
(Ke.5.4) and W(2) (k¢ 5) (see Fig. 5B).

3.4 Critical x value: wrist recruitment-suppression

How consistently did subjects suppress wrist motion at
a specific value of k? Table 4 gives the number of trials as
a function of subject grouping, scaling direction, and «,
where wrist amplitude dramatically changed. The critical
x value for subject group 1 corresponds to that value of
x where wrist motion was suppressed in both the increas-
ing and decreasing x scaling directions. This x value is
characterized by the lack of a prominent peak in the wrist
joint power spectra at (or near) the required cycling
frequency (see Fig. 3A, B, x,4). For subject group 2, the



Table 4. Critical x as a function of subject grouping and curvature
condition

Group 1 Group 2
SP  PT MG MS CL MD DF
Deck Ks - - 1 - - 9 1
Kq 8 9 7 2 6 1 6
K3 2 1 2 6 3 - 1
Ky - - — 2 1 - 2
Inck K> - - 8 9 - 1 -
K3 1 6 2 1 1 1 5
Kq 9 4 - - 7 5 3
Ks - - - 2 3 2

critical k in the decreasing curvature condition is identi-
fied as the last curvature value in a trial where a promin-
ent peak occurred in the wrist joint power spectra (see
Fig. 4A, B, k), while in the increasing condition, the
critical x is the first curvature value where a prominent
peak in the wrist joint power spectra emerged (see
Fig. 4B).

Subjects in group 1 suppressed wrist motion most
often for k =4 and k = 3 in the decreasing scaling condi-
tion, with subjects SP and PT producing similar behavior
in the increasing condition. Subjects MG and MS tended
to suppress wrist motion for smaller x in the increasing
compared with the decreasing condition. Overall, there is
more variation in the x value where wrist motion is
suppressed and recruited in subjects in group 2 compared
with subjects in group 1 in both scaling conditions. Ex-
amination of Table 4 clearly shows a lack of any strong
hysteretic effect in the recruitment-suppression of wrist
motion. Furthermore, the critical x values for both sub-
ject groupings reflect the changes observed in w(1l) re-
ported in Sect. 3.3 (see Fig. 5). These critical x values are
used in the following section to align the mean phase and
variability values of ¢, and ¢, in testing for significant
changes in the phasing behavior near where the recruit-
ment and suppression of wrist motion occurs.

3.5 Relative phase: pattern stability and loss of stability

Here we explore the relationship between component
amplitude modulations and component phase measures
around the critical curvature value k.. Is fluctuation
enhancement present in ¢, , before pattern switching?
The means and standard deviations of ¢ (elbow-wrist)
and ¢, (elbow-shoulder) were computed for each subject
as a function of x; and trial. When there was a 2:1
frequency ratio between elbow and shoulder, the 0° phase
values of ¢% (instead of 180°) were picked to maintain
a consistent value in the mean, since 1:1 frequency en-
trainment between elbow and shoulder was characterized
by a value of ¢, near 0°. We aligned the mean and
standard deviations as a function of the critical x, value
for each subject grouping and averaged backwards (pre-
transition) and forwards (posttransition) around this
point (see Buchanan and Kelso 1993; Kelso et al. 1986).
The resultant mean values are plotted in Fig. 6 for group
1 and Fig. 7 for group 2.
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Group 1 subjects. Two main features of the data in
Fig. 6 bear directly on the amplitude data in Fig. 5A.
First, on either side of k., the value of ¢ is either near 0°
or 180° (Fig. 6A, C). These are the values of x associated
with the least and most curved arcs at which wrist ampli-
tude is maximal (see Fig. 5A). Second, regardless of the
direction of curvature change or initial coordinative pat-
tern, the variability of ¢ increases as . is approached.
In the decreasing curvature condition, the variability of
the in-phase pattern, ¢4, increases as «, is approached
(Fig. 6A); and in the increasing condition, a similar in-
crease in ¢, variability occurs in the antiphase pattern
(Fig. 6C). After the switch in pattern, the variability of ¢4
decreases in both conditions. In general, the mean and
variability of ¢, for this subject grouping changed very
little (Fig. 6B, D).

