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Abstract

Speed and accuracy in performing a complex movement sequence improve with practice. To examine how the tempora and spatial
patterns of movement sequence are learned, the sequence of target locations and the consistency in the timing of target presentation were
manipulated independently while subjects produced a series of visually guided hand movements. When the sequence of target locations
and the timing of target presentation followed a consistent pattern, performance for a particular movement sequence improved with
practice for both temporal and spatial movement parameters. However, when the same temporal and spatial patterns were recombined
with a phase shift, there was a small but consistent deficit in performance. These results suggest that whereas spatial and temporal
patterns in a learned movement sequence can be recombined flexibly, optima performance is obtained for a specific spatio-temporal
pattern of movement sequence. Whereas subjects were largely aware of the spatial and temporal patterns, they were unaware of the
phase-shift, suggesting that learning of a specific spatio-temporal pattern was implicit. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Primates achieve most behavioral goals with a series of
hand movements. Although initial performance of a partic-
ular movement sequence may be slow and clumsy, both
speed and accuracy improve with practice. In a laboratory
setting, the serial reaction time (SRT) paradigm [8] has
been frequently used to investigate behavioral changes and
underlying neural mechanisms associated with learning of
sequential movements [1]. In a typical SRT task, subjects
perform a choice reaction-time task by pressing a key
indicated by one of several alternative targets. Reaction
time (RT) decreases faster when a particular sequence of
target locations is presented repeatedly than when each
target location is randomly selected. This improvement in
performance occurs independently of subject’s ability to
recall the sequence (i.e.,, implicit learning) [1,8]. In most
studies of the SRT task, the interval between the response
and onset of the next target (response—stimulus interval,
RSI) was fixed, so effects of temporal predictability on
learning could not be studied. However, more natural,
complex sequences of movements tend to occur with
stereotypical temporal, as well as spatial patterns. In fact,
there is evidence that temporal factors exert a powerful
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influence on the learning and performance of sequential
movements. For example, along RSI impairs performance
of learned movement sequences, although it does not
interfere with learning a new sequence [4,15]. In addition,
performance is improved when the RSl is varied according
to a fixed pattern, compared to when it is varied randomly
[14,15].

There were two major goals of the present study. One
was to determine whether performance improvement for a
previously learned sequence of movements is influenced
by the temporal pattern of the sequence. Another goal was
to determine if spatial and temporal patterns of movement
sequences are learned independently. This was examined
by introducing a phase-shift between the spatial and tem-
poral patterns of a learned movement sequence, which
would not affect performance if spatial and temporal pat-
terns are learned independently.

2. Materials and methods
2.1. Apparatus and stimuli
Visua stimuli were displayed on a computer monitor

(32 % 24 cm) located approximately 90 cm away from the
subject’s eyes. Subjects, who were seated, controlled the
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position of a feedback cursor (0.25 cm radius) by moving
their right hand in a fronto-parallel plane [7]. Hand move-
ments were monitored with a 3D electro-optic sensor
(Dynasight, Origin Instrument, TX) by tracking a reflec-
tive marker attached to the index finger. The measurement
was updated and sampled at 64 and 200 Hz, respectively,
with a spatial resolution of 0.1 mm. Nine gray circles (1.25
cm radius), arranged in 3 X 3 grid, were displayed on the
monitor throughout the experiment and indicated potential
target locations (Fig. 1, top). The distance between centers
of adjacent circles was 6.0 cm.

2.2. Procedure

In each trial, the subject captured a series of 18 targets
(1.0 em radius) by locating the cursor on each target within
1 s after target onset. Each subject performed 200 trials
(3600 movements) each day, equally divided into 20
blocks, and participated in this experiment for either 10
(Experiment 1) or 8 (Experiment 11) days. Three naive
subjects with normal or corrected-to-normal vision partici-
pated in each experiment.

