


sign to facilitate the presentation. Each condition generated
errors in both directions (as within each experiment the field
directions were counterbalanced),and these were combined in
an appropriate fashion (see MATERIALS AND METHODS).

During the preexposure phase in the null field of each
experiment, subjects made roughly circular movements char-
acterized by a low signed error (preexposure bar chart at left of
Fig. 5D; see figure legend for key to colors). Upon introduc-
tion of the perturbation, signed error increased. In Fig. 5,
A–C, the errors are larger for one perturbation than the other
because of the interaction of the biomechanical properties of
the arm and the direction of the perturbation. The signed
error reduced over the course of exposure in all cases but
with important differences between the static and switching
cases, which are described in detail below.

Experiment 3: switching perturbation, static-movement class:
rhythmic. In the static rhythmic experiment (Fig. 5D, green
curve) signed error decreased significantly between the first
and last exposure block pairs (�0.28 � 0.06, P � 0.005). The
mean signed error during catch revolutions was also signifi-
cantly greater than zero (0.24 � 0.03, P � 0.0003). However,
the signed error during the first postexposure block (green bar
on right of Fig. 5D) was not significantly different from zero
(�0.06 � 0.04, P � 0.23). The results from the postexposure
block suggest that the improvement in performance was dom-
inated by cocontraction. However, the catch revolutions indi-
cate that some limited specific compensation was present
within each block.

Experiment 4: switching perturbation, static-movement class:
discrete. In the static-discrete experiment (Fig. 5D, blue curve)
signed error also decreased significantly between the first and
last exposure block pairs (0.12 � 0.05, P � 0.05). However, in
this case the mean signed error during catch trials was not
significantly different from zero (�0.08 � 0.04, P � 0.11).
Similarly, the signed error during the first postexposure block
(blue bar on right of Fig. 5D) did not differ significantly from
zero (0.07 � 0.04, P � 0.12). The results from catch trials and
the postexposure block suggest that the improvement in per-
formance was attributable primarily to cocontraction with no
evidence for the presence of specific compensation within each
block.

Experiment 5: switching perturbation and movement class:
rhythmic/discrete. In the rhythmic blocks of the switching-
movement-class experiment (Fig. 5D, red curve) signed error
decreased significantly between the first and last exposure
blocks (0.34 � 0.0.05, P � 0.001). The mean signed error
during catch revolutions was negative and significantly differ-
ent from zero (�0.358 � 0.1, P � 0.02). In addition, the
signed error during the postexposure block (red bar on right of
Fig. 5D) was also negative and significantly different from zero
(0.12 � 0.01, P � 0.001). A similar pattern was observed for
the discrete movement blocks of this experiment (Fig. 5D, gray
curve). Specifically, signed error decreased significantly be-
tween the first and last exposure blocks (0.30 � 0.11, P �
0.047). The mean signed error during catch trials (0.30 � 0.06,
P � 0.004) and during the postexposure block (gray bar on
right of Fig. 5F, 0.12 � 0.02, P � 0.003) were both positive
and significantly different from zero. Importantly, these after-
effects were in the opposite direction to the errors because of
the perturbations. Thus, in contrast to the static-movement-
class experiments (experiments 3 and 4, described above), the

significant postexposure after-effects suggest that the improve-
ment in performance in this case was attributable to specific
compensation for the perturbations associated with each move-
ment class. This is consistent with partially separate control
mechanisms for rhythmic and discrete movements, which
would allow the partitioning of perturbation-specific learning
for each movement class.

Control experiments. It is possible that the improvement in
performance observed for the switching-movement-class ex-
periment (experiment 5, above) may have resulted from differ-
ences in the kinematics between the rhythmic and discrete
movements rather than differences in the underlying control
mechanisms. Two control experiments were therefore per-
formed to examine whether such kinematic differences could
explain the results.

Experiment S1 (see supplemental material) was identical to
experiment 5, except that the speed at which subjects made the
circular movements was more strictly controlled. Results show
that this did not affect the degree of adaptation in the switching
condition (Fig. S3).

Experiment 6: switching perturbation, static-movement
class: two-speed control. Experiment 6 was an additional
control experiment to examine the effects of differences in
speed on the ability to learn the opposing perturbations. In this
case, rather than associating each perturbation direction with a
different movement class (as in the original experiment 5),
each was associated with a different speed of rhythmic rotation
(1.1 Hz and 0.9 Hz). These values were chosen to correspond
to values observed during experiment 5, and the differences
were perceived as quite substantial by the subjects (see MATE-
RIALS AND METHODS for further detail). Figure 6, A and B, show
the velocity and position distributions, respectively, for this
experiment. The different speeds of rotation can be clearly seen
in the velocity distribution plots (Fig. 6A), whereas the position
distributions are quite similar (Fig. 6B). This can also be
appreciated in the mean speed profiles, which are shown in Fig.
6C (red � 1.1 Hz, blue � 0.9 Hz). We compared the average
speed during the plateau regions between the two speed condi-
tions across subjects and found a significant difference (8.2 � 1.1
cm/s, P � 0.001). Note that this speed difference is comparable
to that observed between the rhythmic- and discrete-movement
classes of the switching experiment 5.