The mean values of ¢; and ¢, for group 1 subjects
were analyzed by ANOVA with two levels of condition
and six levels of plateau (three pretransition and three
posttransition) for ¢; and seven levels of plateau for ¢,
(three pretransition, three posttransition, and «,). The .
value of ¢, is eliminated from the analysis due to the
large reduction in wrist amplitude, making a computa-
tion of this measure unreliable, if not impossible (see
Fig. 3A, B, x4). The values of ¢; and ¢, were aligned in
such a manner that pretransition antiphase (Inc x) and
posttransition (Dec k) antiphase behavior was compared,
as was pretransition in-phase (Dec k) and posttransition
(Inc k) in-phase behavior. Analysis of the means revealed
no significant differences in the in-phase pattern as
a function of direction of curvature change or distance
from the transition plateau. The same result was ob-
tained for the antiphase pattern (Fs < 2.42, ps > 0.06).
This means that each pattern, when it is observed as an
initial condition or a pattern that arose after wrist sup-
pression-recruitment in ., is the same across curvature
conditions and x (compare pre and post in-phase and
antiphase patterns, Fig. 6A, C). The analysis also re-
vealed that the value of ¢, did not change significantly as
a function of direction of curvature change or distance
from the transition plateau (Fs < 0.71, ps > 0.7).

The variability data of ¢, and ¢, were aligned as
described for the mean data. The values of ¢4 were
analyzed in an ANOVA with two levels of condition and
six levels of plateau (three pretransition and three post-
transition), and the values of ¢,,q were analyzed in an
ANOVA with seven levels of plateau (three pretransition,
three posttransition, and k). The analysis revealed no
significant difference in ¢4 as a function of direction of
curvature change (F(1,3) = 1.21, P > 0.03). The value of
¢1sq did change significantly as a function of distance
from the . plateau, F(5, 15) = 6.4, P < 0.01, with a signif-
icant condition x plateau interaction also observed,
F(5,15) =64, P <0.01. Post-tests (P <0.05) revealed
that ¢4 is largest before k. in the pretransition region,
smallest for the least curved arcs, and increases signifi-
cantly in the pretransition region as the system moves
toward x, (Fig. 6A, C). Increases in ¢4 before «. in the
pretransition region for both the in-phase and antiphase
pattern indicate fluctuation enhancement before wrist
suppression. Decreases after k. in the posttransition
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Fig. 6A-D. Relative phase means and variability of ¢, (wrist-elbow
phase) and ¢, (shoulder-elbow phase) are plotted as a function of
pre-and posttransition plateaus for group 1 subjects: A ¢, for the

region for both the in-phase and antiphase patterns rep-
resent an attraction to stable coordinative patterns with
wrist recruitment. Contrast tests (P < 0.05) of the interac-
tion revealed that the antiphase pattern, both before and
after pattern switching, is more variable than the in-
phase pattern. The value of ¢, did not change signifi-
cantly as a function of direction of curvature change or
distance from the x, plateau in the pre- and posttransi-
tion regions (Fs < 0.65, ps > 0.6).

Group 2 subjects. The changes that occur in ¢; and
¢, in group 2 subjects also correspond well with the
amplitude changes for these subjects (see Fig. 5B). When
a finite wrist amplitude is present (most curved arcs),
wrist and elbow are close to in-phase behavior (Fig. 7A
pre, C post) with low variability in ¢,. The shoulder
and elbow (Fig. 7B, D) are also in-phase, but the variabil-
ity of ¢, is larger than that of ¢, especially in
the decreasing condition before .. When the amplitude
of the wrist is negligible for these subjects (least
curved arcs), there is no characteristic phase between
the elbow and wrist, and this is shown by the lack of
data points in the post- and pretransition portions of
Fig. 7A, C, respectively. Although wrist amplitude is
suppressed for the least curved arcs in these subjects,
shoulder amplitude is increased (see Fig. 5B). A very

decreasing condition; B ¢, for the decreasing condition; C ¢ for the
increasing condition; D ¢, for the increasing condition

important aspect of the exchange in amplitude of these
components is the simultaneous decrease in ¢, variabil-
ity in the decreasing curvature condition (Fig. 7B). In the
increasing condition, the variability of ¢, remains con-
stant throughout.