The spatia pattern of target locations was determined
by a sequence of 18 target locations, in which each of nine
aternative locations was used twice, and was preceded by
two different locations (Fig. 1, top). Denoting each of nine
aternative locations as the letters ‘*A’’ through “‘I'’,
“IHEDCBHFCGABEGIDAF’ would be an example of
such a sequence (e.g., *“H’" is preceded by ‘1’ and ‘B’
as indicated by the underscores). This sequence was circu-
lar, so that for any given trial, the first target can be chosen
from any point in the sequence. For each subject, a new
pattern was generated and used throughout the experiment.
A target is referred to as ‘‘grammatical’’, when its location
followed the order specified in the fixed sequence, and
‘‘ungrammatical’’ otherwise. Most targets were grammati-
cal, but ungrammatical targets were also presented within
the same block of trials to provide a measure of per-
formance improvement specifically related to the fixed
sequence throughout the experiment. There were two
different types of ungrammatical targets. A first-order
ungrammatical target was preceded by neither of the two
alternative targets specified in the sequence (i.e., it violated
the first-order conditional probability). A second-order un-
grammatical target (used only in Experiment |) was pre-
ceded by one of the two aternative target locations, but the
triplet of locations ending with a second-order ungrammat-
ical target was not a part of the sequence (i.e., it violated
the second-order conditional probability). In Experiment I,
second-order ungrammatical targets were presented twice
randomly between the 7th and 18th targets in each of
seven trials in each block. In addition, in one trial of each
block, al targets were first-order ungrammatical. All other
targets were grammatical. In Experiment |I, grammatical
and first-order ungrammatical targets were presented in
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Fig. 1. (top) Layout of the targets (gray disks), and the auxiliary circles
which were displayed constantly. An exemplary trajectory of hand move-
ment for a single tria is also shown (Day 2, Experiment 1). In this
example, al the targets were grammatical according to the following
pattern: IHEDCBHFCGABEGIDAF. (bottom) Tempora sequence of a
rhythmic trial. Horizontal (H) and vertical (V) hand positions are shown
in solid lines, and target positions in dashed lines. Gray-filled rectangles
indicate RSI. Data are shown only for the first eight targets.

separate trials (referred to as grammatical and ungrammati-
cal trias, respectively).

For most trials, RSI aternated between two possible
vaues, and these trials are referred to as rhythmic (Fig. 1,
bottom). For all subjects, the long RSl was 800 ms. For
two subjects in each experiment, the short RSl was 400
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ms, whereas it was 200 ms for the third subject. Trials in
which either RSI was randomly selected for each target are
referred to as arrhythmic. In Experiment |, effects of
temporal pattern were examined by altering the phase of
the temporal sequence relative to the spatial sequence after
6 days of training with one of their two possible combina-
tions. After 2 days of additional training with this new
combination (days 7 and 8), all trials became arrhythmic
(days 9 and 10). In Experiment Il, effects of temporal
predictability were assessed within the same block of
trials. In every block, rhythmic ungrammatical, arrhythmic
grammatical and arrhythmic ungrammatical trials were
each presented once. The other seven trials were rhythmic
and grammatical, and these were of two varieties. Targets
followed by the short RSI in one variant were followed by
the long RSl in the other. One arbitrarily chosen variant
(referred to as primary) was presented six times, and the
other (referred to as syncopative) was presented only once.

Subjects were informed of the temporal pattern before
the experiment, but not of the spatial pattern, and their
explicit knowledge of the spatial pattern was assessed after
the experiment using a generation task [8]. In this task,
subjects were required to press a key on a computer
keyboard according to the location in which they thought
the next target would be presented. Subjects were aso
queried whether they noticed a phase-shift, at the end of
the experiment on day 7 (Experiment I) or at the end of the
entire experiment (Experiment I1).

2.3. Data analysis

For each movement, three parameters were measured:
RT, movement duration (MT), and directional error at
movement onset [7]. Initial direction of movement was
defined as the direction of the velocity vector when the
velocity threshold (10 cm/s) was crossed. In Experiment
I, movements to the first six targets in each trial were
excluded from analysis, since they did not include any
second-order ungrammatical targets. Statistical signifi-
cance was determined with analysis of variance (ANOVA),
and all effects described below were significant at the level
of 0.01.

