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Abstract

The aim of this experiment was to analyze the ®rst coordination modes exhibited by novices

in a complex gymnastics skill (the swings under parallel bars, in bent inverted hang position),

compared to the coordination mode of a group of experts. Eight novices and four experts were

involved in the experiment. For experts a mode of coordination was predicted which was char-

acterized by a 2 : 1 frequency ratio between vertical and pendular oscillations of the body cen-

ter of mass, with a 90/270° phase o�set. In contrast a simpler coordination mode was expected

for novices characterized by absolute frequency and phase synchronizations. Both predictions

were supported by the results. Despite a signi®cant increase in the amplitude of the swings, no

evolution seemed to occur in the coordination mode over eight sessions of practice. This ex-

periment shows that the behavior of beginners, in a novel task, is highly constrained by the

intrinsic dynamics of the system, and that overcoming these spontaneous tendencies remains

di�cult. Ó 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Understanding the determining factors in the modes of coordination
adopted by novices during the initial trials on a new task constitutes a cru-
cial point in the study of learning. Most skill acquisition theories consider
learning as a transition process, from an initial pattern of response to more
e�ective and/or e�cient patterns (this statement seems valid for prescriptive,
as well as for emergent theories). In other terms, motor learning does not
occur `de novo', but rather against the backdrop of pre-existing capacities.
The central problem, for motor learning practitioners such as teachers or
coaches, is to help novices overcome their initial response modes, and guide
them and/or allow them to discover the to-be-learned pattern. Identifying
the principles underlying these ®rst response modes seems necessary to put
forward any hypotheses on e�ective teaching procedures (Walter and Swin-
nen, 1994).

The main theme of this paper (i.e. the initial modes of coordination of nov-
ices) has a very particular place in the theoretical ®eld of motor studies. It
essentially focusses on the study of behavioral states, and as such is clearly
linked to motor control or performance theories. Nevertheless the analysis
of the initial state of the system constitutes a key point for understanding mo-
tor learning (see, for example, Zanone and Kelso, 1992). Although perfor-
mance and learning theories are often presented as separate (Adams, 1987;
Newell, 1991), the analysis of initial modes of coordination could bridge a
gap between these two theoretical ®elds.

The diverse theories of motor control and learning have proposed con-
trasting interpretations of the ®rst modes of coordination and their underly-
ing principles. According to cognitive theories, the coordination modes
adopted at the beginning of learning are mainly determined by prior internal
representations, such as available generalized motor programs (Schmidt,
1982). When being faced with a novel task, the subject selects in memory
the most relevant generalized motor program, and then adapts it to the re-
quirements of the task at hand. Other cognitive theories stress the importance
of declarative and procedural knowledge bases, as guides for performance in
novel tasks (Kerr et al., 1992; Wall et al., 1985). These points of view may be
conceivable when the task to be performed constitutes a variant of a previ-

222 D. Deligni�eres et al. / Human Movement Science 17 (1998) 221±241



ously learned task, but less easily accounts for the behavior of a subject fac-
ing a completely novel task.

Bearing this in mind, we think it is interesting, following Newell (1985), to
distinguish in the study of learning between control tasks, in which the goal
for the subject is to adjust the parameters of a previously learned coordina-
tion, and coordination tasks in which the subject has to elaborate a novel
mode of coordination (see also Magill and Schoenfelder-Zohdi, 1995). The
distinction between these two kinds of tasks is not always clear. A given task,
according to previous experience, could raise coordination problems for one
subject, and control problems for another. Nevertheless, it seems possible to
identify typical control tasks corresponding to the adaptation of overlearned
or phylogenetic skills (e.g., the adaptation of locomotion to evolving con-
straints). In contrast, many sports activities are characterized by unusual sys-
tems of constraints, and confront beginners with typical coordination tasks
(gymnastics, dancing, snow-boarding, etc.).