The means and variability of ¢, and ¢, for group
2 subjects were analyzed by ANOVA with two levels of
condition and four levels of plateau (three in-phase
plateaus and k) for ¢, and seven levels of plateau (three
pretransition, three posttransition, and x ) for ¢,. The
value of ¢, is eliminated from the analysis for values of
K < k. due to the suppression of wrist amplitude, making
computation of this measure highly unreliable (see
Fig. 4A, B, 1c,). Analysis of the ¢»; means revealed a signif-
icant effect of condition, F(1,2) =4.56, P < 0.01. Overall,
the value of ¢; was larger in the decreasing condition
(¢4 = 40°) then the increasing condition (¢, = 28°). The
plateau and condition x plateau interaction effects of ¢,
were significant (Fs < 0.8, ps > 0.4). The value of ¢, did
not change significantly as a function of curvature scaling
direction (Dec x = 34° and Incx = 27°), F(1,2) = 2.81,
P >0.09. A significant change in ¢, emerged as a func-
tion of whether the wrist was active or suppressed,
F(6,12) =7.3, P <0.01. When the wrist was active for
these subjects (Fig. 7B pre, 7D post), the value of ¢, was
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Fig. 7A-D. Relative phase means and variability of ¢, (wrist-elbow
phase) and ¢, (shoulder-elbow phase) are plotted as a function of
pre- and posttransition plateaus for group 2 subjects: A ¢, for the

around 40°, and when wrist motion was suppressed, the
value of ¢, was near 15° (Fig. 7B post, 7C pre).

The variability data of ¢, and ¢, were aligned rela-
tive to x. and analyzed by ANOVA as a function of pre-
and posttransition position to the critical curvature pla-
teau k.. Analysis of ¢, revealed significant effects of
condition, F(1,2) =4.2, P <0.05, plateau, F(3,6) =4.7,
P <001, and a condition x plateau interaction,
F(3,6) =3.2, P <0.05. Overall, the value of ¢4 was
larger in the decreasing (14°) than the increasing (11°)
condition. Post-hoc tests (P < 0.05) of the plateau effect
revealed that the value of ¢ in the x, plateau was
significantly larger than the value of ¢; in any of the
other plateaus where wrist motion was present. Contrast
tests (P < 0.05) of the interaction effect, however, showed
that the value of ¢4 in the critical curvature plateau (k)
in the decreasing condition was larger than the corres-
ponding value in the critical curvature plateau in the
increasing condition. With the low values of ¢4 in the
increasing condition across all plateaus where wrist
motion occurs, this increase in the decreasing condition is
evidence for fluctuation enhancement before wrist sup-
pression. Analysis of ¢,.4 revealed a significant plateau
effect, F(6,12) =2.42, P <0.05, and condition x plateau
interaction, F(6,12) =3.1, P <0.05. Post-hoc (P < 0.05)

decreasing condition; B ¢, for the decreasing condition; C ¢ for the
increasing condition; D ¢, for the increasing condition

tests of the plateau effect did not reveal any significant
differences. This effect probably arises from the larger
values of ¢,,q when the wrist is active compared to when
it is suppressed in the decreasing scaling condition. Such
a shift represents a stabilization of shoulder-elbow
motion with the suppression of wrist motion. Contrast
tests (P < 0.05) of the interaction effect revealed that the
variability in ¢,,q Was larger in the decreasing condition
than the increasing condition for the pretransition
plateau (see Fig. 7B, D).