3. Results

In Experiment |, for 10% of trias, al targets were
randomly chosen, first-order ungrammatical. For these tri-
als, both RT and MT decreased gradually, although most
of the RT decrease occurred within the first two days (Fig.
2, left). In the other 90% of trials, most movements were
to grammatical targets, and RT and MT were substantially
smaller than for the first-order ungrammatical targets. In
addition, directional error for movements to grammatical
targets decreased gradually, whereas it increased for first-
order ungrammatical targets. A small fraction of targets
were second-order ungrammatical, requiring the same
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Fig. 2. Effects of practice on multiple movement parameters. For Experiment |, the days in which the temporal pattern was phase-shifted and abolished are
indicated by light and dark gray backgrounds, respectively. In Experiment |1, grammatical (Gram) and ungrammatical (Ungram) refer to the presence or
absence of a consistent spatial pattern, whereas rhythmic (Rhyth) and arrhythmic (Arrhyth) refer to the presence or absence of a consistent temporal
pattern. The particular combination of temporal and spatial pattern that was practiced most frequently is referred to as primary, and its phase-shifted

counterpart as syncopative.
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movements as their twin grammatical targets. RT for
movements to second-order ungrammatical targets was
indistinguishable from that to grammatical targets. In con-
trast, MT and directiona error increased gradualy for
second-order ungrammatical targets, suggesting that after
practice these movements were initiated before informa-
tion about target location was fully analyzed [5,7], and that
corrections were made during the movement.

On the seventh day of Experiment I, the phase of the
temporal pattern was shifted relative to that of the spatial
pattern. This did not produce any significance impairment
in performance for any movement parameters (Fig. 2, |eft,
light gray bands), suggesting that information about spatial
and temporal patterns of movement sequence was learned
independently and can be recombined flexibly. However,
when the temporal pattern was eliminated (Fig. 2, left,
dark gray bands), RT for grammatical targets increased
dramatically.

In Experiment |, the phase shift between the temporal
and spatial patterns was introduced only once. Therefore,
the results of Experiment | did not exclude completely the
possibility that such a phase shift produces only momen-
tary and relatively minor performance impairment. To test
this possibility, in Experiment 11, two alternative combina-
tions of the same spatia and temporal patterns were
presented with different frequencies within the same block.
For RT, there was a small (~20 ms), but consistent
difference between these two conditions, suggesting that
movement initiation is delayed when the previously learned
spatial and temporal patterns have to be recombined (Fig.
2, right). For MT, there was no difference between these
two conditions. Compared to the condition without any
consistent spatial or temporal patterns, RT decreased
dlightly when either a consistent spatia or temporal pattern
was introduced. These effects were relatively small (~ 30
ms) and reached asymptotic levels by the fourth day. On
the other hand, MT and directiona error increased when
only a temporal pattern was introduced, suggesting that a
consistent temporal pattern shifts a balance in the speed—
accuracy tradeoff. When both spatial and temporal patterns
were consistent, performance improved throughout the ex-
periment, eventually displaying effects much larger than
the sum of the effects of introducing either a spatial or
temporal pattern alone.

At the end of these experiments, subjects displayed
explicit knowledge of most of the spatial sequence. On the
average, subjects correctly predicted the next target loca-
tion with 78% accuracy. However, none of the subjects
became aware of the phase-shifts introduced in these ex-
periments.

4. Discussion

These data demonstrate that the effects of practice on a
particular sequence of movements are manifested in both

spatial (e.g., directional error) and temporal (e.g., RT and
MT) parameters of movement. Optimal performance was
obtained when both the location and timing of targets
followed a consistent pattern. In this case, the asymptotic
level of RT (about 60 and 105 ms, for Experiments | and
I1, respectively) was substantially smaller than the normal
RT for reaching movements in a reaction time task (> 200
ms) [7,13], suggesting that after intensive practice, move-
ments can be initiated based on prior knowledge about the
location and timing of the target. The performance deficit
was substantial and similar for spatial and temporal pattern
violations, suggesting that efficient planning of sequential
movements requires information in both spatial and tempo-
ral dimensions. Analogous results have been obtained in
the standard reaction time task, in which a consistent
foreperiod shortens RT to a much larger extent when
movement direction can be also anticipated [11,12].

As long as previoudly learned spatiad and tempora
patterns remained unchanged, the cost associated with
recombining them was relatively small. This suggests that
information about movement metrics (direction and ampli-
tude) and timing of movement are acquired independently
[5,7,13] and that these two types of information can be
recombined flexibly. However, a small but consistent
deficit in performance following such a phase-shift indi-
cates that a specific spatio-temporal pattern of movement
sequence is aso learned. The fact that subjects were
unaware of the phase shift suggests that this knowledge
was implicit.