Figure 6D compares the signed error for the static rhythmic
experiment (red; experiment 3, above) with the two-speed
control experiment (green). As can be seen, the plots are very
similar for both experiments. Specifically, there were no sig-
nificant differences for the final exposure errors between the
two experiments (�0.03 � 0.05, P � 0.54). Moreover, as for
the original static-rhythmic experiment, the signed error during
the postexposure block did not differ significantly from zero
(�0.055 � 0.04, P � 0.22). These results show that differ-
ences in rotational speed that were comparable to those ob-
served in the switching-movement-class experiment were in-
sufficient to allow subjects to corepresent the opposing
perturbations.

DISCUSSION

We used a motor-learning-interference paradigm to examine
the representations involved in the control of rhythmic and
discrete circular arm movements. For comparison with previ-
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ous point-to-point reaching studies, we first confirmed the
presence of anterograde interference when the direction of a
dynamic force field reversed, during either rhythmic or discrete
circular movements. We then examined a condition in which
subjects were exposed to a dynamic force field whose direction
reversed across successive blocks. In two experiments, subjects
performed only rhythmic or only discrete movements while
the perturbation direction reversed with each block. In both
cases, performance improved over the course of the exper-
iment, but null-field catch and postexposure trials suggested
that this primarily arose through cocontraction rather than
specific learning of the force fields. However, when each
force-field direction was associated with a different move-
ment class (either rhythmic or discrete) performance im-
proved, with catch trials and postexposure after-effects
demonstrating that subjects had learned to compensate spe-
cifically for the particular perturbation associated with each
movement class. These results suggest that the control
mechanisms for rhythmic and discrete movements are at
least partially separate.

As pointed out by Hogan and Sternad (2007), in many
previous studies the meanings of the terms rhythmic and
discrete have not been defined precisely. To address this
problem, they have proposed rigorous taxonomic definitions to
describe different classes of movement. Their definitions are
mathematically precise, including several subclassifications for
both rhythmic and discrete movement types. They propose that
the key feature of discrete movements is that they consist of a
movement between starting and ending postures (of the end-
effector) with a static holding phase before and after the
movement. In contrast, the term rhythmic is used to cover a
wide range of cyclic or periodic movements. In particular, they
subdivide rhythmic movements on the basis of the regularity of
their periodicity, which range from strictly and almost periodic,
through quasiperiodic and transiently periodic, to recurrent and
repetitive movements. They note that repetitive discrete move-
ments can also fall within the definition of rhythmic move-
ments, and these categories are not mutually exclusive. To
further distinguish these classes, they also consider the smooth-
ness of movement. Thus, whereas some repetitive discrete

Fig. 6. Experiment 6: switching perturbation,
static-movement class: two-speed control.
A: distributions of end-point velocity for the
1.1-Hz (first column) and 0.9-Hz (second col-
umn) rotation speed conditions across all trials
and all subjects for the two-speed control exper-
iment 6. B: distributions of end-point position for
the 1.1-Hz (first column) and 0.9-Hz (second
column) rotation speed conditions across all tri-
als and all subjects for the experiment 6. C: mean
speed and standard error for the duration of
the trial, normalized for trial length, across
all trials and all subjects for the 1.1-Hz (red)
and 0.9-Hz (blue) conditions. D: signed
mean error (solid line) and standard error
(shading) for the two-speed control experi-
ment 6 (green) and for the static-rhythmic
movement experiment 3 (red). Each point is
the mean across all subjects (n � 6).
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movements may be classed as rhythmic, they are often not as
smooth as continuous rhythmic movements because they in-
clude discontinuities (nonzero high-order derivatives) in their
movement paths introduced at their stopping and starting
points.

In our study, we chose our two movement conditions to be
distinct classes, as defined by Hogan and Sternad (2007). Our
discrete movements consisted of circular rotations between
start and end positions, with a static holding phase of �6 s
between each movement. In addition, the start and end posi-
tions changed between each movement, thus minimizing cyclic
repetitions. In contrast, we chose our rhythmic movements to
be multiple continuous rotations with no pauses between rev-
olutions. These movements were smooth, (almost) periodic
(that is, as periodic as subjects were able to make), and
consequently quite unlike repetitive discrete movements.

A recent study examined transfer of visuomotor learning
between rhythmic and discrete movements (Ikegami et al.
2010). In one experiment, subjects were exposed to visuomotor
perturbations while first performing either a set of discrete
movements followed by a set of rhythmic movements or vice
versa. The study reports almost complete transfer of learning
from discrete to rhythmic movements but very little transfer
from rhythmic to discrete movements, suggesting differences
between the two movement classes. In a second experiment,
multiple sets of rhythmic movements were performed in a
visuomotor perturbation with delays between them. They
found that, at the beginning of each rhythmic movement from
the second set onward, errors were large for the first cycle,
decreasing rapidly on subsequent cycles. In addition, when
discrete training was employed with a large delay between
trials, transfer to rhythmic movements was high for the first
cycle but then degraded for the next few cycles before subse-
quently improving again. They hypothesized that this implies
that the first cycle of the rhythmic movement engages control
mechanisms associated with discrete movements. Overall, they
draw the conclusion that different neural control mechanisms
are employed for rhythmic and discrete movements. The pres-
ent study is complementary to the Ikegami study in two ways.
First, we investigated the learning of dynamic perturbations
rather than kinematic transformations. Second, we used inter-
ference to probe the representations associated with the two
movement classes. Thus the present study supports the hypoth-
esis made by Ikegami that different neural control mechanisms
are employed for rhythmic and discrete movements.