4 Discussion

Among the principle features of self-organizing systems
are multistability, loss of stability before pattern switch-
ing, and hysteresis. Such features have been observed in
a variety of coordination systems (see Kelso 1995 for
review), many of which share three typical characteristics.
First, frequency of motion is a control parameter that
induces pattern switching. Second, the relative phasing
¢ between the components (whether fingers, limbs, or
people) is an order parameter of the observed coordina-
tion dynamics in the sense of synergetics (Haken 1983).
Third, the observed coordinative patterns can be
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modeled as attractors of the order parameter’s equations
of motion (e.g., Haken et al. 1985; Schoner et al. 1986),
with loss of stability identified as the generic mechanism
of coordinative change. When critical fluctuations (e.g.,
Kelso and Scholz, 1985; Kelso et al. 1986) and critical
slowing down (e.g., Buchanan and Kelso 1993; Scholz
etal. 1987) in the order parameter accompany pattern
switching, the behavior of the system is said to be self-
organized (Haken 1983). Three aspects of the present
data, namely, (1) pattern switching, (2) loss of stability,
and (3) multistability, support the hypothesis that spatial
trajectory formation is a self-organized process.
Systematic scaling of arc curvature induced pattern
switching among the three joints in our experiment. In
many temporal coordination tasks, transitions between
patterns are typically abrupt with the same biomechani-
cal components reorganized into a more stable pattern.
Here, transitions between multijoint coordinative pat-
terns also involved the recruitment and suppression of df.
Quite similar processes, but very different behavioral
outcomes characterized the two subject groupings. For
example, in group 1 wrist amplitude decreased as the
system entered the critical curvature zone and increased
once the system left this region of parameter space. Pat-
tern switching from in-phase (¢; ~0°) to antiphase
(¢4 ~ 180°) and vice versa between the elbow and wrist
was not abrupt for these subjects. Instead, it was charac-
terized by suppression and recruitment of wrist motion
and corresponding annihilation of one phasing pattern
followed by attraction to a different phasing pattern.
Similar processes, but different coordinative changes
occurred in group 2. In the decreasing k condition, wrist
amplitude decreased significantly in the critical curvature
region and remained depressed as arc curvature was
further reduced. In the increasing curvature condition,
wrist amplitude remained small, increasing once the sys-
tem entered the critical curvature region. Suppression of
wrist motion annihilated the elbow-wrist in-phase pat-
tern in the decreasing curvature condition, while the
recruitment of wrist motion led to an attraction to a stable
in-phase pattern in the increasing condition. Just the op-
posite behavior was observed in the shoulder for these
subjects. With the suppression of wrist motion, shoulder
amplitude increased in the decreasing curvature condition;
with recruitment of wrist motion, shoulder amplitude de-
creased in the increasing curvature condition. The behav-
ior of these subjects takes the form of an exchange in
component amplitudes around a critical curvature value.
Even though recruitment-suppression processes mani-
fest themselves differently for each subject grouping,
stability appears to be the key factor linking recruitment-
suppression and pattern switching. In group 1 enhance-
ment of fluctuations in ¢; occurred before the sup-
pression of wrist motion in the critical curvature region
(see Fig. 6A, C, pretransition). With the recruitment of
wrist motion, variability of ¢; decreased as wrist and
elbow found a stable relative phase relation, either
¢ ~0° or ¢, ~ 180° (see Fig. 6A, C, post). Even with
such large modulations in wrist amplitude and changes
in ¢, variability, the coordination between elbow and
shoulder remained quite stable for group 1 subjects (see

Fig. 6C, D). Pattern switching takes the form of an ex-
change in stability or bidirectional switching between
patterns as a function of arc curvature. Similar pattern
switching results have been observed by Buchanan and
Kelso (1993) for single-limb multijoint movements as
a function of another spatially dependent control para-
meter, forearm orientation.

Stability also plays a part in the exchange of the
contributions of the wrist and shoulder in group 2 sub-
jects. In the decreasing curvature condition, ¢ variabil-
ity increased in the . plateau before wrist suppression.
With the suppression of wrist amplitude in the decreasing
Kk condition, shoulder amplitude increased with a drop in
variability of ¢,. In this case, exchange of stability was
between joint pairs and not between coordinative pat-
terns within a joint pair. Thus, the exchange in stability
involves the annihilation of a stable wrist-elbow phasing
pattern with an attraction to a stable shoulder-elbow
phase relation. With the recruitment of wrist motion at .,
in the increasing curvature condition, the elbow and
wrist motion were attracted to a stable in-phase pattern
with a very low value of ¢y that changed little as
K continued to increase. Recruitment of wrist motion in
the increasing condition was associated with little change
in the variability of shoulder and elbow phase (see
Fig. 7B, D).