Most hypotheses from the cognitive theories of learning (variability hy-
pothesis, contextual interference hypothesis) are centered around schema ad-
aptation, and the tasks used were often typical control tasks, such as
throwing (Clifton, 1985; Kerr and Booth, 1978; Moxley, 1979; Pigott and
Shapiro, 1984), or linear positioning (Hautala and Kidd, 1990; Kelso and
Norman, 1978). As a result, these approaches provide little information
on the establishment of generalized motor programs in the early stages
of skill acquisition (Glencross et al., 1994) and more speci®cally on the adop-
tion of a coordination mode during the initial trials on a completely novel
task.

The dynamical approach to motor control and learning o�ers an alterna-
tive way to interpret these initial modes of coordination, which are conceived
as emergent properties of the intrinsic dynamics of the system. Intrinsic dy-
namics refers to the `natural' tendencies of the system in the absence of a par-
ticular intention concerning the pattern to adopt (Scholz and Kelso, 1990).
Speci®c modes of coordination appear as natural attractors of this dynamics,
and are preferably adopted by subjects when being confronted with the task
for the ®rst time (Zanone and Kelso, 1992). The intrinsic dynamics then rep-
resents the initial background against which new forms of skilled behavior
will be acquired.

In fact, intrinsic dynamics in a given situation depends both on the natural
tendencies of the system, and the learning history of the subject. Zanone and
Kelso (1992) have shown that learning led to important alterations of the
intrinsic dynamics: new attractors appeared, corresponding to the learned
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pattern but also to the symmetrical, nonpracticed pattern, and a transitory
destabilization of more natural patterns was observed. Nevertheless, the hy-
pothesis can be proposed that in coordination tasks the natural tendencies of
the system will constitute the main determinant of the novice's behavior,
whereas in control tasks, the contributions of natural tendencies and past ex-
periences will be more balanced.

The identi®cation of intrinsic dynamics seems then necessary to under-
stand the behavior of novices. A number of experimenters have attempted
to tackle this problem in the case of bimanual coordination tasks, describing
the oscillating limbs in terms of nonlinear systems of coupled oscillators.
Note that although oscillatory systems, in the context of motor behavior,
have been studied mainly through bimanual coordination tasks (e.g. Haken
et al., 1985; Kelso and SchoÈner, 1988) or cyclic tasks such as walking (Bon-
nard and Pailhous, 1993; Clark et al., 1993), their relevancy is clearly wider.
SchoÈner (1990) has shown that they could be applied to discrete movements
and, as pointed out by BergeÂ et al. (1988), all kinds of behavior even extreme-
ly complex or chaotic ones could be modeled as coupled oscillator systems
since a temporal series may be analyzed as a weighted sum of oscillatory
components (see, for example, Cordier et al., 1996).

Experiments on bimanual coordination have shown a strong tendency to
phase and frequency synchronization. In other words, preferred modes of co-
ordination, in such tasks, seem characterized by absolute frequency-locking
(i.e. the adoption of a 1 : 1 frequency ratio), and a strict synchronization
of the reversal points of the coupled oscillators.

Frequency-locking has been recently examined in a series of studies on the
dynamics of multifrequency coordination in the context of bimanual rhyth-
mic tapping (Beek et al., 1992; Peper et al., 1991, 1995). During multifrequen-
cy tapping the two hands tap at di�erent frequencies. The resulting rhythm
can be characterized by the ratio between the frequencies at which the hands
tap. These experiments have shown that rational frequency ratios de®ne sta-
ble regions of attraction. Moreover, lower-order ratios (i.e., ratios with smal-
ler numerator and denominator) are performed with less temporal variability
than higher-order ratios. The di�culty in performing higher-order ratios
(such as 8 : 3 or 8 : 5) increases as movement frequency increases. The exper-
imenters observed that when a given ratio could not be performed consistent-
ly, attraction to a lower-order ratio occurred. The modeling of these systems
via circle maps allowed to predict in most cases the observed transition routes
to lower-order ratios (Beek et al., 1992; Peper et al., 1995). These results sug-
gest that rational and lower-order frequency ratios will attract the behavior
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of beginners. In the end, the simplest frequency ratios (especially the 1 : 1 ra-
tio) can be considered as the strongest attractors for novices.

