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Abstract Previous experimental and theoretical studies
have suggested that two separate neural networks con-
tribute to visuomotor learning of spatial sequences, one
to the accuracy of performance and the other to the
speed of performance (Nakahara et al. in J Cogn Neuro-
sci 13:626-647, 2001). This study examined the influence
of explicit knowledge of stimulus configuration (work-
space) in visuomotor sequence learning. Twenty-eight
right-handed subjects learned the sequences of button
presses by trial and error (Hikosaka et al. in J Neuro-
physiol 76:617-621, 1996) in the course of two sessions.
In the first session, both the number of completion fail-
ures (accuracy measure) and the performance time to
complete a sequence (speed measure) decreased. In the
second session, the workspace was rotated without noti-
fying the subjects. About half the subjects remained
unaware of the workspace rotation, and no transfer of
learning occurred (i.e., neither accuracy nor speed of per-
formance was preserved in the second session). The
remaining subjects spontaneously noticed the rotation
and they were able to use this knowledge to perform the
task with less completion failures in the second session.
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However, the knowledge of workspace rotation did not
decrease the performance time in the second session. The
lack of influence of explicit knowledge on the speed of
performance is consistent with the two-loop model of
visuomotor sequence learning (Nakahara et al. in J Cogn
Neurosci 13:626-647,2001).
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Introduction

Does knowing where to go always help in learning to pro-
duce an action sequence quickly? Recent studies on pro-
cedural learning (i.e., learning governed by rules or
procedures) have implied that this may not always be the
case; behavioral studies showed that the accuracy (know-
ing where to go) and speed (deciding how quickly to go)
in completing action sequences may be based on different
mechanisms (Hikosaka et al. 2002). For example, Hiko-
saka etal. (1995) demonstrated that, in visuomotor
sequence learning, the accuracy of performance (mea-
sured by the number of completion failures) is acquired
earlier than the speed of performance (measured by the
performance time to complete a learned sequence). In
addition, the improvement in the accuracy measure is rel-
atively unspecific to the effector (e.g., showing interman-
ual transfer at an early learning stage) whereas the
improvement in the speed measure is effector-specific
(Rand et al. 1998; Bapi et al. 2000). Neuroimaging studies
on humans have also supported the idea of separate pro-
cesses for accuracy and speed in visuomotor sequence
learning and parallel neural networks that are distributed
among many brain areas (Toni et al. 1998; Petersen et al.
1998; Grafton et al. 1998; Honda et al. 1998; Sakai et al.
1998; for a review, see Hikosaka et al. 2002).

Having the above evidence, a model was proposed,
where two sets of cortico-basal ganglia and cortico-
cerebellum loop circuits act independently to promote
visuomotor sequence learning in spatial and motor coordi-
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nates (Hikosaka et al. 1999, 2002; Nakahara et al. 2001).
The model successfully accounts for various empirical
observations, including coordinate transformation, inter-
manual transfer, attention cost, and awareness. Among
these, the role of awareness (e.g., Willingham 1998; Honda
et al. 1998), or explicit knowledge, in visuomotor sequence
learning is relatively unexplored in the context of parallel
network model.

To examine the effect of explicit knowledge on visuo-
motor sequence learning, we employed a sequential but-
ton press task that was originally devised for monkeys as
subjects (Hikosaka et al. 1995; Rand et al. 1998) and sub-
sequently used for humans (Hikosaka et al. 1995, 1996,
2002; Sakai et al. 1998, 2003). In this study, we examined
specifically the effect of a change in the orientation of the
workspace on visuomotor sequence learning. After a ses-
sion in which the human subject learned a fixed spatio-
temporal sequence, he/she was asked to perform the
same sequence (in terms of relative spatiotemporal
sequence) without being notified that the entire stimulus
configuration had been rotated by a fixed angle. Any
improvement in performance in the second session
would indicate that the learning had been transferred to
a different orientation. It is noteworthy that only about
half of the subjects participating in the study were aware
of the workspace rotation. The patterns of improvement
(ie., transfer) were different for the two measures of
learning: the number of failures in completing a sequence
(indicating “accuracy”) and the time to complete a
learned sequence (indicating “speed”). More specifically,
we found that the awareness of workspace rotation
(hence knowing where to go in the new configuration)
does not lead to a speed advantage; producing a learned
action sequence was equally slow, whether or not the
subjects noticed the workspace rotation.