Previous studies have explored other contextual cues that
allow opposing perturbations to be concurrently represented
and have focused on discrete point-to-point movements (Co-
thros et al. 2009; Howard et al. 2008; 2010; Krouchev and
Kalaska 2003; Nozaki et al. 2006). For example, in the case of
dynamics, with extensive training, color can provide a contex-
tual cue (Krouchev and Kalaska 2003). In addition, it has been
shown that subjects are able to switch between a dynamic
perturbation and a null field on the basis of visual feedback
relating to grasp (Cothros et al. 2009). Another study showed
that associating opposing perturbations with unimanual and
bimanual movements allowed subjects to concurrently repre-
sent the perturbations (Nozaki et al. 2006). Likewise, opposing
perturbations can be learned during bimanual movements un-
der different contexts such as the hands acting on a single or
two separate objects (Howard et al. 2008) or moving in the

same or different directions (Howard et al. 2010). In all these
bimanual studies, modulation of the motor representation as-
sociated with one limb appears to depend on the action (or
absence of action) performed by the opposite limb. This
phenomenon requires active movement because interference
still occurs in the case where one arm is moved passively
(Howard et al. 2010). Importantly, in this case all other poten-
tial cues except for active movement were the same. This
suggests that, in the present study, the contextual cue must be
the type of movement that is performed (rhythmic vs. discrete),
rather than block identity.

Evidence that there is separate circuitry for rhythmic and
discrete movements is consistent with recent neuroimaging
studies. For example, Schaal performed functional MRI exper-
iments while subjects made discrete or rhythmic movements,
which consisted of single wrist-joint flexion/extension (Schaal
et al. 2004). Their principle finding was that rhythmic move-
ments activated a small number of unilateral primary motor
areas, whereas discrete movement activated additional motor
areas and showed strong bilateral activity in both cerebrum and
cerebellum. They concluded that this provides evidence for
separate control circuitry for discrete and rhythmic move-
ments.

Several researchers have taken a more theoretical view when
interpreting rhythmic and discrete movements. For example,
rhythmic movements have been modeled using dynamical
system theory, and such models can replicate many observed
phenomena in both unimanual and bimanual movements, such
as the stability of preferred phases and the transitions toward
stable modes (Haken et al. 1985; Kay et al. 1987; Kelso 1984).
A dynamical system analysis has also been extended to account
for discrete and rhythmic movements. Schoner proposed that
the dynamical systems perspective for understanding rhythmic
movements could be generalized to account for discrete move-
ments (Schoner 1990). He showed that a dynamical system
model can exhibit discrete as well as continuous behaviors,
using fixed-point and limit-cycle attractors, respectively. Re-
cently, discrete movements have been modeled within the
framework of optimal feedback control (Todorov and Jordan
2002). Although dynamical systems and optimal control have
traditionally been considered separately, a framework has been
proposed that unifies them, allowing a single model to account
for both rhythmic and discrete movements (Schaal et al. 2007).

Several other computational models have also been pro-
posed to account for both discrete and rhythmic movements
(Ronsse et al. 2009; Ronsse et al. 2010). The implication is that
these movement types constitute different movement primi-
tives, and, in the case of combined movements, combinations
of such primitives can occur. In most experimental studies,
rhythmic and discrete arm movements are often studied in
isolation, with little or no consideration to their interactions.
Exceptions to this are found in studies involving the combina-
tion of discrete and rhythmic elements within movements
(Staude et al. 2002; Sternad et al. 2002; Sternad et al. 2000).
Such studies indicate that interaction occurs. For example,
Sternad found that kinematic constraints for the coupling of
discrete and rhythmic elements have a tendency to synchronize
(Sternad et al. 2000). This was also the case for movements
involving multi-joint coordination (Sternad and Dean 2003).

In conclusion, results from the present study show that
associating opposing dynamic perturbations with rhythmic-
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and discrete-movement classes allows subjects to corepresent
each perturbation and thereby learn dynamic perturbations,
which would otherwise interfere. Importantly, adaptation to the
particular perturbation associated with each movement class
was accompanied by large postexposure after-effects, which
were specific for the perturbation, indicating predictive com-
pensation. In contrast, postexposure after-effects were not
present in the static-context experiments, indicating that the
reduction in error in this condition mainly arose because of
cocontraction. Overall, these results are consistent with the
existence of control mechanisms that are at least partially
separate for rhythmic- and discrete-movement classes.
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