The tendency to absolute synchronization of limb movements has been de-
scribed in a number of recent experiments. In a series of experiments on
bimanual coordination, Swinnen and his collaborators asked subjects to pro-
duce di�erent arm movements simultaneously (Swinnen et al., 1991, 1988;
Walter and Swinnen, 1990). Speci®cally, the tasks required that one arm gen-
erated a unidirectional movement concurrent with a contralateral sequential
movement, leading to a required 1 : 2 frequency ratio between the limbs. The
typical behavior for the beginner is to produce similar movement with both
limbs, with a reversal of slightly lower magnitude than that intended for the
limb attempting to perform the sequential movement, and the emergence of
pauses or direction reversal for the `unidirectional' limb. So a strong tenden-
cy to absolute synchronization appeared, characterized by a 1 : 1 frequency
ratio between the limbs. This tendency constitutes a systematic bias that must
be overcome during learning to successfully perform the required pattern
(Walter and Swinnen, 1994).

This tendency to adopt 1 : 1 frequency ratios has also been observed in
more complex skills. For example, in her study of learning to make sla-
lom-like movements on a ski simulator, Vereijken (1991) observed a marked
preference in novices to adopt a 1 : 1 frequency ratio between the movement
of the apparatus and the oscillations of the center of mass. In simultaneous
tasks of walking and hand clapping, it was shown that most subjects adopted
spontaneously a frequency-locked pattern, with one clap per step (Muzii et
al., 1984; Whitall and Getshell, 1996). Kelso and Jeka (1992), Experiment
3, showed that subject opted spontaneously for 1 : 1 frequency ratios in
arm/leg coordination tasks, especially at low frequencies.

A second characteristic of preferred coordination modes is the synchroni-
zation of reversal points. This tendency leads, for example in frequency
locked bimanual coordination tasks, to a preference for in-phase or anti-
phase coordination modes (Haken et al., 1985). In these two modes, the
movements of both limbs tend to be initiated and terminated simultaneously.
In contrast, the performance of a phase lag of 90° between the two oscillators
is di�cult and necessitates e�ort and practice (Zanone and Kelso, 1992). Ac-
cording to Swinnen et al. (1996b), this tendency suggests that the central ner-
vous system organizes the coordination pattern by exploiting movement
reversals as critical anchor points or intermittent loci of control. Under cer-
tain conditions, systematic phase drifts could appear, due to di�erences in
eigenfrequencies between the two coupled oscillators (Kelso and Jeka,
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1992; Kelso et al., 1990; see also Whitall and Getshell, 1996), or to manual
dominance (Swinnen et al., 1996a).

A third point concerns a preference for movements in the same direction, a
fact which could explain the di�erential stability of in-phase and anti-phase
modes of coordination (Carson et al., 1995; Kelso and Jeka, 1992). Kelso
and Jeka (1992) have shown, for example, that when subjects are free to
choose a preferred pattern, they opt in most cases for homologous directional
coordinations.

These preferred coordination patterns can be regarded as intrinsic to the
neuromuscular system in that they arise spontaneously with no apparent ex-
ternal in¯uence or particular intention on the part of the individual (Kelso
and SchoÈner, 1988). As pointed out by Kelso and Jeka (1992), p. 666),
``the tendency toward phase and frequency synchronization is ubiquitous
in natural and arti®cial systems, representing a fundamental form of self-or-
ganization''.

The aim of the experiment reported in the present paper was to verify if
such general features were able to predict the initial coordination modes
adopted in the practice of a complex gymnastics skill. We have chosen to an-
alyze the learning of the swings under the parallel bars, in the inverted bent
position (Fig. 1). The goal assigned to subjects was to learn to sustain and
amplify the swings.

The choice of this task was motivated by the fact that optimal behavior
seems to contradict, on the level of frequency as well as phase synchroniza-
tion, the previously evoked general features concerning preferred patterns
of coordination. This task can be modeled, at a macroscopic level, as the cou-
pling of two main oscillators (Fig. 2): the ®rst one refers to the pendular os-
cillations of the center of mass around the hands, and the second to the

Fig. 1. The experimental task: (a) starting position; (b) swings in bent inverted hang position. The right

part of (b) represents the front reversal point, and the left part the back reversal point.
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vertical oscillations of the center of mass over the shoulder line (mainly de-
termined by the ¯exion/extension movements of the hip joint). As the ®nal
steps of learning seem characterized by a maximal exploitation of passive
forces, and an optimization of e�ciency (Bernstein, 1967; Sparrow, 1983),
it could be possible to predict the nature of an expert coordination in this
task.