Materials and methods
Subjects

Thirty-two right-handed subjects (14 females, 18 males)
participated in the experiment. They were naive as to the
purpose of the experiment. All subjects gave written
informed consent prior to participation. All procedures
were conducted in accordance with the 1964 Declaration
of Helsinki.

Procedure

The subjects were trained to perform a sequential button
press task, which we call “2x10 task” and which was
basically the same as the one used in our previous exper-
iments (e.g., Sakai et al. 2003).

To describe the experiment briefly, a panel on which
16 LED buttons were mounted in a 4x4 matrix was
placed before a subject seated on an armchair. The LED
buttons were square in shape (10 mmx 10 mm) and were

separated from each other by 8 mm space. At the bottom
of the panel was another LED button, which was used as
the “home” key. The subjects used their right index
fingers to press the buttons.

The home key was turned on at the beginning of each
trial. When the subjects pressed the home key for 500 ms,
2 of the 16 target LEDs, which we call “set,” turned on
simultaneously. The subjects were required to press the
illuminated buttons in the correct order, which they were
required to uncover by trial and error. If they were suc-
cessful, the LEDs turned off one by one and another pair
of LEDs, a second set, was illuminated, which the sub-
jects were required to press again in the correct order. A
total of 10 sets, which we call “hyperset,” were presented
in a fixed order for the completion of a trial. When the
subjects pressed a wrong button, all the LED buttons
were briefly illuminated and the trial was aborted. The
subjects then had to restart the trial from the home key.
A trial was considered to be successful when the subject
completed an entire hyperset (10 sets). The same hyperset
was repeated until the subject completed it successfully
for a total of 20 trials (called a “block™). The subjects
were asked to perform the task as quickly and as accu-
rately as possible.

Rotation of workspace

First, four hypersets, called H1, H2, H3, and H4, were
randomly generated. For each hyperset, new hypersets
were generated by rotating the entire stimulus configura-
tion by 0°, 90°, 180°, and 270° (clockwise). Note that the
rotated hypersets were identical to the original hypersets
with 0° rotation. The subjects were asked to learn 8§
hypersets each until the criteria (20 successful trials) was
reached. The hypersets consisted of four original hyper-
sets and their rotated versions (one of four types of rota-
tions for each hyperset), unknown to the subject. The
rotated hyperset always followed the corresponding
original hyperset. For example, one subject performed
the experiment in the following order (angle of rotation
in parentheses): H3, H3(270), H4, H4(0), H1, H1(90), H2,
H2(180). The order of the four types of rotation and that
of the hypersets were counterbalanced across the sub-
jects. Each of the eight sessions (for each hyperset) was
separated by a break of approximately 1 min. After the
experiment, the subjects were first asked whether they
had noticed anything peculiar. If the answer was yes,
then they were questioned further and asked if they had
noticed the workspace rotation (and if so, then in which
block).

Data analysis

We used two measures to assess the accuracy and speed
of performance in each block. As a measure of “accu-
racy,” we counted the number of trials before completing
one block (i.e., 20 successful trials). To evaluate “speed,”
we measured the time that had elapsed from the moment
the home key was pressed to the moment the second



button of the final (10th) set was pressed for each suc-
cessful trial and averaged the time recorded across 20
successful trials. These parameters were employed in our
previous studies and had proved to be useful (Hikosaka
et al. 1999, 2002). Note that the “speed” and “accuracy”
defined in the 2x 10 task are different from those in the
Fitts’ law (speed—accuracy trade-off; Fitts 1954). This is
because the 2x 10 task concerns a sequential combina-
tion of discrete movements, whereas the Fitts’ law con-
cerns speed and accuracy in a single motor action. In
addition, the speed measure is based on successfully
completed trials and the accuracy measure is based on
uncompleted trials.