Previous work has shown that in many temporally
defined coordination tasks the system is multistable with-
in specific regions of parameter space, i.e, tWwo or more
stable patterns of coordination coexist for the same value
of cycling frequency (e.g., bimanual coordination, Kelso
1981, 1984; single-limb multijoint coordination, Kelso
et al. 1991; perception-action coordination, Kelso et al.
1990; Wimmers et al. 1992). In this experiment, multi-
stability is not so evident. Instead, within a certain region
of parameter space, the system tends to exhibit mono-
stability, at least with respect to the phasing between the
elbow and wrist (group 1) or the exchange in active df as
seen in the shoulder and wrist (group 2). However, across
subject groupings, the system can be described as multi-
stable, especially for the least curved arcs. Within this
region of parameter space, as the previous discussion
indicates, each subject grouping produces quite different
coordination patterns utilizing different df.

Why is such diverse behavior across subject group-
ings observed? When available df are restricted to only
those that are initially activated in a task, very consistent
behavior in the form of multistability, loss of stability,
and pattern switching occurs across subjects (see refer-
ences in Introduction). In this experiment, the differences
across subject groupings arise from the redundancy in
the system, i.e., three joint df are available to perform
a 2D task. Although the behavior across subject group-
ings is diverse, consistencies occur in the suppression of
wrist motion, the attraction to stable phasing patterns,
and 2:1 frequency entrainment between the shoulder and
elbow. Thus, the dynamics of the behavior are consistent,
even though individual differences are present. The bi-
manual experiment of Kelso et al. (1993) (see also
Buchanan et al. 1997) described briefly in the Introduc-
tion is consistent with the differences in recruitment-



suppression processes observed in this experiment. In
that experiment, all subjects exhibited transitions from
the horizontal to the vertical motion plane, one group via
a gradual recruitment of x and suppression of y motion,
and another group via an abrupt transition exchange in
x and y amplitudes. As in the present experiment, sub-
jects fell predominantly into one or the other group, with
only a few instances of crossover between groups. Many
reasons may exist for such individual differences, physio-
logical aspects, skill level, athletic ability, experience in
specific prior tasks, etc. Our experiment, however, was
not designed to address such individual differences, but
only the consistencies in the coordination dynamics of
trajectory formation among all subjects.

Taken together, the above three aspects of the data,
pattern switching, loss of stability, and multistability,
support the conclusion that arc curvature is a control
parameter of the coordination dynamics governing tra-
jectory formation. The data strongly support interjoint
phasing as a relevant coordination variable or order
parameter in this task. We also tested for significant
changes in the variability of peak to valley displacement
in all three joints (not presented here). Even though some
significant changes in peak to valley displacement vari-
ation did arise in all three joints, consistent changes as
a function of the critical curvature value did not emerge.
Even though power spectra analysis and changes in
phase around the critical curvature value are highly sug-
gestive of joint amplitudes as an order parameter, direct
results in terms of loss of stability did not arise. However,
the data suggest that further study of the role of joint
amplitudes in such tasks are worth exploring.

Interestingly, we observed two serendipitous findings
in this experiment that highlight the flexibility of a re-
dundant system in the production of spatial patterns of
coordination. The first is associated with the ‘bidirec-
tional’ nature of the transitions and the lack of hysteresis
(see Table 4) in the elbow-wrist coordination patterns.
One explanation for lack of hysteresis may be that the
arcs provide very specific perceptual information about
the contribution of the joints to the overall pattern. In-
stead of hysteresis, the system suppresses and recruits wrist
and shoulder motion at very specific curvature values, k..