By convention, a complete cycle is composed of a backward swing, from
the front reversal point to the back reversal point, and of a forward swing,
in the reverse direction (see Fig. 1). These two swings can be subdivided into
a descending part, during which the work of gravity is positive, and an as-
cending part during which the work of gravity is resistant. The hypothesis
can be proposed that experts will optimally exploit gravity during descending
parts, by increasing the torque of the center of mass around the axis of rota-
tion. In contrast, they will attempt to diminish the resistant work of gravity
during the ascending parts, by reducing the distance between the center of
mass and the axis of rotation. Fig. 3 shows the hypothetical trajectory of
the center of mass, corresponding to these predictions (see Smith, 1991).

This simple mechanical analysis of the task suggested that the most e�-
cient pattern could be characterized by a 2 : 1 frequency ratio, with a 90/
270° phase o�set between the two oscillators. Note that this mode of coordi-
nation violates the intrinsic dynamics principles previously evoked. This hy-
pothetical pattern requires a desynchronization of the reversal points of the
movements, and the frequency ratio, while rational and of low order, is
not the simplest conceivable. We hypothesized that the performance of begin-
ners would be characterized by a more simple coordination mode, involving a

Fig. 2. Schematic illustration of the `pendular' and `vertical' oscillations of the center of mass.
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1 : 1 frequency ratio, and a strict synchronization of the reversal points of the
two oscillators (0° phase lag).

2. Methods

2.1. Subjects

Eight subjects (four males and four females, mean age: 23.6, s.d.: 2.4), all
of them students enrolled at the Faculty of Sport and Physical Education Sci-
ences of Montpellier, volunteered for this experiment. While involved in
sports activities, none of them had any previous experience in gymnastics.
Four male expert gymnasts (mean age: 21.7, s.d.: 1.3) were also solicited.
The subjects signed a consent form, and were not paid for their participation.

2.2. Experimental task

The subjects were asked to learn to swing under the parallel bars, in bent
inverted hang position (Fig. 1). The bars were adjusted to a height of 1.30 m,
with a distance of 50 cm between bars. This gap was assessed as comfortable
by all subjects. In the starting position, the subjects were lying on a plinth
placed between the bars. The height of the plinth was adjusted according
to body dimensions, with the aim to standardize the starting position. They
were then asked to bend the lower limbs on the trunk, to initiate swings. To
avoid blisters, the subjects' hands were bandaged with sticking plaster.

Fig. 3. Hypothetical trajectory of the center of mass (G), for an expert coordination mode. O represents

the axis of rotation of the pendulum.
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2.3. Protocol

The task was performed during 10 training sessions, with 10 trials for each
session. A day of rest was allowed between each session. A video-taped model
was shown at the beginning of each training session, with the aim to illustrate
the general goal of the task. The subjects were requested to perform six com-
plete cycles per trial. A trial was considered as valid when four complete
swings were performed. In case of failure, additional trials were requested,
until 10 valid trials were achieved per session. Data recording was initiated
at the end of the ®rst cycle (front reversal point). Data were collected for
all trials during sessions 1 and 2, for trials 2, 4, 6, 8 and 10 for session 3,
for trials 2, 6, 9 and 10 for sessions 4 and 5, and for trials 5, 9 and 10 for sub-
sequent sessions. This distribution of measurement trials was chosen to ana-
lyze more accurately the evolution of coordination during the very ®rst trials.
Nevertheless, this analysis is beyond the scope of the present paper, and for
present purposes data were averaged across trials within a session. The task
was also performed by the experts with the aim of validating the predictions
of the mechanical analysis. The experts performed the task during one session
of three trials.