To clarify the improvement of the task performance,
we defined transfer indices by normalizing the parame-
ters for each subject. The accuracy and speed measures
of the original hyperset [H°'®; e.g., H1 in the first session]
were subtracted from those of the rotated hyperset [H™";
e.g, H1(90) in the second session]. Subsequently, this
value was divided by the accuracy and speed measures
with the original hyperset (H°¢; H1) and multiplied by
100. This transfer index [100x (H™'—H°"¢)/H™"] repre-
sents the percentage magnitude of the transfer of learn-
ing between different workspace orientations.

Results

Data from two female and two male subjects were
excluded due to a procedural failure that occurred dur-
ing the experiment. Among the remaining 28 subjects, 14
reported that no rotation occurred during the experi-
ment; they were therefore classified as the “unaware”
group. The other 14 subjects noticed at least one work-
space rotation during the experiment and were classified
as the “aware” group. Most of the subjects in the aware
group (12 subjects) detected the workspace rotation in
the block in which the rotation was introduced for the
first time. One subject in the aware group noticed the
rotation when it was introduced for the second time; the
remaining subject noticed it when it was introduced for
the third time.! Interestingly, the male subjects noticed
the workspace rotation (10 out of 16) more frequently
than the female subjects (4 out of 12; ;> =6.13,
P < 0.05).

A significant decrease was found in both the accuracy
(the number of completion failures) and speed measures
(averaged completion time for successful trials), irrespec-
tive of subject group (Fig. 1), indicating that learning did
occur [ANOVA; F(19,243) > 22.35; P < 0.01 for both
measures]. The accuracy measure decreased rapidly in
the first few completed trials while the speed measure
decreased more gradually. This result is in accordance
with our previous studies (Hikosaka et al. 1995, 1996,
2002; Sakai et al. 1998, 2003). Figure 2 shows the accu-

! Reclassifying these two subjects as the unaware group did not
change the results of our statistical analyses (with = 0.05).
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racy and speed transfer indices, averaged across subjects.
When the subjects performed hypersets for two sessions
without rotation (i.e., 0° rotation), there was approxi-
mately a 50% transfer of the accuracy of performance
and about a 10% transfer of the speed of performance.
When the hypersets were rotated, the accuracy showed
clear transfers in the aware group but not in the unaware
group. In other words, the explicit knowledge of work-
space rotation was useful in performing the task accu-
rately in the rotated workspace, as compared to the case
of the unaware group. In contrast, the speed of perfor-
mance showed no transfer to the rotated hypersets—this
was true for both the aware and the unaware groups.
Statistical analyses supported these observations: for the
accuracy transfer index, there were significant main
effects of the rotation angle [ANOVA, F(3,78) = 6.01,
P < 0.01] and the awareness of rotation [F(1,26)
= 16.08, P < 0.01]. The interaction between these fac-
tors was also significant [F(3,78) = 4.21, P < 0.01]. For
the speed transfer index, the main effect of the rotation
angle was significant [F(3,78) = 11.81, P < 0.01]
whereas the awareness of rotation had no effect [F(1,26)
= 1.27, P = 0.28]. The interaction was not significant
[F(3,78) = 1.30, P = 0.28]. Briefly, the awareness of
workspace rotation helped the subjects perform the task
with the rotated hypersets with less completion failures.
Nonetheless, such explicit knowledge (knowing where to
go) did not foster quick performance.