Previous work by Warren (1984) has demonstrated
a perceptual sensitivity to whether stairs are climbable or
not based on the relationship between riser height and
subject leg length. Such results point to intimate links
between perception and inherent biomechanical proper-
ties of motor control (see also Warren, 1987). Viviani and
colleagues have also demonstrated strong links between
perception and action in single-limb multijoint move-
ment tasks that require the tracing of ellipses (e.g., Viviani
et al. 1987; Viviani and Mounoud 1990) and the percep-
tion of elliptical motion (Viviani and Stucchi 1993). Sim-
ilar links between the production and perception of
single-limb multijoint movements have been established
by Kelso and Pandya (1990) (see also Haken et al. 1990).
Likewise, in the context of learning (Zanone and Kelso
1992, 1994) and intentional switching (Kelso et al. 1988;
Scholz and Kelso 1990), it has been demonstrated how
specific information can constrain (and is constrained by)
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the coordination dynamics. Such results may pertain to
the amplitude modifications observed in the wrist and
shoulder. The critical k. arc may provide very specific
information regarding the role (in terms of amplitude) of
a given joint. This is seen, for example, in the relationship
between minimum wrist amplitude, k., and the exchange
in stability of patterns in group 1 subjects. The same may
be said for the relationship between wrist and shoulder
amplitude and «, value for group 2 subjects. Lack of any
hysteretic effects supports the contention that arc curva-
ture carries very specific information with respect to joint
amplitude.

A second unexpected result was the 2:1 frequency
entrainment between the elbow and shoulder. For the
least curved arc, the second peak in the shoulder was
associated with maximum extension of the elbow. Shoul-
der flexion, at this point, can increase downward move-
ment of the end effector, leading to a greater distance
traveled along the required arc. However, such a clear
relationship between distance traveled and the 2:1 fre-
quency ratio was absent for high values of x. Switching
from 1:1 to 2: 1 ratios and vice versa was also observed in
the data of several subjects. Entrainment, loss of entrain-
ment, and switching between frequency ratios (e.g., 1:2,
1:3, 4:3, etc.) in bimanual coordination tasks have been
strongly linked to the stability of the temporal ratios (e.g.,
DeGuzman and Kelso 1991; Kelso and DeGuzman 1988;
Peper et al. 1995; Treffner and Turvey 1993; Walter and
Swinnen 1990, 1992). Based on the variability of ¢,, the
production of 1:1 and 2:1 ratios cannot be directly
linked to stability properties per se. These ratios may
relate directly to the amplitude of the end-point trace or
possibly to the recruitment and suppression of df, with
some tie to pattern stability. The exact role of such
frequency entrainment in single-limb multijoint move-
ments, however, remains open to investigation.

In much of the experimental work on human coord-
ination, the transitions between patterns have been
shown to take the form of inverted pitchfork (e.g., Kelso
1984; Haken et al. 1985) or saddle-node (e.g., Jeka and
Kelso 1995; Kelso et al. 1990) bifurcations, two of the
generic forms of bifurcations observed in nonlinear dy-
namical systems (e.g., Kelso et al. 1994b; Thompson and
Stewart 1986). Under conditions where the system has
access to previously quiescent df or the possibility of
freezing or removing an active df, then the recruitment or
suppression of a df may take the form of a Hopf bifurca-
tion. The Hopf bifurcation is a mechanism whereby bio-
logical systems can stabilize goal-directed actions by
recruiting and suppressing task-specific df under chang-
ing environmental conditions (Kelso et al. 1993). The
suppression and recruitment of wrist motion at . is
reminiscent of a Hopf-like bifurcation from a limit cycle
to fixed point and vice versa, and as already stated, it is
associated with pattern switching within and across joint
pairs. This relationship suggests that the system can
combine two flexible forms of coordinative modification,
namely pattern switching and recruitment-suppression,
to meet the demands of changing environmental condi-
tions. To explore the above relationship, our results
suggest that both spatial and temporal constraints on
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single-limb multijoint movements and trajectory forma-
tion must be examined in unison. In part II (Deguzman
et al. 1997), we provide a model that reproduces both the
interjoint coordination effects, component amplitude ef-
fects, and resulting trajectories observed here as arc cur-
vature is systematically varied as a control parameter.
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