The subjects were equipped with passive markers, located on the right side
of the body (Fig. 4) on (1) knuckle 3 middle ®nger, (2) wrist axis, (3) gleno-
humeral axis, (4) ear canal, (5) T12-L1, (6) great trochanter, (7) femoral con-
dyle, (8) lateral malleolus. Marker positions were recorded in two dimensions
(saggital plane) by an ELITE Motion Analyser (BTS), at a sampling rate of

Fig. 4. Localization of the eight passive markers, on the right side of the body (see text for details).
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100 Hz. Data concerning the transversal axis were ignored, because of the
symmetrical nature of the movements.

2.4. Data analysis

The coordinates of each marker were rescaled taking as origin the instan-
taneous position of marker 1. The movements of the bars were then ignored
in our treatments. Data were smoothed by a ®ve point moving average. The
coordinates of the segmental centers of mass, and of the body center of mass
were computed, according to the data concerning segmental body weight/
body weight ratios and position of center of mass/segment length ratios pro-
posed by Winter (1979). This procedure involved the successive calculation of
the coordinates of the centers of mass of legs and feet, thigh, lower limbs, up-
per limbs, abdomen and pelvis, trunk and head, and ®nally the total body
center of mass. For these calculations, the positions of opposite members
were considered as symmetrical. Subsequently a series of dependent variables
were derived.

Amplitude of pendular oscillations of the center of mass. The amplitude of
the pendular oscillations of the center of mass was the main index of the ef-
®cacy of the coordination pattern. First the angle b between the axis hands
(marker 1) ± body center of mass and verticality was computed as time series.
As b followed approximately a sine function of time, the average amplitude
(a) was directly estimated from the standard deviation of b, according to the
formula:

a � rb

���
2
p

;

as

rb �
����������������������������������P�a sin xt ÿ 0�2

N

s
� a

��������������������P
sin2 xt
N

s
� a

��������
1=2

p
:

Variability of shoulder and hip angles. The variability of shoulder and hip
angles was calculated with the aim of analyzing the involvement of main
body joints in the coordination (Fig. 5). The shoulder angle (a1) was de®ned
as the angle between upper limbs (from marker 2 to marker 3) and trunk
(from marker 6 to trunk's center of mass). The hip angle (a2) was de®ned
as the angle between lower limbs (from marker 6 to lower limbs' center of
mass) and trunk (from marker 6 to trunk's center of mass).

Relative phase and frequency ratio. With the aim of representing the verti-
cal oscillations of the center of mass, the distance d between center of mass
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and shoulder line (marker 3) was computed as time series. b and d were
smoothed again, by a ®ve point moving average, and then converted into
phase:

/b � arctan� _b=b�; /d � arctan� _d=d�:
b, d and their derivatives were ®rst standardized within each cycle. Accord-

ing to phase conventions the values 0° and 180° of /b corresponded respec-
tively to front and back reversal points, and the values 90° and 270° to the
backward and forward passing through the stable equilibrium point. The val-
ue 0 of /d corresponded to the maximal ¯exion of the body, and the value
180° to the maximal extension.

The period (P) of b was derived by means of an auto-correlation function
of b. P, for a trial, corresponded to the lag at which the auto-correlation
function reached its ®rst maximum (Vereijken, 1991). The o�set (/) between
/b and /d at the initiation of vertical oscillations (/d � 0), was estimated by
cross-correlation analysis between /b and /d . This analysis allowed to deter-
mine the lag(s) (Mx) corresponding to the maxima of cross-correlation. / (in
degrees) was then computed according to the following formula:

/ � 360�Mx=P�:
Finally, the frequency ratio between the two oscillators was inferred from

Mx, the number of maxima observed for a period P of the pendular oscilla-
tion. All these dependent variables were then averaged by sessions and sub-
jects, and analyzed by one-way ANOVAs (sessions), with repeated
measurements. Additional ANOVAs were performed to compare novices
(values observed in the last session) and experts.

Fig. 5. Illustration of the conventions used for the calculation of the shoulder angle (a1) and the hip angle

(a2). LLCM: lower limb center of mass; TCM: Trunk center of mass.
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3. Results

Because of injuries occurring during the experiment (blisters on the palm
of the hands), some subjects of the novice group were unable to complete
the whole protocol. Mean data treatments, for novices, were then applied
only for the eight ®rst sessions. Few invalid trials were observed, especially
from the second session. All our novices but one (subject E.R.) were able
from the ®rst trials to sustain the inverted position at least for four swings.
Subject E.R. satis®ed our requirements for all trials from the third session.