Discussion

By using the 2x 10 task, this study demonstrates the differ-
ential effects of the explicit knowledge of workspace rota-
tion on the accuracy and speed measures in visuomotor
sequence learning. When the subjects noticed a workspace
rotation, they were able to use the explicit knowledge to
perform the task with less completion failures even in the
rotated workspace. This is not surprising because the
2x10 task is set up so that knowing where to go can only
be known explicitly. Importantly, however, the awareness
of the rotation did not lead to faster performance. In other
words, knowing where to go does not necessarily speed up
the sequential action. Giving a more familiar (though not
completely accurate) example: assume that you are about
to dial a phone number that you know well. You can dial
it fast. Someone rotates the phone pad and you know it.
You can still dial it correctly. Most likely, you would think
you can dial (or learn to dial) the well-learned phone num-
ber faster than a new phone number. Actually, however,
your speed of dialing for the well-learned but rotated
phone number will be as slow as for your speed of dialing
for a new phone number.

The evidence collected has suggested that the accuracy
and speed performance in trial-and-error learning of
visuomotor sequences are achieved by separate processes
(Hikosaka et al. 2002). Therefore, the results of this study
may be considered additional evidence for the parallel
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Fig. 1 Averaged learning

Unaware

curves for the number of errors
before the successful completion
of 20 trials (accuracy measure: 16
top) and the mean performance
time for the successful trials
(speed measure: bottom). The
left panels represent the results
of the aware group and the right
panels show those of the un-
aware group
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Fig. 2 Averaged transfer indices for the accuracy (zop) and speed
measures (bottom), shown separately for the aware and unaware
groups. Vertical bars = standard errors of mean. The awareness of
workspace rotation (confirmed by accuracy transfer in the aware
group; left) did not lead to a speed advantage in the rotated hyperset;
the subjects who noticed the workspace rotation went as slow as the
subjects who did not notice

neural network model of procedural learning (Nakahara
et al. 2001). In the light of this model, one possible inter-

2nd session

2 46 8101214161820 2 4 6 6 101214161820

1st session 2nd session
pretation is that the differential effects of explicit knowl-
edge may be related to the differential time courses of the
learning processes. With practice, the accuracy measure
reaches a plateau of performance earlier than the speed
measure (Hikosaka et al. 1995; Bapi et al. 2000). The par-
allel neural network model predicts that a sequence repre-
sentation in visual coordinates (broadly reflected in the
accuracy measure) may develop faster than one in motor
coordinates (broadly reflected in the speed measure) while
representations in both coordinates are learned concur-
rently (Nakahara et al. 2001), and several other studies
have also supported this prediction (Clegg et al. 1998;
Grafton et al. 1998; Bapi et al. 2000; Korman et al. 2003;
Lehericy et al. 2005). However, this schema obviously
oversimplifies the processes involved in the visuomotor
sequence learning because the link between accuracy and
visual representations and that between speed and motor
representations are not straightforward. Complex visuo-
motor learning processes would contain some crosstalk
between learning processes for accurate performance and
that for speedy performance. Therefore, in different exper-
imental conditions, it is possible that these measures and
representations interact to produce the learning pattern in
the 2x10 task. Yet, the present experiment sets a good
starting point for further investigations by demonstrating
the case that explicit knowledge of where to go does not
lead to a speed advantage.

Roles and effects of explicit knowledge in procedural
learning

The role of explicit knowledge may differ for different
paradigms of sequential learning. For example, the serial
reaction time (SRT) task (Nissen and Bullemer 1987)



and the 2x10 task are similar in that both include
implicit learning process that leads to faster perfor-
mance. However, spatial sequence is learned explicitly in
the 2x10 task (by trial and error; thus it is a form of
instrumental learning), whereas the learning process of
spatial sequence in the SRT task is implicit (although it is
explicitly shown for each single movement). Hence, in
the 2x 10 task, explicit knowledge of the sequence is criti-
cal for performing and proceeding the task (as in other
learning paradigms that involve explicit instructions of
sequences; Jueptner etal. 1997a, 1997b; Karni et al.
1995).