Learning of a specific spatio-temporal pattern of move-
ment sequence demonstrated in this study may be a func-
tion of a distributed network of various brain areas includ-
ing both cortical and subcortical regions. It has been
demonstrated that a recurrent network equipped with mul-
tiple time constants can acquire a specific spatio-temporal
pattern [2]. In addition, neurcimaging studies have impli-
cated common regions of the brain, such as prefrontal
cortex and the supplementary motor area, for learning of
spatial and temporal sequences [3,6,9,10]. These cortical
areas may be a part of the network involved in learning of
specific spatio-temporal patterns of movement sequences.

Acknowledgements

| thank Dr. Joseph Malpeli for advice on the manuscript.
This work was supported by the Nationa Ingtitute of
Health Grant MH 59216.

References

[1] T. Curran, Implicit sequence learning from a cognitive neuroscience
perspective, in: M.A. Stadler, P.A. Frensch (Eds.), Handbook of
Implicit Learning, Sage Publications, CA, 1998, pp. 365—400.

[2] P.F. Dominey, A shared system for learning serial and temporal



D. Lee/ Cognitive Brain Research 9 (2000) 35-39 39

structure of sensori-motor sequences? Evidence from simulation and
human experiments, Cognit. Brain Res. 6 (1998) 163-172.

[3] J. Doyon, A. Karni, A.W. Song, M.M. Adams, JM. Maisog, L.G.
Ungerleider, Differences in activation between explicit and implicit
learning of a visuomotor sequence: a fMRI study, Soc. Neurosci.
Abstr. 23 (1997) 1052.

[4] P. Frensch, C.S. Milner, Effects of presentation rate and individual
differences in short-term memory capacity on an indirect measure of
serial learning, Mem. Cognit. 22 (1994) 95-110.

[5] C. Ghez, M. Favilla, M.F. Ghilardi, J. Gordon, R. Bermeio, S.
Pullman, Discrete and continuous planning of hand movements and
isometric force trajectories, Exp. Brain Res. 115 (1997) 217-233.

[6] S.T. Grafton, E. Hazeltine, R. Ivry, Functional mapping of sequence
learning in normal humans, J. Cognit. Neurosci. 7 (1995) 497-510.

[7] D. Lee, Effects of exogenous and endogenous attention on visualy
guided hand movements, Cognit. Brain Res. 8 (1999) 143-156.

[8] M.J. Nissen, P. Bullemer, Attentional requirements of learning:
evidence from performance measures, Cognit. Psychol. 19 (1987)
1-32.

[9] SM. Rao, D.L. Harrington, K.Y . Haaland, JA. Bobholz, R.W. Cox,

J.R. Binder Jr., Distributed neural systems underlying the timing of
movements, J. Neurosci. 17 (1997) 5528-5535.

[10] S.L. Rauch, P.J. Whalen, C.R. Savage, T. Curran, A. Kendrick, H.D.
Brown, G. Bush, H.C. Breiter, B.R. Rosen, Striatal recruitment
during an implicit sequence learning task as measured by functional
magnetic resonance imaging, Hum. Brain Map. 5 (1997) 124-132.

[11] R.A. Schmidt, Anticipation and timing in human motor perfor-
mance, Psych. Bull. 70 (1968) 631-646.

[12] R.A. Schmidt, G.B. Gordon, Errors in motor responding, ‘‘rapid’’
corrections, and false anticipations, J. Motor Behav. 9 (1977) 101—
111.

[13] JF. van Sonderen, J.J. Demoer van der Gon, C.CA.M. Gielen,
Conditions determining early modification of motor programmes in
response to changes in target location, Exp. Brain Res. 71 (1988)
320-328.

[14] M.A. Stadler, Implicit serial learning: questions inspired by Hebb
(1961), Mem. Cognit. 21 (1993) 819-827.

[15] D.B. Willingham, A.R. Greenberg, R.C. Thomas, Response-to-
stimulus interval does not affect implicit motor sequence learning,
but does affect performance, Mem. Cognit. 25 (1997) 534-542.