Amplitude of pendular oscillations. Concerning the experts, the mean ampli-
tude was 67.08° (s.d.� 5.23) for the three trials. We observed for novices a
gradual increase in amplitude, from 23.55° (s.d.� 4.63) for the ®rst session,
to 47.06° (s.d.� 12.87) for the eighth session. The analysis of variance
showed a signi®cant e�ect of practice (F7;49� 29.08, p < 0.001), with a signi-
®cant linear trend (F1;7� 41.32, p < 0.001) but also a signi®cant quadratic
trend (F1;7� 8.16, p < 0.05), suggesting a negative acceleration of the im-
provements in amplitude. Post hoc showed that adjacent contrasts were sig-
ni®cant only for the three ®rst sessions. Inspection of Fig. 6 shows that one of
our novices (H.B.) was particularly e�cient. This subject was excluded in a
second analysis, but a signi®cant e�ect of practice was again obtained with
the seven remaining subjects (F7;42� 54.29, p < 0.001), with similar linear
and quadratic trends (linear: F1;6� 338.05, p < 0.001; quadratic:
F1;6� 6.80, p < 0.05). Despite some progress the novices did not at the eighth
session reach the amplitude observed in the experts (F1;10� 8.61, p < 0.02).

Variability of shoulder and hip angles. No e�ect of practice was observed
for shoulder angle (F7;49� 1.96, p > 0.05). This indicated that there was no
evolution of the mobilization of the shoulder during the eight ®rst sessions.
There was no di�erence either in shoulder angle variabilty between the nov-
ices at the last practice session and the experts (18.37° vs. 17.91°; F1;10� 0.02,
p > 0.05; see Fig. 7, left panel).

Concerning hip angle, a signi®cant e�ect was obtained (F7;49� 6.50,
p < 0.001) with a signi®cant linear trend (F1;7� 16.77, p < 0.01). Post hoc
tests indicated that the increase in hip angle variability was signi®cant in
the third session. This showed that the mobilization of hip joint increased
with practice. There was no signi®cant di�erence in hip angle variability be-
tween novices at the last practice session and experts (20.23° vs. 14.63°;
F1;10� 1.32, p > 0.05; Fig. 7, right panel).

Frequency ratio and relative phase. For each trial performed by the experts,
two cross-correlation maxima were obtained for a period P. We thus ob-
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served a 2 : 1 frequency ratio between vertical and pendular oscillations. The
mean relative phases corresponding to these maxima were 83.50° (s.d.� 6.09)
for the ®rst one, and 283.71° (s.d.� 8.68) for the second (or )76.28°). In oth-
er words, a ®rst vertical oscillation was initiated just before the stable

Fig. 7. Evolution of the shoulder angle standard deviation (left) and the hip angle standard deviation

(right) over practice sessions in novices, and mean data observed in experts.

Fig. 6. Evolution of swings mean amplitude over practice sessions in novices, and mean data observed in

experts.
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equilibrium position during the backward swing (with a relative negative o�-
set of 6.50°), and a second oscillation was initiated after the stable equilibri-
um position during the forward swing (with a positive relative o�set of
13.71°). To sum up, the vertical oscillations of the center of mass were initi-
ated near the equilibrium point of the pendular oscillation, both for forward
and backward swings (Fig. 8).

For each trial performed by the novices, a unique cross-correlation maxi-
mum was obtained by period P. The frequency ratio between the two oscil-
lators was then 1 : 1. The relative phase at the initiation of the vertical
oscillation was on average )4.55° (s.d.� 16.42), indicating that the vertical
oscillation was initiated near the front reversal point of the pendular oscilla-
tion. The analysis of variance indicated no e�ect of practice on relative phase
(F7;49� 1.70, p > 0.05; Fig. 7).

Fig. 9 illustrates the typical trajectories of the center of mass for one expert
and for one novice. The two vertical oscillations, symmetrically placed
around the equilibrium position of the swings, are clearly discernible in the
case of the expert. In contrast, the novice's trajectory shows a strict synchro-
nization of the two oscillators.