For certain types of procedural learning, including
rotary movement pursuit and mirror tracing, explicit
knowledge has little effect on the accuracy and/or speed
performance (e.g., Heindel et al. 1989). In contrast, in the
SRT task, it has been reported that explicit knowledge of
the sequence leads to faster performance (Curran and
Keele 1993; Willingham et al. 1989). The present experi-
ment examined whether explicit knowledge of the
sequence produces any speed advantage in the 2x 10 task
(a form of instrumental sequential learning) and it
proved false; the subjects who spontaneously noticed the
rotation of workspace can successfully use the knowl-
edge in the rotated workspace, nonetheless it does not
lead to faster performance.

Having these influences of explicit knowledge of spa-
tial sequences, it would be interesting to examine
whether our findings might generalize to other types of
sequence learning. For example, there is evidence for sep-
arate learning systems for spatial and non-spatial stimuli
sequences; a sequence of locations can be learned inde-
pendently of a sequence of stimuli defined by non-spatial
feature (e.g., shape) (Mayr 1996; Helmuth et al. 2000).
Interestingly, a sequence of non-spatial stimuli is more
likely to be associated with explicit knowledge than a
sequence of locations (Willingham et al. 1989; Mayr
1996; Koch and Hoffmann 2000). This may be because
non-spatial learning depends more on response control
processes, whereas spatial learning is more linked to the
direct connection from input to output (Posner and
Rothbart 1992), resulting in the spatial stimulus—
response compatibility effect (Lu and Proctor 1995). A
workspace rotation of spatial sequences could be
regarded analogous to a change in surface (or stimulus)
structure while keeping abstract (or rule) structure of
non-spatial sequences (Dominey and Lelekov 1998).
With further investigations, it might be possible to com-
pare spatial and non-spatial sequence learning from a
more general perspective of explicit knowledge and sur-
face—abstract structure (Gomez 1997).

Possible sex difference in tolerance against workspace
rotation

Interestingly, we found that our male subjects noticed
the workspace rotation more often than female subjects.
Mental rotation tests traditionally show a male perfor-
mance advantage (Voyer et al. 1995). Therefore, the sub-
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jects in the aware group noticed the workspace rotation
because they might be better at performing mental rota-
tion. Studies have suggested that visual mental rotation
and visuomotor mental rotation may share the same, or
at least overlapping, processes (e.g., Pellizzer and Geor-
gopoulos 1993). Further research is required to examine
whether mental rotation ability is related to individual
differences of performance in detecting a rotation of
visuomotor workspace.

Concluding remark

The present study showed that, in the instrumental learn-
ing of visuomotor learning (2x 10 task), there is the case
that knowing where to go (in the rotated configuration)
does not lead to a speed advantage, as compared to not
knowing it. It would be fruitful to investigate whether
this pattern of results is observed for other paradigms of
sequential learning (e.g., the SRT task; Curran and Keele
1993; Willingham et al. 1989) and other changes in stim-
ulus configuration (e.g., mirror reversal of workspace).
Functional brain imaging studies on human subjects
have also revealed the differential involvement of brain
areas in the early and late phases of procedural learning
(e.g., presupplementary vs. supplementary motor areas,
Hikosaka et al. 1996; dorsolateral prefrontal cortex and
presupplementary vs. precuneus and intraparietal sulcus,
Sakai et al. 1998; also see Toni et al. 1998; Petersen et al.
1998; Lehericy et al. 2005)? and in awareness-dependent
and awareness-independent learning processes (e.g., pre-
frontal and premotor cortex vs. primary-secondary
motor cortex, and sensorimotor cortex; Honda et al.
1998; Rauch et al. 1995; Grafton et al. 1995; 1998; Hazel-
tine et al. 1997; Willingham et al. 2001; Sakai et al. 1998).
The present experimental paradigm can be used in
human neuroimaging studies to explore possible interac-
tions between differential involvements of awareness and
differential time courses in the accuracy and speed of per-
formance during visuomotor sequence learning,.
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