Fig. 8. Evolution of the relative phase over practice sessions in novices (left), and mean data observed in

experts (right).
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We have studied the data of the best novice (subject H.B.) in greater depth.
This subject performed nine complete sessions. He began with a mean ampli-
tude of 29.29°, and reached during his last session an amplitude of 73.38°.
Analyses revealed a 1 : 1 frequency ratio between the two oscillators, consis-
tent with the values obtained for the novice group. Nevertheless, a gradual
increase of the relative phase at the initiation of the vertical oscillation was
observed. Beginning with a mean relative phase of )23°, this subject reached
a positive mean relative phase of 37° during the ninth session. This subject
tended to initiate the vertical displacement of the center of mass near the mid-
dle of the descending part of the backward pendular oscillation. In contrast,
the other subjects were on average all centered around 0° relative phase
(Fig. 10).

4. Discussion

As pointed out in the introduction this study is essentially an analysis of
the behavior of novices facing a novel task, as compared to the behavior
of experts. The expert±novice paradigm has often been used for the study
of expertise, with a special focus on the behavior of experts (Abernethy,
1987; Allard et al., 1980; Parker, 1981). Our particular aim was to analyze
more deeply the mode of coordination exhibited by novices, during their very
®rst trials on a complex whole-body task. Although our protocol included
successive practice sessions, this experiment cannot be really considered as
a learning study. The number of trials was too small to expect the acquisition
of the expert coordination mode (which is the result, in the case of our expert

Fig. 9. Typical trajectories of the center of mass, in the saggital plane, for a novice (left: subject F.P., ses-

sion 8, trial 10) and for an expert (right: subject R.B., trial 2). Position data are refered to marker 1 (unit of

measurement: mm). The front reversal point is on the right of the ®gures.
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group, of years of practice in varied settings). Our analysis focussed on the
characteristics of novices' coordination modes, and on the very early changes
in performance.

The results showed that the novices improved their performance during the
eight ®rst sessions of practice. Even if they did not measure up to the experts
as to amplitude, one can maintain that they reached the goal set to them
which was to `sustain and amplify the swings'. Even though no marked evo-
lution of the coordination mode was observed (i.e. no phase transition to the
expert coordination mode), the novices were able to optimize their initial
mode of coordination to reach that goal.

The increase in amplitude contrasted with the consistency of coordination,
in terms of relative phase and frequency ratio. During the whole experiment
the novices exhibited the same pattern characterized by phase and frequency
synchronization. As this mode of coordination was adopted systematically by
all our subjects during the eight learning sessions, it could be considered as an
intrinsic attractor, which seemed to dominate the behavior of the beginners.
This stability of the coordination and especially of relative phase, contradicts
the results of Vereijken (1991), which indicated in novices an inconsistent and

Fig. 10. Evolution of the relative phase (in degrees), for our best learner (subject H.B.), and for the seven

remaining subjects. Subject H.B. realized nine complete sessions. Data were averaged over the eight ®rst

sessions for the other subjects.
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wandering relative phase, and a progressive convergence, through learning,
to a stable phase o�set. Vereijken reported that in the ®rst trials on the ski
simulator, forcing could appear anywhere in the cycle. This was not the case
in the present experiment, and despite a fair degree of within- and between-
subjects variability, the initiation of the vertical oscillation tended to consis-
tently occur in a narrow range around the beginning of the backward swing
(see Fig. 8). This discrepancy might be related to the nature of our task,
which could more strictly constrain the coordination. One could also note
that most of our subjects were able from the ®rst trial onward to maintain
the inverted position. This initial capability could be due to the fact that
all our subjects were highly involved in sports activities. One could suppose
that with sedentary subjects, more inconsistent relative phases should be ob-
served, associated with di�culties to maintain the inverted position.

The pattern produced by the experts was consistent with our predictions. It
allowed to fully exploit the gravity during the descendant part of the swing,
and to diminish the resistant work of the weight during the ascendant part,
by reducing the torque of the body center of mass around the hands. This re-
sult supports the idea that expert coordinations are characterized by e�cien-
cy, and a maximal exploitation of the passive forces of the system (Bernstein,
1967; Sparrow, 1983; Vereijken, 1991).

The coordination mode exhibited by novices was less e�cient. The me-
chanical work of gravity was not exploited, and the subjects forced the sys-
tem all along the pendular oscillation. Nevertheless, it appeared as the
easiest pattern to control, and one could suppose that the synchronization
of the reversal points of the two oscillators, and especially the synchroniza-
tion of the initiation of the vertical oscillation and the beginning of the back-
ward swing, represented an anchor point in controlling the coordination. So
it appears that the problem of learning is to overcome these preferred modes
of coordination to reach other solutions exploiting more e�ciently the pas-
sive forces of the system.

One can be disappointed by the absence of a transition to the expert pat-
tern. We have previously mentioned the fact that the mode of coordination
exhibited by the experts is the result of years of intensive practice, in various
settings. In addition, it must be noted that in this experiment, no pattern was
required a priori. A performance goal was given to subjects (to sustain and
amplify the swings), but they had to discover by themselves the proper coor-
dination to adopt. The video-tape model gave an image of the movement, but
no explanation was given of the exact nature of the expert solution. So the
subjects did not try to reproduce a given pattern, such as in the experiment
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of Zanone and Kelso (1992), but tried to adapt themselves to the constraints
of the system.

The permanence of the initial coordination mode, after 80 trials, showed
that natural coordinations are very di�cult to overcome. Even when the
to-be-learned pattern was clearly speci®ed, which was not the case in the
present experiment, learning guidances such as augmented feedback seemed
necessary (Walter and Swinnen, 1994). It could be interesting to see whether
pattern speci®cation, and the availability of feedbacks on timing of forcing
and ratio frequency could facilitate the transition to expert coordination.

The analysis of the data obtained with our best novice could allow some
predictions concerning the further evolution of coordination. This analysis
suggested that the transition to an expert pattern was prepared by a progres-
sive evolution of the coordination, and more speci®cally by an increase of the
relative phase between the two oscillators. This subject tried to delay the forc-
ing until the end of the descending part of the backward swing. Such a trend
was described by Vereijken (1991), in the evolution of forcing strategies with
learning on the ski simulator. This partial decoupling could in the end allow
the freeing of a part of the swing, to include a second vertical oscillation of
the center of mass. This predicts a gradual, rather than abrupt, ®nal transi-
tion to a 2 : 1 frequency ratio coordination mode. Nevertheless the capacity
to decouple vertical oscillations and swings seemed to require a subtle detun-
ing of sti�ness, hardly realizable by novices.

To sum up, this experiment showed that natural coordination tendencies
constitutes an important determinant of the ®rst coordination modes adopt-
ed by novices at the beginning of the learning of a novel task. This proposi-
tion, widely illustrated in bimanual coordination tasks, seems also
particularly relevant for whole-body, sports-like tasks. The novices seemed
irrepressibly attracted by a typical pattern, mainly characterized by phase
and frequency synchronization.

This proposition seems fundamental in the context of sports and physical
education. Teachers and coaches might be aware that the motor behavior of
beginners is not only determined by erroneous representations about the task
at hand (Piard, 1993; Giordan, 1993), but also, and maybe mainly for tech-
nical tasks, by the intrinsic dynamics of the system. So the problem seems less
to guide learners to the pattern to be acquired, than help them to leave their
natural modes of coordination, and then search for an optimal solution. The
experiment of Walter and Swinnen (1992) on `adaptive tuning' provided an
example of a speci®c teaching procedure, allowing subjects to overcome their
initial response modes. This procedure consisted in a tuning down of the
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strength of the attractor, to facilitate departure from the current coordina-
tion pattern. In this experiment on bimanual coordination, this tuning down
was obtained by reducing the speed of the movement at the beginning of the
training. The speed was then progressively increased to reach the criterion
speed at the end of the learning. Such a strategy requires the identi®cation
of the control parameter which a�ects the degree of attraction of the current
coordination pattern. Further research is clearly needed to validate such hy-
potheses in the ®eld of complex, sports-like skills acquisition.
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